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Abstract

Abstract

Fingermarks, as important evidence confirming the presence of a given
person at the crime scene, are often invisible to the naked eye. Hence their
visualisation requires particular development methods depending on the surface
type on which the fingermark is deposited. A broad range of optical methods for
latent fingermark visualisation has been developed over the years. These methods
are based on the photoluminescence phenomenon, where the luminescent
developing agent selectively interacts with fingermark residue and emits visible light
upon the irradiation. However, these methods sometimes fail when Ilatent
fingermarks are deposited on porous, glossy, reflective, colourful, patterned or
immensely luminescent surfaces. The goal of this thesis was to develop an effective
optical method of detection fingermarks deposited on porous and non-porous,
patterned, coloured surfaces or those exhibiting its own luminescence with the use
of composite materials which have particular optical properties such as long-lived
luminescence or upconversion, and which selectively interact with fingermark
residue.

The first part of my thesis involves the study of the potential application of
silica particles as a host for luminophores applied for fingermark visualisation. Silica
particles have been surface-modified with a variety of organic moieties to enhance
the affinity to the fingermark secretion. Several possible interactions between the
fingermark components and surface-modified silica particles have been investigated,
including thiol-gold interactions between gold nanoparticles deposited on the
fingermark within the Single Metal Deposition technique (SMD) and thiol-modified
silica particles, lipophilic interactions between sebaceous components of the
fingermark (free fatty acids, triglycerides, waxes, squalenes etc.) and silica particles
modified with lipophilic moieties like phenyl groups or long hydrocarbon chains, and
amide bond formation between the amine groups present in the fingermark
secretions and carboxyl-modified silica nanoparticles. Since silica particles modified
with lipophilic groups have shown the highest potential for fingermark development,
these moieties were chosen for further research on the luminescent fingermark
developer.

In the next part of the thesis, a detailed study of the properties and potential
forensic applications of surface-modified silica particles with encapsulated
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luminophore is described. Two various luminescent developing materials, such as
zinc oxide quantum dots encapsulated in a silica matrix and silica-coated
upconverting crystals based on sodium yttrium fluoride doped with ytterbium and
erbium ions, have been synthesised. Both these materials were surface-modified
with lipophilic moieties to provide desirable selectivity to fingermark ridges. Due to
the relatively long luminescence lifetime equal to 0.5 ms, zinc oxide quantum dots in
the silica matrix have been investigated as a latent fingermark enhancement agent
on reflective, colourful, adhesive or luminescent surfaces such as aluminium foil,
magazine paper, sticky side of the tape, beverage cans, or copy paper. Utilising a
time-gated imaging method for fingermark visualisation, it was possible to separate
the fingermark luminescence from the background interference for most
investigated substrates.

Silica-coated upconverting particles have been studied in terms of
fingermark visualisation on reflective, patterned, or colourful surfaces. Due to the
large anti-Stokes shift, the upconverting particles emit strong luminescence when
irradiated with infrared light. Since in most natural surfaces or consumer products
the upconversion is rare, the upconverting particles can be advantageous in
fingermark detection on multicoloured surfaces, leading to background interference
or autofluorescence elimination. The upconverting crystals were synthesised either
in the hydrothermal synthesis or solid-liquid-thermal-decomposition process and
further coated with a silica layer and surface-modified with lipophilic moieties.
Upconverting crystals were involved in the systematic evaluation of fingermarks
deposited on several surfaces such as aluminium foil, glass, polymer foils.
Fingermarks developed by modified upconverting particles have been compared to
fingermarks enhanced by cyanoacrylate fuming followed by Rhodamine 6G staining
to examine their potential to suppress background interference. Although the
benchmark method of cyanoacrylate fuming with rhodamine staining performed
better on most of the investigated fingermarks and surfaces, the upconverting
particles may be a promising candidate for fingermark visualisation on highly
luminescent or multicoloured surfaces like beverage cans where the conventional
method is less efficient due to the background interference.

The last thesis part describes the study of the interactions between the
europium complex and oleic acid, L-serine and squalene as the representative
fingermark components. Fingermarks in this study were deposited on highly
luminescent surfaces like copy or notebook paper. The complex of europium and
thenoyltrifluoroacetone ([Eu(TTA)3(H:0),]) exhibits in situ changes in the
luminescence properties when interacts with fingermark residue. Europium
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complex, distributed over the entire sample, reacts only with fingermark
components generating locally new compounds with a longer luminescence lifetime
than the initial complex. Thus, this phenomenon facilitates the fingermark
enhancement by time-gated visualisation with no need for selective deposition of
the developing agent on fingermarks and regardless of the background interferences
because the difference in the luminescence decay times of the complex on the
fingermark and beyond is large enough. Commonly used amino acid reagents such
as ninhydrin and 1,2-indanedione were applied for fingermark enhancement on
paper substrates as the benchmark methods. It was found that the europium
complex developed fingermarks with significantly better quality and higher contrast
than ninhydrin and comparable quality and contrast than 1,2-indanedione. However,
in samples exposed to water, only the europium complex enhanced the fingermark
due to interactions with fingermark components that are hardly soluble or insoluble
in water, unlike ninhydrin or 1,2-indanedione.

The results of the research and general conclusions were finally summarised.

Furthermore, the possible future directions for optical imaging methods using
luminescent sensitisers were also presented.
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Streszczenie

Streszczenie

Slady daktyloskopijne, bedgce waznym materiatem dowodowym mogacym
potwierdzi¢ obecnos¢ danej osoby w miejscu przestepstwa, sg czesto niewidzialne
gotym okiem. Zatem by mdc je zidentyfikowac nalezy zastosowac konkretng metode
ujawniania, zalezng od podtoza, na ktérym sie znajdujg. Na przestrzeni lat
opracowano wiele optycznych metod ujawniania $ladéw opartych o zjawisko
fotoluminescencji. W procesie ujawniania luminescencyjny preparat wizualizacyjny
selektywnie oddziatuje ze sladem i wzbudzony emituje swiatto widzialne. Niestety
zastosowanie tych metod czasami zawodzi, gdy $lady pozostawione sg na podtozach
chtonnych, powierzchniach btyszczacych, odbijajgcych, kolorowych, wzorzystych lub
fluorescencyjnych. Celem niniejszej rozprawy byto opracowanie efektywnej
optycznej metody ujawniania sladéw linii papilarnych na podtozach chtonnych
i niechtonnych, wzorzystych, kolorowych i wykazujgcych wtasng luminescencje,
z wykorzystaniem materiatdw kompozytowych, ktére posiadajg witasciwosci
optyczne takie jak dtugozyciowa luminescencja lub up-konwersja, a takze, ktdre
selektywnie oddziatujg tylko z substancjg potowo-ttuszczowg $ladu.

Pierwsza cze$¢ rozprawy poswiecona zostata badaniu potencjalnego
zastosowania czgstek polikrzemianowych jako nosnika dla luminoforéow do
obrazowania $ladu linii papilarnych. Powierzchnia czastek polikrzemianowych
zostata zmodyfikowana rdéznymi, organicznymi grupami funkcyjnymi w celu
zwiekszenia ich oddziatywania ze $ladem. Dokonano analizy kilku mozliwych
oddziatywan pomiedzy sktadnikami substancji potowo-ttuszczowej $ladu
a powierzchniowo-zmodyfikowanymi czgstkami polikrzemianowymi. Do badanych
oddziatywan nalezg oddziatywania tiol-ztoto pomiedzy ztotem osadzonym na $ladzie
technika osadzania pojedynczego metalu (Single Metal Deposition, SMD) a grupami
tiolowymi powierzchniowo-zmodyfikowanych polikrzemianéw, oddziatywania
lipofilowe pomiedzy sktadnikami ttuszczowymi $ladu (wolne kwasy ttuszczowe,
triglicerydy, wosk, skawalen itp.) a grupami fenylowymi lub dtugimi faricuchami
weglowodorowymi obecnymi na powierzchni czastek polikrzemianowych oraz
oddziatywania zwigzane z tworzeniem wigzan amidowych pomiedzy grupami
aminowymi wystepujgcymi w substancji potowo-ttuszczowej $ladu a grupami
karboksylowymi zmodyfikowanych czgstek polikrzemianowych. W zwigzku z tym, ze
najwiekszy potencjat w ujawnianiu Sladéw linii papilarnych wykazaty czastki
polikrzemianowe modyfikowane powierzchniowo grupami lipofilowymi, ten rodzaj

https://rcin.org.pl



Streszczenie

grup funkcyjnych zostat wybrany do dalszych badan nad luminescencyjnym
preparatem wizualizacyjnym.

W dalszej czesci rozprawy opisano szczegétowa analize wiasciwosci
powierzchniowo-modyfikowanych czastek polikrzemianowych z unieruchomionym
luminoforem i ich potencjalnego zastosowania w kryminalistyce. Dokonano syntezy
dwéch réznych luminescencyjnych materiatéw wizualizacyjnych mianowicie: kropek
kwantowych tlenku cynku unieruchomionych w strukturze polikrzemianu oraz
krysztatdw  up-konwertujacych  sktadajgcych sie z  fluorku sodu itru
domieszkowanego jonami iterbu i erbu, modyfikowanych powierzchniowo
polikrzemianem. Powierzchnia obu tych materiatéw zostata w nastepnej kolejnosci
zmodyfikowana grupami lipofilowymi by zapewnic¢ selektywne oddziatywanie ze
Sladem. Ze wzgledu na stosunkowo dtugi czas zycia luminescencji kropek
kwantowych tlenku cynku unieruchomionych w strukturze polikrzemianu,
wynoszacy 0.5 ms, materiat ten zostat poddany analizie zastosowania jako preparat
wizualizacyjny sladéw na odbijajacych, kolorowych, lepkich oraz luminescencyjnych
powierzchniach takich jak folia aluminiowa, papier uzywany do druku czasopism,
lepka czesé tasmy klejacej, puszki po napojach lub papier do kopiowania.
Wykorzystanie metody obrazowania czasowo-rozdzielczego do ujawniania sladow
umozliwito oddzielenie luminescencji sladow linii papilarnych od interferencji tta dla
wiekszosci badanych podtozy. Czastki up-konwertujgce pokryte polikrzemianem byty
badane pod katem zastosowania do ujawniania $ladéw daktyloskopijnych na
powierzchniach odblaskowych, wzorzystych lub kolorowych. Czastki te, dzieki emisji
antystokesowskiej (up-konwersji), wykazujg intensywng luminescencje po
wzbudzeniu promieniowaniem w zakresie podczerwonym. Ze wzgledu na to, ze
zjawisko up-konwersji wystepuje bardzo rzadko w przypadku wiekszosci naturalnych
powierzchni i produktéw codziennego uzytku, badane czastki mogg by¢ praktyczne
w ujawnianiu $ladéw na kolorowych powierzchniach pozwalajac wyeliminowad
zaktécenia lub fluorescencje tta. Do produkcji krysztatéw up-konwertujgcych
wykorzystano proces syntezy hydrotermalnej oraz proces termicznego rozktadu
w uktadzie ciato state-ciecz. Krysztaty te nastepnie pokryto polikrzemianem,
zmodyfikowano ich powierzchnie grupami lipofilowymi i wykorzystano do
systematycznej oceny ujawniania $ladéw linii papilarnych na powierzchniach takich
jak folia aluminiowa, szkto czy folie polimerowe. Dokonano réwniez porédwnania
ujawnionych $ladéw stosujgc metode cyjanoakrylowg potgczong z barwieniem
rodaming 6G w kontekscie zbadania mozliwosci wyeliminowania zaktécen tta. Mimo,
Ze ta wzorcowa metoda zadziatata lepiej na wiekszosci badanych $ladéw i podtozy,
to czastki up-konwertujgce mogg byc¢ obiecujagcym kandydatem na materiat
wizualizacyjny do ujawniania $ladéw na silnie luminescencyjnych i kolorowych
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powierzchniach takich jak np. puszki po napojach, w przypadku ktérych
zastosowanie metody konwencjonalnej daje gorszy efekt ujawniania ze wzgledu na
zaktdcenia tta.

W ostatniej czesci rozprawy opisano badanie oddziatywan pomiedzy
kompleksem europu a reprezentatywnymi sktadnikami substancji potowo-
ttuszczowej $ladu tj. kwasem oleinowym, L-seryng oraz skwalenem. W tym badaniu
$lady pozostawione byty na silnie luminescencyjnych podtozach takich jak papier
kserograficzny lub zeszytowy. Kompleks europu i tenoilotrifluoroacetonu
([Eu(TTA)3(H20)2]) reagujac ze sktadnikami substancji potowo-ttuszczowej wykazuje
zmiane in situ wiasciwosci luminescencyjnych. Rozprowadzony réwnomiernie na
catej prdébce, reaguje tylko ze sladem tworzac lokalnie nowe zwigzki o znacznie
dtuzszym czasie zycia luminescencji niz czas zycia luminescencji czystego kompleksu.
Zjawisko to umozliwia zatem ujawnianie $ladéw z wykorzystaniem czasowo-
rozdzielczego obrazowania bez koniecznosci selektywnego osadzania preparatu
ujawniajgcego na $ladzie i bez wzgledu na zaktdcenia tta, gdyz réznica czasdw zaniku
luminescencji kompleksu na sladzie i poza nim jest wystarczajgco duza. Jako metode
poréwnawczg ujawniania Sladéw na papierze wybrano ujawnianie ninhydryng i 1,2-
indandionem, ktére sg powszechnie stosowanymi odczynnikami reagujgcymi
z aminokwasami. Stwierdzono, ze kompleks europu pozwala ujawnic $lady lepszej
jakosci i uzyska¢ wiekszy kontrast obrazu niz sSlady ujawnione ninhydryng oraz
podobnej jakosci i z poréwnywalnym kontrastem do sladéw ujawnionych 1,2-
indandionem. Natomiast gdy probki $sladu na papierze zostaty wystawione na
oddziatywanie wody, tylko kompleks europu pozwolit na ujawnienie $ladow ze
wzgledu na to, ze reaguje on z trudno rozpuszczalnymi lub nierozpuszczalnymi
w wodzie sktadnikami sladu, ktdére nie sg narazone na wyptukanie, w przeciwienstwie
do odczynnikéw reagujacych z aminokwasami.

W ostatniej czesci podsumowano wyniki prowadzonych eksperymentéw,
przedstawiono ogoélne wnioski wynikajgce z badan i mozliwe kierunki rozwoju
optycznych technik obrazowania z wykorzystaniem materiatéw luminescencyjnych.
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List of abbreviations
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AEAPTMS
APTES
Arg
ATR
AY7
BCP
BSA
BV3
CA-R6G
CAST
CBA
cco
C-dots@SiO2
CDs
CDs/SiO2
CES
CET
C-SiO2
CTAB
CcvD
Cw
DART-MS
DCCA
DFO
DMAB
DMF
DNA
DOSS
DRIFT
EDC

EDTA
EDX
EGF

EMU

N-[3-(Trimethoxysilyl)propyl] ethylenediamine
(3-Aminopropyl)triethoxysilane

Arginine

Attenuated total reflectance

Acid Yellow 7

Block Copolymer

Bovine serum albumin

Basic Violet 3

Cyanoacrylate fuming followed by Rhodamine 6G staining
Centre For Applied Science And Technology
Cocaine-binding aptamer

Charge-coupled device

Carbon dots dispersed in a silica matrix
Carbon dots

Carbon dot silica microspheres
Carboxyethylsilanetriol sodium salt
Cooperative energy transfer

Carbogenically coated silica nanoparticles
Cetyltrimethylammonium bromide

Chemical vapour deposition

Weber contrast

Direct analysis in real-time mass spectrometry
Drying control chemical additives
1,8-Diazafluoren-9-one
p-Dimethylaminobenzaldehyde
N,N-dimethylformamide

Deoxyribonucleic acid

Dioctyl sulfosuccinate

Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(N-ethyl-N'-(3-dimethylaminopropyl) carbodiimide hydro-
chloride

Ethylenediaminetetraacetic acid
Energy-dispersive X-ray Spectroscopy
Epidermal Growth Factor

Energy migration-mediated upconversion
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ESA
ET
ETU
F-SiNPs
FTIR
GWP
HDPE
HFE7100
HFE71DE

HLB
IR
IRF
ITO
LBA
LCMDs
LDPE
LED
LFM
L-Glu
MB
MBE
MCM-41
MMD
MMT
MPA
MPS
MPTMS
MSA
MSNs
MUA
NHS
NIR
N-L-Cys
NMR
NPs
OA
ODE
ODTMS
OLED

Xiv

Excited-state absorption
Energy transfer
Energy transfer upconversion

Fluorescein isothiocyanate-encapsulated silica nanoparticles
Fourier-transform infrared spectroscopy

Global warming potential
High-density polyethylene
1-Methoxynonafluorobutan

50% 1-Methoxynonafluorobutane, 50% trans-1,2 Dichloro-

ethylene
Hydrophilic-lipophilic balance
Infrared

Instrument response function
Indium tin oxide
Lysozyme-binding aptamer
Light conversion molecular devices
Low-density polyethylene
Light-emitting diode

Latent fingermark
L-Glutathione

Methylene blue

Molecular beam epitaxy
Mobil Crystalline Materials
Multi-Metal Deposition
Montmorillonite
Mercaptopropionic acid
Thiol-functionalised silica gel
3-Mercaptopropyltrimethoxysilane
Mercaptosuccinic acid
Mesoporous silica nanoparticles
11-Mercaproundecanoic acid
N-hydroxysuccinimide
Near-infrared
N-Acetylcysteine

Nuclear Magnetic Resonance
Nanoparticles

Oleic acid

1-Octadecene
Octadecyltrimethoxysilane
Organic light-emitting diode
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ORO
OSiNPs
p(DMA)
p(DMA-co-MMA)
p(DMA-co-Sty)
PA
PAA
PAMAM
PD
PE
PEI
PET
Phen
PP
PPH
PR254
PS
PSMA-b-PS
PTEOS
PVC
PVD
PVP
QDs
R6G
RE
RGB
RH
RO/DI
rpm
RuBpy
SALDI-MS
SALDI-TOF-MS

SBA-15
SDS
SEM
SERS

SiCNHs
SLR
SLTD

Oil Red O

Organosilicon oxide nanoparticles
Polydimethylacrylamide
Poly(dimethylacrylamide-co-methyl methacrylate)
Poly(dimethylacrylamide-co-styrene)

Photon avalanche

Polyallylamine

Polyamidoamine

Physical Developer

Polyethylene

Polyethyleneimine

Polyethylene terephthalate

1,10-phenanthroline

Polypropylene

Phosphate heterostructures

Pigment Red 254

Polystyrene

Poly-(styrene-alt-maleic anhydride)-b-polystyrene
Triethoxyphenylsilane

Polyvinyl chloride

Physical vapour deposition

Polyvinylpyrrolidone

Quantum dots

Rhodamine 6G

Rare earth

red, green, blue colour

Relative humidity

Reverse osmosis deionisation

Revolutions per minute

Tris(2,20- bipyridyl)dichlororuthenium (l1) hexahydrate
Surface-assisted laser desorption/ionisation mass spectroscopy
Surface-assisted laser desorption/ionisation time-of-flight mass
spectrometry

Santa Barbara Amorphous

Sodium dodecyl sulfonate

Scanning electron microscopy

Surface-enhanced Raman spectroscopy

Carbon and silica nanohybrids

Single-lens reflex
Solid-liquid-thermal-decomposition
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SMD
SND
SPR
TEOS
TES PSA
TGA
TMOS
TNT
TTA
uc
UCNPs
UCNRs
UCPs
uv
VIS
VMD
w/0
XRD

XVi

Single-Metal Deposition

Single-Metal Nanoparticle Deposition
Small Particle Reagent
Tetraethoxysilane
3-(Triethoxysilyl)propylsuccinic anhydride
Thioglycolic acid

Tetramethoxysilane

Trinitrotoluene
2-Thenoyltrifluoroacetone
Upconversion

Upconverting nanoparticles
Upconverting nanorods
Upconverting particles

Ultraviolet

Visible

Vacuum Metal Deposition
Water-in-oil

X-Ray Diffraction

https://rcin.org.pl



Table of contents

Table of contents

ACKNOWIEAZEMENTS .ot e e e ee e e et ra e e e e are e e e eatee e e enees i
LY o1y - [ot T TP TP ST POTOTOURRRRRIN v
SEPESZEZENIE ettt e e e ix
List Of @bbreviations.......cocveeiiiiiiiieee e xiii
(O o F=T o) =T ol A T 1 4 o o [¥ ot 4[] o PRSP 1
1.1 [T a T2 g 0 - [ USSR 1
1.2 FINgermark fEatUres.... .o iiii i 2
1.3 Fingermark detection techniques for porous surfaces........c..cccceeeuvvveeen... 11
1.4 Fingermark detection techniques for non-porous surfaces..................... 21
1.5 Nanoparticles for latent fingermark enhancement..........ccccceeeeciveeeennnen. 31
1.5.1 MELAI NPS ...ttt e e e s ree e e s eab e e e e eareeas 32
1.5.2 Metal OXide NPS .....oooeiiiiieee ettt 36
1.53 SIHCA NPS .. 42
154 QUANTUM dOTS .. s 50
1.5.5 Upconverting Nanoparticles.........ccceeecveeeeccieeeeccieee e 57

1.6 Silicon dioxide NAaNOPArtiCIEs .....ccccuveieiiciiie e 64
1.6.1 SYNENESIS PrOCESSES oevieviiieieiieeeeciiee ettt e ettt e e sre e e e sareeeeeanes 65
1.6.2 Surface modification techniquES .........ccceeeeeciieeicciiee e 73
1.6.3 Entrapment properties of silica particles.......cccccoveeevciieeeeciiieeeennen. 74

1.7 QUANTUM OTS ..iiiiiieiiie ettt st s e s e e sneeeaee 75
1.7.1 (@] oY d{or] I o] e o1=] o =TSRRI 78
1.7.2 Synthesis and surface modification .........cccoecvvveeiiiieeiccviie e 79

1.8 Upconverting Nanoparticles ........ccovveeeeeeeecccciieeeee et 82
1.8.1 Composition of upconverting NPS ........ccceeveciiieeeciiee e 83
1.8.2 Upconversion MechanisSms.......ccueeieciieeeeiiieeeesieee e e sivee e e 85
1.8.3 Synthesis teChNIQUES .......eviieiiieecceee e 88

1.9 Lanthanide COMPIEXES ...cccuviieiiiieeeceee e 92
XVii

https://rcin.org.pl



Table of contents

1.9.1 Luminescence of lanthanide complexes........ccccvecveiiiiciieeeeriieeeeennee, 93
1.9.2 Properties of rare earth B-diketonates........ccccevviveieiicieecccciee e, 95
1.10 Photoluminescence imaging of fingermarks .......ccccceeeeeieieiiciiee e, 97
1.11  Aim of the research........ooioiiiiiee e 105
00 2 = 11 o] [ oY= =T ] 1 VPP 105
Chapter 2 Interactions between silica particles and fingermark residue............ 139
2.1 Equipment and instrumentation .........cccccvvcieii e 139
2.2 INEFOAUCTION .ttt 139
2.3 Fingermark ColleCtion ........cccveii i 143
2.4 Thiol—gold iNteractions .........eeiveciieiiiiie e 143
241 EXPerimental.....cocuiiiiiiec e 143
2.4.1.1 ChEeMICAIS ..eeeeiiieiie ettt ettt et 143
2.4.1.2 Single Metal Deposition ProCess......ccccceeecveeeeeecrieeeeerieeeeecriee e 144
2.4.1.3 Synthesis of thiol-functionalised silica particles .........cccccvveenneee. 145
2.4.1.4 Fingermark development.......cccocviicciieiiiciiie e 145
242 Results and diSCUSSION .....covueiriiriiiiiieierec e 145
2.5 Lipophilic interactions.......ccccveiiicciiiei e 149
2.5.1 EXPerimeENntal ...ccccceiiee e 149
2.5.1.1 ChemMIiCAlS couveeieeiieeieee ettt e 149

2.5.1.2 Synthesis of silica nanoparticles functionalised with 18-carbon
AlIKYI ChAINS oo 149

2.5.1.3 Synthesis of silica particles functionalised with phenyl groups.... 150

2.5.1.4 Fingermark development.......ccccoviiieeii i 150
2.5.2 Results and diSCUSSION ....cueieiieiiiiieiie e 151
2.6 Amide bond fOrmMation......c.cceeveeiierienienie e 158
2.6.1 EXPerimental......cccieii i 158
2.6.1.1 ChemiCals coeeeieeiieeiereeee e e 158
2.6.1.2 Synthesis of carboxyl-functionalised silica particles..................... 158
2.6.1.3 Fingermark development........cccuvviieiii i 159
2.6.2 Results and diSCUSSION .....covueiriiiiiiiiieriesieeceee e 160

XViii

https://rcin.org.pl



Table of contents

2.7 CONCIUSIONS ..ttt ettt e e s e e saree s 168
2.8 REFEIENCES ..t e 170
Chapter 3 Luminophore encapsulation in silica particles...........ccccecvveeercieeennnnns 175
3.1 Equipment and instrumentation .........cccoccveeiieiiee e, 175
3.2 Zinc oxide quantum dots embedded in silica particles........cccccevrrvvennn. 176
3.21 INErOAUCTION .. 176
3.2.2 EXPErimental....cc.ccii i s 178
3.2.2.1 ChEeMICAIS eeeiiiiiieeieee ettt 178
3.2.2.2 Synthesis of ZnO QDs in silica MatriX.......cccceecveeeeeciieeeeciee e, 179
3.2.2.3 Surface functionalisation with organic moieties...........ccccceeenneee. 179
3.2.2.4 Fingermark collection........ccoccuveeeiiiieiieieee e 180
3.2.2.5 Fingermark development......cccccceeeieiiiiiiieecciiee e 181
3.2.2.6 Time-gated imaging of samples .......ccccoecieiieiiiiicccee e, 181
3.2.2.7 Comparison with benchmark enhancement methods ................. 183
3.23 Results and diSCUSSION ....cccueeueiiiiniiiieeeeee e 185
3.24 CONCIUSIONS ...ttt 210
3.3 Upconverting particles with a silica shell.........cccccoveiiiiiciin e, 212
3.3.1 INErOAUCTION .. 212
3.3.2 EXPerimental.......ooo i e e 214
3.3.2.1 CheMICAIS eeiiiieiiiee ettt s 214
3.3.2.2 Synthesis of B-NaYF4:Yb,Er particles .......cccccevuveeienciieiiiieeeeen, 215
3.3.2.3 Surface modification of upconverting particles.........ccccccuvevennnieen. 216
3.3.2.4 Fingermark collection........ccccccuveeeiiiiiiecieee e 218
3.3.2.5 Fingermark development......ccccciiieeciiiiieee e, 218
3.3.2.6 IMaging of SAMPIES ...cccccuriiieeiie e e e 219
3.3.2.7 Comparison with conventional method .........ccccccvvveeiiiiininnnen. 220
3.3.3 Results and diSCUSSION ....cccueevieeieeniiiieneeeeee e 223
3.34 CONCIUSIONS ..ottt 247
34 REFEIENCES ...t 249
Xix

https://rcin.org.pl



Table of contents

Chapter 4 Diaquatris(thenoyltrifluoroacetonate)europium(lll) complex for

time-gated visualisation.........cccccuveeeeciiie e 255
4.1 INEFOAUCTION .ttt s 255
4.2 01T 8 a Y= o =Y USSP 257
4.2.1 Equipment and Instrumentation .........ccccceveeiieeincieee e 257
4.2.2 ChemICAlS ..eeeeee et 258
4.2.3 Synthesis of europium B-diketonate compleX........ccccceeevcvveeennnen. 259
4.2.4 Fingermark Collection .........ccueiveiciiiiiciiee e 259
4.2.5 Fingermark development........ccooocieiiieciiee e 259
4.2.6 Time-gated imaging of samples.......cccocvvevivciieicciee e 260
4.2.7 Comparison with conventional enhancement techniques............. 261
4.2.8 Interactions of europium B-diketonate complex with fingermark
secretion constituents of fingermark.......ccocceveveiiiciii e, 262
4.3 Results and diSCUSSION ...c...eiiiiiiiiiiiiiieriee ettt 263
4.4 CONCIUSIONS ..ttt sttt e s e e s e s 288
4.5 REFEIENCES .ttt st 290
Chapter 5 Summary and CONCIUSIONS ......ccccuviiieeciiieeeciiee et e e aaee e 295
[ o B 01U o] o= Y o] o | SRR 299

XX

https://rcin.org.pl



Chapter 1

Chapter 1 Introduction

1.1 Fingermarks

Using fingermarks for identification purposes has become the highly
important physical evidence and valuable tool in forensic investigations, access
control or medical diagnostics [1]. The fingermark is defined as the impressions of
friction ridge skin such as a fingertip or palm of uncontrolled quality, left incidentally
by the contact with a surface. On the contrary, the fingerprint is a characteristic print
created by the friction ridge skin in contact with the plastic surface [2] or the
controlled impression of the imprint of the skin ridge made on purpose, i.e. to enter
the database [3], [4]. The nature of the fingermark pattern is unique and immutable
for each individual throughout their life unless the deep extreme injuries
permanently destroy it. The pattern is developed in the embryo between the 9" and
24™ week. The diversity of the final ridge skin pattern is due to the fact that each
embryo is subjected to different pressure within the womb and different growth rate
[5]. The friction ridge skin pattern is a three-dimensional structure. It is formed by
the lines of ridges, furrows, and the row of pores along the ridges, and serve three
main functions: provide a gripping surface, facilitate an enhanced sense of touch and
release perspiration [6]. Due to its unique ridge pattern, the fingermark began to be
used to individualise a person in criminal investigations from the end of the 19"
century [7]. The crime scenes are usually abundant in traces. According to the
Locard’s Exchange Principle: “Any action of an individual, and obviously, the violent
actions of a crime, cannot occur without leaving a trace ” [8].

Several categories of fingermark may be found in the crime scene: visible,
latent and plastic fingermarks. The visible fingermarks are easily noticeable with the
naked eye without any particular enhancement. These marks are formed when
fingertips, palm, foot sole or toes, contaminated with some material such as blood,
paint, grease, inks, soot etc., touch the surface, transferring these materials in
a pattern corresponding to the friction ridge skin [2]. The vast majority of
fingermarks found at a crime scene, and the most challenging ones are so-called
latent fingermarks (LFM). These marks are invisible until they are developed and
enhanced with an appropriate treatment to achieve a sufficient contrast between
the fingermark ridges and the surface [6]. Another category of fingermarks includes
plastic marks, which are not related to the deposition of any substance onto
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a surface but are formed as a negative ridge pattern when pressed into the soft,
plastic and malleable material, for example, paint, clay, wax, chocolate, soap etc. [2].
To enhance the fingermark and make it visible, the appropriate development
technique or the sequence of techniques have to be chosen depending on several
influencing factors such as the surface structure (porous, non-porous),
contaminations (e.g. blood), environmental conditions (temperature, humidity,
contact with water), or the fingermark age. There is no single effective technique
that would develop each latent fingermark regardless of the factors above-
mentioned. Processes of latent fingermark development dedicated to porous
surfaces may not work properly on other surfaces [9]. Moreover, there is a variety
of enhancement reagents and techniques based on the combination of optical,
physical, chemical or physicochemical methods of visualisation, which may be
applied under a variety of conditions and surfaces. However, even though
a considerable number of development techniques already exist, there is still
a strong demand for the development of the reagents and visualisation techniques
that would increase the effectiveness of the fingermark development on various
specific surfaces [10]. The reasons for searching for novel solutions are problems in
enhancement processes, including insufficient sensitivity, problematic surfaces,
speed, simplicity, environmental and safety considerations and cost [7], [11].

1.2 Fingermark features

Fingermarks can be used to individualise the unidentified individuals, as well
as can be used as evidence of somebody’s presence on a crime scene. Thus, it is
crucial to know all the fingermark features in the analysis and identification process,
especially when the new enhancement and visualisation methods are developed
[12]. There are three features of ridge structure: the detail levels, the general
pattern, and the minutiae [13].

Levels of ridge details

The friction ridge skin features are generally categorised in a hierarchical
order at three levels of detail. Level 1 is relevant to macro details such as the general
ridge flow and pattern configuration [13], [14]. This level can only be used for
preliminary sorting of data, gathering the information about the delta and core
orientation, or excluding the fingermark. Level 2 involves the ridge path, the
minutiae points, and the spatial relationship between minutiae clusters, allowing
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individualising the fingermark [15], [16]. And finally, Level 3 is related to the ridge
contours and width, edge shapes, as well as the position and shape of the pores,
breaks, creases, scars and other details [13], [15], [17].

Pattern types of fingermarks

The skin on the palm and sole has a characteristic topographical surface. The
general flow of the narrow ridges forms the random patterns. There are four
recognisable types of friction ridge patterns: arch, tent, loop, and whorl (Figure 1.1)
[6]; however, in some classifications, the arch and tent fall into the one category of
the arch as plain arch and tented arch [2], [15], [18]. Moreover, there are several
variations of these pattern types.

BASIC FINGERPRINT PATTERNS

Figure 1.1 Basic friction ridge skin patterns [6]

The arch pattern constitutes only 5 % of all fingermark patterns [2]. In this
pattern type, the ridges are continuously flowing from one side of the mark to the
other, forming an arch in the centre [15]. However, this pattern does not form
a delta, which is the area where three flows of ridges meet, composing a kind of
triangular pattern [13]. The arch type can be sub-grouped into a plain arch and
tented arch. A gentle and smooth curve in the centre of the mark, which is the
pattern’s centre characterises the plain arch, whereas, in the tented arch, the curve
is steeper and rise sharply, forming some kind of tent [15].

The loop pattern accounts for about 60-65 % of all fingermark patterns [2],
[15]. It is a type of pattern in which the ridge curve returns in the direction of the
side from which it came from. A loop pattern should have characteristic minutiae
such as a single delta, a core, a sufficient recurving ridge that flows between the delta
and the core. At least one ridge must come across a looping ridge [2], [18].
Considering the ridge flow direction, two types of loop pattern can be distinguished:
the radial loop and the ulnar loop. In the first one, the loop is opening in the direction
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of the thumb finger, whereas, in the ulnar loop, the loop opens towards the little
finger [2].

The last fingermark pattern is a whorl, which accounts for about 35 % of all
fingermark patterns [2]. The ridges in this pattern flow from the side of the finger,
forming a full circuit and creating two delta points. The circuit may be formed as
a circle or ellipse [19]. In the centre of the circuit, a single ridgeline is located, which
is surrounded by the concentric circuits [6]. There are four subcategories of whorl
pattern: plain, central pocket loop, double loop and accidental. The plain whorl has
two deltas and at least one ridge that encircles the core. The central pocket loop is
a combination of whorl and loop patterns. It looks like a loop, but a tiny whorl is
located inside the loop ridges [18]. Two loop combination forms a double loop
pattern, and the accidental whorl pattern is the combination of more than one
pattern types, except plain arch. It may also have more than two deltas [15].

The minutiae features

Galton, the author of the first book on fingermarks published in 1892, also
first defined and named the local ridge characteristics, also known as Galton details
[20]. Besides the general flow of the ridges in the fingermark, some alternations
occur along the papillary ridges, like splitting into more ridges, ending, splitting and
then reconnecting or connecting to the other ridges [21]. These recognisable
characteristics are called minutiae. The minutiae are usually classified into two types:
ridge ending and ridge bifurcation (Figure 1.2 a) [22]. A ridge ending is simply the
point of abrupt termination of the ridge, whereas the ridge bifurcation is the point
where ridges diverge into more branches [23]. All other ridge minutiae are directly
the combination of the ridge ending and ridge bifurcation [13] (Figure 1.2 b). The
bifurcation, together with the ending of the short ridge, is called a spur [15]. A ridge
limited in length or a dot is seen as two ridge endings, while an enclosure is
a structure of two bifurcations [19]. These local characteristics are randomly
distributed, and in a good quality fingermark, approximately 40-100 minutiae can be
found [23].
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Figure 1.2 Fingermark characteristics called minutiae, employed in the identification process:
(a) ridge ending and ridge bifurcation characteristics, (b) configurations of a ridge ending and
bifurcation [19]

Composition of fingermark residuals

The fingermarks result from the contact between the finger and the surface.
This is due to the transferring of the initial residue formed by the mixture of the
natural secretions, the desquamation of the epidermis cells, and environmental
contamination from the friction ridge skin to the surface [24].

The natural secretions are produced by the three types of glands:
sudoriferous eccrine, apocrine glands, and sebaceous glands. These glands are
distributed in the dermis (Figure 1.3), which is the middle layer of the skin, composed
of fibro-elastic connective tissue [25]. Each type of gland produces a unique
composition of compounds [4]. Between 2 to 4 million eccrine sweat glands are
located over the entire body in the dermis [26]. However, in the highest
concentration, they are found on the palm side of the hand and the soles of feet [25].
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Figure 1.3 The cross-section of the skin illustrating the epidermis and dermis layer, and
location of the sebaceous and eccrine glands [27]

The eccrine gland occurs in the form of a tubule with a helically coiled duct
located deep in the dermis where reabsorbing sodium, chloride, bicarbonate, and
glucose takes place due to minimise the loss of essential solutes from the evaporated
water [6]. This gland is responsible for secreting water (approximately 98%) [28] and
other waste products such as inorganic and organic components in low quantities
[6]. The most abundant bunch of compounds present in the eccrine sweat are
proteins and polypeptides [29]. Nonetheless, only a few of the proteins such as
lysozyme [6], [30], several glycoproteins, transferrin, y-globulins, o- and pB-
lipoproteins [6], keratins 1 and 10 [24], [31], cathepsin D [24], dermcidin, and
albumin [31], [32] have been already identified in the fingermark secretion. Amino
acids are the second plenteous group of compounds present in eccrine secretions,
where serine, glycine, ornithine, alanine, aspartic acid, and histidine are the most
frequent [28], [29]. Eccrine sweat is also rich in lactic acid, urea, uric acid, creatinine,
B-complex vitamins [28], [29], phenol, choline [29], glucose, pyruvate, creatine, and
glycogen [28]. Also, some inorganic compounds are perspired via the eccrine glands,
such as chloride, sodium, potassium, calcium [28], [29], iron, bicarbonate, sulphate,
phosphate, fluoride, bromide, iodide, and in trace amounts magnesium, zinc, copper
[28].

The apocrine sweat glands are distributed in the groin, in the armpits, in the
perianal area, on the vagina lips, in the glands of the penis, on the eyelid, and the
mammary areolae [4], [33]. The role of these glands is unknown. Probably they act
as the scent glands because they become active not until puberty [4]. The apocrine
glands secrete substances present in eccrine glands, where water constitute more

6

https://rcin.org.pl



Chapter 1

than 98 % [3], [25], but they are additionally rich in proteins, carbohydrates,
cholesterol [20], [34], lipids [35], and iron [20], [28]. Considering the distribution of
apocrine glands, the apocrine sweat plays a minor role in the fingermark deposits,
except the sexual assault [3], [34].

The sebaceous glands are located all over the body in the areas containing
hair follicles and are not found on the palm and foot sole. They are placed in the
epidermis; however, the secretory duct is placed in the dermis. The highest density
of sebaceous glands is around the face, forehead and scalp [6]. Sebum is secreted
from the sebaceous glands to lubricate the skin and hair, avoid skin desiccation, and
prevent bacteria from invading the deeper skin regions [4], [25]. Although the
sebaceous glands are not placed on the friction ridge skin area, the sebum-rich
secretions are transferring to the fingertips by touching the face, forehead or other
parts of the body containing sebaceous glands [27]. The sebum is composed of
triglyceride fats, wax esters, fatty acids, squalene, cholesterol esters, cholesterol
[28], [36], phospholipids [29], proteins, and salts [25], along with trace compounds
such as ketones, aldehydes, amide, tertiary amines, heterocyclic compounds
haloalkanes, and mercaptans [34]. In sebaceous secretion, lipids are primary
compounds, among which the glycerides accounts for about 30 — 40 %, fatty acids
for about 15 — 25 %, wax esters for about 20 — 25 % of all lipids, and squalene for
about 10 — 12 % [20], [28]. The majority of free fatty acids present in fingermark
residue are derived from the hydrolysis of triglycerides by bacteria [6]. The
composition of sebum may be influenced by the age of the donor, gender, diet etc.
[37].

Other endogenous components that are present in the fingermark secretion
are desquamated cells of the epidermis. The epidermis is the outermost layer of the
skin, build mainly from keratinocytes (Figure 1.3). It protects the underlying tissue
from infections, dehydration, chemical and mechanical stress [25], [29], [38]. In the
permanent process of skin regeneration, the keratinocyte cells are migrating
towards the outermost layer, called the stratum corneum, where they are flattening
and finally dying [33], [38].

Apart from the natural secretions influencing the fingermark composition,
some exogenous substances are also present in the fingermark deposits. Fingermark
residue may contain dust, remnant of food, cosmetics [4], explosives [39], drugs [40],
[41], bacteria [29], body lotions, and perfumes [42].
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Factors affecting fingermark

There are numerous factors that influence the variability of fingermark
composition. The changes in the fingermark's initial chemical content can be affected
by the donor profile in terms of gender, age, diet, ethnic origin, and medical
treatment. Also, external contaminations such as cosmetics, food, drugs may play
a role in fingermark composition, the same as environmental conditions such as
temperature, humidity, pollution, exposure to dust or bacteria, and light exposure
[4], [29]. Moreover, the highly important factors are the deposition conditions such
as the nature of the substrate, including porosity [43], [44], adhesion, wetting [3],
pH, electrostatic forces [4], and also the age of the fingermark [6], [19], [44].

Age of the fingermark

The initial composition of fingermark residue evolves over time. Some of the
compounds may undergo the process of degradation, oxidation, or polymerisation;
some may evaporate or migrate. Also, some new products may originate in the
deposition material [29], [45]. The recognition of the chemical, physical or biological
alterations of the fingermark components in time is important in terms of the
fingermark development methods [29].

Considering the eccrine fraction of fingermark residue, the loss of water is
the main effect of ageing. The fingermark contains only 20 % of water immediately
after the deposition due to the evaporation process. A decrease of up to 98% of the
fingermark's original mass may occur in 72 hours after the deposition [46]. Except
for water, the eccrine fraction is mainly composed of amino acids, proteins, lactate.
The studies showed that both amino acids and proteins are not fully stable in time.
However, in the period of 100-200 days, their concentration in the residue deposits
on paper is still sufficient to interact with ninhydrin, an amino acid-sensitive
developing agent. This stability may be due to the high affinity of amino acids to the
cellulose [29], [47].

In the case of the sebaceous fraction of fingermark residue, mainly the
degradation of squalene, cholesterol and fatty acids was reported [42], [46], [48]-
[51]. The fatty acids do not change significantly in time [42]. According to Archer et
al. [49], the levels of fatty acids may vary over the period of ageing. After a rise over
the initial quantity in the early stage of ageing (1 month), the fatty acid level may
subsequently decrease in time to the initial value. It is worth noting that fatty acids
are not secreted by the sebaceous glands, but the bacteria produce them in the
process of glyceride degradation. This may be the result of the initial increase in fatty
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acid level. The further decrease may be due to the degradation to a shorter chain of
fatty acids, especially that their presence was often detected [42], [49]. Squalene,
the unsaturated hydrocarbon, undergo degradation due to the microbial processes
even in a few days, particularly in the presence of ultraviolet (UV) light. The
derivatives of oxidised squalene, such as epoxides, hydroperoxides, ketones,
aldehydes [21], and alcohols, are further reacted to fully oxidised forms such as
hexanedioic and pentanedioic acids [29], [42], [49], [51]. Cholesterol degrades in
time but not rapidly [42]. The possible products of degradation are cholestadienes
and cholestenones; however, these compounds were not clearly identified in the
deposits [51].

Type of the substrate surface

The substrate upon which the fingermark is deposited can influence the
composition of the fingermark, depending on the porosity of the surface [52]. The
capacity of the surface to retain the fingermark components highly depends on its
texture and physicochemical structure as well as the temperature, electrostatic
forces, and surface free energy [29]. The higher is the porosity of the surface, the
higher are the adhesion forces, and more compounds migrate into the surface
structure [28]. The depth of the penetration of fingermark deposits is proportional
to the surface porosity. Three main categories of surfaces are distinguished: porous,
non-porous and semi-porous [3], [4].

The porous surface, e.g. paper, untreated wood, cardboard [4], [20], tend to
absorb eccrine components such as amino acids, urea, chlorides more rapidly than
sebaceous compounds (Figure 1.4) [21], [29]. This resulted in long-lasting
impressions, which consist of up to three times more amino acids than residues
deposited on the non-porous surface [3]. When the fingermark is deposited on the
paper's surface, the water starts to evaporate, and the water-soluble components
begin to diffuse into the substrate matrix (Figure 1.4 b). This diffusion's depth
depends strongly on the relative humidity (RH) and the degree of porosity. The
adsorbed water-soluble components cannot be rubbed away; however, they can be
readily washed away with water. After one week, under normal conditions, with the
RH < 80 %, the amino acids are well preserved in the porous matrix, while the urea
and sodium chloride continuously migrate. Thus, the older fingermarks may produce
blurred images when developed with agents which target these compounds (Figure
1.4 ¢). On the other hand, the water-insoluble components like fatty acids and waxes
remain on top of the surface significantly longer due to the inhibited mobility in the
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ambient temperature. Moreover, the small amount of the sebaceous fraction
remains on the surface, even for years [4].

Emulsion of water-soluble and water-insoluble components

! ! !

@ @ @

Porous surface

(a)

Water-insoluble component Water-soluble component

Porous surface

(b)

Woater-insoluble component Amino acids Urea, salt, etc.

Porous surface

(c)

Figure 1.4 A schematic cross-sections of the fingermark deposit on the porous surface at
different stages after deposition: (a) right after the deposition, (b) seconds or minutes after
deposition, (c) days or weeks after deposition [4]

The surfaces like glass, polished metal surfaces, polyethylene plastic bags,
glossy paints, glazed ceramics etc., are all classified as non-porous surfaces [4]. All
these substrates do not absorb any compounds of fingermark residue; furthermore,
due to the exposure to the environmental factors, the residue is susceptible to
degrade or be removed (Figure 1.5 a) [4], [28], [43]. Water from the deposit will
evaporate within the first few hours or days, depending on the temperature (Figure
1.5 b) [21]. Both the water-soluble and water-insoluble fingermark components
remain on the surface for a very long time, if not damaged, washed with organic
solvents or degraded by environmental factors [4].

10
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Emulsion of water-soluble and water-insoluble components

Nonporous surface

(a)
amD ()] [ ]

Nonporous surface

(b)

Figure 1.5 A schematic cross-sections of the fingermark deposit on the non-porous surface at
different stages after deposition: (a) right after the deposition, (b) days or weeks after
deposition [4]

The third category is the semi-porous surface, which may resist or absorb
fingermark residue depending on the substrate's properties and the viscous
properties of the fingermark residue [20]. This surface absorbs the eccrine and
sebaceous components much slower than the porous surface [28]. The water-
insoluble components remain on the top of the surface for a long time before some
diffusion occurs [4]. The common items with a semi-porous surface are glossy paper,
plastics, laminated wood [28], painted surface, polymer banknotes, waxed paper [4],
glossy cardboard or magazine cover, or cellophane [20].

1.3 Fingermark detection techniques for porous surfaces

Fingermarks deposited on porous surfaces (e.g. paper or wood) are processed
in a different way than on non-porous surfaces (e.g. glass). This is due to the
absorption of fingermark residue components, which diffuse into the substrate
matrix quickly and become inaccessible for physical interactions, e.g. adhesion of
powder developer [4]. The techniques applied for developing latent fingermarks
deposited on porous surfaces are mainly based on chemical processes. Friction ridge
residue components are dissolved into the surface structure, and the chemicals are
able to react with these secretions and not with the surface. [53]

Ninhydrin

Ninhydrin is one of the most advantageous and indispensable reagents
applied for the chemical development of latent fingermarks deposited on paper and

11
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other porous surfaces [6], [20]. Ninhydrin reacts with primary and secondary amino
acids present in the fingermark residuals resulting in the formation of Ruhemann’s
purple, which is noticed as purple impressions [27], [47], [54]. The development may
take days or even weeks; however, once the heat and steam are applied, the reaction
accelerates [6], [27]. When the fingermark is deposited on the porous surface, the
aqueous eccrine fraction of the residual starts to diffuse into the surface structure.
This fraction contains about 250 ng of amino acids per fingermark [47], which is
sufficient to be detected with ninhydrin.

Ninhydrin (2,2-dihydroxy-1,3-indandione) is a colourless to pale yellow
crystalline solid soluble in water and other polar solvents, first synthesised in 1910
by Siegfried Ruhemann. [55]. The general mechanism of the reaction between
ninhydrin and the amino acid was proposed by Friedman and Williams [56] and
modified by Grigg et al. [57] (Figure 1.6). First, ninhydrin (2) tautomerises to 1,2,3-
indanetrione (1), which is a dehydrated form of ninhydrin [6]. Both forms are in
constant equilibrium. Then, Schiff’s base formation takes place in the condensation
process between the amine and the central carbonyl of the anhydrous form of
ninhydrin [47]. This intermediate imine (5) undergoes then decarboxylation, yielding
a resonance-stabilised 1,3-dipolar species (6) (7), confirmed by Grigg et al. [57]. In
the process of proton transfer, an intermediate aldimine is forming (8), which then
hydrolyses to the aldehyde and an intermediate amine (9). In the further step, the
2-amino intermediate interacts with another molecule of ninhydrin yielding in the
deprotonated coloured product, which is Ruhemann’s purple (10) [6], [47].
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Figure 1.6 The commonly accepted mechanism of the formation of Ruhemann’s purple
proposed by Friedman and Williams and modified by Grigg et al. [47]
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The formulation of ninhydrin developer and the enhancement process
conditions such as concentration, temperature, carrier solvent, pH, heating time,
and humidity have been changed over the years [58]. Oden's original formulation
was based on 0.2 % of ether or acetone ninhydrin solution with the addition of 4 %
of acetic acid to keep an acidic environment. The process of fingermark samples
treatment was maintained at the temperature of 80-120 °C [59]. Currently,
according to the UK Home Office Centre for Applied Science and Technology (CAST),
the ninhydrin development procedure recommends a 0.5 %w, concentration of
ninhydrin in the working solution, based on 1-methoxynonafluorobutan (HFE7100)
as a carrier solvent together with the addition of acetic acid, ethanol, and ethyl
acetate [60]. The addition of acetic acid provides hydrogen ions and water, which
catalyse the reaction of ninhydrin and amines. The application of ninhydrin is
performed by immersing the samples in the working solution and drying them in the
air to evaporate the solvent before placing in the oven. Heat and high humidity must
be maintained during fingermark treatment to increase the reaction rate. The
samples should be exposed for 4 to 7 minutes to a temperature of 80 + 2 °C and
relative humidity of 62 £ 5 % to obtain effective enhancement results [54]. HFE7100
is the currently used carrier solvent, which has replaced the CFC-113 (1,1,2-Trichloro-
1,2,2-trifluoroethane) several years ago due to its high global warming potential
(GWP) value which was equal to 6000. A GWP is a measure of how much energy
a unit of greenhouse gas will absorb in the atmosphere over a given time, relative to
the energy absorbed by the same amount of carbon dioxide [61]. The research on
a new carrier solvent for amino acid reagents, called Solstice PF with a GWP equal to
1, is underway to develop a more environmentally friendly system [62], [63].

Ninhydrin is one of the developing reagents whose effectiveness cannot be
guestioned. However, some limitations are noted. First of all, ninhydrin cannot be
applied to water-soaked surfaces because water is eluting amino acids which are the
target for ninhydrin [27], [60]. Also, weak fingermarks and fingermarks deposited on
coloured or dark surfaces treated with ninhydrin may result in low contrast [20], [64].
However, this contrast may be enhanced by treating the ninhydrin fingermarks with
metal salts like zinc, nickel, or cadmium. The fingermarks then changed the colour
and became fluorescent when excited with a 488 nm argon laser [6], [65]. Ninhydrin
may undergo uncontrolled reactions with some amine-rich fillers present in the
substrate resulting in high background development. The acetic acid present in the
working solution may also react with the substrate's thermal layer leading to
darkening [54]. Moreover, ninhydrin working solution may cause the ink running or
expand the paper fibres damaging the fingermark pattern [53]. Finally, the chemical
process is slow, and fingermarks enhanced with ninhydrin are not permanent [6].
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DFO and 1,2- Indanedione

Two analogues of ninhydrin, 1,8-diazafluorene-9-on (DFO) and 1,2-
indanedione, started to be of broad interest due to their high sensitivity and
luminescence intensity in reaction with amino acids in fingermark residue [65], [66].

DFO, proposed by Grigg et al. in 1990, consists of the five-membered ring
with one carbonyl group in the centre and two dipoles adjusted on both sides [6]
(Figure 1.7 1). DFO reacts with amino acids present in fingermark residue similarly to
ninhydrin. However, the reaction yields in a highly luminescent red-coloured product
of two DFO molecules linked by a nitrogen atom [67]. The structure of the reaction
product is analogous to Ruhemann’s purple (Figure 1.7 5) [68]. DFO is also more
sensitive than ninhydrin, developing two-and-a-half to three times more latent
fingermarks on paper [53]. Latent fingermarks enhanced with DFO provided a faint
red fingermark impression, which illuminated with the green light with the excitation
between 540 and 570 nm, emit bright luminescence in a broad spectrum of 560-620
nm [4].

CHs
o CO,
CHs o |
N N+ HN-G-COf ————  N< N
[ * TN
X H \_/
) @ i
Co,
NH, CHs

H,0
| )
N+ HsC—CH N
7 N
= N N
N
M
3)

Figure 1.7 The mechanism of the reaction of DFO with an amino acid proposed by Grigg et al.
[69]

5) )

The possible mechanism of the reaction between DFO and amino acid
proposed by Grigg et al. is comparable to the reaction between ninhydrin and amino
acids. In the first step, DFO (1) reacts with the solvent forming a hemiketal, a less
stable structure and therefore more reactive. Hence, the presence of methanol in
the working solution is crucial [20]. The hemiketal favour the attack of the nitrogen
in the amino acid at the electron-deficient carbon in the polarised carbonyl group
yielding in the loss of water. As a result, an aromatic imine is formed, which then
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undergoes decarboxylation to form structure (3). Then acetaldehyde and an
aromatic amine are produced (4) by hydrolysis at the nitrogen-carbon double bond
(3). The aromatic amine (4) further reacts with a DFO molecule yielding in a red
product (5) [69]. Unlike the ninhydrin treatment process, the DFO enhancement
procedure must be maintained in a high temperature and a low-humidity
environment [65]. The development procedure recommended by the CAST is based
on the 0.02 %., of DFO in the working solution. The working solution consists of
acetic acid, methanol and the carrier solvent, which is the mixture of HFE71DE
(50% 1-Methoxynonafluorobutane, 50% trans-1,2 Dichloroethylene) and HFE7100.
DFO treatment is performed by immersing the fingermark samples in the working
solution, then drying them in the air and placing the samples in the oven for at least
20 minutes at 100 °C [54]. It was observed that fingermarks developed with DFO
followed by the ninhydrin post-treatment did not improve the fingermarks'
visualisation; however, additionally developed fingermarks occurred due to the
Ruhemann’s purple production. Probably the DFO does not react with every amino
acid present in the fingermark residue. Thus the combination of DFO and ninhydrin
treatment is often applied for porous surface like paper [20], [69], [70].

Some disadvantages of the DFO treatment are related to the reagent
formulation and substrate features. Similarly to ninhydrin, the acetic acid present in
the working solution and the high temperature in the treatment process may cause
the substrate's darkening, especially the thermal paper [54]. Moreover, some highly
luminescent inks, paints, and dyes of the substrate may interfere with the
fingermark's fluorescence, resulting in a decrease in the contrast between the ridge
and the background. The DFO may also stain the substrate a yellow colour. Finally,
the DFO process cannot be applied to the wetted surfaces due to the lack of amino
acids [27].

1,2-indanedione, proposed and evaluated by Joullié and co-workers in 1997,
is a fingermark detection agent which reacts with amino acids present in
a fingermark residue, similarly to ninhydrin [71]. The reaction of 1,2-indanedione
with amino acids results in a pale pink colour [65], stable and fluorescent product
with high quantum yield, and a sufficient Stokes shift to eliminate the background
luminescence of most paper surfaces [72]. Latent fingermarks enhanced with 1,2-
indanedione excited with the broad spectrum of 490 to 560 nm emit bright
luminescence in a broad spectrum covering a region from 550 to 620 nm with
a maximum emission peak at 560 nm and 590-600 nm [4].

The reaction mechanism between 1,2-indanedione and amino acid involves
the formation of the imine (1), which then undergo decarboxylation to form 1,3-
dipolar species existing in equilibrium. The 1,3-dipolar species may then undergo the
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Strecker degradation yielding in the formation of 2-amino-1-indanon (ll), which in
reaction with an excess of 1,2-indanedione produce a coloured and luminescent
product —a “Ruhemann’s purple”-like dipole [65], [72].
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Figure 1.8 The mechanism of the reaction of 1,2-indanedione with an amino acid proposed
by Petrovskaia et al. [72]

Various formulations of 1,2-indanedione working solution have been
recommended so far. However, most of them consist of 0.02-0.2 %, of 1,2-
indanedione, ethyl acetate, acetic acid and HFE7100 as a carrier solvent [73], [74].
The 1,2-indanedione treatment process, unlike the DFO process, does not require a
heated environment; however, increased temperature accelerate the reaction
process significantly. Similarly to ninhydrin and DFO, the development protocol
involves immersing the exhibits in the working solution, drying them in the air and
heating them in an oven at the temperature of 100 °C for at least 10 minutes [54].
The application of 1,2-indanedione has been studied in numerous research groups
all over the world. There is a wide variety in the results obtained due to the various
conditions, environmental factors, substrates and performance of the reagent
formulations [65]. Some of the researchers reported the superior results of
fingermark detection with 1,2-indanedione comparing to DFO [70], [73], [75]-[77],
whereas some groups suggested that 1,2-inanedione was less sensitive to DFO [74],
[78]. The research conducted in Australia has shown that the efficiency of the
reaction between amino acids and 1,2-indanedione is highly dependent on the
relative humidity. For the RH higher than 70 %, the reaction appears to be relatively
good, but if the RH was lower than 50 %, the reaction was poor [73], [76]. Due to the
regional variations in the above-mentioned environmental factors, humidity, and the
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paper's acidity, this formulation is not recommended as the first-choice method in
some countries, e.g. the UK [54], [73]. However, the introduction of a catalytic
amount of zinc (1) chloride to the working solution before treating the specimen
markedly increases the fluorescence of the fingermark and makes the system more
resilient to fluctuations of humidity. The zinc (1) ions in the 1,2-indanedione
formulation act as a Lewis acid catalyst and stabilise the intermediate product [79]—
(81].

Lipid dyes

Lysochrome molecules, widely used in biology, have also found application
in fingermark enhancement due to selective staining of the fingermarks residue lipid
fraction [82]. Proposed methods such as 0il Red O or Nile Red staining are relatively
fast, cost-effective and efficient [3].

QilRed O

For the first time, Oil Red O (ORO) was introduced for fingermark
development on dry or wetted porous surfaces in 2004 by Beaudoin [83]. ORO is
a highly lipophilic fat-soluble diazo dye and a lysochrome applied in biology to stain
triglycerides and lipoproteins [82], [84]. Its structure is based on two azo groups
attached to three aromatic rings (Figure 1.9).
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Figure 1.9 Chemical structure of Oil Red O stain [4]

This dye is difficult to ionise what makes ORO highly soluble in lipids [84].
Most of the lysochromes are insoluble in polar solvents such as water or ethanol.
In contrast, they are soluble in non-polar solvents, triglycerides and lipids, staining
them to a red colour [60]. Latent fingermarks deposited on porous surfaces
immersed in the ORO solution undergo visible red impressions due to the dye
molecules' accumulation in the lipid fraction of fingermark residue [82].
The background may also be slightly stained in red; however, the contrast between
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the fingermark ridges and the substrate remains sufficient for visualisation [85]. ORO
interacts with a labile fraction of fingermark, which is the water-insoluble part of the
residue rich in components such as saturated and unsaturated fatty acids and
triglycerides. These compounds change their structure in the short term due to
oxidation when exposed to air, in contrast to the robust fraction, which is composed
of proteins and lipoproteins, strongly bound to the cellulose in a paper for a long
period of time. Therefore this dye is recommended for fresh fingermarks not older
than 28 days [85].

The process of fingermark treatment is completed in three stages. First, the
exhibits are immersed for 90 minutes in an Qil Red O staining bath, consists of ORO,
methanol, sodium hydroxide and water. The fingermarks are then dipped in a buffer
solution of sodium carboxide, nitric acid, and water to neutralise the base side of the
staining solution and stabilise the fingermarks. Finally, the fingermark items are
rinsed in distilled water [60], [85]. As the effective visualisation of fingermarks
developed with ORO is based on the contrast difference between the fingermark
ridge and the substrate, this technique may be problematic on dark surfaces.
However, the application of rhodamine 6G (R6G) as a luminescent staining post-
treatment can induce luminescence in the background. The ORO has a maximum
absorption at approximately 518 nm wavelength and produces no emissions.
In contrast, Rhodamine 6G has its maximum absorption wavelength of 530 nm and
emits high-intensity fluorescence with an emission peak at approximately 553 nm.
[lluminating the surface with the light of a 530 nm wavelength will lead the ORO
content in the fingermark to absorb the light and Rhodamine 6G in the background
to emit fluorescence. Thus, a black fingermark will be visualised against the
luminescent background [86].

Nile Red

Nile Red (9-diethylamino-5H-benzo[a]phenoxazine-5-one) is a highly
fluorescent, lysochrome dye used to stain lipids in histochemical detection. Nile red
is an uncharged heterocyclic molecule (Figure 1.10) that readily dissolves in organic
solvents and highly dissolves in lipids but is insoluble in water [84], [87], [88]. Also,
Nile Red is solvatochromic, which means that the fluorescence maxima depend on
the relative hydrophobicity of the environment [89]. If the dye is dissolved in neutral
lipids like triacylglycerols or cholesteryl esters, the fluorescence emission occurs
in the yellow region of the light spectrum. On the other side, Nile Red dissolved
in more polar solvents like ethanol or phospholipids emits red fluorescence.
Moreover, in aqueous media, the Nile Red fluorescence is quenched [87], [90].
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Figure 1.10 Chemical structure of Nile Red stain [4]

Nile Red was first used as a potential luminescent alternative to a physical
developer by Saunders in 1993 [3]. The formulation of the staining solution is based
on ethanol or methanol solvent with the addition of sodium hydroxide [91], [92].
Due to the photoluminescent properties depending on the solvent's hydrophobicity,
Nile Red may provide good results on paper substrates, also wetted [91]-[93].
However, the staining solution requires organic solvents due to the poor solubility
in water, affecting the exposed personnel and generating toxic waste. Moreover, the
staining solution suffers from Nile Red precipitation when the methanol evaporates
from the solution [94]. Nile Red may perform well when applied in the sequence with
a physical developer, enhancing fingermarks that were partially developed or not
developed in general [4].

Physical developer

Physical Developer (PD) is a chemical procedure of the enhancement
of fingermarks deposited on porous, paper-like surfaces, also wetted or soaked in
petrol [2], developed in the 1970s by the Atomic Weapons Research Establishment
with the Police Scientific Development Branch in the UK [4], [60], [64]. It performs
excellent for older marks and fingermarks deposited on cardboard [21], paper bags,
currency, rubber or latex gloves, clay-fired bricks, adhesive tape or unfinished wood
[53]. The physical developer is based on in situ reductions of silver (l) ions to
elemental silver, which reacts with the robust fraction of sweat residue consisting of
water-insoluble triglycerides, wax esters, hydrocarbon, proteins and lipoproteins
[85], to produce visible, grey or black impression along the ridge [64]. The PD
enhancement solution consists of silver ions, ferrous/ferric redox couple, a citric acid
buffer, a cationic surfactant, and a nonionic surfactant [4], [95]. The silver metal,
accumulated on the fingermark ridge, is formed by reducing the silver ions (Ag*) by
the ferrous ions (Fe?*) according to the reaction: Ag™ + Fe?* & Ag°® | +Fe3*.
The citric acid buffer maintains the low pH of the process and complexes ferric ions
(Fe*), whereas the surfactant trap the reduced silver particles into the micelles to
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avoid premature deposition as well as to inhibit further silver formation. Once the
micelles contact the fingermark ridge, they break, and silver is precipitated from the
solution [60], [64]. Although the mechanism of the interaction between silver and
fingermark components is unclear, one of the hypothesis claims that PD is sensitive
not only to a sebaceous fraction of fingermark residue but also may interact with
amino acids trapped in the lipid fraction. In the low pH, positively charged amine
functional groups of the fingermark components may be electrostatically attracted
with negatively charged silver particles, which adhere to the fingermark ridge and
starts forming nucleating sites for further growth of silver particles [3], [82].

The PD enhancement procedure is based on the sequence of several
treatments. First, the exhibits are immersed in a water bath to remove any dirt and
soil. In maleic acid pretreatment, any paper-fillers like calcium carbonate are
removed from the alkaline papers due to its neutralisation. The main treatment in
silver physical developer lasts from 10 to 30 minutes to obtain a sufficient contrast.
Next, the exhibits are rewashed with water to remove the excess of the developer
and silver chloride, which may form. The fingermarks are subsequently immersed in
the hypochlorite to lighten the background, darken the marks, and then finally be
washed with water and air-dried [20]. The application of PD should be the final stage
in the sequential processing on porous surfaces with amino acid reagents such as
1,2-indanedione, DFO or ninhydrin. The physical developer is complementary to
amino acid-sensitive reagents and tends to target various components of fingermark
deposit that DFO or ninhydrin remain undetected [27], [60], [77]. In the case of
wetted items, the PD process may be recommended as the first choice due to the
lack of amino acids, which were washed from the deposit [96].

The physical developer technique is very effective on porous surfaces [91],
[97]-[99]; however, some inconveniences occur during the processing. The PD
solution is unstable, can be stored for no longer than two weeks, and the silver ions
are sensitive to contaminants that may cause premature silver precipitation [99]-
[101]. The PD process is destructive, the developer may react with the paper, so any
other enhancement after PD is ineffective [64]. This technique must also be handled
carefully because the silver nitrate easily stains everything it contacts [100].
Considering the preparation of the PD and the fingermark treatment procedure
consisting of several immersion baths, the PD enhancement is a relatively long
process [3], [101]. Moreover, the number of immersion steps may cause the paper
to become brittle and damage the marks [98]. Also, PD may be problematic when
a fingermark is deposited on a dark surface due to weak contrast between developed
ridges and the background.
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1.4 Fingermark detection techniques for non-porous surfaces

The type of surface to be examined is one of the most significant factors while
choosing the development technique. The non-porous surface is smooth and solid;
thus, fingermark retains a sticky deposit on the top of it, which can be developed in
the process of powder dusting or some more sensitive techniques like cyanoacrylate
fuming or metal deposition [21].

Powders

Fingermark powdering is one of the first technique of fingermark detection
used since the nineteenth century [20]. This traditional technique is a simple and
widely used procedure for latent fingermark development of nontransportable
objects with smooth, non-porous surfaces like glass, metal, glossy or painted
material, tiles, mirrors [2], [64], [82]. However, powdering has also been reported as
a potential developing method for a bird of prey feathers and eggs, deer antlers or
elephant tusk [102]. Powder dusting is a physical method, where the fingermark
development occurs by the preferential adhesion of particles to the moist, sticky,
and oily fraction of fingermark residue [54], [82]. Powdered fingermarks can be easily
lifted off the surface using an adhesive tape [64]. The fingermark powder is
commonly applied with a brush made of synthetic material such as polyester or glass
fibre, natural bristle (e.g. squirrel) or hairs (e.g. camel). Also, the magnetic brushes
called wands, which utilise the ferromagnetic properties of iron powder mixed with
a pigment, are widely used, minimising the contact between the fragile fingermark
and the applicator [2], [20], [54], [64]. The typical powders consist of two main
elements: a binder that provides preferential adhesion to the fingermark ridge and
a pigment that provides sufficient contrast between the mark and the background
[103]. However, some pigments indicate enough adhesion and can be used
individually [20].

In general, there are four generic types of powders: metal flake, granular,
magnetic flake and magnetic granular [54]. Metal flakes such as milled aluminium
flakes called silver powder, brass flakes called gold powder or aluminium, and kaolin
called grey powder have a flat structure [21], [104]. Stearic acid or similar fatty acids
are added to this powder as a binder, which provides good sensitivity and makes this
powder one of the most effective at developing on smooth and clean surfaces [21].
The black or white granular powders are routinely used as a contrasting agent for
fingermark dusting. These powders are mostly suited for smooth, not coloured
surfaces; however, they are less sensitive than other powders [54]. The black
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powders, composed of graphite, charcoal or molybdenum powder, are applied for
light coloured background, whereas white powders, including titanium dioxide, zinc
oxide, zinc sulphide, are used on dark surfaces [82]. Also, the bichromatic powders,
as a mixture of black and grey powder, can be used for fingermark development on
both dark and light substrate [53]. A milled iron mixed with aluminium flakes is a kind
of magnetic flake powder, useful for unplasticised polyvinyl chloride window frames
[21], [64]. The magnetic powders are the least destructive [9] and suitable for
fingermark enhancement on shiny magazine covers, coated surfaces, and plastics
such as food storage containers [15]. For multicoloured and reflective substrates, the
luminescent granular powders like acridine orange, rhodamine 6G, crystal violet
[104], acridine yellow, coumarin 6, or luminescent, magnetic powders with a wide
range of colours may be applied depending on the shade of the background [82].
However, some fluorescent powders may indicate less sensitivity than non-
fluorescent ones, which may be relevant to their shape and size [21]. Also, magnetic
powders are not recommended for ferromagnetic items such as steel or nickel [20].
The visualisation of fingermarks developed with luminescent powders involves
particular equipment such as lasers or UV light sources [2].

There is no doubt that powder dusting is a fast, cost-effective and efficient
method; however, some drawback must be noted. Firstly, it is not highly sensitive,
especially for older fingermarks, which dries and lose stickiness over time. Thou
mainly fresh and good quality marks may be fully visualised by powdering [64]. Also,
powdering can be applied only on smooth, clean, dry and non-porous surfaces to
avoid background interference [54]. Moreover, fingermark ridges may be damaged
when in contact with a brush [6]. Some hazards associated with breathing in dust or
fibres during the powdering process must be noted [54]. The average size of the
metal flakes, granular powder, or non-magnetic carrier particles ranges from 4 to
12 um [54].

Powders can also be used in the form of suspension for non-porous and
semi-porous surfaces, adhesive tapes, and wet or greasy surfaces in particular. The
powder suspension consists of an insoluble powder e.g. iron oxide, carbon black,
titanium dioxide [21], molybdenum disulphide, cobalt oxide and weak detergent
aqueous solution [20], [66], [105]. One of the powder suspension methods is the
small particle reagent process (SPR). SPR is effective on wet surfaces since it is
sensitive to the sebaceous fraction of fingermark deposit, not soluble in water. The
conventional formulation of SPR is based on molybdenum disulphide flake in
a detergent solution and is dedicated to the light surfaces due to the grey
impressions developed after treatment [2], [4]. However, a few more formulations
have been reported, such as charcoal powder or zinc carbonate and titanium dioxide
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resulting in black or white fingermark impressions, respectively. Moreover,
a fluorescent SPR was also reported based on Basic Yellow 40 or rhodamine 6G to
overcome the coloured background interference limitation [105]. In the usual
development process, the fingermark samples are dipped in a tank with
molybdenum disulphide suspension and then rinsed with water and allowed to dry
[21].

Cyanoacrylate fuming

Fuming with cyanoacrylate esters vapour, commercially available as
“superglue”, is an effective development technique for fingermarks deposited on
non-porous surfaces like metals, rubber, electrical tape [2], glass, plastics [64],
garbage bags, carbon paper, aluminium foil, wood, cellophane, or smooth rocks. The
technique was discovered in the late 1970s in Japan, the United Kingdom and North
America at the same time [6]. Cyanoacrylates, mainly methyl or ethyl esters, are
colourless, monomeric liquids, which formed hard, white polycyanoacrylate on the
fingermark ridge when subjected to heat [19]. The monomeric vapours start to
selectively polymerise on the ridges when reacting with some fingermark
components but not with the surface. The moisture and ionic material present in the
fingermark deposit catalyse the polymerisation; however, the exact components
responsible for polymerisation initiation are not fully determined [64]. The main
advantage of this enhancement method is the in situ polymerisation on fingermark
residue ridges without changing the substrate properties. This method is also not
destructive to the ridge pattern because neither carrier solvent nor developing agent
applicator is necessary for the treatment process [106].

The polymerisation of cyanoacrylate monomers is considered as an anionic
polymerisation (Figure 1.11). In the first stage, an A" nucleophile (e.g. OH-), which
acts as an anionic initiator, reacts with the acrylate monomer in the vapour phase,
forming a reactive form [107]. However, also amino acids, fatty acids [108], carboxyl
groups of lactates [109] or water molecule, present in fingermark secretions, may
play the role of initiator of polymerisation due to the two electron-withdrawing
groups on the same carbon atom in a monomer and relatively high electron affinity
[107], [110]. This reactive form can further react with consecutive monomers
(propagation) in the second stage, resulting in a substituted polyethylene-like
product [107]. The polymer chain reaction is terminated in the final phase due to the
monomer source removal or ending the heating process [82].
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Figure 1.11 The scheme of the cyanoacrylate polymerisation reaction on fingermark deposits
resulting in a polycyanoacrylate — a hard, white polymer [4]

Fuming with cyanoacrylate vapour may undergo at room temperature, but
it accelerates when heating up to 120 °C [64]. Also, the relative humidity of 80 %
during the treatment process is of importance. This is because sodium chloride,
present in the fingermark deposit, absorbs moisture increasing the polymerisation
reaction, but also maintain the two electron-withdrawing groups in a solvated state
facilitating the cyanoacrylate monomers to permeate the fingermark residue [111].
The treatment process is conducted in closed, homemade or commercial chambers
with active air circulation [2], [9], or fuming wand [20] until the white polymer on
the fingermark deposit is easily observed. However, the contrast between the
developed fingermark and the background is often insufficient for identification,
e.g. on pale, coloured surfaces. Therefore, the upgrade of the visibility under various
wavelengths of light can be introduced by fluorescent or coloured dye staining [112],
including Rhodamine 6G [113], [114], Basic Yellow [115], Basic Red, Ardrox, Safranin-
O, thenoyl europium chelate [116], Acid Fuchsin, Nile Blue A, Safranin Bluish [117],
or Nile Red [92]. The dye post-treatment procedure may cause background staining.
To avoid this problem, the vapour-staining process may be introduced to enhance
cyanoacrylate-fumed fingermarks by employing p-dimethylaminobenzaldehyde
(DMAB), which is a highly volatile fluorescent reagent [118]. Moreover, one-step
fluorescent cyanoacrylates are available commercially, including PolyCyano,
LumiCyano™, CN Yellow [119], and PECA Multiband [111], which can develop
fingermarks in one stage without additional chemical processing. PolyCyano, a solid
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cyanoacrylate polymer and dye mixture, requires 60% - 90% of relative humidity and
heating at 230 °C [118], producing a toxic hydrogen cyanide gas. Nevertheless,
applying PolyCyano for fingermark development on semi-porous surfaces may vyield
an effective enhancement. On the other hand, Lumicyano™, as a mixture of
fluorescent dye incorporated into the cyanoacrylate monomer, does not require
specific conditions and may be used in the cabinet for standard cyanoacrylate fuming
under the same conditions such as 80 % of relative humidity and temperature
120 °C [120]. The application of one-step fluorescent cyanoacrylates reduces one
stage of the process while achieving an effective fingermark development; however,
the visualisation examination must be done shortly after fingermark treatment due
to the fluorescence decay over time [121].

Vacuum Metal Deposition

Vacuum Metal Deposition (VMD) is one of the most sensitive methods of
latent fingermarks development on non-porous surfaces, including glass [122],
plastic bags, bottles and packaging, glossy surfaces of cards, photographic paper,
magazine covers, also leather handbags or shoes, [20], non-sticky side of adhesive
tape [123] or ballistic brass surface [124]. Also, fingermarks deposited on semi-
porous surfaces such as certain dark fabrics like polyester [125] or nylon [126], and
polymer banknotes, on which other development techniques fail, VMD
enhancement yield an effective development [127]. VMD can give excellent
fingermark development on both fresh and old, degraded marks [64] and wetted
items, making this method superior to cyanoacrylate fuming [20]. This method is
based on the deposition of two metals in sequence, first gold or silver and then zinc
or cadmium (Figure 1.12). The zinc and cadmium are applied because they do not
condense on the grease present in the fingermark residue, but they deposit on small
nuclei of metal [20].

Small, Large, Zi
densely packed dispersed inc Fingerprint
gold nuclei gold nuclei deposit residue
(ON©)
0090 o0hw Olomeml O O beo oo
Substrate

Figure 1.12 The scheme of normal development of fingermark with Vacuum Metal Deposition
(60]
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The VMD process is conducted under vacuum. In the first stage, a thin layer
of gold, invisible to the naked eye, is formed on the whole surface of an examined
item due to the metal evaporation. The gold is evenly distributed over the entire
surface of the examined item and diffuse into the fingermark residue structure [4].
The morphology of gold nuclei depends on the substrate's surface energy and
chemical species deposited on the surface. The layer of gold is several nanometres
thin and is not continuous. There are no nuclei present close to the fingermark
ridges’ surface [60]. In the second stage, a subsequent layer of zinc is formed in the
same way; however, the zinc tends to deposit preferentially on the gold nuclei
regions but not diffuse into the fatty deposit of fingermark. As a result, the
background is plated with the metallic zinc layer, and fingermark ridges are left
transparent. The negative marks are being developed in the form of light fingermark
impressions on dark background [4]. This type of enhancement is called “normal
development” [128]. Nevertheless, as the research has not confirmed the gold nuclei
diffusion into the residue matrix, it is also possible that zinc is growing in various
regions at different rates. Also, some components of fingermark deposits like
palmitic acid, stearic acid, glycerol trioleate, cholesterol oleate, L-arginine, L-leucine,
and DL-threonine have been recognised as metal deposition inhibitors. Due to their
properties, such as water-insolubility of long-chain fats or low vapour pressure of
acids, these components are stable, do not migrate during the VMD process,
allowing the development of fingermarks exposed to the aqueous environment [60].

The development process is conducted in a vacuum chamber. The gold and
zinc filaments for evaporation are placed at the bottom of the chamber, and the
items with deposited fingermarks are clamped above the coating filaments. For gold
deposition, the chamber's pressure is lowered to at least 3 x 10* mbar, and the
current to the gold filament is increased. The deposition is continuing for about
10 seconds. Once the gold is deposited, the pressure in the chamber is increased to
5 x 10* mbar to reduce the speed of zinc deposition, and the current starts to flow
to the zinc filament. The deposition process is continuing as long as the fingermark
impressions become visible on the substrate or the “control” fingermark [20]. During
the VMD treatment, some marks may also undergo the “reverse development”,
which means that zinc is preferentially deposited on fingermark ridges rather than
on the background [4], [20]. Moreover, empty prints may occur when zinc is
deposited onto the background of the substrate but neither on the ridges nor on the
valleys [128]. The reverse development may depend on the polymer substrate
category and the amount of gold deposited on the surface. Jones et al. investigated
the low-density polyethylene (LDPE), high-density polyethylene (HDPE),
polyethylene terephthalate (PET), polyvinyl chloride (PVC) and polypropylene (PP)
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within various amounts of deposited gold. The reverse development was observed
for the fingermarks deposited on LDPE substrates with a medium amount of gold
and PP sheets. Also, for normal development on LDPE, five times less gold was
required in comparison to HDPE [129]. In turn, empty fingermarks occur on the
fingermarks deposited on PVC and PET substrates [128].

VMD is a sensitive and effective method for various tough surfaces like
polymers and aged or wetted fingermarks. Thus, to increase the number of detected
fingermarks and improve the ridge details, VMD can be used in a sequence after
cyanoacrylate fuming [128], [130]. Nevertheless, this method is still expensive due
to specific and costly equipment. Moreover, experience in handling with the
detection process is highly required to obtain sufficient development results,
especially since the metal deposition time depends on the substrate composition
[131].

Multi and Single Metal Deposition

Multi-Metal Deposition (MMD), first proposed by Saunders in the 1980s, is
a well-known method for the development of fingermarks deposited on porous,
semi-porous and non-porous surfaces, also dry or wet as well as tough wax papers
and latex gloves [60], [64]. The two-step treatment process, depicted in the scheme
(Figure 1.13), involves the deposition of colloidal gold on the fingermark residue
followed by reducing silver on a gold surface to enhance the fingermark ridge
impression.
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Figure 1.13 A scheme of MMD deposition process steps: a) gold nanoparticles from colloidal
solution bind to the fingermark ridges, b) silver precipitates preferentially deposit on pre-
existing gold [60]

In the first step, the substrate with deposited fingermarks is immersed in
a colloidal gold solution at pH 2.6-3.9 [60]. The colloidal gold binds selectively to
protonated amino acids, proteins and peptides present in the fingermark secretions
via electrostatic interactions [132]. The colloidal gold is produced in the process of
the chemical reduction of tetrachloroauric acid. The gold particles are hydrophobic
and negatively charged due to the adsorption of citrate ions, which favours binding
to fingermark secretion components [133]. As the binding mechanism alters with the
pH, in the acidic environment, electrostatic interactions between negatively charged
gold nanoparticles (NPs) and positively charged fingermark components are
dominating, in contrast to higher pH where hydrophobic interactions start to
dominate [60]. However, the electrostatic mechanism has been recently questioned
by Moret and co-workers. In the research, they used carboxyl-functionalised silica
nanoparticles to evidence that charged particles in the acidic environment do not
play a significant role in the interactions between fingermark deposits and colloidal
gold in MMD treatment, but the chemical interactions appear to provide the amide
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bond formation between protein-based amino groups in secretion and carboxyl-
functionalised gold nanoparticles [134].

The colloidal gold binding to the target species in fingermark deposits
provides the catalytic nucleation sites for further silver precipitation [60]. In the
second step, the substrate is immersed in a modified physical developer solution,
containing silver particles stabilised with a surfactant and the reducing agent. The
potential sources of silver ions are based on silver acetate, silver bromide, silver
nitrate, or silver lactate. However, the most sensitive reducing system comprises
silver acetate and hydroquinone as the reducing agent [133]. Once the silver
particles bind to the gold, they start to grow. A dark grey or black fingermark
impressions are the silver precipitates deposited around the gold nucleation sites,
enhancing the metallic gold image [64].

Several modifications to the original MMD were proposed and evaluated in
time. Schnetz and Margot [133] improved the process's effectiveness by increasing
the reactivity due to the controlled pH (2.5-2.8) and by enhancing the resolution due
to the gold nanoparticle size decrease from 30 nm to approximately 14 nm. Becue et
al. [132] simplified the treatment process, reducing the number of immersion baths.
He also functionalised gold nanoparticles with thiolated cyclodextrins, which can
complex the dye molecules (Acid Blue 25), trapping them in their cavity and thereby
improve the contrast of fingermark. Also, the luminescent gold nanoparticles have
been proposed by Becue et al. [135] to enhance the method's sensitivity
independently from the background colouration. The gold nanoparticles were
covered with the zinc oxide layer due to the photoluminescent properties of ZnO
nanostructures. On the other hand, Jaber et al. [136], [137] reported “negative”
fingermark impressions on paper developed with gold nanoparticles modified with
bifunctional agents, followed by conventional silver precipitation. The method was
based on the interactions between gold particles and cellulose in the substrate. The
modified MMD method was also proposed by Xu et al. [138]. The method combines
the immunoassay with multi-metal deposition. Gold nanoparticles were modified
with antibodies that bind with the corresponding antigens in fingermark deposit. The
deposition of modified gold nanoparticles, followed by silver precipitation, resulted
in black fingermark impressions and allowed for recognising the specific components
of the fingermark residue like epidermal growth factor polypeptide (EGF) and
lysozyme.

Although MMD is a highly sensitive method of fingermark development,
some drawbacks also occur. Firstly, when applied to porous surfaces, a thorough
rinsing has to be done in the first step to elute unbound gold nanoparticles trapped
in the pores and thereafter avoid possible background development [20]. Also, the
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reagents are expensive, the silver reagent is delicate, the whole treatment process
is time-consuming [96], and the enhanced fingermarks are only black or grey, limiting
the application only to transparent, white or light substrates [135]. Also, MMD on
dry surfaces is less sensitive than cyanoacrylate fuming or DFO. On the other hand,
this method yields good results when applied to plastic, adhesive tape, expanded
polystyrene, difficult surfaces such as beer bottle labels, plastic gloves [10], cling
films and other types of plasticised vinyl [139], and relatively good results for
polymer banknotes [140].

An alternative to MMD, which yields similar results, is the Single-Metal
Deposition (SMD) method, first reported by Stauffer et al. [141]. SMD develops
fingermarks with comparable sensitivity and selectivity to MMD; however, SMD is
less time-consuming, more cost-effective and requires fewer reagents which also
have a longer shelf life. In the SMD procedure, the first step, which is colloidal gold
deposition, remains unchanged, but instead of silver precipitation, the gold
reduction is applied in the second step. The SMD substitutes silver redox agent with
gold chloride and reduces hydroquinone and hydroquinone/silver immersion baths
to one hydroxylamine/gold chloride bath, which is a more stable solution. Thus, the
number of reagents is reduced. The SMD process was further developed by Durussel
and co-workers [142], who optimised several parameters such as immersion time,
gold/hydroxylamine ratio, gold concentration, and stirring speed. In the range of
examined porous and non-porous surfaces such as glass, bleached and unbleached
white paper, painting tape (both sides), latex gloves, and polystyrene foam, SMD
yielded the same sensitivity and comparable results in comparison to MMD;
however, SMD generates fewer costs and labour.

The ongoing investigations have mainly focused on overcoming the need for precise
pH control of the colloidal gold solution. The use of aspartic acid conjointly with
sodium citrate in the synthesis of colloidal gold nanoparticles allows extending the
range of pH up to 6.7, for which the fingermark detection is still effective [143].
Moret and Becue then reported another progress in SMD treatment [144], which
optimised the preparation of colloidal gold synthesis, reducing the procedure to one
step, as well as change the dilution factor of the working solution and the pH setting.
The optimised SMD Il method resulted in higher efficiency, yielding 50 % more
detected fingermarks than the original SMD. This was also confirmed in subsequent
research on SMD efficiency on a wide range of porous, non-porous and semi-porous
surfaces such as numerous types of paper, aluminium foil, various kinds of polymer
surfaces, cardboard, and glass, reported by Newland and co-workers [145]. SMD Il
performs excellent also on polyethylene surfaces such as zip-lock bags or calcium
carbonate/polyethylene blended papers which were exposed to the dry and wet
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environment for a long time [146]. Similarly to MMD, SMD develops fingermarks only
in black or dark violet colouration. However, to improve the visual contrast of
fingermark impression on dark or coloured surfaces, SMD may be combined with
surface-enhanced Raman spectroscopy (SERS). Results reported by Kolhatkar and co-
workers have shown that the gold nanoparticles deposited on fingermark ridges
provide strong plasmonic resonance and luminescence [147]. This gives the
possibility to create a chemical map of the fingermark pattern due to collecting the
signal of fingermark components measured using a SERS effect.

1.5 Nanoparticles for latent fingermark enhancement

None of the currently available fingermark development methods is versatile
and performs excellently on fingermarks regardless of their age, surface structure on
which they are deposited, ambient environment conditions (heat, humidity, light),
or colouration of the substrate background. There is still a need to develop new
methods or improve the available ones to increase the sensitivity, selectivity and
detection success rate. The considerable interest has been directed to nanoparticles
or nanocomposites, the matter with a dimension between 1 and 100 nm [134], [148],
[149]. Such a small particle size increases the ratio of surface area to volume, which
changes the matter's properties compared to the bulk solid. The material dimension
decrease influences its structural, thermal, electromagnetic, mechanical and optical
properties [150]. The several unique properties of nanoparticles have been recently
utilised to develop materials and methods for fingermark detection, which resulted
in the improvement of selectivity, sensitivity and contrast of fingermark image [151].
Firstly, nanoparticles' size is 1 000 to 10 000 times smaller than the fingermark
friction ridge with an approximate width of 480 um [152]. Applying such small
particles can significantly increase the sensitivity and the resolution of the detection,
maximising the contrast between the enhanced fingermark ridge and the substrate
[149]. Secondly, the large surface area of nanoparticles, much greater than the bulk
material, increases catalytic activity and surface modification capability. Chemical
moieties can easily modify nanoparticles' surface to selectively target either the
components of the fingermark residue instead of the underlying surface [148] or the
background surface, yielding the reversed fingermark enhancement [136]. Finally,
due to the nanoparticles' optical properties, the contrast between the fingermark
and the background may be significantly enhanced. The optical properties are of
great importance when a fingermark is deposited on a luminescent, patterned
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or coloured background. Applying, e.g. quantum dots (QDs), intrinsically luminescent
nanoparticles, or silica nanoparticles with incorporated luminescent dye in its matrix
may successfully suppress the underlying substrate interference [134].

Two distinct features of a developing agent have to be considered while
developing the new fingermark enhancement method based on nanomaterial. First,
“the marker” has to be selected, e.g. optical properties of the nanoparticle or its
atomic composition, which can be optically detected. Secondly, the nanoparticles'
surface should be altered with either capping agents or developing conditions like
pH of the working solution to selectively interact with fingermark secretions [82],
[148]. Numerous nanoparticle types have been developed to enhance fingermarks
involving metal NPs, metal oxide NPs, silica NPs, quantum dots, or upconverters.

1.5.1 Metal NPs
Gold

Among all metal nanoparticles employed for fingermark development, gold
is one of the most commonly applied material. This is due to the gold usage in the
widely researched MMD and SMD processes described in Chapter 1.4. In MMD and
SMD treatment, the fingermark development is driven by physicochemical
mechanisms like electrostatic interaction, and the gold is used without any surface
modification, except stabilising ions. However, various other methods applying gold
nanoparticles for fingermark detection have been already reported, especially the
gold NPs with a functionalised surface to target the fingermark [82], [148].

Leggett and co-workers [153] reported the approach of conjugating the
antibodies to the gold nanoparticle surface, which then bind to an antigen in the
sweat, providing information on the presence of drug metabolites. This highly
selective antibody-antigen recognition mechanism was based on detecting the
cotinine, which is a specific metabolite of nicotine in tobacco smokers' fingermark
sweat residue. Anti-cotinine-nanoparticle conjugates deposited on the fingermark
ridges were further enhanced with fluorescently tagged secondary antibody
fragment, which yielded a fluorescent image of fingermark ridges. Another strategy
of application antibody-conjugated gold nanoparticles for fingermark enhancement
was proposed by Spindler et al. [154]. In this approach, the rabbit anti-L-amino acid
antibodies conjugated to gold NPs were used to detect fingermark on a non-porous
surface by interaction with amino acids present in fingermark residue. The anti-
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rabbit secondary antibodies labelled with Red 610 fluorescent fluorophore have
been deposited on antibody-gold modified fingermark for imaging purposes.

In turn, Sametband et al. [155] applied gold NPs stabilised with long-chain
n-alkanethiols for fingermark detection on paper as well as non-porous surfaces. The
fingermarks developed with functionalised gold NPs were followed by silver physical
developer yielding the dark impressions. The hydrophobic functionalised gold NPs
undergo lipophilic interactions between fatty acids present in fingermark secretions
and aliphatic chains. The selective interactions improved the intensity and clarity of
enhanced fingermarks. Gold nanoparticles functionalised with glucose have been
proposed by Gao et al. [156] to one-step single-metal nanoparticle deposition (SND)
on non-porous surfaces. The SND process significantly reduces the number of MMD
baths to one bath with a working solution and one bath with water. Gold NPs
stabilised by glucose were used as the working solution for fingermark enhancement
at a wide range of pH compared to the MMD process. The one-step process using
gold nanoparticles for fingermark detection has also been investigated by Hussain
and co-workers [157]. The process was based on in situ reductions of
tetrachloroauric acid in the presence of fingermark residue components, yielding the
red to purple visible fingermark impressions. The lecithin and its combination with
potassium iodide present in fingermark secretion were identified as the reducing
agent of gold ions to gold nanoparticles.

Shenawi and co-workers [137] presented gold nanoparticles modified with
mercaptocarboxylic acid as the bifunctional developing agent, followed by silver
precipitation, for latent fingermarks deposited on the paper. In this approach, the
thiol groups of mercaptocarboxylic acid bind to the gold NPs and the carboxylic
group interact with cellulose via hydrogen bonding resulting in reverse development
of fingermark. The further silver precipitation results in the deposition of silver
around the fingermark ridges but not on them. Within this method, an improved
yield of latent fingermarks on paper may be obtained; nevertheless, the comparison
to benchmark methods have not been made. A high resolution of fingermark and
3" level of ridge details may be obtained with gold nanoparticles modified with
amphiphilic block copolymer (BCP) poly-(styrene-alt-maleic anhydride)-b-
polystyrene (PSMA-b-PS). Song et al. [158] reported the strategy of both
colourimetric and photoacoustic imaging of latent fingermarks deposited on porous,
semi-porous or non-porous surfaces like paper, adhesive tape, plastic, glass, a silicon
wafer, and a paper banknote. The gold nanoparticles capped with PSMA-b-PS
interacted with proteins, polypeptides and amino acids in fingermark secretions
through electrostatic and hydrophobic interactions, yielding a good fingermark ridge
enhancement. Another strategy for enhancement of the fingermarks deposited on

33

https://rcin.org.pl



Chapter 1

a paper substrate, proposed by Lee et al. [159], [160], is based on gold nanoparticles
modification with a bifunctional reagent containing 1,2-indanedione moiety to react
with amino acids and long alkyl-thiol chain to stabilise the ligand on gold
nanoparticle. This bifunctional agent may target both amino acids in eccrine fraction
and hydrophobic lipids in sebaceous fraction; thus, followed by MMD processing
may result in high sensitivity of fingermark detection. The other fingermark
detection method related to gold nanoparticles' use is based on gold seed-mediated
growth, which was developed by Su et al. [161]. In this technique, a lysozyme-binding
aptamer (LBA) was chosen to conjugate with gold seed by a thiol-gold bonding. This
aptamer targets a lysozyme, which is abundantly present in fingermark secretions.
Once the gold seeds modified with LBA are deposited on the fingermark ridges, the
mark is treated with a gold ion complex solution. The self-catalytic process of the
gold ion reduction to metallic gold occurs, introducing gold nanoparticles' growth on
Au seeds and resulting in red fingermark impressions. The method was introduced
as faster than existing methods and was expected to increase detection efficiency;
however, no comparative assessment was reported. Another aptamer-bound gold
nanoparticles have been used for the recognition of cocaine in fingermark. In the
research of Li et al. [162], gold nanoparticles were modified with cocaine-specific
aptamers, which in the case of the cocaine presence in the fingermark, could induce
the aggregation of gold nanoparticles on the fingermark ridges, and thus, provide
the green-to-red colour change of the scattered light in the dark-field microscope
imaging due to localised surface plasmon resonance of gold NPs.

New dusting powders involving gold nanoparticles are another trend in
fingermark development. Yan et al. [163] demonstrated nanocomposite powder's
application based on gold nanoclusters that were in situ grown on the surface and
inside the matrix of bovine serum albumin/montmorillonite clay (BSA/MMT) due to
the reduction of tetrachloroauric acid by BSA. The gold nanocluster BSA/MMT
composite may be applied to multicoloured surfaces since it indicates strong red and
infrared (IR) fluorescence. Gold nanoclusters prepared in situ on thiol-functionalised
silica gel 60 (MPS) for fingermark deposited on non-porous and porous substrates
were reported by Andrade and co-workers [164]. The gold-MPS nanocomposites
effectively adhere to the fingermark ridges after powder dusting; however, the
examined fingermarks were artificially enriched in sebum.

Silver

Besides a physical developer's method, various other fingermark
enhancement techniques using silver nanoparticles have been reported. Prasad et
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al. [165] analysed the silver nanoparticles to enhance fingermarks deposited on
paper substrates. Fingermarks were first immersed in acetic acid to charge the fatty
components of fingermark secretion positively. Then fingermarks were exposed to
negatively charged silver nanoparticles from the colloidal solution yielding clearly
visible fingermark impressions. The stability of latent fingermarks enhanced with
silver NPs was compared with the silver nitrate method; however, no comparative
assessment to any benchmark method was reported. An immunodetection strategy
relying on an antibody conjugated to silver nanoparticles combined with large-area
SERS imaging has been proposed by Song and co-workers [166]. The antibody-silver
NPs Raman probe interacts specifically with human IgG present in fingermark
secretions enabling the ridge pattern visualisation by the SERS imaging technique.
Nevertheless, none of the protein types was specified in this research. Souza and co-
workers [167] examined the SERS substrate composed of a thin layer of silver
nanoparticles in the agar matrix to detect methamphetamine hydrochloride in the
deposited latent fingermark. Recorded Raman map images visualised the clear
fingermark ridge pattern before and after the development with black powder,
indicating ca. 190 pg of methamphetamine hydrochloride in the fingermark
secretions.

A different approach was attempted by Qin and co-workers [168]. They
developed latent fingermarks deposited on conductive surfaces like indium-tin
oxide-coated glass, gold, platinum, or stainless steel coins by the selective
electrodeposition of gold or silver nanoparticles. The fingermark secretions acted as
an insulator in the electrodeposition process. Silver or gold nanoparticles were
deposited on the conductive valley regions resulting in a high contrast reverse
development of the fingermark. In turn, Ran et al. [169] used the fluorescent markers
based on aptamer-modified silver nanoclusters with the emission regulated by
nearby DNA regions to detect exogenous components in the fingermark as well as
the latent fingermark itself. The detection of the exogenous fingermark components
like explosives was based on the interaction between the silver-DNA aptamer and
trinitrotoluene (TNT) present in the fingermark secretions, yielding the coloured
image. In the imaging process, the silver-DNA aptamer targeted lysozyme in
fingermark secretions resulting in the fluorescent fingermark impression and overall
multicoloured image. Another strategy was proposed by Yang and co-workers [170].
This non-destructive process of enhancing the fingermarks deposited on non-porous
substrates was based on applying “silver imaging ink” to the fingermark and drying
at 90 °C, which resulted in in situ generation of silver nanoparticle precipitates and
reversed fingermark development. The ink was composed of the silver-amino
coordination ions in the water-ethanol solution. Due to the hydrophobic properties
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of the fingermark secretions, the ink containing 60% of water adhered preferentially
to the furrows, not to the ridge area. After heating to 90 °C, the dark impressions of
reduced silver nanoparticles provided the negative fingermark ridge pattern. Cheng
et al. [171] reported the use of silver and gold alloy nanoparticles (Ag:Au 60:40 %)
for fingermark enhancement on porous and non-porous surfaces by argon ion
sputtering. The deposition resulted in an amber-colour ridge impression and purple-
blue background. Applying silver and gold alloy NPs provided a higher contrast of
latent fingermark images due to the enhanced optical absorption efficiency with the
presence of silver, and also improved stability due to the presence of gold in the
alloy, which suppresses aggregation behaviour. Moreover, with the surface-assisted
laser desorption/ionisation mass spectroscopy (SALDI-MS), the spatial distribution of
the latent fingermark compounds with better sensitivity was possible in comparison
to pure silver or gold nanoparticle deposition.

1.5.2 Metal oxide NPs

Metal oxides are mainly used for fingermark detection in the form of
powder; however, the nanosized powder may cause health hazards due to the
extremely small particle size [148]. Only a few studies reported the use of metal
oxide powder suspension, which is much safer than dry powder due to the lower risk
of airborne particles inhalation. The most commonly reported metal oxides for
fingermark detection are zinc oxide, iron oxides, titanium oxide, and aluminium
oxide.

Zinc oxide

Nanoparticles of zinc oxide (ZnO NPs) are of great interest in applying to
fingermark development mainly due to their luminescent properties. Zinc oxide
indicates a broad emission band in the visible (VIS) light spectrum region when
excited with UV irradiation [172]. Guzman et al. [173] reported using zinc oxide
nanoparticles with the mean size from 10 to 30 nm in the form of powder to develop
fingermarks deposited on non-porous substrates like steel, aluminium, black glass,
black paperboard, and wood surface. The fingermarks were found to be clearly
visible on steel and aluminium under UV light illumination; however, barely
impressions were found on wood. Also, some reference sample was introduced;
nevertheless, no further details related to the benchmark method were given. Choi
and co-workers [174] proposed the application of nanostructured zinc oxide
particles, pure or lithium-doped, in the form of luminescent powder and powder
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suspension to develop latent fingermarks deposited on non-porous surfaces like
aluminium foil, glass, and polyethylene. They obtained flower-like zinc oxide
particles in a size range of 1-3 um for pure powder and in the range of 1-2 um for
lithium-doped ZnO. However, the nanostructures in the micron-sized particles have
been observed under the scanning electron microscope. The incorporation of lithium
ions slightly increased luminescence intensity. Nanostructured ZnO powder
developed clear fluorescent fingermarks on each examined surface; nevertheless,
ZnO powder suspension performed better on polyethylene substrate and aged
fingermarks. It is worth noting that the study was conducted on sebaceous
fingermarks. Moreover, in the comparative assessment, the commercial powder
produced more intensive fluorescence intensity of developed fingermarks than the
proposed ZnO powder, albeit ZnO powder produced less background development.

Several metal oxide nanoparticles for optical imaging of latent fingermarks
deposited on non-porous substrates have been examined by Amin et al. [175]. They
also determine the small drug molecules like nortriptyline, amitriptyline,
imipramine, and promazine in fingermark secretions using the SALDI-MS technique.
The sebaceous fingermarks deposited on glass were powder dusted with ZnO
nanoparticles and imaged with an optical microscope. The ZnO NPs powder, with an
average size of 46 nm, preferentially adhered to the fingermark ridges resulting in
a clear white fingermark impression. Also, using ZnO NPs in the SALDI-MS drug
molecule recognition lowered the background noise compared to the conventional
organic matrix. Similarly, Luthra and Kumar [176] reported the application of zinc
oxide nanoparticles of ca. 15 nm size for fingermarks detection on non-porous
surfaces such as glossy cardboard, plastic and glass. They obtained clear and of good
quality fingermarks on all substrates using the powder dusting method. However, no
details have been described related to the type and age of fingermarks. Also, no
comparison to benchmark methods has been reported.

To increase zinc oxide nanoparticles' fluorescence intensity and extend the
photoluminescent spectra to the blue-green region of the visible light spectrum,
Shivananjaiah and co-workers [177] synthesised ZnO NPs doped with lanthanum ions
(La**). They obtained the nanocrystallites with a size ranging from 13 to 20 nm
depending on the La* concentration. The eccrine fingermarks deposited on wood,
mobile phone, and bottle were dusted with ZnO NPs doped with 2 %m. of La* ions
and photographed under 254 nm UV light excitation. All the fingermarks were
successfully developed with clearly defined 2™ level ridge details. However, again,
no comparison to the benchmark methods have been performed. A different
approach to increase the photoluminescence intensity of zinc oxide was proposed
by Prabakaran et al. [178]. They coated the zinc oxide nanoparticles (average size of
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40-50 nm) with nitrogen-doped carbon dots (N-CDs/ZnONPs ) and obtained the
composite, which increased the emission intensity in the blue region of the light
spectrum. N-CDs/ZnONPs powder has been used for fingermark detection on non-
porous substrates such as white marble, a black mat, aluminium foil, aluminium
sheets, an aluminium rod, a compact disc, an iron disc, and magazine paper,
demonstrating good selectivity and sensitivity. The comparative assessment of
fingermark development has been done among composite N-CDs/ZnONPs powder,
ZnO NPs, and nitrogen-doped carbon dots for fresh and aged fingermarks.
Developed fingermarks were examined under white and UV light. Applying
N-CDs/ZnONPs resulted in a higher contrast between the fingermark ridge and the
background and visible 2™ level ridge details. N-CDs/ZnONPs composite also
performed better than TiO, and ZnSO, commercial powders.

Arshad and co-workers [179] synthesised a nanopowder based on zinc oxide
and silicon dioxide (Zn0-Si0;) as a developing agent for fingermarks deposited on
various types of surfaces such as polymer cardboard, metallic can, glass, and some
plastic substrates (laptop, calculator, board marker, glazed wrapper). ZnO-SiO,
nanopowder, with an average size of 32.9 nm, was deposited on sebum-rich
fingermark ridges in both ways: by powder dusting and by powder suspension (only
glass substrate). In general, ZnO-SiO, nanopowder in both application forms
performed very well on most examined dark substrates, yielding good quality marks
with visible 3™ level ridge details. Also, better visibility without background staining
has been noticed compared to commercial powders like zinc stearate or titanium
dioxide; however, authors did not explore the material's photoluminescence
properties, which could have significantly increase the contrast not only on dark
surfaces. An interesting approach was reported by Chadwick and co-workers [180],
who coated several metal oxides with a mixture of Rhodamine 6G and the near-
infrared (NIR) laser dye Styryl 11 (STaR 11), followed by the mixture with magnetic
powder to visualise fingermarks luminescence in the visible and near-infrared
spectrum of light as a result of excitation with the visible light. Natural and charged,
aged fingermarks have been examined on various substrates such as glass,
aluminium beverage cans, polyethylene, or laminate. Also, a comparison of
development efficiency to commercial powder Blitz Green have been made.
However, zinc oxide nanoparticles with a size less than 100 nm coated with STaR 11
did not perform well, giving weak NIR luminescence and no luminescence in the
visible region.
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Iron oxide

Diacetylene-magnetite composites consisted of iron (ll, 1ll) oxide (Fes04)
nanoparticles (15-40 nm) and diacetylene polymer have been proposed as the
fingermark developing powder by Lee et al. [181]. In this study, sebaceous
fingermarks deposited on solid surfaces like black or red paper, PET film and
aluminium foil have been processed with a magnetic powder, which undergoes
colour change from brown to blue upon the UV irradiation, and then from blue to
red upon heat treatment at 80 °C what induce the polymerisation of diacetylene.
The possibility of tuning the colour depending on the background colouration was
advantageous.

Li et al. [182] coated Fes0. nanoparticles with amino-terminated silane,
followed by capping the particles with gold. The obtained Fe;0.,@SiO,-Au composite
was used to detect fingermarks deposited on paper, glass, polyethylene bags, using
both methods: powder dusting and powder suspension. The pH effect of
Fes0,@Si02-Au powder working suspension on fingermark development was
investigated. Good ridge details were obtained for pH lower than 5. Both powder
dusting and powder suspension methods yielded good fingermark detection. Also,
the performance of Fes0,@SiO,-Au composite was compared with the commercial
copper powder resulting in good ridge details and low background staining on glass
and polyethylene for both methods; however, Fe30,@SiO,-Au composite performed
better on paper substrate. Nevertheless, the applied fingermarks were of the
sebaceous type, which may boost the interactions between the powder and
fingermark constituents. Similarly, Zhang and co-workers [183] coated Fes04
nanospheres with thiol-terminated silane followed by a silver shell capping to obtain
monodisperse, stable and magnetically active nanocomposite (FesO,@Ag nanoeggs)
for the development of fingermarks on non-porous surfaces like paper, ceramic,
polyethylene, and glass. With an average size of 300 nm, these core-shell composites
can detect fingermarks within powder dusting or powder suspension application.
The dependence of the fingermark quality on working suspension pH was examined.
At low pH, low background interference has been noticed. Fingermarks developed
by powder dusting with Fe;0,@Ag nanoeggs gave better overall contrast of the
ridges than commercial powders such as magnetic Fe;0a, carbon, or aluminium with
an average particle size in the range of 1 — 82 um. However, no details have been
given on the type and age of used fingermarks.

Besides the ZnO NPs, Amin et al. [175] also employed iron (l1) oxide (Fe20s)
nanoparticles (11 nm particle size) for optical imaging of latent fingermarks
deposited on non-porous surfaces and for determination of small drug molecules in
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fingermark secretions using SALDI-MS. The fingermark ridges have been successfully
enhanced with Fe;0s; nanoparticles yielding dark brown impressions, contrasting
efficiently with light-coloured backgrounds. Moreover, Fe;Os; nanoparticles
performed the best in the detection of small drug molecules with the SALDI-MS
detection method.

Titanium dioxide

Choi and co-workers [184] coated two commercially available types of
titanium dioxide particles (TiO,) with fluorescent perylene diimide dye for
fingermark detection on polyethylene, glass, and painted wood. Fingermark
developed with fluorescent composite, composed of either small TiO, nanoparticles
(20 nm size) or bigger TiO, particles (size 100-500 nm), resulted in similar
performance; however, the TiO, nanoparticles produced clearer ridges and less
background development. Compared to commercially available fluorescent powders
such as Black Emerald and Blitz Green, the fluorescent TiO, nanoparticles yielded
a weaker fluorescence under the 505 nm light excitation. Still, they demonstrated
only minimal background development, whereas commercial luminescent powders
were largely found in the background. Both commercial fluorescent powders and
TiO, particles did not develop fingermarks on painted wood. The processed
fingermarks were of the sebaceous type, aged up to 1 month.

TiO; nanoparticles as the fingermark development luminescent agent were
also considered by Chadwick in the research mentioned above [180]. However, these
nanoparticles coated with Rhodamine 6G and Styryl 11 dye emitted very weak NIR
luminescence. Luthra and co-workers [176], besides the zinc oxide, also reported
above, investigated tin oxide for latent fingermarks development on non-porous
surfaces like glass, plastic, and glossy cardboard. However, tin oxide nanoparticles
did not show a clear development of the fingermark. Amin et al. [175], who reported
the successful application of ZnO and Fe,0s to fingermark enhancement and small
drug molecules recognition by SALDI-MS, also considered tin oxide nanoparticles.
Applying TiO, nanoparticles, with an average size diameter of 4 nm, led to efficient
fingermark ridge development, yielding white impressions and successful drug
detection in fingermark residue.

A cobalt titanium oxide composite nanopowder (Co,TiO4) for the
development of latent or blood fingermarks deposited on aluminium foil, ceramic
tiles, painted wood, glass, cardboard, plastic, and copy paper has been proposed by
Peng and co-workers [185]. The charged, latent and blood fingermarks were
enhanced by the powder dusting method and powder suspension, respectively,
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yielding green fingermark impressions. The Co,TiO, nanopowders, with an average
size of 65 nm, performed with high sensitivity, selectivity and low background
staining on fresh and aged fingermarks deposited on all examined surfaces. For the
comparative assessment, commercial powders like bronze powder, carbon powder,
and magnetic ferric powder have been chosen. The Co;TiOs nanopowders,
in contrast to commercial ones, facilitated the recognition of third levels of ridge
details like sweat pores.

Aluminium oxide

Fouda-Mbanga et al. [186] proposed the composite of carbon dots and
aluminium oxide nanofibers (CDs/Al,Os NFs) as a lead ions absorber for further
forensic usage. The examined latent fingermarks, deposited on non-porous
substrates like glass or aluminium foil, sheets or rod, were of sebaceous type. The
powder dusting resulted in fingermark detection with clear ridge details; however,
no comparative assessment have been reported.

The above-mentioned research by Chadwick [180] on metal oxide
nanoparticles coated with Styryl 11 dye, Rhodamine 6G and combined with magnetic
powder for fingermark enhancement yielded the best results for aluminium oxide
nanoparticles. Luminescent Al,Os nanoparticles exhibited high NIR luminescence
intensity and stability. Compared with commercial powder Blitz Green, luminescent
Al,O; powder performed better for textured surfaces, yielding a background
development decrease and greater ridge details. However, for smooth or glossy
substrates, applying Blitz Green resulted in slightly better ridge development.

Ceric dioxide

Also, cerium (IV) oxide (CeO,) have been investigated for fingermark
development. Rohini et al. [187] synthesised CeO;, nanopowders, in a solution
combustion technique, for powdering the fingermarks deposited on non-porous
surfaces like glass, mobile screen, stainless steel, or aluminium foil. CeO,
nanopowders, with an average size of 5-40 nm, exhibited excellent adhesion to the
fingermark ridges, yielding in 3" level fingermark details like pores or ridge contours
and no background development. However, the examined fingermarks were of
sebaceous type. Compared to commercially Fe;,0s; and TiO, powders, CeO:
nanopowder performed better, yielding clear ridge details and low background
development. SALDI-MS technique for small drug molecule recognition in latent
fingermarks, reported by Amin et al. [175], was also examined for ceric dioxide
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nanoparticles. With an average size of 5.4 nm, this nanopowder has developed
sebaceous fingermarks with high detection sensitivity yielding white ridge
impressions; however, not higher sensitivity than for Fe;Os; nanoparticles was
achieved. CeO; nanoparticles were found to be efficient as a substrate for small drug
molecule recognition by SALD-MS.

1.5.3  Silica NPs

The silicon oxide nanoparticles (SiO, NPs), due to their structure, possess
several desirable properties crucial for effective fingermark development. SiO, NPs
are usually synthesised in either Stober synthesis or reversed microemulsion yielding
a controllable and small nanoparticle size. Dye molecules, easily becoming
entrapped in the porous SiO, NPs matrix, provide diverse optical properties, and
silanol groups present in the external layer of the SiO, matrix facilitate the surface
functionalisation with a variety of organic moieties [188]. Plenty of studies on silica
NPs for fingermark detection involve powder dusting as an application technique;
however, silica NPs powder suspension has also been reported.

Silica nanoparticles in a carrier solution

The broad research on silica nanoparticles employed for fingermark
detection and the reaction mechanism between silica NPs and fingermark deposits
was conducted by Moret and co-workers [134], [188]. Silica nanoparticles with an
average size of 84 nm were surface-modified with carboxyl groups to increase the
affinity to fingermark deposit. Moreover, several dyes such as rhodamine 6G,
rhodamine B, and tris(2,20- bipyridyl)dichlororuthenium (1) hexahydrate (RuBpy)
were entrapped in the silica matrix to tune the optical properties of the developing
agent. The natural fingermarks deposited on non-porous surfaces, e.g. glass,
transparent polypropylene, black polyethylene, and aluminium foil, were developed
with dye-doped silica NPs aqueous suspension. The luminescent cyanoacrylate
fuming by Lumicyano™ was chosen as a benchmark method. Both methods resulted
in similar results; however, luminescent silica NPs performed better in terms of
homogeneity of the material on the fingermark ridge. Also, the effective interaction
of silica NPS with fingermark was less influenced by the donor's variability. On the
other hand, in the case of luminescent silica NPs, more quality variations between
the substrate types have been noticed. Further optimisation of RuBpy-doped silica
NPs modified with carboxyl moieties concerning working suspension concentration,
immersion time, the temperature of the treatment process, variability of donors and
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comparison to a benchmark method such as cyanoacrylate fuming followed by
luminescent dye staining was performed by Lee and co-workers [189], [190].

Alsolmy et al. [191] demonstrated the sebaceous-rich fingermark
development with fluorescein isothiocyanate-encapsulated silica nanoparticles
(F-SiNPs). The 4 nm fluorescent F-SiNPs modified with phenyl groups were
synthesised via water-in-oil microemulsion. The fresh and 1-month-aged
fingermarks deposited on glass, aluminium foil and polystyrene were developed in
aqueous ethanol working suspension of F-SiNPs. Incorporation of fluorescein
isothiocyanate into the silica matrix yielded a good contrast of fingermark ridge and
2" level details on a glass substrate; however, on aluminium foil and polystyrene,
a high background staining was observed. No comparative method of fingermark
development has been performed. Similar research was reported by Abdelwahab et
al. [192], who encapsulated the butenamine derivative of fluorescein isothiocyanate
in silica nanoparticles with a phenyl-functionalised shell. Among all synthesised silica
nanoparticles, those with an average size of 30-40 nm resulted in good fingermark
enhancement with 2" levels of ridge detail and high affinity to the fingermark
deposit. Guleria et al. [193] examined organosilicon oxide nanoparticles (OSiNPs)
modified with L-glutathione (L-Glu) for forensic application. The blue emitting
L-Glu@OSiNPs in aqueous solution, with an average size of 3-5 nm, were used to
develop the sebaceous-rich fingermarks deposited on glass, aluminium foil, metal
sheet, compact disc and its plastic cover. The developed fingermarks observed under
UV excitation (365 nm) exhibited a clear ridge pattern on most surfaces.

Small, 50 nm mesoporous silica nanoparticles (MSNs) dye-loaded with
methylene blue (MB) for fingermark detection were reported by Zhang et al. [194].
Sebaceous-rich fingermarks deposited on a glass substrate and treated with
MSNs@MB aqueous suspension yielded a good fingermark contrast due to the
abundant nanoparticles on the ridge and blue dye colouration. However, no other
substrates have been reported, and no benchmark assessment has been done to
compare the results. Wang et al. [195] loaded mesoporous silica nanoparticles with
Nile red dye (MSN@NR) to detect fingermarks deposited on thermal paper, such as
market receipts. In their research, charged fingermarks were developed with water
suspension of MSN@NR, yielding high-quality fingermark impressions without
background staining and retaining the background text, unlike the benchmark
methods: ORO or the Nile red performed. The high dispersibility of MSN@NR in
water was advantageous; it avoided using methanol as a carrier solvent. Meng and
co-workers [196] have also investigated mesoporous silica nanoparticles with
a narrow size distribution as a reagent for bloody fingermarks development. The
fingermarks deposited on a black non-porous surface were developed by spraying
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the samples with an ethanol suspension of MSNs and imaged with a digital camera
with a yellow-green filter under white light or monospectral light excitation. The
clear ridge impressions were possible to observe due to the photonic crystal
structure of MSNs, exhibiting the Bragg diffraction. However, no comparative
assessment has been performed. Also, the MSNs were of an average size equal to
240 nm, which does not qualify these particles to the class on nanomaterials.
Theaker et al. [197] introduced fluorescent dye-embedded hydrophobic silica
nanoparticles aqueous suspension for fingermark development. Several dyes,
e.g. crystal violet or rhodamine 6G, incorporated into the silica NPs have been
investigated as a developing agent for sebaceous-rich fresh and aged fingermarks
deposited on glass slides. The results of fingermark enhancement with both
rhodamine 6G and crystal violet doped silica nanoparticles resulted in good quality
fingermark enhancement with clear ridge details and slight background staining.
However, the reported results of using the benchmark method concerned only
powder dusting the fingermarks. Furthermore, the silica particles were of an average
size of 400-500 nm.

Silica nanoparticles as dry powders

Zhang et al. [198] reported the small 30 nm silica NPs with non-conjugated
siloxane fluorescent molecules incorporated inside the silica matrix. The blue-
emitting silica NPs have been employed as a developing agent for fresh and aged
sebaceous-rich fingermarks, deposited on stainless steel, glass, wood, and
polyethylene film. Good quality of luminescent fingermark impressions, high
resolution and contrast between the ridges and the background were observed
under 365 nm light excitation on all examined substrates. Up to 16 minutiae have
been recognised when compared to the fingerprint made using the red ink pad.
Slightly lower quality and coverage of the ridges were observed for 30-days-aged
fingermarks, which may happen due to decomposition of oily fraction in fingermark
deposits. Divya et al. [199] modified silica nanoparticles with various-length alkyl
chains to tune its surface amphiphilicity and improve adherence to fingermark
deposits. Then, they modified silica nanoparticles with a m-electron-rich platinum
complex luminophore containing a long hydrophobic chain (—Ci2H2s) to improve the
fingermark contrast. The broad study involved fresh and 45 days-aged fingermarks
deposited on notebook paper, steel, wooden surface, and glass. Development of the
fingermarks on glass with hydrophobic silica nanopowder and imaging under white
light illumination has resulted in obtaining the 3™ level of ridge details. Hydrophobic
silica nanopowder performed well on all studied surfaces; however, the platinum
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complex-modified hydrophobic silica nanopowder gave superior results in terms of
clarity of ridges and an image's resolution. The hydrophobic and luminescent
properties of silica nanopowders allowed for obtaining good images of aged
fingermarks under UV light excitation. Both hydrophobic silica nanopowder and
fluorescent platinum-complex modified silica nanopowder, with an average size of
135 + 10 nm, gave comparable results of fingermark development to commercial
grey or black powder. In addition, lower background staining caused by the
examined silica NPs was observed.

The polyvinylpyrrolidone (PVP)-coated silica nanoparticles, with fluorescent
Pigment Red 254 (PR254) dye incorporated, for fingermark enhancement have been
proposed by Kim and co-workers [200]. In this study, the sebaceous fingermarks
deposited on a hydrophilic surface such as glass and hydrophobic surface such as
polystyrene were powder dusted by the fluorescent silica nanoparticles
(PR254@SiO,@PVP), with an average size of 95.2 nm. The PVP surface modification
was to improve the binding affinity of PR254@SiO,@PVP to fingermark deposit.
Well-defined ridge flow and second level of ridge details have been observed on
fingermarks on both substrates. Due to the amphiphilic property of PVP, such as the
ability to bind with hydrophilic molecules by polar amide group and interact with
proteins by nonpolar methylene and methine groups in the backbone, the
PR254@SiO,@PVP nanoparticles indicated higher sensitivity and developed
fingermark with better contrast than those not modified with PVP. Another
amphiphilic silica nanoparticles have been introduced by Huang and co-workers
[201]. However, obtained silica particles had an average size of 250, 550, 700 nm
before further surface modification with 4-(chloromethyl) phenyltrichlorosilane.
They investigated the particle size and the mass ratio of SiO2: 4-(chloromethyl)
phenyltrichlorosilane as the factors that affected fingermark detection. Three
hundred latent sebaceous-rich fingermarks, fresh and 7-days-aged deposited on
glass, were powder dusted with ampbhiphilic silica particles. The best results were
obtained for the largest particles (700 nm) and SiO,: 4-(chloromethyl)
phenyltrichlorosilane mass ratio equal to 50:1. However, only a few images of
developed fingermark have been reported (one image for each examined mass ratio
of SiO; to 4-(chloromethyl) phenyltrichlorosilane), and no statistical analysis was
performed on the developed fingermarks.

As a matrix for upconversion luminophore used for fingermark
enhancement, silica nanoparticles have been described by Wang et al. [202]. The
sodium yttrium fluoride (NaYF,) crystals with the shape of nanodumbbell have been
coated with silica and applied as a developing agent for sebaceous-rich fingermarks
deposited on coins, plastics, paper and glass. The signal of the NaYF,@SiO,
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nanodumbbells-developed fingermarks has been collected under 980 nm light
illumination. The good fingermark images with several ridge details have been
obtained for powdering fingermarks on glass, coin and polystyrene. Fingermarks
deposited on a white plastic bag and packaging paper have been developed with
both NaYF,@SiO,; nanodumbbells and commercial luminescent fingermark powder.
No clear fingermark ridges have been observed, and strong background fluorescence
has been noticed for fingermark on paper and plastic bag developed with
commercial powder when illuminated with UV light. Whereas, for fingermarks
enhanced with NaYF,@SiO,, the background interference was eliminated due to
infrared illumination, which excited neither paper nor white plastic bag.

Yang et al. [203] introduced a red-emissive conjugated oligomer
incorporated into the silica nanoparticles with an enhanced affinity toward
fingermark deposits due to surface modification with hydroxy, amino or epoxy
groups. The fluorescent silica nanopowder developed fingermarks with high
resolution and high level of ridge details, yielding an intense red fluorescence under
excitation with 365 nm light. Epoxy-modified fluorescent silica nanoparticles, with
an average size of 20 nm, show superior affinity to sebaceous-rich fingermarks
deposited on each examined surface, e.g. stainless steel, coloured paper,
newspaper, glass, package, leaf. The fluorescent silica NPs indicated high sensitivity
when applied to overlapped fingermarks deposited on glass resulted in clear ridge
impressions. Interesting research on silica nanoparticles' application for fingermark
development has been proposed by Aisyiyah and co-workers [204]. With an average
diameter of 20-30 nm, silica nanoparticles were recycled from geothermal power
plants' wastes and further modified with rhodamine 6G. Sebaceous-rich and fresh
fingermarks were involved in the study. Fingermarks deposited on glass, aluminium
foil, and polyurethane surface developed with rhodamine-modified silica NPs and
imaged under UV light illumination have shown high contrast and distinguishable
ridge details; however, development of the fingermark deposited on acrylic surface
resulted in low contrast and strong background interference.

A few research on luminescent carbon and silica-based nanomaterials
applied for fingermark detection have been reported. Li and co-workers [205]
synthesised blue-emitting carbon and silica nanohybrids (SiCNHs) by carbonising
sodium citrate and organosilane in hydrothermal method. SiCNHs powder, with an
average size of 100 nm, has been applied to develop the sebaceous-rich fingermarks
deposited on marbles, painted wood, white ceramic tiles, black plastic bags, stainless
steel, transparent tape, fruits and colourful drink bottles. The SiCNHs performed well
on each of the examined surfaces; the second level of ridge details have been
visualised; however, no comparative assessment has been done involving natural
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fingermarks. A carbogenically coated silica nanoparticle powders (C-SiO,) for
fingermark development have been described by Fernandes et al. [206]. The C-SiO;
nanoparticles, applied as a luminescent developing agent for charged sebaceous
fingermarks on non-porous surfaces, yielded a good quality fingermark impression.
Compared to standard white fingermark powder, significantly more minutiae were
found on fingermarks enhanced with C-SiO, nanoparticles, and no background
interference was noticed. Also, C-SiO, NPs indicated colour-tunability, emitting in
a blue, green and red region of the visible light spectrum when illuminated with
violet, blue and green light, respectively. Zhao et al. [207] also reported a powder for
fingermark detection with tunable fluorescence. The mesoporous carbon dot silica
microspheres (CDs/Si0;), with an average size from 84 to 190 nm, were obtained by
a citric acid pyrolysis process. Natural fingermarks, fresh and aged up to 60 days,
deposited on aluminium foil, glass, leather, drug packing, and plastic bags developed
with CDs/SiO, powder yielded a good fingermark contrast, low background staining,
and high level of ridge details. Compared with commercial fluorescent powder,
CDs/SiO; performed more effectively, with minor background staining, higher
sensitivity and more ridge details. Moreover, CDs/SiO> powder emitted tunable
fluorescence, depending on an irradiation wavelength of light, which made this
material more advantageous on multicoloured and patterned surfaces in particular.
Carbon dots dispersed in a silica matrix (C-dots@SiO;) synthesised by microwave
irradiation were proposed by Chen and Liu [208]. Fingermarks, fresh and aged,
deposited on aluminium foil, ceramic tile, glass, coloured leaflet, yuan banknote,
envelope and ticket, powdered with C-dots@SiO, nanoparticles with an average size
of 34 nm, performed good and with low background staining on both porous and
non-porous surfaces. Furthermore, on porous surfaces like a banknote, even sweat
pores can be visible. C-dots@SiO; nanoparticles used for fingermark development on
aluminium foil yielded equally high-quality ridge impressions comparing to
conventional fluorescent powder. Whereas fingermarks deposited on the colourful
leaflet, envelope and ticket have been developed by C-dots@SiO, NPs with better
contrast, resolution and lower background staining than fingermarks powdered by
a conventional fluorescent magnetic powder. Also, many more minutiae have been
recognised on the fingermark enhanced by C-dots@SiO, NPs.

Some research on nanophosphorous material has been reported by Saif
[209]. Eu** or Tb** ion-doped yttrium zirconate embedded in a silica matrix (EuYZS
and TbYZS) has been considered as a fingermark development agent due to their
longest lifetimes and high intense red and green luminescence, respectively. Among
the fingermarks deposited on a glass slide, compact disc, plastic bag, aluminium foil
and developed with either EuYZS or TbYZS nano-phosphors, only those deposited on
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the glass slide exhibited clear ridge details and good contrast under UV light
irradiation. Lower contrast of fingermark was observed for the aluminium foil
substrate, and EuYZS developed fingermark in particular. The contrast of fingermark
and ridge details were of poor quality for fingermarks deposited on compact disk and
plastic bag. In another research of nano-phosphors, Saif et al. [210] concentrated on
lanthanum titanate doped with europium ions also embedded in a silica matrix.
In the case of this nanophosphor, again, the best contrast and ridge clearness under
UV light illumination was obtained for fingermarks deposited on glass and aluminium
foil, whereas on compact disc or plastic surface, the impressions of fingermarks were
weak. Additionally, background staining was observed on plastic substrates.

Bifunctional fluorescent-magnetic nanoparticles of 30 nm size, prepared by
linking amino-modified silica-coated iron (I, lll) oxide with glutathione-modified
CdTe quantum dots (CdTe-GSH QDs) were reported by Wang et al. [211] as
a developing agent. The charged sebaceous fingermarks deposited on leather,
banknote, black paper, plastic, ceramic and glass were powder dusted with
magnetic-fluorescent nanopowder and imaged under 375 nm excitation light.
Compared to pure glutathione-modified CdTe QDs or pure Fes0s NPs, the
investigated nanopowder indicated the superior quality of the fingermark with
a higher number of ridge details and much less background staining due to the
magnetic properties of the nanopowder, which the magnetic wand can easily
remove. However, no clear ridges were observed on the developed fingermark
deposited on leather. Also, no comparative assessment has been done to
a benchmark method on natural fingermarks. Wei and Cui [212] investigated
dendritic mesoporous silica nanospheres (KCC-1) as carriers for Au NPs in
development powder. The average size of the composite was 315 nm. Au@KCC-1
composites applied to sebaceous fingermarks deposited on paper, cardboard,
plastic, glass, compact discs indicated sufficient selectivity and sensitivity due to
a good monodispersity of relatively small size of particles. Compared with
commercial gold and silver powders, Au@KCC-1 composites yielded a higher
contrast of fingermark ridges and significantly lower background staining. Besides,
the second and third levels of detail could have been observed on the 6-months-
aged fingermark developed with Au@KCC-1 composites.

Previously mentioned mesoporous silica nanoparticles dye-loaded with
methylene blue reported by Zhang et al. [194] have also been applied as a powder
for fingermark detection. Bare MSNs, MSN@MB, and methyl-coated MSNs-
TMS@MB were powder dusted on sebaceous-rich fingermarks deposited on glass,
metal surface, plastic and papery shell of a notebook. The results of the powder
dusting method were superior to MSN@MB aqueous suspension fingermark
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treatment. MSNs surface modification with methyl moieties resulted in worse
fingermark development and weaker fingermark impression. On the other side,
powder dusting with MSN@MB vyielded better contrast, good resolution and
selectivity.

The formerly-mentioned research conducted by Abdelwahab et al. [192] concerning
the encapsulation of the butenamine derivative of fluorescein isothiocyanate in silica
nanoparticles with phenyl-functionalised shell also involved powder dusting
fingermarks with fluorescent silica nanoparticles. Applying the developing agent on
fingermarks deposited on glass, polystyrene Petri dish, aluminium foil resulted in
good fingermark enhancement with the second level of ridge details. Nevertheless,
powder dusting failed on porous surfaces like white paper or currency paper, where
no clear ridges were obtained.

Silica nanoparticles have also been applied as an enhancing matrix in
detecting the illicit drugs in fingermark deposits using surface assisted laser
desorption/ionisation time-of-flight mass spectrometry (SALDI-TOF-MS). Rowell and
co-workers [213] reported the application of carbon black embedded hydrophobic
silica particles to enhance the SALDI signal of illicit drugs like cocaine,
diacetylmorphine, codeine or methadone in a fingermark deposited on steel or lifted
by a tape. Among 19 commercial dusting powders, only three — black, green, and
white powder — rendered to be effective. However, new hydrophobic carbon black-
silica particles have shown a superior SALDI performance on codeine recognition in
fingermark directly deposited and on diacetylmorphine recognition in lifted
fingermark. Furthermore, the excreted drugs can be detected in the pre-dusted lifted
mark, and their distribution can be visualised over the surface of the fingermark.
Further research in this field was conducted by Lim and Seviour [214]. They analysed
the detection of terbinafine — an anti-fungal medicine — in lifted fingermarks of the
treated person within 14 days. Fingermarks were enhanced by powder dusting with
the magnetic phenyl-functionalised silica nanoparticles with embedded carbon
black. SALDI-TOF-MS spectra and images exhibited an increase in terbinafine signal
intensity and signal-to-noise ratio from day 0 to day 14. Moreover, the hydrophobic
silica  nanoparticles performed better than commercially available
2,5-dihydroxybenzoic acid applied as a matrix for terbinafine MS analysis. Lim et al.
[215] has also investigated the use of SALDI-MS and direct analysis in real-time mass
spectrometry (DART-MS) to recognise several other drugs like heroin, methadone,
nicotine, and noscapine in fingermark residue. Fingermarks deposited on ceramic
tile, wood laminate, non-sticky side of adhesive tape, glass, and steel were powder
dusted with carbon black-silica particles. The signals from illicit drugs, present in
lifted fingermarks, were not distinguished from the complex background in
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DART-MS; however, the signals of non-lifted fingermarks on the glass probe were
successfully detected.

1.5.4 Quantum dots

Strong luminescence at room temperature depending on the size of
a nanoparticle, a broad excitation spectrum in the ultraviolet region of light and an
easy-tunable surface are the properties that have bought a general interest in
guantum dots application for fingermark development [82]. Several of the reported
forensic applications of QDs are to deposit the material in powder due to the quick
and easy treatment process. However, safety hazards concerning airborne QDs
nanoparticles' inhalation have been discussed, involving cadmium QDs in particular.
An application of QDs powder as a liquid or even aqueous suspension would have
been more secure and eliminate the risk of inhalation of the airborne particles [82],
[216], [217].

Quantum dots in a carrier solution

Sametband and co-workers [155] used cadmium selenide quantum dots
(CdSe QDs) coated with zinc sulfide (ZnS) shell, stabilised by n-alkeneamine and
dispersed in petroleum ether to detect sebaceous fingermarks deposited on silicon
wafers and paper. Fingermarks on silicon wafers were successfully developed and
visualised under UV light illumination, whereas fingermarks on paper were
impossible to image due to the paper background's strong fluorescence. Becue et al.
[218] proposed cadmium telluride quantum dots (CdTe QDs), stabilised with
thioglycolic acid (TGA) as a highly luminescent and sensitive developing agent for
aged bloody fingermarks deposited on non-porous surfaces such as aluminium foil,
glass, black and transparent polyethylene. Fingermarks developed in an aqueous
suspension of CdTe QDs were successfully enhanced, yielded well-defined green
fluorescent ridge impressions without background development. Compared with
Acid Yellow 7 dye, an efficient blood reagent, CdTe QDs performed better on
fingermarks deposited on aluminium foil and with equal quality on polyethylene,
polypropylene and glass surfaces. Instead of toxic cadmium presence in CdTe QDs,
Moret et al. [219] reported another luminescent developing agent for bloody
fingermarks based on ZnS QDs coated with copper (ZnS:Cu). Fingermarks, also
deposited on non-porous surfaces such as aluminium foil, glass, black and
transparent polyethylene, were successfully enhanced, resulting in blue-green
fluorescent ridge impressions. Compared to Acid Yellow 7, the ZnS:Cu QDs
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performed better in terms of ridge quality. Comparing to CdTe QDs previously used
as a developer, ZnS:Cu QDs gave comparable results; however, the examined QDs
were less toxic than cadmium based ones. Multicoloured CdTe QDs stabilised with
thioglycolic acid have also been examined by Liu and co-workers [220] as a potential
development agent for latent fingermarks. Applying different refluxing time during
the synthesis resulted in a range of CdTe QDs with an average size from 1.5 to 3 nm
and thereby with various colours of fluorescence emission under UV excitation (from
green to orange). The surface modification of CdTe QDs with TGA, rich in carboxyl
groups, enhanced the selective interaction with fingermark. This was due to the
presence of amine groups in deposits, yielding a good contrast of fingermark
deposited on a transparent adhesive tape placed on a coloured surface. However,
no fingermark type and age details have been reported, and no comparative
assessment has been done. Other fluorescent CdTe QDs stabilised with TGA for
fingermark development have been widely investigated by Yang et al. [221]. They
examined the development efficiency of sebaceous fingermarks on adhesive
surfaces like cellulose paper, yellow sealing tape and black electrical tape depending
on the temperature of processing, pH of the working suspension and deposition
time. Compared to the benchmark rhodamine 6G staining method, applying
TGA-CdTe QDs for fingermark enhancement resulted in better ridge contrast and
greater fluorescence intensity.

Further investigation on CdTe QDs capped with mercaptosuccinic acid (MSA)
for superfast fingermark detection on non-porous surfaces such as aluminium foil,
stainless steel, transparent tape, and adhesive tape have been studied by Cai and co-
workers [222]. The best quality of sebaceous fingermark developed by MSA-CdTe
QDs suspension was obtained for optimised pH in the range of 9-10. Compared with
benchmark techniques such as methyl violet or rhodamine 6G staining, MSA-CdTe
QDs, yielded a high green fluorescence under UV light illumination, performed better
sensitivity and quality of the fingermark ridges. This approach was also reported by
Yu et al. [223]. They investigated the application of MSA-CdTe QDs, with an average
size of 3-4 nm, to detect fingermarks deposited on aluminium alloy, tinfoil, stainless
steel, scotch tape, black tape, and the adhesive side of the yellow tape. Compared
to cyanoacrylate/rhodamine 6G or gentian violet methods, CdTe/MSA QDs
performed better on aluminium alloy and the adhesive side of the tape in terms of
a clear ridge contrast and less background interference. Gao et al. [224], in turn,
reported positively charged quantum dots CdTe-COONH3NHs* as a fluorescent
development agent for sebaceous fingermarks deposited on polymer surfaces, glass,
transparent polypropylene, marble or aluminium foil. Due to the electrostatic
interactions between positively charged QDs and negatively charged amino acids
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present in fingermark deposits, the well-defined fingermark ridges have been
obtained in the basic pH of working suspension. However, the quality of developed
fingermark has not been compared with benchmark methods.

CdTe QDs capped with N-acetylcysteine (N-L-Cys) for eccrine fingermark
detection, and analysis of 2" and 3™ level ridge details was reported by Li et al. [225].
The red-emitting CdTe QDs capped with N-L-Cys, with an average size of 3.77 nm, to
effectively visualising 2" and 3™ level ridge characteristics proved to be superior to
a benchmark cyanoacrylate fuming or ink. Applying the solution of CdTe QDs capped
with N-L-Cys for fingermarks indicated higher accuracy for mapping the sweat pores;
however, no information on the type of substrates used or fingermarks age has been
given. N-acetylcysteine, as a capping ligand, was also investigated by Xu et al. [226]
for manganese-doped zinc sulfide quantum dots (Mn-ZnS QDs) surface-modified
with amine, carboxyl or acetyl moieties. Similarly, the 2" and 3™ level of ridge details
in fresh and aged eccrine fingermarks have been examined on non-porous surfaces
like glass, compact discs, aluminium foil or plastic bags. The good and reproducible
quality of fingermark imaging, the 3™ level of details like sweat pores and sufficient
contrast between the background and the fingermark was obtained with carboxyl-
terminated N-L-Cys Mn-ZnS QDs nanocomposite. Shahbazi et al. [227] proposed
core-shell quantum dots composed of copper indium sulfide and zinc sulfide coating
(CulS/ZnS QDs) stabilised with N-acetylcysteine, indicating red to NIR
photoluminescence. Glass, aluminium, black tape, sticky side of adhesive tape, zip-
lock bag or highly patterned polymer banknote have been investigated. Natural and
charged fingermarks, developed by immersion in the QDs aqueous suspension,
yielded a good quality of ridges and high levels of fingermark details. Due to the
broad range of excitation wavelengths, resulting in the red to NIR wavelength
luminescence emission, some luminescent security features or multicoloured
patterns on substrates can be eliminated.

Cui et al. [228] have used the bifunctional nanocomposite consisted of
copper sulfide nanoparticles (Cu;Ss NPs) and CdSe@ZnS QDs to detect TNT in the
latent fingermark deposits on the sticky side of the tape and image the fingermark
ridges. The Cu;Ss-CdSe@ZnS nanocomposite functionalised with amine moieties and
deposited on sebaceous fingermarks were able to concurrently image the ridges with
the photothermal effect when continuously illuminated with 808 nm wavelength of
light and detect TNT molecules leading to the Cu;S;-CdSe@ZnS fluorescence
guenching. The quenching effect is due to the acid-base pair between the TNT
electron-deficient aromatic ring and electron-rich amine moieties on the
nanocomposite. Applying the NIR light-responsive photothermal nanocomposite can
significantly decrease the background interference yielding a high contrast of latent
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fingermark impression. Another approach to TNT detection in fingermark deposits
was reported by Wu and co-workers [229]. A dual-emitting nanohybrid consisted of
red-emitting zinc cadmium sulfide doped with copper (Cu-ZnCdS), embedded in silica
matrix, coated with green-emitting ZnCdS QDs and further functionalised with
polyallylamine (PAA), was applied for sebaceous fingermark development and TNT
visualisation. The “traffic light” type of nanohybrid performed the red colour
fluorescence when PAA form a complex with TNT present in the fingermark. The
fluorescence of green-emitting QDs was quenched then. For fingermarks not marked
with TNT, the developed ridges performed green fluorescence impressions. CdSe
QDS stabilised with TGA and surface coated with cadmium sulfide CdS for sebaceous
fingermark detection on adhesive substrates were reported by Wang and co-workers
[230]. In the research, several factors influencing the fluorescence intensity, such as
pH, the concentration of cadmium ions, shell structure, and stabiliser effect, have
been investigated. The CdS shell structure significantly increased the contrast of the
fingermark, and less background staining was observed. However, no comparison
with benchmark methods of fingermark development has been performed. Another
cadmium selenide QDs for a forensic application has been proposed by Na Ayudhaya
et al. [231]. CdSe QDs stabilised with starch were synthesised at different pH
conditions, resulting in various nanoparticle sizes from 4.6 to 7.5 nm and various
maximum fluorescence emission wavelengths associated with the QD size. CdSe QDs
enhanced somewhat the sebaceous fingermarks deposited on porous and non-
porous surfaces; however, the results were not compared to the well-established
techniques.

Chen et al. [232] proposed a ninhydrin-embedded NIR fluorescent
semiconducting polymer dots (P dots), functionalised with various moieties like
carboxyl, thiol or hydroxyl groups, for sebaceous fingermarks enhancement
deposited on non-porous (aluminium foil, glass, acrylic sheet, plastic bag) and porous
(coloured and printing paper) substrates. For porous surfaces, the fluorescent P dots
suspension in acetone was sprayed over the sample. For non-porous substrates, the
water-based suspension was used for immersion of the samples. Due to ninhydrin's
presence, the samples had to be heated at 60 °C to be visible by the naked eye under
white light excitation. The fluorescent P dots modified with carboxyl groups
performed the best on all examined surfaces, yielding a high contrast, high levels of
ridge details, low background interference and high fluorescence brightness. The
P dots alone emit the NIR light, invisible to the naked eye. Whereas the emission of
the P dots deposited on the fingermark ridges was blue-shifted, resulting in a strong
red emission, enhancing the fingermark contrast. Jia and co-workers [233] applied
guantum dots based on boron carbon oxynitride (BCON) as a luminescent developer
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for fingermarks deposited on a banknote. The BCON QDs were synthesised in the
template of mesoporous silica SBA-15, which was then removed by hydrofluoric acid.
To identify the efficiency in fingermark visualisation, the BCON QDs stabilised by
polyvinylpyrrolidone (PVP) in water were smeared on the finger, then touch the
banknote to leave the finger’ ridge impressions and observe the QDs luminescence
under UV excitation. Nevertheless, the developing agent was examined only for one
substrate type; no results of comparable methods were presented.

Dilag and co-workers [234] synthesised a fluorescent nanocomposite of
cadmium sulfide quantum dots (CdS QDs) in a polymer matrix of
polydimethylacrylamide (p(DMA)). They examined QDs as the development agent
for fresh and aged latent fingermarks on non-porous surfaces (glass, aluminium foil).
As a result, CdS QDs/p(DMA) covered the whole area of fingermark and background
in the case of fresh fingermarks, rendering the ridge details impossible to distinguish.
Once the fingermark sample was aged, the contrast between the ridges and the
substrate has improved due to the degradation and evaporation of some fingermark
residue components and make the fingermark less subjected to solubilisation when
in contact with water suspension of the nanocomposite. Jin and co-workers reported
several applications of CdS QDs embedded inside polyamidoamine dendrimers
(PAMAM) for fingermark detection. In the first approach, photoluminescent CdS
QDs in the PAMAM structure were applied to enhance sebaceous and fresh
fingermarks deposited on tinfoil and priorly fumed with cyanoacrylate esters [235].
Amino-terminated PAMAM dendrimers react with cyanoacrylate-fumed fingermark
deposits rich in carboxylic esters, yielding a high selectivity and significant contrast
increase between mark and background. In further research, a powder suspension
of CdS QDs in PAMAM dendrimers was applied to detect the sebaceous and aged
fingermarks deposited on adhesive tape [236]. The yellow-emitting CdS QDs in
PAMAM nanocomposite indicated significantly better selectivity, sensitivity and
contrast on aged fingermark than commercial TiO, powder suspension. The
fluorescence of CdS QDs/PAMAM decreased with the increase of ageing time due to
degradation and volatilisation of the residue compound by heat and light. Jin and co-
workers [237] also investigated the influence of several metallic ions on CdS
QDs/PAMAM photoluminescence properties. Sebaceous and fresh fingermarks
deposited on tin foil were examined. It was found that both Cd?* and Zn? ions
increase the CdS QDs/PAMAM photoluminescence, increasing the contrast and
resolution of the fingermark image. Dong et al. [238] proposed CdTe QDs self-
assembled on the silica nanobead carriers covered with SiO, shell to avoid the toxic
cadmium leakage and further modified with either amine or carboxyl groups to
interact preferentially with fingermark deposits. The SiO,—CdTe@SiO,—COOH
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nanostructures exhibited strong fluorescence in the green to red region of visible
light, enabling eliminating background interference by filtering out the luminescence
of the fingermark. Unfortunately, no information concerning the type and age of
fingermarks have been given in this research, and no benchmark assessment have
been included.

Quantum dots powders

Dilag and co-workers [239] reported highly fluorescent CdS QDs embedded
in a chitosan matrix employed to develop latent fingermarks deposited on
aluminium foil. CdS/chitosan nanocomposite was applied on fingermarks in the form
of powder, produced in a freeze-drying process of the nanocomposite, and tergitol
suspension. Sebaceous fingermarks, powder dusted with CdS/chitosan, yielded
fluorescent fingermark ridge impressions under the illumination of 450 nm light.
However, compared to commercial white powder or aluminium powder, less
powder adhered to the fingermark ridges resulting in a lower resolution. The reason
was found in the size of freeze-dried CdS/chitosan particulates, which was bigger
than the size of commercial powders 1-10 um. The same research group investigated
also the fluorescent nanocomposite of CdS QDs in a polymer matrix of
poly(dimethylacrylamide-co-methyl  methacrylate) (p(DMA-co-MMA)) and
poly(dimethyl- acrylamide-co-styrene) (p(DMA-co-Sty) [234]. The examined CdS
QDs/p(DMA-co-MMA) and CdS QDs/p(DMA-co-Sty), used for powder-based
development for fresh and aged latent fingermarks on glass and aluminium foil,
performed significantly better on all fingermark samples than previously-described
CdS QDs/p(DMA) aqueous suspension. The powders adhered effectively to the
fingermark ridges and could have been successfully visualised under UV illumination.

Another highly fluorescent hybrid composite based on thiol-functionalised
CdSe QDs in porous phosphate heterostructures (PPH-S-CdSe) for fingermark
detection have been reported by Algarra et al. [240]. Sebaceous fingermarks were
deposited on a series of porous and non-porous substrates, e.g. silica gel, wood
handle, polymeric credit card, polymeric tweezers, glass screen mobile phone,
aluminium foil and crystal glass, have been powder dusted with PPH-S-CdSe
composite and imaged under UV light illumination. Good results and clear contrast
were obtained for porous surfaces. The recorded fluorescence from the PPH-S-CdSe
composite on most substrates was not very high; however, ridge details could have
been distinguished. This composite was further optimised by Algarra and co-workers
[241] by intercalation CdSe QDs in the PPH modified with amine moieties
(PPH-NH,@CdSe). PPH-NH,@CdSe was further used for powder dusting the
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sebaceous fingermarks deposited on non-porous surfaces (credit card, glass screen
of mobile phone, steel tweezers, polymer banknote). The quality of fingermark
ridges was high, and most of the details were able to be identified. Moreover, the
suitability of 8 to 12 point of correspondences between fingermarks enhanced by
PPH-NH,@CdSe nanocomposite and well-known fingerprints have been evaluated.
Applying PPH-NH,@CdSe as a developing agent and further enhancing contrast
resulted in an increasing number of positive matches between the analysed samples.

Cadmium telluride quantum dots intercalated into the montmorillonite clay
matrix have been used by Gao et al. [242] as a fluorescent labelling marker for
fingermark detection due to the good stability, optical and adhesive properties of
this nanocomposite. The sebaceous fingermarks deposited on glass, polymer,
painted wood and leather have been powder dusted and imaged under UV
irradiation. A good contrast of fingermark has been obtained with well-defined ridge
details, and no background development was observed in comparison to the
commercial fluorescent labelling marker presented in the research. Gao and co-
workers further investigated the potential of CdTe QDs for fingermark detection.
They proposed a core-shell structure of CdTe QDs coated with silica (CdTe@SiO,)
[243]. Sebaceous fingermarks deposited on paper, aluminium, glass, polymer,
marble and rubber were powder dusted with CdTe@SiO, and compared with
fingermarks detected with commercial fluorescent powder, silver powder, and
ninhydrin powder. CdTe@SiO; indicated good sensitivity and strong adhesion to the
fingermark deposits resulting in better resolution and contrast of fingermark ridges.
Niu et al. [244] also investigated CdTe QDs incorporated into the silica matrix;
however, silver nanoparticles were additionally uniformly dispersed on the surface
of the nanocomposite (CdTe@SiO>/Ag) to obtain the antibacterial property of the
material in case the need for long-term preservation of fingermark for further
identification. The sebaceous fingermarks deposited on white ceramic, agate, plastic
film and strip, glass, aluminium foil were investigated. Most of the fingermarks were
successfully developed with CdTe@SiO,/Ag, resulting in well-defined ridge details,
highly fluorescent fingermark impressions and low background staining. A better
resolution was obtained for CdTe@SiO,/Ag nanocomposite than commercially
available powders such as silver powder. Singh and co-workers [245] proposed CdTe
QDs capped with mercaptopropionic acid (MPA) in the microwave irradiation
synthesis as a luminescent powder for fingermark detection. The sebaceous
fingermarks deposited on glass and black tape have been powdered with MPA
capped CdTe QDs resulting in sufficient ridge details; nevertheless, background
staining was observed, and no comparative assessment was proposed in the
research.
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1.5.5 Upconverting nanoparticles

A number of fingermark development and visualisation approaches concern
using upconverting nanoparticles (UCNPs) with the optical properties facilitating
imaging of the fingermark deposited on patterned and multicoloured substrates.
This is due to the fact that not many materials and everyday-use items emit visible
light when exposed to infrared or visible light. In contrast, they usually absorb IR light
leading to an increase in contrast between the UCNPs developed fingermark and the
background [217]. Similarly to quantum dots application, the UCNPs for fingermark
development are used mainly in powder form than powder suspension, which may
cause severe health and safety risk for a crime scene operator [216].

Powder upconverters

Zhao et al. [246] reported a simultaneous latent fingermark imaging and
nicotine traces detection in the fingermark deposits by thulium-doped sodium
yttrium fluoride upconverting nanoparticles (NaYF4:Yb/Tm UCNPs) and iodine
fuming process. The Tm-doped UCNPs convert NIR light illumination radiation to 345
nm and 361 nm UV light emission and 450 nm and 475 nm blue light emission in the
upconversion mechanism. The complexes of nicotine and iodine absorb the blue
light, whereas neither nicotine nor iodine itself does. In the presence of nicotine, the
fluorescence intensity of the UCNPs-developed fingermarks fumed with iodine
decreases and can be quantified by the fluorescence intensity change. The charged
sebaceous fingermarks have been collected on a series of substrates such as glass,
plastic card, paper, aluminium foil, and porous foam board. The small UCNPs with an
average size of 28 nm, powder dusted on the fingermarks, performed best with
a good fingermark contrast, high sensitivity and second and third level ridge details,
mainly on smooth surfaces. The multicoloured and patterned substrates interfered
with the fingermark ridge impressions. Also, no comparative treatment process with
a benchmark method has been done. The nicotine traces in fingermark deposits
were calculated with the MATLAB software based on the fluorescence intensity
change of the fingermark images.

Wang and co-workers [247], [248] proposed the nano-sized NaYF,:Yb,Er
UCNPs with strong NIR-induced green fluorescence for fingermark detection on
a series of surfaces like glass, marble, leather, ceramic tile, aluminium foil, stainless
steel, wood, papers. Sebaceous-rich fingermarks have been powder dusted with
NaYF4:Yb,Er UCNPs of average size between 62 and 89 nm. Clear and well-defined
fingermark ridges with a high level of ridge details and no observed background
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interference have been reported for all kinds of examined surfaces, even on porous
paper substrates. However, on colourful and patterned porous surfaces, the
background interference was slightly observable. The influence of background
interference has also been determined by developing fingermarks deposited on
a variety of types of patterned marble. The NIR light illumination of developed
fingermarks yielded well-defined fingermark ridges, no background interference or
colour disruption. A wide comparative assessment has been done between
NaYF4:Yb,Er UCNPs and other developing powders. Fingermarks deposited on
marbles were developed either with NaYF,:Yb,Er UCNPs or with magnetic iron oxide
powder, TiO, powder and commercial fluorescent powder. As a result, more
effective enhancement was observed for NaYF4:Yb,Er UCNPs in terms of ridge edge
sharpness and high resolution. Additionally, fingermarks were also powdered by
micron-size NaYF4:Yb,Er upconverter to determine the sensitivity of examined
NaYF4:Yb,Er UCNPs. As a result, more ridge details such as sweat pores have been
observed on fingermarks developed with a nano-size NaYF4:Yb,Er powder.

The fluorescent upconversion nanorods of erbium and gadolinium-doped
sodium yttrium fluoride NPs (NaYF4:Yb,Er,Gd NPs) for blood fingermarks have been
described by Li et al. [249]. Fingermarks deposited on non-porous surfaces like
marble, glass, ceramic tile, aluminium foil and steel sheet, and paper porous
substrates have been imaged under 980 nm light illumination. To test the sensitivity
of the NaYF4:Yb,Er,Gd NPs, a series of fingermark enhancement with various blood
dilution have been processed. As a result, for all investigated surfaces, green
fluorescent fingermark ridges of blood fingermarks, with no background
interference, were observed for most blood dilutions. However, for the 100 times
diluted blood, the fingermark on coin and paper ticket was noticeably less enhanced
with no clear ridges. The NaYF4:Yb,Er,Gd NPs powdered fingermarks compared to
the fingermarks developed with a commercial reagent for blood fingermarks -
fluorescent Acid Yellow 7 (AY7) exhibited higher sensitivity, better contrast, and no
background interference, in comparison to AY7 enhanced fingermarks deposited on
ceramic tile, marble and magazine cover.

Wang and co-workers [250] proposed a thulium-doped NaYbF.:Tm UCNPs
for dual-mode fingermark visualisation. NaYbF,:Tm UCNPs excited with 980 nm light
showed strong NIR emission of light with a maximum at 800 nm and strong visible
light emission with a maximum at 475 nm. The contrast between the fingermark
ridges and the background was examined for NaYbF;:Tm UCNPs powdered
fingermarks deposited on stainless steel, marble, red fluorescent paper and paper
money. The imaging process was taken either under NIR-to-VIS mode using a 750 nm
short-pass filter to block 800 nm light emission and enable passing the blue light
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emission or under NIR-to-NIR mode using an 800 nm band-pass filter to register the
emission of 800 nm light only. High contrast between NaYbF,:Tm UCNPs developed
fingermark ridges and the background was obtained for both modes of imaging;
however, for NIR-to-VIS mode, no background interference was observed on
colourful and pattern substrates, but high excitation power was required. In turn, for
NIR-to-NIR mode, the light patterned surfaces interfered with a white impression of
fingermark ridges, but the imaging can be conducted with a low excitation power.
Xu et al. [251] proposed another dual-mode luminescent nanomaterial, composed
of the upconversion fluorescent silica-coated Y,03:Er®*,Yb®** core and a down-
conversion fluorescent shell based on gadolinium, europium and terbium hydroxides
with an interlayer of pyromellitic acid (LGdEuTbH-PMA), which improve the
luminescence intensity of the shell. The nanocomposite produced multicoloured
fluorescence emission. llluminated with 980 nm light nanocomposite emitted
a bright red upconverted fluorescence. Irradiated with 254 nm UV light, a wide range
of colour luminescence from green to red occurred, depending on the ratio of
terbium and europium ions in the LGdEuTbH-PMA shell. The sebaceous-rich
fingermarks, deposited on glass, plastic Petri dish, plastic bag, aluminium alloy, and
ceramic tile, were powder dusted with nanocomposite and then visualised under
980 nm and 254 nm light excitation. No background staining was observed. Clear
fingermark ridges and second and third level of details have been identified due to
the good selectivity and sensitivity of the nanocomposite with an average size of
130 nm. However, no benchmark method of fingermark enhancement was proposed
as well as no multicoloured and pattern surfaces have been investigated to examine
the potential of the nanocomposite.

The holmium-activated NaYFs:Ho®* UCNPs have been introduced as
a fingermark development powder by Du and co-workers [252]. The NaYF4:Ho®*
UCNPs, of average size between 10 and 25 nm, exhibited bright green emission with
a maximum at 540 nm and weak red fluorescence emission with a maximum at
646 nm, under 980 nm light excitation. NaYF4:Ho®>" UCNPs were used to develop
natural fingermarks deposited on glass, plastic and coin. Bright and clear luminescent
impressions of fingermark ridges, with no background interference, were observed
for examined surfaces; however, the ridge details were not clearly readable.
NIR-to-NIR hexagonal thulium and ytterbium-doped sodium yttrium fluoride
nanocrystals (NaYF1:2%Tm,48%Yb) for latent fingermark visualisation have been
evaluated by Baride and co-workers [253]. The NaYF.:2%Tm,48%Yb nanocrystals
demonstrated NIR luminescence emission with a maximum at 800 nm when
iluminated with 976 nm light. The NaYF.:2%Tm,48%Yb NPs were used as
a developing powder for charged and fresh fingermarks deposited on colourful soft-
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drink can. The performance of the NaYF4:2%Tm,48%Yb UCNPs was compared with
NIR-to-visible NaYF4:2%Er,18%Yb UCNP of comparable size with a maximum
emission at 540 nm. Developed fingermarks were visualised using either 850 nm
short-pass filter to block excitation irradiation and 750 nm long-pass filter to collect
NIR upconversion emission of the NaYF4:2%Tm,48%Yb UCNPs or 475 nm long-pass
and 575 nm short-pass filter to collect the green emission of NaYF4:2%Er,18%Yb
UCNP selectively. High sensitivity, good selectivity and high level of ridge details of
NaYF4:2%Tm,48%Yb UCNPs have been observed with developed fingermarks. Also,
background interference was greatly reduced. On the other hand, a high background
interference was observed for fingermarks developed with NIR-to-VIS
NaYF:2%Er,18%Yb UCNPs.

Mahata et al. [254] proposed terbium and erbium-doped yttrium
orthovanadate nanocrystals (YVO4:Er3*/Yb3*) with a potential forensic application.
The 17 nm-size nanocrystals, excited with a UV light, have shown a green
luminescence emission with a maximum at 527 and 555 nm. When illuminated with
980 nm light, the nanocrystals indicated strong green emission at 525 and 554 nm
and weak red luminescence emission at 661 nm. However, as a fingermark
development powder, the nanocrystallites were in the form of microdiscs. Only one
example of a fingermark deposited on glass has been demonstrated. The first level
of ridge details was observed, and no background interference was noticed.
Nevertheless, no comparative method of fingermark enhancement was introduced.

Wang et al. [255] reported a core-shell-shell nanostructure to enhance the
upconversion luminescence of sodium gadolinium fluoride NPs, with a possible
application for fingermark development. The nanostructure was composed of
NaGdF4:Yb/Tm core, NaGdF, energy migratory interlayer to suppress the interfacial
quenching between accumulator Tm3* and the lanthanide activators (A), and
NaGdF4:A (A = Dy, Sm, Nd, Eu, Tb) as the outermost shell layer. The sebaceous-rich
fingermarks were deposited on blank and photo paper, powder dusted with
NaGdF4.:Yb/Tm@NaGdF,@NaGdF4:A (A = Eu, Tb), and imaged under 980 nm light
excitation. The fingermark ridges were clearly visible with the first and second level
of ridge details, such as termination or bifurcation. The nanostructures with Eu** and
Th3* in the outermost layer exhibited longer upconversion luminescence lifetimes
than Tm3* in the core; hence, imaging the fingermarks in a time-gated mode, using
a chopper with a synchronised speed at a specific frequency, resulted in the colour
change of fingermarks. Tunable luminescence emission can be an advantage in the
case of a coloured background. However, no fingermark development results on
patterned and colourful substrates have been reported to examine the time-gated
strategy thoroughly. Singh et al. [256] presented a nanophosphor material based on
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gadolinium oxide codoped with vytterbium and erbium (Gd,0s:Er®*,Yb*)
characterised by colour-tunable strong UV/VIS upconversion emission. Fingermarks,
deposited on glass, metal surface and fresh leaf, were powder dusted with
nanophosphor and imaged under 976 nm light illumination. Fingermark deposited
on glass surface exhibited clearly readable first level ridge details with good contrast
between the mark and the background. Red and green upconversion luminescence
of the same fingermark was registered since the powder's main advantage was the
variability in the luminescence emission colour, depending on the illuminating laser
power. The low photon density excitation resulted in the domination of the energy
transfer (ET) process. In contrast, the increase in photon density leads to excited-
state absorption (ESA) process domination. However, no other results involving
powder dusting with Gd203:Er**,Yb3* nanophosphor have been reported except for
one fingermark image.

Zhou and co-workers [257] proposed a core-shell mCu,.
S@Si0,@Y,03:Yb**/Er** nanocomposite based on semi-conductor multi-copper
sulfide nanoparticles randomly distributed in the silica matrix and then covered with
a layer of Y,03:Yb3**/Er3*. The Cu,.,S NPs plasmons enhanced the upconversion of the
MCu2,S@Si0,@Y,03:Yb**/Er¥*  nanocomposite 30-fold in comparison to
Si0,@Y,03:Yb*/Er®* composite, changing the red-to-green light emission ratio. The
fingermark deposited on a paper substrate and developed with mCus-
S@Si0,@Y,03:Yb**/Er3* powder was further imaged under the illumination of 980
nm light. The obtained fingermark impression exhibit good contrast and resolution.
The fingermark ridge brightness and luminescence colour were gradually changing
from green to orange with an increased power density of the light source. However,
no details concerning the type or age of fingermark were given. Only one type of
substrate was introduced, and no comparison to benchmark methods have been
provided.

Upconverters as a suspension

Wang [258] investigated the sodium yttrium fluorides doped with erbium,
thulium or holmium (NaYF4:Yb,Er/Tm/Ho) stabilised with sodium dodecyl sulfonate
(SDS) as a NIR-responsive upconversion fluorescent material for sebaceous-rich
fingermark detection on a multicoloured background. The comparative assessment
has been done on selectivity, sensitivity and practicability between the
NaYF4:Yb,Er/Tm/Ho NPs and commercially available zinc oxide, ferric oxide and
green fluorescent powder suspensions. Fingermarks deposited on plastic plates,
developed with either zinc oxide or ferric oxide and imaged in white light
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illumination, were of low contrast due to the multicoloured background. Applying
green fluorescent powder suspension, the contrast of the fingermark, observed
under 254 nm light illumination, was also disturbed by strong background
luminescence. Using NaYF4:Yb,Er/Tm/Ho NPs for fingermark staining allowed for
eliminating background interference on several examined surfaces like steel,
aluminium, ceramic tile, wood, marble, plastic card, glass, and banknote. Only strong
green emission under 980 nm light excitation has been observed, yielding a good
contrast of fingermark ridges. Also, due to the small size of NaYF4:Yb,Er/Tm/Ho NPs,
with an average diameter of 73 nm, the ridge details like sweat pores were
observable, leading to increased sensitivity. Changing the Er, Tm and Ho dopants and
their molar ratio in the upconverter structure resulted in a multicolour light emission
under 980 nm illumination.

Antibody modified NaYFs:Yb, Er, Gd fluorescent upconversion nanorods
(UCNRs/anti-hHb) for specific recognition of haemoglobin in human blood
fingermarks have been proposed by Liu et al. [259]. Small UCNRs/anti-hHb, with an
average length of 96 nm, were used to develop blood fingermarks deposited on
a variety of surfaces, e.g. steel, glass, optical disc, aluminium foil, wood, artificial
leather, and magazine cover. The high sensitivity and affinity of the examined
material to fingermarks containing human blood was manifested in obtaining second
and third levels of ridge detail on most of the investigated substrates. Compared with
Acid Yellow 7, stronger luminescence and lower background interference were
obtained for fingermarks developed with UCNRs/anti-hHb on all considered
surfaces. In the case of aged fingermarks, clear ridge details have been received for
fingermarks aged up to 15 days, whereas for older fingermarks, e.g. up to 30 days,
the fingermark ridges were noticed not as clear as for fresh fingermarks.

Wang and co-workers [1] have functionalised NaYF4:Yb%/Er®* UCNPs with
lysozyme-binding aptamer (LBA) and cocaine-binding aptamer (CBA) to recognise
the molecules of lysozyme or cocaine in the fingermark deposits and visualise mark
impression. As a universal compound present in fingermark residue, lysozyme can
increase the selectivity of photoluminescent material applied for fingermark
detection. The CBA conjugated with UCNPs can improve the detection of cocaine
traces in fingermark secretions and enhance the fingermark impressions. The
sebaceous-rich fingermarks deposited on marble, glass, plastic, and coin were
developed by covering the fingermark area with a drop of UCNPs suspension. Clear
ridge details and bright luminescent impression of fingermark has been obtained for
glass and a plastic substrate. However, the ridge details on the coin were less clear
and readable. Nevertheless, compared to the formerly-mentioned
LBA-functionalised CdTe QDs, the UCNPs performed with higher contrast and no
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background interference. In the case of UCNPs-CBA, even a 0.1 ug cocaine-doped
fingermark can be easily developed and recognised in the fingermark ridges.

Wang et al. [260] reported the application of europium, samarium, and
manganese-doped calcium sulfide nanoparticles (ESM-CaS NPs), with an average size
of 30 nm, as a luminescent developing agent for fingermark detection. Due to
improved stability of dispersion in aqueous solution, suppress the fluorescence
guenching, and support interactions with fingermark residue, the ESM-CaS NPs have
been encapsulated by a 1-dodecanethiol (DT) and 11-mercaptoundecanoic acid
(MUA), and then surface modified with arginine (Arg) to target amino acids in
fingermark residue. For comparative purposes, the Yb, Er, Mn-doped sodium yttrium
fluoride nanoparticles (NaYF4:Yb,Er,Mn NPs) modified with 3-mercaptopropionic
acid (MPA) and arginine have been developed. Fingermarks deposited on plastic,
ceramic tile, and glass have been developed in an aqueous suspension of either
Arg-DT/MUA@ESM-CaS NPs or Arg-MPA-NaYF;:Yb,Er,Mn NPs. As a result,
Arg-DT/MUA®@ESM-CaS NPs developed fingermarks with higher contrast between
ridges and substrate, higher selectivity and no background interference when
imaged under 980 nm light excitation. In contrast, the image of fingermark
developed with Arg-MPA-NaYF4:Yb,Er,Mn NPs displayed a very weak upconversion
luminescence and made the fingermark almost invisible.

Li et al. [261] described a latent and bloody fingermark development agent
based on hierarchically structured citrate coated NaYbF,:Tm@NaYF,:Yo@NaNdF4:Yb
nanoparticles indicating dual modes of near-infrared emission (980 nm and 696 nm)
under 808 nm excitation. NaYbF, host acted as a core to promote energy transfer to
Tm?*. The NaYF, shell doped with Yb** was to block the energy relaxation process
from Tm3* to Nd**. Finally, the second shell of NaNdF4:Yb promoted energy transfer
from Nd3* to Yb*. Charged sebaceous latent and bloody fingermarks have been
deposited on soft-drink labels as semi-porous substrates and polyethylene bags as
non-porous substrate. For developed fingermarks on both substrates, the well-
defined first and second level of ridge details have been observed for the Tm3*
upconversion luminescence at 696 nm and the Yb3* Stokes emission at 980 nm under
808 nm excitation. In the case of blood fingermarks, the quenched upconversion
emission at 696 nm in imaging mode was observed, while in Stokes emission imaging
mode, the well-defined fingermark ridge details have been noticed. Blood
fingermarks developed with a commercial reagent, Acid Yellow 7, yielded an inferior
quality of fingermark image.

Infrared to visible upconversion fluorescence was also reported by Kumar and
co-workers [262], who proposed gadolinium (lll) oxide doped with holmium and
ytterbium ions (Gd,0s:Ho®*/Yb®**) as a development agent. Gd,Os:Ho*'/Yb%*
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nanoparticles, with an average size of 40 nm, were prepared in the form of powder
suspension in hexane and sprayed upon the charged sebaceous fingermarks
deposited on glass and aluminium foil. The examined phosphor exhibited strong
green luminescence under 980 nm light illumination. A commercial green
luminescent powder has been applied under 380 nm light excitation as
a comparative developing agent. Fingermark developed with Gd,03:Ho*"/Yb3* NPs
and imaged under upconversion emission mode resulted in good contrast between
the mark ridges and surface and clear and readable ridge pattern. On the other hand,
fingermarks developed with commercial luminescent powder has shown lower
contrast and less clear ridge flow. A strong background luminescence has been
noticed on both surfaces, which significantly reduced the fingermark contrast.

1.6 Silicon dioxide nanoparticles

Silicon, one of the most abundant elements on earth, forms with an oxygen
a water-insoluble silicon dioxide (SiO,,silica), naturally existed in several polymorphic
forms such as quartz, tridymite, cristobalite [263], coesite, stishovite or amorphous
like opal [264] and exhibiting different characteristics and properties depending on
its structure, composition, impurities and preparation [265]. The natural mineral
silica occurs in crystalline form with metal impurities. Pure, nanosized silica for
industrial or scientific applications, is produced in a synthetic way mostly as an
amorphous powder in the form of silica gels, silica colloids, precipitated silica, or
pyrogenic silica [263]. Common amorphous silica, in the form of gel, sol, powder or
porous glass, mainly consists of spherical, less than micron size SiO, particles with
a specific surface area greater than 3 m? g. The particle surface consists of
anhydrous SiO; or silanol groups (Si-OH) [266]. The structure of silica particles is
based on randomly distributed tetrahedrons (SiO4) with four oxygen atoms placed at
the corners and silicon ion located in the centre of the cavity [264]. Each atom of
oxygen is shared by two tetrahedra in silica [267], [268].

The use of silica nanoparticles (SiO, NPs) for forensic application has been
widely studied in recent years. It has shown great potential as a developing agent for
the detection of latent fingermarks [151]. The effectiveness of latent fingermark
development with silica nanoparticles is due to its properties. The synthesis of silica
particles is relatively easy. Organic dye molecules, luminescent metal, quantum dots
can be entrapped within the silica matrix resulting in a broad range of optical
properties [188], [269]. Also, the particles’ surface can be functionalised due to the
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presence of silanol groups on the outer shell of the particle, which may yield the
interactions between the silica NPs and the fingermark constituents. This also may
prevent the photo-decomposition of the dye-loaded particle [151].

Two main types of silicon dioxide nanoparticles can be distinguished: the
solid silica NPs and mesoporous silica nanoparticles (MSNs). Both these types have
the properties mentioned above; furthermore, solid SiO, NPs are photochemically
stable, biocompatible and indicate colloidal properties. MSNs, in turn, have large
pore volumes, adjustable pore sizes, and high surface area [265].

1.6.1 Synthesis processes

Silica nanoparticles can be synthesised by several methods, including
hydrothermal method, chemical vapour deposition, plasma and combustion
synthesis, sol-gel process [270], [271], or flame synthesis. The sol-gel method is
broadly used to obtain the particles with controllable particle size, morphology, and
size distribution due to the monitoring of the reaction parameters [263] such as
temperature, pH, synthesis duration, surfactant addition, washing and drying
operation [270]. The Stober synthesis and the reversed micro-emulsion are the most
commonly used procedures in the sol-gel silica NPs production [188], [265].

The sol-gel process involves the formation of colloidal suspension — sol,
which is then transformed to viscous gel and then to solid material. Sol is a dispersion
of particles with dimensions between 1 and 1000 nm, suspended in Brownian motion
within a fluid matrix. The stability of the suspension depends on the resistance of the
particles to agglomerate. The sol-gel process is advantageous due to mild chemical
process condition, low temperature of the synthesis (usually close to room
temperature), possibility to obtain a pure and homogenous product since the
precursors of the synthesis are mostly volatile and easy to purify [263], [272]. As the
source of “inorganic” monomers, the metal alkoxides are mainly applied precursors
in the sol-gel process because they are well soluble in organic solvents. It is also
possible to control their hydrolysis and condensation kinetics by solution chemistry
[273]. The sol-gel process consists of several steps, starting with hydrolysis and
condensation of the reaction precursors through gelation, ageing, drying to
densification.

The hydrolysis process of metal alkoxide (Si(OR)4) lead to a transformation
of the Si—OR-terminated species to Si-OH-terminated ones. The metal alkoxides like
tetraethoxysilane (TEOS) and tetramethoxysilane (TMOS), or inorganic silicates, are
mostly used precursors [263], [274]. The process may be catalysed by acid (e.g. HCI)
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or base (e.g. NHs) (Figure 1.14). The pH value of the reaction influences the rate
effect of catalysis. For silica, the isoelectric point is at pH 2.2. In the acidic
environment, below the point of zero charge, the oxygen in =Si—-OR group is
protonated. The central silicon atom starts to be more electrophilic and susceptible
to attack by water due to the electron-withdrawing. As a result, a good leaving group
(e.g. water) is formed. In the basic environment, in turn, the nucleophilic attack of
a hydroxyl group to the silicon atom occurs with an Sy2 type mechanism [274].

ACID CATALYSED
" RO H RO OrR R £ oR
o ¢+ JETOR S Gt s R B S OB HO—Si
» RO / '0 || £ l\
H RO H OR H OR
+ ROH
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Figure 1.14 The mechanism of the hydrolysis process of metal alkoxide (Si(OR)4) in the acidic
and base environment [272]

Following the hydrolysis, the condensation reaction occurs, generating siloxane
bond units and eliminating water or alcohol product:

=Si—OH + =5i-OH 2 =5i-0-Si= + H,0
=Si—OH + =Si-OR 2 =Si-0-Si= + ROH

Similarly to the hydrolysis process, at pH below the point of zero charge, the oxygen
atom of =Si-OH or =Si-OR group undergoes fast protonation (Figure 1.15).
It generates a leaving group in the form of water or alcohol and makes the silicon
atom susceptible to a slow attack by silanol groups. In the basic environment,
a nucleophilic attack of =Si—O" ion to the neutral silicon species takes place with an
Sn2 type mechanism. It is worth noting that hydrolysis and condensation reactions
of alkoxides compete with each other in the sol-gel process [272], [274].

66

https://rcin.org.pl



Chapter 1

ACID CATALYSED
OH
HO_ Pt HO  H 20 stow HOLH 0
HtY + Si—-OH =———= Si-0.+ + HO—Si T w ) B el R
HO/ HOl'i/ ‘" ‘OH H()R/ OH
+ H30™
HO Fast HO_ HO Stow MO X _/OH
SO =—= WwSi—0 Si—OH ,_..s-—o4._,0n
Hoy & HO ¢ + HOYY Ho g R
+ OH- R
+H20 +OH-
BASE CATALYSED

Figure 1.15 The mechanism of the condensation process in the acidic and base environment
[272]

The stabilisation of the intermediates and relative rates of reaction during
the hydrolysis and condensation process depends on the inductive effect of the
silicon atom substituents and steric effects. Hence, the pH at which hydrolysis and
condensation occur strongly influence the final gel structure. The =Si—R’ species
(R’ - any hydrolytically stable organic moiety) has the highest electron density; then
the density is lower for =Si—OR and =Si—-OH, and finally, =Si—-0-Si has the lowest
electron density at the silicon atom [274]. Thus, in acidic conditions, with positively
charged intermediates stabilised by electron-donating groups, the condensation of
(RO)3SiOH undergoes faster than (RO),Si(OH);, and (RO).Si(OH), is faster than
(RO)Si(OH)s. Consequently, for acidic catalysis, the first step of hydrolysis is the
fastest, and its product also condenses the fastest. As a result, a chain-like network
is forming, and then further hydrolysis and cross-condensation occur. On the other
hand, in a basic environment, the hydrolysis steps undergo increasingly fast and
completely hydrolysed species start to condense rapidly. Hence, big and crosslinked
sol particles are initially formed, which then transform into branched networks with
large pores between the particles [272].

Gelation is the next step of silica gel-forming. It occurs when the particles are
connected together in branched chains to the extent that they fill the whole volume
of sol. The initial gelling mixture is viscous and starts to solidify; however, some sol
particles are still entrapped in the chain network, influencing the low elasticity.
During the gelling process, further cross-linking of trapped sol particles occurs,
resulting in both an elasticity and viscosity increase [266], [272]. Sol may also
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undergo coagulation and form a precipitate [264]. Coagulation exhibits when the
particles are joined together, forming dense aggregates in which silica is more
concentrated than in the initial sol [266]. Several factors influence the process of
gelation. The rate of gelling depends on the pH of the reaction environment and is
proportional to the hydroxyl ion concentration because particle linkage is formed in
the catalytic process in the presence of hydroxyl ions. The rate of gel formation
increases with the pH increase in the range of 3 - 5. For higher pH, the concentration
of hydroxyl ions does not influence the gelling rate. Due to the increasing particles’
charge and fewer collisions between particles, the particle’ aggregation rate
decreases. Furthermore, also concentration and particle’s size influence the process
of gelling. The gelling rate is proportional to the total surface area of silica in a given
sol volume. Particles undergo gelling at the same rate when the ratio of sol
concentration to particle’ diameter is the same in equivalent conditions. The gelling
rate increases also with temperature. Electrolytes and organic liquids may influence
the rate of gelling as well. Silica starts to be negatively charged above the pH of 3.5.
In the presence of salts, the overall net repulsion is then reduced, so gelling and
coagulation accelerate [266]. Polar protic solvents and alcohols may lower the
reactivity of the Si—O" group in the neutral pH by forming the hydrogen bonds,
decreasing the efficiency of condensation as a result. This may lead to form more
branched structures and reduce gelling time. On the other hand, aprotic
dimethylformamide, an acceptor of hydrogen bonds, leads to a decrease in the
reaction environment's acidity, thus decreasing the rate of hydrolysis in acidic
catalysed reaction [272].

Silica network formation in chemical reactions is not related to the gelation
process only, but further structural rearrangements occur in the wet gel in the ageing
process, yielding a higher gel's stiffness [274]. The ageing process consists of several
steps, including further polymerisation, syneresis, coarsening, phase separation, and
in some cases, hydrolysis and esterification [264]. During the ageing process, the
gradual changes in the gel’s structure and properties occur due to the pore liquid
being still a sol that contains monomers, polymers or particles which further
condense. Initially, the flexible gel network starts to be more contracted due to
subsequent condensation of neighbouring pore-surface —OH and —OR groups and
pore liquid expulsion occurrence. This shrinking process, called syneresis, continue
as long as the flexibility of the gel structure is sufficient [264], [274]. Two mechanisms
influence the structure and properties of a gel during the ageing process: a neck
growth, which is a region where two particles join to each other, and a dissolution of
smaller particles, which further precipitate on the larger particles according to the
Ostwald ripening mechanism [275]. In the coarsening and ripening processes, the
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material dissolves from thermodynamically unfavourable regions, which are mostly
surface or particle with high positive curvature or small particles. The dissolved
species condense then in the favourable regions including, crevices, pores, or narrow
particle necks, with a smaller negative radius of curvature. These processes,
influenced by temperature, pH, ageing medium, or pressure, reduce the solid-liquid
interfacial energy and the net curvature, change the pore size and shape, and
strengthen the solid [272], [274]. The last ageing process is associated with phase
transformation. During a quick gelation process or when various precursors of
different miscibility with water were applied, the unreacted chemicals may remain
in the isolated porous regions of the silica matrix. When the silica is aged in water,
the remaining unreacted monomers or oligomers may react, yielding inclusions with
different refractive index, structure and composition of silica. This leads to phase
separation of unreacted silica species and turns the gel to opaque due to the
different refractive index comparing to the host matrix. To avoid turning to opaque,
washing with ethanol lead to remove the unreacted precursors and low molecular
weight products. The silica structure may be altered by ageing in solutions or
solvents different from the initial solvent. Using ethanol for ageing conduce to partial
esterification of the silica surface, leading to an increase of surface roughness and
depolymerisation of the silica network, breaking the Si—O-Si bonds providing new
surfaces [272].

The conventional drying process, conducted with either temperature
increase or pressure decrease, involves three stages. In the first stage, also called the
constant rate period, the gel starts to contract by the volume of liquid that priorly
existed in the pores. The liquid undergoes evaporation. The direction of the liquid
flow is from the interior of the gel to the surface. Not stiffed gel network undergoes
deformations, which further result in new Si—0-Si bond formation since —OH groups
at the inner surface come closer and can react with each other. The network rigidity
increases with drying duration and the surface tension of the liquid; hence, the pore
volume becomes smaller. The liquid/vapour interface is at the exterior surface.
In the next stage, called the first falling rate period, at the critical point, the gel
structure starts to be too rigid for further shrinking as the liquid continues to
evaporate. The surface tension increase to such an extent that cracking is the most
likely to occur. The liquid/gas interface draws back to the gel body; however, due to
the pores' capillary forces and hydrophilic nature, a thin film of liquid stays at the
pore walls and continues to move to the exterior surface, followed by evaporation.
In the third stage of drying, called the second falling rate period, the liquid film is
ruptured. The liquid, isolated in droplets, can evaporate from the gel network only
by diffusion through the gas phase to the exterior [264], [274]. Several methods have
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been developed to minimise gel cracking and fracturing during the drying process.
First of all, when the gel is drying very slowly, the shrinking rates of gel interior and
surface are comparable, and the gradient in the strain is reduced. Also, the network
is strengthened during the ageing process, which may result in the pore radius
increase and capillary tension decrease [264]. Another method to reduce cracking is
the application of drying control chemical additives (DCCA), like dimethylformamide,
acetonitrile, formamide, oxalic acid. DCCA influence the larger pore-forming, where
capillary forces are weaker, and the stress toward the gel network is smaller during
drying. The solvent evaporation is favoured due to the higher vapour pressure in the
larger pores. DCCA interacts with the silica surface via hydrogen bonds, which
prevent the interactions between silanol groups in the pore walls and water
molecules, facilitating the removal of the aqueous solvent. Also, the addition of
surfactants can facilitate the removal of aqueous solvent from the pores by
modification of the silica inner pore surface by alkyl chains, making the surface
hydrophobic and reducing water interactions with the pore walls. However, DCCA
modifies the properties of the gel to the undesirable ones and may be tough to
remove [272]. The capillary pressure and cracking can also be reduced in the process
of supercritical drying, where no distinction between liquid and vapour exists. The
process requires the alcohol as a solvent instead of water, which is then extracted
above its critical point. The liquid/vapour interfacial energy is equal to 0 (yv=0), so
no capillary tension occurs during the drying process. The supercritical drying silica
gel product is called aerogel since it is composed of more than 99% of air. The gels
conventionally dried are known as cracked material called xerogel [264]. Finally,
freeze-drying is also a process of drying, in which the solvent is frozen inside the
pores and sublimed under vacuum, yielding a product with large pores called
a cryogel. However, solvent crystallisation in the pores produces cracking and
shrinkage of the gel [275].

Silica nanoparticles are commonly synthesised in either the Stéber synthesis
or the reverse microemulsion [265]. Stéber method, as an important example of the
sol-gel process, was first described by Stéber and Fink in 1968. Monodispersed silica
particle suspensions were obtained in the controlled hydrolysis and condensation
process, and in the colloidal size range from 0.05 to 2 um, depending on the synthesis
conditions such as type of alcohol solvent, alkyl silicate precursor, catalyst and water
concentration, reaction time [276], ethanol-to-water ratio, and reaction
temperature [269]. Another method to obtain the monodisperse silica particles is
the reverse microemulsion synthesis [265], [268]. According to Winsor
microemulsion classification [277], the water-in-oil (W/O) is a type Il system that
involves the presence of small droplets of water dispersed in a large volume of
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organic (oil) continuous phase and stabilised with an amphiphilic surfactant and co-
surfactant, whereby the surfactant is mainly in the oil phase. Microemulsions are
thermodynamically stable with potentially infinite lifetimes and a droplet size
between 3 to 50 nm. Due to the small size of droplets, microemulsion stays
transparent or have a slightly bluish shade [268], [278]. The microdroplets formation
depends on the proportion of microemulsion components involving water-to-
surfactant ratio (W), hydrophilic-lipophilic balance value (HLB) of the surfactant used
or co-surfactant application. The amphiphilic surfactant molecules consist of
a hydrophilic region with a small ionic or polar head and a lipophilic region with
a long hydrocarbon tail. The co-surfactant such as medium chain-length alcohols are
applied frequently in conjunction with an ionic surfactant to lower the interfacial
tension. The spherical microdroplets, commonly reverse micelles, are generated due
to the thermodynamically driven surfactant self-assembly. With the various W value,
the size and shape of the aqueous core, formed by a surfactant, can be controlled,
yielding the uniform, nanometer-sized water droplets. In the dynamic
microemulsion system, the micelles are in a random Brownian motion, colliding
regularly. Due to the feasible coalescence, the micelles form dimers, exchange the
reaction components and break apart further. Micelles form a kind of
“nanoreactors”, where controlled nucleation and growth occurs [279].

The standard reverse microemulsion synthesis of spherical silica
nanoparticles involves cyclohexane, alkylphenol ethoxylate as a surfactant, water,
a silicate precursor, e.g. tetraethylorthosilicate (TEOS), a small amount of aqueous
ammonium hydroxide as a catalyst, and very often medium-chain alkyl alcohol like
pentanol or hexanol acting as a cosurfactant [268]. TEOS diffuses into the water
droplet “nanoreactors”, where undergoes hydrolysis with an alcohol forming [280].
The water droplets control the kinetics of the nucleation and growth of silica
nanoparticles. Therefore, the water-to-surfactant ratio has to be carefully adjusted
to control the size and polydispersity of the nanoparticles [265]. However, water may
be partially expulsed from the microemulsion phase, producing the second water
phase and further resulting in the bimodal silica particle size distribution [268].
In general, the microemulsion reaction needs a longer time. Still, this method
precisely controls the size of the particles yielding monodisperse silica NPs with
a size smaller than 100 nm. Whereas the Stober synthesis is a relatively shorter
reaction with a higher yield; however, larger and non-uniform particles are obtained
[188], [265].

The sol-gel process can be modified with an addition of organic surfactant as
a structuring agent to obtain the mesoporous solid silica with desired properties such
as internal and external pores, a uniform and tunable pore size, gating mechanism

71

https://rcin.org.pl



Chapter 1

of the pore opening, or a carrier for loading a variety of molecules, e.g. drugs [264],
[274], [281]. According to IUPAC, the mesoporous material has a pore size in a range
of 2 to 50 nm, an ordered pore structure with the amorphous walls of the pores
[274], [281]. Among several methods of mesoporous silica preparation, a modified
Stober synthesis is the most commonly used [282]. The widely known commercial
mesoporous silica particles are Mobil Crystalline Materials (MCM-41) and Santa
Barbara Amorphous (SBA-15). The MCM-41 is a hexagonal material with pores in the
size range of 2.5 to 6 nm, synthesised with a template of cationic surfactant. SBA-15,
in turn, is a material with a highly ordered structure, pore size in the range of 4.6 to
30 nm and thick silica walls [281]. The synthesis of mesoporous silica particles
includes cationic, anionic or nonionic surfactant as a structuring agent, which acts as
a template of solid porous structure construction. Cetyltrimethylammonium
bromide (CTAB), 1,2 bis (2-ethylhexyloxycarbonyl)-1-ethanesulfonate,
polyvinylpyrrolidone, polystyrene, polyresorcinol, or polymethylmethacrylate are
only some of the surfactants used as the structure templates [283]. The silicate
precursor interacts with the surfactant aggregates in the condensation process,
yielding a solid containing surfactant. In the process of extraction or calcination, the
surfactant is then removed, forming a mesoporous solid material. The formation of
the porous structure is controlled by weak noncovalent interactions like van der
Waals forces, electrostatic interactions, or hydrogen bonds between the organic
template and inorganic particles [274]. Due to the controllable pore size, shape and
volume, high loading capacity, and high specific surface, mesoporous silica particles
can be widely applied for bioapplications like nano-carriers in drug delivery [284],
[285], dye-doped material in cell imaging [286], the intracellular drug delivery [287],
extracellular delivery of a small protein, enzyme immobilisation and catalysis [288].

The modification of a sol-gel synthesis precursor, based on a non-
hydrolysable substituent on the silicon atom, results in a material with different
structure, functionality and properties [272]. This inorganic-organic hybrid material
(ORganically MOdified SlLica, ORMOSIL) consists of a well-defined three-dimensional
inorganic network of siloxane units that are linked by the polymer fragments or
organic groups at the molecular level. The hybrid material is formed from a wide
variety of organosilane compounds of the type R’Si(OR); or related metal alkoxide
derivatives. R" indicates an alkyl or aryl group and undergo polymerisation and cross-
linking processes [274], [275]. The choice of organosilica precursor with various
functional groups determines the functionalities and specific properties such as
hydrophobic surface, catalytic or optical properties of the obtained silica material.
The non-hydrolysable substituent in the silane precursor structure lowers the
connectivity of the network, affecting the chemical composition of the pore surface

72

https://rcin.org.pl



Chapter 1

and the character of the material. Nevertheless, the material properties also depend
on the arrangement of the hybrid network and intermolecular interactions between
the organic moieties [272], [274].

1.6.2  Surface modification techniques

A wide range of functional organic moieties can be employed to functionalise
the silica surface, adjusting its properties to the desired application. Two main
methods of introducing the functional groups on the silica surface can be
distinguished: co-condensation and grafting, resulting in the hybrid material
formation. In the co-condensation process, the sol-gel hydrolysis and condensation
of functionalised silane precursor, e.g. the organotrialkoxysilanes, occurs, yielding
a hybrid organosilica [274]. However, in this method, the variable surface
functionalisation and low interconnectivity of the material in bulk is obtained due to
the distribution of the functionalised precursor over the entire gel [272]. The
grafting, in turn, is the process of modifying the well-defined silica particle surface,
where the surface silanol groups react with the functionalised precursors [272],
[274]. The chemical functionalisation of the silica particles with organic moieties
provide the stabilisation of the particles against further growth, avoid agglomeration
in a solvent, enhance the compatibility with the surrounding matrix via changing the
polarity, and enhance the affinity between the inorganic and organic phase [263],
[274]. Surface modification with silane coupling agent with a formula R'- Si(OR?)«R,?
(x=10r3,y=20r0) is one of the most effective techniques. This is due to the ability
of the Si(OR)x section to react with hydroxyl groups on the particle surface via
a condensation process and due to the functional group, which can interact with
a polymer matrix by forming a covalent bond [274]. A wide variety of
organofunctionalised alkoxysilane agents for silica surface modifications is available,
e.g. commonly used vinyltriethoxysilane, methacryloxypropyltriethoxysilane,
3-glycidyloxypropyltrimethoxysilane, 3-aminopropyltriethoxysilane, 3-mercapto-
propyltriethoxysilane [263]. The application of a particular alkoxysilane agent for
silica particle modification determines the surface properties. Long alkyl chains
change the particle surface to hydrophobic and render it dispersable in nonpolar
solvents [274]. The organic solvents are generally used instead of aqueous systems
to prevent the hydrolysis and condensation of the functionalised silane precursors
and facilitate the formation of a monomolecular layer on the silica surface [272].
3-aminopropyltriethoxysilane is one of the molecules which may undergo
uncontrollable hydrolysis and polycondensation reactions in aqueous systems;
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therefore, the grafting process needs to be conducted in the organic solvent. In the
nonaqueous system, the organofunctionalised alkoxysilane connects with the silica
surface in a direct condensation process. Also, the curvature and size of spherical
silica nanoparticles are of importance in grafting the organofunctional groups to the
surface. The effectiveness of chemical modification depends on the concentration of
silanol groups per unit area of the silica surface [263].

The polarity and reactivity of the silica particle surface depend on the ability
of the surface terminal groups to interact with each other and form hydrogen bonds.
The pore surface can be terminated either by Si—O-Si group or Si—OH group;
whereby, the latter group may be classified as geminal when both hydroxy groups
are linked with the same atom of silicon; vicinal when hydroxy groups are linked with
neighbouring silicon atoms and one oxygen is bridged with hydrogen; or isolated
when the hydroxy group is linked to the silicon atom not connected with any silanol
group. In the case of vicinal silanols, hydrogen bond formation occurs with stronger
bonding rather on concave surfaces than on flat or convex. The extensive number of
hydroxyl groups on the silica surface is responsible for a large amount of water
absorbed in the gel, which may influence the optical properties such as transparency
of the material. The modification of the surface by removing the hydroxyl groups
followed by Si—O-Si linkage formation is used to improve the optical quality of the
material. The hydroxyl groups elimination can be done either via the thermal
dehydroxylation or chemical method. Thermal dehydroxylation is based on heating
the gel to 800 °C, eliminating the physisorbed water first and the vicinal silanol
groups subsequently. In the chemical method, the hydroxyl groups are removed in
the reaction with chlorine and a high-temperature oxygen treatment [272].

1.6.3 Entrapment properties of silica particles

The sol-gel process enables the doping of various additives into the silica
matrix such as organic dyes, metallic particles, quantum dots, biomolecules, metal
ions, ceramic oxides, or inorganic compounds to add the functionality of the
material. The additives can be doped as a part of the host network, encapsulated in
the pores or immobilised in the interface [274]. Doping the additives can be done in
several ways. The dopants can be incorporated into the silica network by mixing
them with the initial solution of the precursor or with the already hydrolysed sol
before gelation. Also, the porous network of silica material can be impregnated with
the dopant from a solution or vapour phase. The additives trapped in the silica
network form a hybrid material that exhibits a series of diverse optical, mechanical,
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ionic, electrical, catalytic, and bio-sensing properties [289]. Recently, one of the
potential key applications of hybrid silica particles is the encapsulation of bioactive
or luminescent dopants in the silica network for drug delivery purposes [290]-[292],
catalytic supports [293], biosensing and bioimaging in diagnosis [294]—-[296].

1.7 Quantum dots

Quantum dots (QDs) are the fluorescent nanoparticles of semiconductor
materials with a diameter of 2-8 nm [297] and quantum-confined in three
dimensions [298], as well as characterised by composition-dependent bandgap
energy. The physical dimensions of QDs are smaller than the exciton Bohr radius
[299], which is the distance in an electron-hole pair. The electron-hole pair is formed
when an electron (e7) from a valence band absorb the minimal energy (higher than
a bandgap) and is promoted to the conduction band, leaving a hole (h*) in the valence
band. The electron and the hole are bonded via Coulombus interaction, forming the
electron-hole pair called an exciton. As an example, the exciton Bohr radius of
cadmium telluride (CdTe) and cadmium selenide (CdSe) are approximately 7 and
5 nm; respectively, therefore the smaller particles are referred to as quantum dots
[298].

Quantum dots consist of approximately 100-10000 atoms, and similarly to
isolated atoms, exhibit narrow luminescent emission peaks. Compared with bulk
material, significant differences in the optical absorption, exciton energies and
electron-hole recombination are observed for QDs. The QDs photoluminescence
strongly depends on size due to the changes in the surface-to-volume ratio with size
and the quantum confinement effect (Figure 1.16).
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Figure 1.16 Emission colours of CdSe QDs with a size range of 1-10 nm positioned from small
(blue) to large (red) excited by a NIR irradiation. The graph illustrates the photoluminescence
spectra of some CdSe QDs [300]

The quantum confinement in QDs modifies the density of states near the
band edges. The density of states as the energy function for various size material is
pictured in Figure 1.17. With the QDs dimension decrease, the energy spectrum
becomes discrete, and the energy level spacing in a nanocrystal exceeds the kT
(k — Boltzmann’s constant, T — temperature). The energy differences, higher than kT,
limit the mobility of electrons and holes in the crystal. As a result, the bandgap starts
to depend on the QDs size. With the QDs size decrease, the increase of bandgap
energy and blue shift in light emission is observed [300]. QDs composed of the same
material but with different sizes exhibit fluorescence emissions in different regions
of light spectrum from UV to IR. However, the composition of a semiconductor also
plays a role [298].
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Figure 1.17 The diagrams illustrate the changes in the density of quantum states with the
changes in the number of atoms in a material. MO — molecular orbital, HOMO - highest
occupied MO, LUMO - lowest unoccupied MO, AO — atomic orbital [300]

Quantum dots are broadly applied in several areas like biomedical
applications, including diagnostic tools, fluorescent markers, photodynamic
therapies, optoelectronic applications involving light source emitters (LED), white
light filters, active solar energy conversion, and analytical applications like chemical
and biosensing [298]. Despite the wide range of properties and application, there are
some concerns about the potential toxicity of quantum dots when used for medical
and biology purposes, especially since inorganic QDs often consists of Cd, Se, Zn, Te,
Hg and Pb metals [301]. However, the toxicity of each QDs type has to be
characterised individually in terms of their size, concentration, charge, stability
during synthesis and storage, oxidation, external coating, and functionalisation
[299]. The toxicity of QDs can be related to the presence of free divalent cadmium
ions, which are nephrotoxins [302], [303]. The release of cadmium ions can be
facilitated by exposure to air or UV light irradiation [304]. Moreover, the toxicity
depends not only on the QDs core material but also on the type of molecules that
cover QDs surface. CdSe QDs coated with small thiolate ligands tend to be toxic;
however, coating CdSe QDs with zinc sulfide shell render these quantum dots less
prone to oxidation or degradation [302] and reduce cytotoxicity without the
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influence on fluorescence stability [305]. Similarly, cadmium based QDs
encapsulated in silica nanoparticles indicated low toxicity with high physicochemical
stability and photostability [306]. To minimise the toxicity of the quantum dots of
group lI-VI, e.g. CdS, CdTe, CdSe, for which the toxicity of cadmium ions have been
proven, the new, cadmium-free QDs have been proposed, including indium
phosphide (InP) and indium arsenide (InAs) QDs of group llI-V, copper indium sulfide
(CulnS;) of group I-1lI-VI, germanium and silicon of group IV, graphene QDs [307],
silver indium sulfide (AgInS,), silver sulfide (Ag.S), and doped Zn chalcogenide [308].
The Cd-free QDs of group IlI-V indicate good optical stability and reduced toxicity;
however, the synthesis of these QDs is difficult because of the sensitivity of the
precursors and surfactants [309].

1.7.1  Optical properties

The optical and electronic properties of QDs strongly depend on the size and
composition of particles as well as on other factors like shape, impurities, crystallinity
or defects in the QDs structure [300]. Compared with fluorescent organic dyes or
proteins, semiconductor QDs, as a new fluorophore class, exhibit several
advantages. Size-tunable fluorescence emission is advantageous because changing
only the particle diameter provides a broad range of available emission wavelength
[298], [303]. QDs exhibit a broad absorption spectrum; thus, an electronic excitation
at different wavelengths is possible, including ultraviolet and the entire visible region
of the light spectrum [298], [299]. Also, symmetric luminescence spectrum ranges
from ultraviolet to near-infrared region, and large Stokes shift is observed for
guantum dots, enabling multicolour imaging, which eliminates spectral cross-talk.
In the case of bioimaging, this is a great advantage due to the fact that absorption of
tissues is minimal in the infrared and near-infrared region. The Stokes shift is the
difference between the peaks of excitation and emission wavelengths. The large
separation of absorption and emission spectra results in improved detection
sensitivity [299].

In comparison to organic fluorophores, QDs exhibit narrower emission bands
[310], higher brightness due to the high quantum yield of fluorescence also after
conjugation to biological affinity molecules [299], and greater photostability, which
results in increased resistance to photobleaching [297], [303], [310]. The high
brightness of QDs is obtained due to the minimised overlap between excitation and
emission bands, which eliminate the reabsorption of emitted light by nearby QDs.
Also, QDs can absorb 10 to 50 times more photons in comparison with organic

78

https://rcin.org.pl



Chapter 1

fluorophores at the same excitation photon flux. The photobleaching occurs in
organic dye molecules due to the cleaving of covalent bonds or non-specific
interactions between the fluorophore and surrounding molecules. Thus, QDs can be
several thousand times more stable than organic fluorophores [299]. Compared to
organic fluorophores, a longer luminescence lifetime allows for longer periods of
luminescence detection and eliminates autofluorescence with a short lifetime [298].
Due to the more closely spaced energy levels in larger quantum dots, the electron-
hole pair can be trapped for longer, resulting in a longer fluorescence lifetime [299].
Quantum dots possess an active surface for chemical modification with a variety of
organic molecules, making them an inorganic-biological nanostructure with
fluorescent and biochemical properties [298], [310].

1.7.2  Synthesis and surface modification

Two main approaches can be distinguished in quantum dots synthesis: top-
down and bottom-up processes. The top-down approach is based on thinning the
bulk semiconductor. Several top-down synthesis processes based on electron beam
lithography and etching have been developed to form quantum dots with controlled
size, shape and geometry [300]. Etching is a widely applied process in
nanofabrication. Dry etching is the process that involves breaking down the reactive
gas molecules into more reactive species by creating plasma in the etching chamber.
When the high kinetic energy species hit the surface, the volatile product is formed
to etch a patterned sample. In the reactive ion etching, ions are applied as the
reactive species. The process of selective etching with a masking pattern and
a mixture of boron trichloride and argon can be used to fabricate GaAs/AlGaAs
guantum dots with a size of 40 nm [311]. Electron beam lithography followed by
etching is another method of fabricating nanostructures with any shape, precise
separation and periodicity. This method is used to synthesise IlI-V and II-VI group
QDs with a size of 30 nm. Focused ion or laser beam is another top-down process of
QDs manufacturing; however, the incorporation of impurities and structural
imperfections may occur in the QDs structure [312].

A wide range of bottom-up synthesis is available for quantum dots
fabrication. The methods can be categorised as either wet-chemical or vapour-phase
methods. Wet-chemical methods are based on conventional precipitation methods,
including nucleation and limited growth of nanoparticles. A required composition,
size, and shape of quantum dots can be obtained by controlling the synthesis
parameters such as concentration of the precursors, solvents, surfactants, stabilisers
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of micelles formation, temperature or thickness of electrostatic double-layer [300].
Sol-gel process [313]-[315] and microemulsion process [316]-[318] are among the
many wet-chemical methods of QDs synthesis. The sol-gel process is relatively
simple, cost-effective, and efficient [313]; however, broad size distribution and high
concentration of defects are the main drawbacks [300]. In the microemulsion
method, in turn, narrow size distribution is possible to obtain due to the limited size
of the micelle controlled by the ratio of water-to-surfactant. Nevertheless, the
recovery of the nanoparticles from the microemulsion as well as low yield and
presence of impurities and defects may be problematic [300], [318]. Other typical
syntheses of quantum dots involve the thermal decomposition process [319], [320],
hydrothermal synthesis [321], [322], and sonic waves or microwaves [323], [324].
The thermal decomposition method involves a time and temperature controlled
reaction of the precursor decomposition. The size and shape of QDs, except time and
temperature, depend on the type of precursor, coordination and purity of the agent
and solvent. However, the high temperature of the synthesis and toxic precursors
are the main drawbacks [300], [319]. In the hydrothermal synthesis, the inorganic
salts crystallise from an aqueous solution in the process controlled by temperature,
time and pressure [325], [326]. Sonic waves or microwaves synthesis is based on the
dissociation of the precursor and water molecules due to the energy provided by the
ultrasound waves. The chemical effects are generated by acoustic cavitation. The
acoustic cavitation forms a localised hotspot through adiabatic compression within
the gas phase inside the collapsing bubble, enabling the reaction of QDs formation
[327].

As a bottom-up process, the vapour-phase methods involve the growth of
the epitaxial layers in an atom-by-atom process followed by nucleation and growth
of quantum dots directly on the substrate. The self-assembly of quantum dots takes
place on the substrate without patterning [312]. In the molecular beam epitaxy
process (MBE), the deposition and growth of elemental or compound semiconductor
nanostructures occur on a heated substrate under high vacuum conditions. The MBE
process is mainly applied to self-assemble IlI-V and II-VI groups of semiconductor
QDs. In this method, the primary process involves the evaporation of the proper
elements from the Knudsen effusion cell, which are heated to the sublimation
temperature to form a beam of atoms or molecules. The layer growth can be
processed by physical vapour deposition (PVD) due to condensation of a solid from
vapour, formed by thermal evaporation or sputtering. Another way of quantum dots
self-assembly in the form of a thin film is chemical vapour deposition (CVD). The
precursors subjected to a particular temperature and pressure diffuse to the heated
substrate and react to form a thin film. The vapour-phase self-assembling methods

80

https://rcin.org.pl



Chapter 1

effectively fabricate QDs without templates; however, some variability on QDs size
may occur, influencing the optoelectronic properties [300], [328].

Quantum dots are susceptible to photobleaching and chemical quenching
due to their small size and large active surface [310]. Moreover, a bare core of QDs
can be highly reactive and toxic, resulting in an unstable structure [299]. To minimise
these effects and to increase the quantum yields of QDs, a core-shell structure can
be used, which passivate the surface nonradiative recombination sites [310].
Modifying the QDs core with a semiconductor of higher bandgap results in increased
stability and quantum vyield and protects the toxic core ions against exposition to
a photooxidative environment like ultraviolet light or air. The typical lI-1V, IV-VI, or
I1I-V QD cores can be covered with zinc sulfide or cadmium sulfide semiconductors
with a wide bandgap to stabilise the core and improve chemical and photophysical
properties at room temperature [299]. Except for the core and the shell of QDs, an
important role also plays a capping ligand. Quantum dots, synthesised in organic
solutions, have the outermost surface passivated with organic ligands. In order to
apply QDs to biological systems, it is necessary to tune the surface to make QDs
hydrophilic and soluble in an aqueous environment [329]. Modification of QDs
surface with various molecules facilitate aggregation prevention or nonspecific
binding. The hydrophilic QDs can be further functionalised by conjugation with,
e.g. biological molecules like proteins, antibodies, peptides, or oligonucleotides in
the way of covalent linkage, electrostatic attractions, adsorption or mercapto
exchange [299]. One of the surface passivation methods is the ligand exchange
strategy, which involves the replacement of hydrophobic surfactant molecules,
e.g. oleic acid [330] or trioctylphosphine oxide [331], with bifunctional molecules.
These molecules on the one end have a chemical group able to bind the QDs surface
and on the other end a polar head, for example, 3-mercaptopropionic acid,
1,2-ethanedithiol, benzenedithiol [332], cysteine, glutathione, mercaptoacetic acid,
mercaptosuccinic acid [329] or atomic ligands in the form of halides [330].

Surface silanisation is another strategy for QDs surface passivation and
rendering the QDs water-soluble and biocompatible material. Silica coating
enhances the stability of colloidal QDs as well as prevent aggregation and oxidation.
Introducing silica shell onto the QDs also enables further conjugation with
biomolecules [333]-[335]. The other approach is a polymer coating of QDs. In this
strategy, the original ligands are preserved, and amphiphilic molecules are
introduced. The hydrophobic groups of these molecules interact with the original
ligand, whereas the hydrophilic group provide water solubility and enable further
functionalisation [336], [337] for sensing or receptor targeting purposes. Retaining
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the original surface help to preserve the photophysical properties of QDs; however,
it increases the final size of QDs three to four times [338].

1.8 Upconverting nanoparticles

Upconverting nanoparticles are a valuable material that exhibits photon
upconversion. A photon upconversion (UC) refers to an optical process in which the
sequential absorption of two or more low-energy photons yields the emission of
a single high-energy photon, called anti-Stokes emission [339]. Thereby, the UC
process converts the long-wavelength infrared radiation into short-wavelength
emission, e.g. UV, visible or near-infrared light [340]. Most luminescent materials like
organic dyes or quantum dots exhibit down conversion, following Stokes’ law, where
the energy of emission photon is lower than the energy of the excitation photon
[341]. The upconverting materials composed of inorganic host mostly doped with
rare-earth ions or transition metal ions are broadly applied in compact solid-state
lasers, optical devices, e.g. temperature sensors, [340], photovoltaic devices, multi-
colour displays, data storage. The broad interest in UC material is observed in the
biomedical field, involving bioimaging and theranostics [341]. The range of excitation
wavelength of upconverting material corresponds with the so-called “optical
transparency window” (approximately 700 — 1100 nm) for body tissues, which is the
spectral range of minimal absorption. Under near-infrared excitation, the biological
background auto-fluorescence is negligible, improving the signal-to-noise ratio and
reducing photodamage effects. Applying NIR excitation is also advantageous due to
the reduced light scattering and phototoxicity. Large anti-Stokes shifts, narrow
emission bandwidths, photobleaching resistance [342], tunable colour emission,
long photoluminescence lifetimes [343], low toxicity, good chemical and physical
stability [344] make the upconversion material suitable for bioimaging purposes.

The optical properties of the upconversion nanoparticles are strongly
dependent on their surface properties. Due to a high surface-to-volume ratio of
a nanoparticle, lanthanide dopants are often subjected to surface deactivations
caused by surface defects, solvents or ligands which exhibit high phonon energy.
Deactivation can occur when the dopants, placed on the nanocrystal surface, are
neighbouring to the surface quenching centres. On the other hand, the energy
contained in the dopants settled in the centre of the nanocrystal can migrate to the
surface-localised dopants or directly to the surface quenching sites resulting in low
upconversion efficiency [340]. To eliminate the effects of surface quenching
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or prevent the energy migration to the surface, passivation of the surface with an
inert shell can be applied. Surface passivation may significantly reduce the influence
of solvent or ligands on quenching and inhibit the energy migration to traps [345].
Besides, the surface of upconversion nanoparticles, obtained by the various
synthesis in organic solvents, is reached in hydrophobic surfactant ligands, limiting
the use of UCNPs in biomedical applications. Surface modification in the way of
ligand exchange, polymer coating or silica coating leads to improved upconversion
efficiency and biocompatibility and solubility in a biological environment [346],
[347].

1.8.1 Composition of upconverting NPs

A typical upconversion material consists of three components: a stable host,
which acts as a protector, an optically active sensitiser and activator ions as dopants,
and a luminescent centre. Due to the energy transfer processes among components
of upconversion material, the choice of host-dopants pair is of importance. The
widely studied upconverters involve upconversion material based on rare earth (RE)
trivalent ions such as Pr¥, Nd*, Er®*, Tm¥or Yb%, transition metal (TM) ions,
e.g. Ni%, Ti?*, Os**, Mo*, Re*, the systems of RE and TM which are the combination
of trivalent RE ions and TM ions in the same host lattice, and upconversion
nanoparticles [340].

Host material

The host matrix should have low phonon energies to eliminate a drop in
efficiency due to nonradiative relaxations. The host must be chemically and
thermally stable and possess high transparency to facilitate NIR photons free
migration in the lattice [339]. The type of host with specific optical properties may
impact upconversion emission properties of a compound, e.g. may change the colour
of the emission light [340]. Therefore, the host lattice match to the dopant ions
should be high since it determines coordination number, the distance between the
dopant ions, spatial position and types of surrounding anions [340]. Fluorides are
among the most used compounds for upconversion material due to the low phonon
energies (between 300 and 500 cm™) and high chemical stability. In comparison,
iodides, bromides and chlorides also exhibit low phonon energy (< 300 cm™), but
they are highly hygroscopic. On the other hand, oxides are chemically stable, but
their phonon energies are larger than 500 cm™ [348]. Similarly, phosphates
(e.g., LuPQ4, YPO4) or vanadates (e.g., YVO4, GdVOQ,4) are chemically stable but have
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larger phonon energies [339]. The ideal host candidates for upconversion phosphors
are inorganic materials based on trivalent lanthanide ions since all trivalent
lanthanide ions have similar ion size and chemical properties. Moreover, Na*, Ca%,
and Y3* cations have an ionic radius close to the trivalent lanthanide dopants,
preventing crystal defects formation and lattice stress. The hexagonal-phase sodium
yttrium fluoride (B-NaYFs) is the most efficient host among the fluorides. The
upconversion efficiency of hexagonal-phase fluoride doped with ytterbium and
erbium ions (B-NaYF4:Yb*/Er®*) is about ten times higher than that of cubic-phase
fluoride (a-NaYF4:Yb**/Er®*) and twenty times higher than that of oxide type matrices
(La205:Yb3*,Er®*) [349].

Sensitiser

A sensitiser in the UC material is responsible for sensitising the activator. The
efficient sensitiser should have a wide absorption cross-section at the required
excitation wavelength. Also, the resonant energy levels of the sensitiser should
match those of the activator to allow for efficient resonant energy transfer between
these two ions [339]. The most commonly used sensitiser for europium or thulium
activators is the ytterbium ion (Yb3*). Yb3* ion has a simple energy level scheme with
one excited state, which matches well with the f-f transitions of some rare earth
activators. The energy separation between the ground state of Yb% ion (?F52) and its
excited state (Fs;) closely match the transition energy between the 111, and s/,
and the *F72 and %111/, states of Er3* (Figure 1.18). A similar efficient energy transfer
exists between the Yb% ion and other activators like thulium (Tm3*) or holmium
(Ho*') ions [349]. The concentration of ytterbium ions doped into the host lattice
ranges between 18 and 20 %mol [340], [350].
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Figure 1.18 Diagrams of energy levels and upconversion energy transfer pathways in the rare
earth ions pairs: Yb3*-Er3*,Yb3*-Ho?*, and Yb3*-Tm3* [351]
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Activator

An activator is an ion that absorbs the energy emitted by a sensitiser and
which emits the output photon [352]. When the electrons from the ground state are
excited to the intermediate-excited state, the activator ions are likely to accept the
energy from the nearby excited sensitiser ions and promote further energy transfer
to higher energy levels. However, the energy levels of the activator should not be
too close to avoid non-radiative relaxations [353]. The energy transfer and
upconversion efficiency depend on a shape of a sample and the separating distance
between the dopants. The sensitiser ions should be co-doped alongside the
activator, which possesses well-matched intermediate-excited states [352], [354].
Furthermore, the upconversion emission increases with the activator concentration
rise, but only until the critical value above which the quenching of the excitation
energy and decrease in UC emission can occur. Thus, the concentration of the
activator is kept low while the concentration of doped sensitisers is much higher.
However, the low content of the activator may result in low absorption of the pump
light and thereby low upconversion emission efficiency [339], [340]. The trivalent
erbium, thulium and holmium ions are the most common activators (emitters) due
to their energy level structures which allow minimising non-radiative relaxations.
The activator concentration in upconversion material is relatively low, below 2 %mo
[340].

1.8.2 Upconversion mechanisms

A number of different upconversion mechanisms have been identified,
among which the basic ones are: excited state absorption (ESA), energy transfer
upconversion (ETU), photon avalanche (PA), cooperative energy transfer
upconversion (CET), and energy migration-mediated upconversion (EMU) [339],
[353].
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Figure 1.19 A schematic representation of basic energy transfer mechanisms of rare-earth-
based upconversion emissions: (a) excited state absorption, (b) energy transfer
upconversion, (c) photon avalanche, (d) cooperative energy transfer, (e) energy migration-
mediated upconversion. Full red and blue arrows depict excitation and radiative emission
process, respectively; green dashed arrow stands for energy transfer processes, different
colours of energy levels represents different kind of luminescent centres, different
background colours boundary depict a core-shell interface [353]

Excited state absorption

In the excited state absorption process, a sequential absorption of two or
more pump photons by a single ground-state ion occurs. Firstly, an ion is excited
from the ground state to the excited state. Subsequently, a second pump photon
promotes the ion to the higher-lying excited state resulting in upconversion emission
of high-energy photons (Figure 1.19 a). For an efficient ESA process, the excited ions
should possess a capable absorption cross-section to absorb the second pump
photon [351]. Also, multiple energy level ions are required. Some lanthanide ions like
Er®*, Ho*, Tm3*, and Nd*" have ladder-like energy level structures, and they are the
commonly applied activators among ESA upconversion phosphors [340]. Moreover,
the ESA process more likely occurs at low doping concentration (below 1 %).
At higher doping concentration, non-radiative cross-relaxation processes are likely
to occur, degrading the upconversion emission [339], [353].

Energy transfer upconversion

ETU process, similar to ESA, utilises sequential absorption of two photons to
populate the metastable level (Figure 1.19 b). The difference is that energy transfer
upconversion involves two neighbouring ions. Firstly, the sensitiser ion is excited
from the ground state to the metastable excited level [342]. The energy is then
transferred nonradiatively to the ground state of the sensitiser and the excited state
of the nearest activator ion, which is subsequently excited to its higher excited state.
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Then, the upconversion emission is generated from the activator ion when electrons
drop back to the ground state or lower excited state of the activator [353]. In the
ETU process, the upconversion efficiency is sensitive to the spatial distance between
the sensitiser-activator pair and to the concentration of dopants [351].
The lanthanide ions, which possess multiple excited states, are highly suitable for the
ETU process; thus, the most frequently used sensitiser/activator pair are those
composed of Yb*/Eu®*, Yb*/Tm3*, Yb**/Er®*, and Yb3*/Ho*. The ytterbium ion as the
sensitiser has a large absorption cross-section and only two energy levels in its
electronic structure; therefore, the wide range of Yb% concentration from 10 to
100 % do not evoke cross relaxations [348], [353].

Photon avalanche

A photon avalanche process leads to upconversion emission under excitation
pump power above a certain threshold value. The PA is a looping process, which
involves the ESA process for excitation light and cross-relaxation process that
generates feedback and leads to upconversion emission without the resonant
ground-state absorption [343]. The PA process (Figure 1.19 c) takes place in three
steps. Firstly, the photon avalanche is initiated when an electron in the ground state
ion is promoted to intermediate-excited state level through non-resonant ground-
state absorption, which is further followed by the ESA process to promote the
population of upper-excited level. Finally, the upper-excited level of an ion interacts
with the ground state of the neighbouring ion, and the ions undergo cross-relaxation
of energy transfer yielding in two ions with an intermediate-excited level. The
repeating process leads to an exponential increase in the population of higher-
excited state level [340], [355]. If the cross-relaxation energy transfer is efficient,
both ions will be promoted in the intermediate-excited state level, and two ions will
be then available for the ESA process from intermediate to higher-excited state. The
pump photon is resonant only with the transition from the intermediate excited
state to the higher excited state of upconversion-emitting ion, not with the transition
from the ground state of both ions. When the UC emitting ion is excited to its
intermediate state, and the pump photons are resonant with the transition from the
intermediate excited state to the higher excited state, it can be then excited to its
higher state via the ESA process [343], [348].
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Cooperative energy transfer

A cooperative energy transfer upconversion process is comparable to the
ETU process; however, the process involves two similar sensitiser ions and an
activator ion [348]. In the CET process (Figure 1.19 d), two sensitising ions in the
intermediate-excited state are further cooperatively excited to the virtual higher-
excited state level. Then, simultaneously transfer of the accumulated energy to the
neighbouring activator occurs, reaching the higher-excited state. The upconversion
emission takes place when the activator ion is relaxing from the higher-excited state
to the ground state. The major difference between ETU and CET processes is that the
activator in the CET mechanism does not have an intermediate energy level
compatible with the levels of sensitisers [346]. Besides the upconversion emission
from the activator, low-efficiency upconversion from cooperative sensitisers can also
be noticed [353].

Energy migration-mediated upconversion

The EMU process is based on the transfer of the energy within the core-shell
structure (Figure 1.19 e). Four types of luminescent centres with well-defined
concentrations and integrated into separate layers of nanoparticles are involved in
the process, namely sensitiser, accumulator, migrator and activator [346]. In a typical
energy migration-mediated upconversion, due to the low-energy photons excitation,
the higher excited state of the accumulator is populated. Next, the absorbed energy
migrates to an adjacent migrator in the same region, followed by a subsequent
energy transfer through the core-shell interface to the migrator ions. Finally, the
energy is trapped by an activator and emit upconversion due to the electrons' return
to the ground state. The upconversion emission from the accumulator also occurs in
the EMU process [353].

1.8.3  Synthesis techniques

The synthesis process of upconverting material is of importance to obtain
a high efficiency of upconversion. Several synthesis methods are available to achieve
good optical properties, monodispersity, or facility of surface modification [339].
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Thermal decomposition

This method is one of the commonly used strategies for upconverting
nanoparticles synthesis. The synthesis is based on the surfactant-assisted
decomposition of a precursor in the high-boiling solvents. Trifluoroacetic or oleic
acid rare earth salts and rare earth halides are the commonly applied precursors
[346]. Oleic acid, octadecene, oleylamine or trioctylphosphine oxide are often used
surfactants [342], [346], [356], among which octadecene, with a boiling point higher
than 300 °C, is often used to provide a high-temperature environment. Whereas
oleic acid and oleylamine are applied as a coordinative solvent for metallic elements
and surfactant due to their long alkyl chains inhibiting aggregation of nanocrystals
[356]. The precursors in the organic solvents undergo decomposition under elevated
temperature, and the generated ions combine into new nuclei [339]. The quality of
upconversion nanoparticles, the good crystallinity, the narrow size distribution,
shape and optical properties strongly depend on the synthesis parameters such as
reaction time and temperature, the solvents nature, and reagent concentrations
[339], [340]. The nanoparticles obtained by the thermal decomposition synthesis
have uniform size, high crystallinity and high upconversion efficiency. However,
there are some drawbacks like high temperature of the reaction, oxygen-free and
anhydrous conditions during the synthesis process [346], air-sensitive starting
materials [341], toxic fluorinated by-products, and hydrophobic ligands involving
post-surface hydrophilic modification when applied for biological systems [340].
In the thermal decomposition process, fast nucleation and growth occur, leading to
more structural defects resulting in a relatively lower upconversion quantum yield
[342].

Coprecipitation

A chemical coprecipitation synthesis is an easy and convenient method for
rare-earth-doped upconversion nanoparticles due to the relatively mild reaction
conditions, simple synthesis procedures, low costs of the equipment, absence of
toxic by-products, and short reaction time [344]. This approach is based on the
precipitation of the desired product out of the precursor solution [356] in the
presence of surface capping ligands, e.g. ethylenediaminetetraacetic acid (EDTA),
polyvinylpyrrolidone [357], or polyethyleneimine (PEl), which promote the
nucleation of the nanocrystals [341]. The concentration of the capping ligands
influences the size of the nanoparticle [348]. The reaction temperature does not
have to be high; however, synthesis in low temperatures requires a longer

89

https://rcin.org.pl



Chapter 1

processing time. For instance, the synthesis reaction time of RE-doped NaYF; UCNPs
with the a-phase structure takes 24 hours, whereas the B-phase nanocrystals need
ten days of the synthesis [356]. In the coprecipitation synthesis of rare earth NaYF,
phosphors, the annealing step is strongly required to increase the material's
crystallinity and improve the upconversion luminescence [343]. The post-heat
treatment of UCNPs capped with EDTA lead to a decrease in hydrophilicity of the
material due to the carbonisation of EDTA. However, further surface silanisation may
result in an improvement of the hydrophilic nature of the nanomaterial but also lead
to the size increase [344], [348].

Hydrothermal synthesis

In contrast to the thermal decomposition method, an aqueous solution can
be applied in a solution-based hydrothermal synthesis. The synthesis can be
conducted under lower reaction temperature (160—220 °C) and in the mild reaction
conditions [356], [358]. Nevertheless, it is possible to add organic solvents to control
the crystal growth [357]. In the hydrothermal synthesis, a mixture of reaction
precursors, surfactants and solvents is heating and processing in the sealed
autoclave under high temperature and pressure [347]. The common reaction
precursors are rare earth chlorides, nitrates and acetates, as well as hydrofluoric
acid, ammonium fluoride, sodium fluoride, ammonium hydrogen difluoride, or
sodium tetrafluoroborate [356]. The process is based on the reaction between
positive and negative ions, which lead to the precipitate of a nanoscale product from
the solvent [347]. The crystalline phase, morphology and size of the upconverting
nanoparticles is controlled by the addition of surfactants like cetyl-
trimethylammonium bromide, PEI, EDTA, oleic acid, or citric acid, which have the
ability to chelate the cations. Besides the surfactant, the nanocrystals parameters
can also be adjusted with the pH of the reaction, the molar ratio of rare earth
precursor to fluoride precursor, the fluoride source or hydroxyl ions addition [356].
A general strategy of synthesis the monodispersed NPs via hydrothermal synthesis
is the “liquid-solid-solution” approach. The reaction system consists of three phases:
a solid phase, e.g. sodium linoleate, a liquid phase, e.g. ethanol or linoleic acid, and
a solution phase, e.g. solution of water and ethanol holding metal ions. In the case
of sodium yttrium fluoride nanocrystals, the yttrium ions in the water-ethanol
solution phase undergo the ion exchange to the solid phase at the solid/solution
interface and coprecipitate with fluoride ions to form a product. The product stays
at the bottom of the vessel due to the weight and hydrophobic nature [342], [356].
This method has several advantages, including easy operational process, relatively
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low temperature of the process in comparison to thermal decomposition method
[347], possibility to produce nanomaterial with controllable size and shape and high
crystallinity [342], and producing fewer toxic by-products than thermal
decomposition [357]. However, this approach needs a specialised autoclave which
does not allow for particles’ growth observation [342].

Combustion method

In comparison with thermal decomposition or hydrothermal method,
combustion synthesis is a highly energy-efficient process of synthesising luminescent
material in a very short time. The reaction mixture consists of an aqueous solution
of an oxidiser, e.g. metal nitrate and a reducing agent, e.g. organic fuel [346]. The
combustion synthesis is a highly exothermic process with temperatures ranging from
500 to 3000 °C [343]. It includes a series of controlled explosions initiated by a heat
source in the form of a self-sustaining combustion wave which propagates through
the reaction components [341]. The reaction mixture is balanced to release the
maximum energy during the process. The size of the obtained material can be
controlled by the fuel-to-oxidiser ratio [346]. The combustion method is generally
applied to oxide and oxysulfide UCNPs like Y,0s:Er¥*,Yb3* [359], La;0,S:Yb3*,Pr3*
[360], Gd,0s:Er®* [361], or GdsGas01,Tm3*,Yb3 [362]. Furthermore, this method is
relatively time-, energy- and cost-effective, scalable and efficient [339]. However,
the material aggregation, difficult size control, not sufficient purity and weak
luminescence properties of the product are the main drawbacks [343], [346].

Sol-gel method

The sol-gel process is a wet chemical bottom-up synthesis for upconversion
nanocrystals generation. The process is based on the hydrolysis and
polycondensation of metal precursors, mainly alkoxides, halides or nitrates. Post-
treatment calcination or annealing is often performed in order to improve the
crystallinity of the material, thereby the luminescence efficiency [339], [347], and
remove the solvent from the gel [339]. The main advantages of sol-gel synthesis are
low reaction temperature, easy control of dopant amounts, low cost [346], and
scalability of the process. On the other hand, the reaction process is relatively long,
the particles are of irregular shape, not uniform size, not soluble in water [339],
[347], and aggregation of the material can occur during the high-temperature
calcination process [346]. The sol-gel method is often used for synthesis of metal
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oxides as a matrix material e.g. Er3* doped TiO,, BaTiOs [363], ZrO, [364], YVO4 [365],
as well as YVO4:Yb*,Er3* [366] or LusGasO1,:Er’* [367].

Microemulsion method

The microemulsion systems are thermodynamically stable colloidal
dispersions composed of organic solvent, surfactant, co-surfactant and precursors
[368]. The microemulsion method can be applied to obtain upconversion
nanoparticles with controlled morphology and small size of the nanoparticles [369].
The amphiphilic surfactant form a monolayer on the oil and water interface, and the
reaction undergo inside the droplets. The microemulsion synthesis is a facile and
cost-effective operation, yielding monodisperse and shape-controlled nanoparticles
[347], [370]. However, a small yield of the product and tough product separation
renders this method challenging to apply on a larger scale [347].

1.9 Lanthanide complexes

The lanthanides are a series of elements with an electronic configuration of
[Xelaf", where n is in the range of 1 for cerium ion (Ce?') to 14 for lutetium ion (Lu®*)
[371]. The lanthanides are metals that emit fluorescence in an aqueous solution and
display decay times of 0.5 to 3 ms. In the stable trivalent oxidation state, the
lanthanides have an incompletely filled 4f shell. The filled 5s* and 5p? orbitals shield
the 4f orbital from the interactions with surroundings. The emission is displayed due
to the inner transitions in 4f orbitals of an atom, which are forbidden transitions
because they do not correspond to a parity change [372], [373]. Thus, lanthanides
alone are weak absorbers, with extinction coefficients approx. 0.1 M cm™ and their
emission rates are slow. Due to the weak absorption, the lanthanides can be
indirectly excited through chelated organic ligands [373]. Some organic ligands can
act as photosensitisers for lanthanide ions in the lanthanide complexes, enhancing
their luminescence intensity due to the energy transfer and protecting it from the
non-radiative transitions [372].

The lanthanide complexes’ design, photoluminescence properties and
applications are widely investigated in recent years. A number of lanthanide’ ligand
classes have been researched so far, including macrocyclic ligands, B-diketones,
calixarenes, podands, carboxylic acid derivatives, proteins, terphenyl ligands etc.
Although lanthanide ions exhibit small absorption coefficients, the complexation
with organic ligands significantly improves the quantum yield. The lanthanide
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complexes emit luminescence in a wide range of radiation depending on the
lanthanide ion, e.g. near-infrared light (Yb%, Nd*, Er®*), blue (Tm3*), yellow (Dy*),
and orange (Sm¥) in the visible region of the light spectrum, or the near-ultraviolet
(Ce®, Gd*). However, most lanthanide complexes yield red or green light emission
due to widely applied Eu®*and Tb3*ions, respectively [374]. The luminescence of the
lanthanide compounds is characterised by a line-like emission, which leads to a high
colour purity of emitted light [375]. Although the lanthanide complexes perform
highly efficient light emission under ultraviolet light irradiation, these materials
possess some drawbacks like low thermal and photochemical stability and weak
mechanical properties. Also, some lanthanide complexes are in the form of hydrates
with two or three molecules in the first coordination sphere of the central ion, which
lead to the emission quench by the activation of nonradiative decay paths.
Moreover, lanthanide complex may undergo degradation under long UV light
illumination, decreasing the emission intensity [371].

The wide interest in lanthanide complexes application is directed toward
lanthanide-based organic-inorganic hybrid materials. In these materials, either the
molecular lanthanide complex is embedded in an inorganic host structure, or
inorganic lanthanide-doped material is incorporated in an organic polymer matrix.
The luminescent lanthanide complexes in hybrid materials indicate better
mechanical and optical properties and thermal stability in comparison to molecular
lanthanide complexes [375]. The lanthanide dopant ions such as Eu®*, Er®*, Nd**, Ce®*,
Eu®, Tr* are of immense interest due to their optical properties [376]. The
lanthanide complexes provide a broad range of photonic applications like light
conversion molecular devices (LCMDs), elements of the emitter layer in OLED,
tunable lasers or amplifiers for optical communications. LCMDs have found the
application as luminescent labels in advanced time-resolved fluoroimmunoassay
[371], fluorescent lighting, luminescent sensors for chemical species (e.g. OH", O,, HY,
halide ions), or solar cells antireflection coatings [374].

1.9.1 Luminescence of lanthanide complexes

The light emission of the lanthanides is often termed luminescence than
fluorescence or phosphorescence. According to the IUPAC definition of those
processes, the term fluorescence concerns the emission of the light by organic
molecules without changing the spin (transition from excited singlet state to ground
singlet state, S1—So), and phosphorescence is related to the emission of the light with
a spin changing (transition from excited triplet state to ground singlet state, T1—So)
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[375], [377]. The lanthanides narrow-line emission of light, in turn, is resulted from
the transitions inside the 4f shell, thus the intraconfigurational f-f transitions [375].
As mentioned previously, the lanthanides exhibit weak light absorption due to the
shielding 4f orbitals by the filled 5p®6s? subshells. The emission intensity among the
lanthanide ions varies and depends on populating the excited state and the
minimised non-radiative deactivation path [378]. For efficient absorption of the
lanthanide ion, the sensitisation via the surroundings (e.g. organic “antenna”
chromophore) of the ion must be applied. The mechanism of energy transfer from
the sensitising ligand to the metal ion was proposed by Crosby et al. [379] (Figure
1.20). The indirect sensitisation, also called antenna effect, is proceeded in a way
that first the light is absorbed by the organic ligand, which is attached to the
lanthanide ion. Subsequently, due to, e.g. interactions with the solvent, fast internal
conversion from a vibrational level of the first excited state Si to the lowest
vibrational excited state occurs. The efficient excitation of the ligand in its excited
singlet state may be followed by either radiative deactivation to the ground state So
(fluorescence process) or by non-radiative intersystem crossing to its triplet state T;.
Then the energy can be either deactivated radiatively to the singlet ground state
emitting phosphorescence or subsequently transferred onto one or more excited
states of the lanthanide ion from where the light is finally emitted in the
characteristic line-like luminescence [380], [381].
The overall quantum yield is then given by: QF, = 1iscNe: QER, where QF,
L stands for the indirect and direct excitation, respectively, ni is the intersystem
crossing process efficiency, and net stands for the efficacy of the mn*—Ln transfer. The
quantum yield of QL™ depends on the energy gap between the lowest-lying excited
state of the lanthanide ion and the highest sublevel of its ground state. Europium,
gadolinium and terbium ions have the best Q- due to the widest gaps [378]. The
smaller are the gaps, the easier occurs the process of non-radiative deactivation due
to the interactions between the lanthanide ions and suitable vibrational modes of
the surroundings, e.g., —OH groups of the solvent. The hydroxyl groups coordinated
to the metal ion provide effective non-radiative deactivation due to the vibrational
coupling with the vibrational states of the —OH oscillator. Therefore, the overall
luminescence intensity depends on the intensity of the ligands absorption, the
ligand-to-metal energy transfer, and the efficiency of metal luminescence emission
[382].
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Figure 1.20 A diagram of the lanthanide (lll) complexes photophysical processes — antenna
effect. Abbreviations: A — absorption, F —fluorescence, P — phosphorescence, L — lanthanide-
centred luminescence, S —singlet, T—triplet, ISC —intersystem crossing, ET — energy transfer.
Full lines — radiative transitions, dotted lines — nonradiative transitions [381]

The advantageous coordination groups among the polydentate ligands of
the lanthanide complexes are linear polydentate and multifunctional ligands, among
which the rare earth B-diketonates, polyaminocarboxylates, and cyclic Schiff base
derivatives are the largest classes. B-diketonates constitute the efficient
coordination compounds, existing as five-unit chelate rings. The B-diketonates
exhibit the bidentate nature, which frequently lead to the formation of hexa-
coordinated tris-complexes. To complete the coordination sphere of the lanthanide
ion, two water molecules are often coordinated, decreasing the luminescence
properties of the complex. However, water molecules can be effortlessly exchanged
with other organic chromophores [378]. The polyaminocarboxylates form strong
complexes with metal ions, have high binding constant to lanthanides and higher
than six coordination numbers [383], [384]. Cyclic Schiff base derivatives are formed
in the condensation process of amine and formyl precursors, and they easily react
with lanthanides to form complexes [385].

1.9.2  Properties of rare earth B-diketonates

The most widely explored rare earth coordination compounds are 1,3-
diketones (B-diketonates) [386]. Due to their properties, these complexes have been
broadly used in recent years as NMR shift reagents [387], extractants in solvent-
solvent extraction process [388], active compounds for liquid or chelate lasers [371],
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luminescent sensors in time-resolved immunoassays [389], electroluminescent
matter in OLEDs and fluorescent lamps [390]. The B-diketones structure is based on
two carbonyl groups separated by one a-carbon, mostly substituted with a hydrogen
atom, however, the substitution with alkyl or fluorinated alkyl group, and an
aromatic or heteroaromatic group is also possible. The elementary B-diketone is
acetylacetone, with each carbonyl group substituted by a methyl group. Other
B-diketones are formed by substituting a methyl group with other chemical species
depending on the desired properties of the complex. The chemical entities such as
branched alkyl chains enhance the volatility and solubility of the complex in organic
solvents. Also, the aromatic groups increase the light absorption, and the
perfluorinated alkyl substituents increase the Lewis acidity. Moreover, some
substituents influence the position of singlet and triplet energy levels, crucial in the
luminescence output [381]. The B-diketones based ligands also enhance the
thermodynamic stability, volatility and luminescence properties [391].

Three main configurations of rare earth B-diketonate complexes are
distinguished: tris complex, Lewis base adducts of a tris complex, and tetrakis
complex. The tris complexes are neutral entities with three B-diketonate ligands
coordinated to one metal ion. Due to the unsaturated coordination sphere in the six-
coordinate complexes, the rare-earth ion is able to extend the coordination sphere
by bridging B-diketonate ligands or by the formation of adducts with Lewis base like
water, 2,2’-bipyridine, 1,10-phenanthroline [392], or tri-n-octylophosphine oxide.
Tetrakis complexes are formed by the four B-diketonate ligands coordinated to the
single metal ion. The electrically neutral form of these complexes can be achieved
with a counter cation such as alkali metal ions like Li*, Na*, K*, Rb*, Cs*, protonated
organic bases like pyridinium, or quaternary ammonium ion like Et4N [381], [393].
Among the myriad rare earth B-diketonate complexes, the most popular are those
based on europium ion conjugated with 2-thenoyltrifluoroacetone and 1,10-
phenanthroline ([Eu(TTA)s(Phen)] [394]. The most frequently used, however, are tris
complexes of rare-earth ion conjugated with either 6,6,7,7,8,8,8-heptafluoro-2,2-
dimethyl-3,5-octanedione (FOD) or 2,2,6,6-tetramethyl-3,5-heptanedione (THD),
applied as NMR shift reagents or volatile precursors for chemical vapour deposition.

The rare earth B-diketonates are obtained in the form of crystalline powders
or viscous liquids. Most of these complexes are not hygroscopic; however, the tris
complexes are able to interact with up to three water molecules, forming seven,
eight or nine coordinate complexes. The rare-earth complexes dissolved in a solvent
undergo a fast ligand exchange due to the high kinetic lability. Among the
B-diketonate ligands, those forming complexes with europium exhibit an intense
visible luminescence. The B-diketonate complexes with trivalent erbium, ytterbium,
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holmium, thulium, praseodymium, and neodymium ions indicate weak visible and
near-infrared luminescence. Terbium ions complexes with most of the B-diketonates
exhibit weak or no luminescence. Due to the high energy of 4f levels, gadolinium ion
complexes indicate no metal-centred photoluminescence. Also, lanthanum and
lutetium exhibit no metal-centred photoluminescence due to an empty 4f shell and
a filled 4f-shell, respectively [381]. The luminescence intensity of the rare earth
B-diketonates highly depends on ligand dissimilarity, ligand diversity, and
centrosymmetry [395]. The amount of radiation absorbed by the ligands, the
quantum vyield of the complex luminescence, and the temperature are also the
factors influencing the photoluminescence intensity. Whereas the quantum yield of
the rare earth complex is a result of several processes such as energy transfer from
the ligand to the metal ion, multiphonon relaxation, back-transfer, and cross-over to
charge-transfer states [374]. In the case of europium (lIl) B-diketonates, the highest
luminescence intensity is observed for the tetrakis complexes and a combination of
aliphatic and aromatic substituents on the B-diketonates. The high luminescence
intensity is due to the more efficient energy transfer from the ligand to the metal ion
and the higher anisotropy around the europium ion. The slightly lower intensity
indicate Lewis base adducts, with a well-known [Eu(TTA)s;(Phen)] complex exhibiting
good luminescence intensity. The weakest luminescence was found for tris
complexes. Aliphatic B-diketones coordinated to the europium ion exhibit weak
luminescence due to the large energy gap between ligand triplet state and europium
ion resonance levels, leading to the less efficient energy transfer [381].

The luminescence quantum yield, and thereby the luminescence quenching,
depend on both ligand and metal ion. However, the luminescence decay time is
related only to the extent of quenching at emitting metal ion. The luminescence
decay times vary among the europium (l1) B-diketonate complexes and the solvents.
Ligands substituted with fluorine yield a quenching decrease and increase in the
decay time at room temperature. The europium (lll) B-diketonates properties are
temperature-dependent; however, the tris ligand complexes exhibit larger
temperature dependence and shorter luminescence lifetimes than tetrakis chelate
[396].

1.10 Photoluminescence imaging of fingermarks

A photoluminescence imaging in the fingermark detection process has been
developed in the seventies of the XX century. Photoluminescence is a process in
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which an object absorbs the energy of light at an appropriate wavelength and
subsequently reemit the light with a longer wavelength, and therefore lower energy,
than was absorbed. Fluorescence and phosphorescence are the photoluminescence
processes that differ in the length of time of emitted radiation. In
photoluminescence imaging, the visualisation process is based on
absorption/emission of light by the fingermark [397]. Fingermarks themselves show
fluorescence due to the intrinsic properties of the fingermark residue components,
which exhibit native fluorescence. For instance, riboflavin and pyridoxine, presentin
the fingermark sweat, fluoresce under UV light irradiation at 565 nm and 400 nm,
respectively. Imaging the fingermark, which exhibits native fluorescence, is non-
destructive and non-invasive. This enables other subsequent procedures of
fingermark development in case of failure. Nevertheless, since the quantities of
luminescent components in fingermark deposits are rather small, high-intensity
excitation sources are needed [398]. The fingermarks may also be intentionally
sensitised with a luminescent agent or contaminated with foreign substances like
blood or semen, which, excited with an appropriate wavelength of light, emit
luminescence. The luminescent fingermark is then visually observed through a filter
that blocks the reflected excitation light and can be finally photographed through
the same filter. However, numerous objects or substrates acting as a background for
fingermark indicate strong fluorescence that can significantly reduce the sensitivity
of the imaging object. The background interference can be suppressed either by
sensitising the fingermark deposit with a luminescent agent of a different colour than
the background in order to filter the background emission optically or by increasing
the fingermark luminescence intensity by time-gated imaging [397].

Fluorescence imaging

Fluorescence occurs when an electron in an excited state returns to the
ground state emitting the light with lower energy than the absorbed one. Electron in
the excited orbital has an opposite spin orientation than the electron in the ground
state orbital. Due to allowed transitions, electron return to the ground state rapidly,
emitting a photon [373]. The typical fluorescence emission lifetimes vary from
107 to 10 571 [399]. A specific wavelength of excitation has to be chosen to visualise
the latent fingermark in the fluorescence mode according to the nature of the
luminescent developing agent. When a fluorophore is excited with the light of an
appropriate wavelength, the electrons from a ground state are promoted to the
excited state. Then the electrons drop to the lowest excited state due to the
radiationless transitions and subsequently return to the ground state with the
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emission of radiation with the lower energy than initially absorbed [60]. The
fluorescence mode of imaging involves recording the fluorescence emission from
developed fingermark. In fluorescence imaging, typically, a monochromatic
excitation light source is applied, usually ultraviolet light (350 nm), as well as blue
[400], green or yellow light of visible spectrum. The excitation of the imaged object
results in the luminescence emission in the yellow, orange, red or NIR regions of the
light spectrum. When the excitation radiation illuminates the examined sample
bearing the fingermark, most light is scattered or reflected; only some light is
absorbed. Thus, to obtain the clear fingermark image with high sensitivity, the
scattered and reflected UV illumination has to be separated from the fluorescence
light by applying filters between the sample and the examiner’s eye or image capture
device [60] [Figure 1.21]. Generally, yellow filters are used for UV to 445 nm
wavelength incident light. The orange filters are applied for light sources illuminated
in the range of 445 to 515 nm. The red filters are involved for 515 to 550 nm light
excitation. Examining fingermarks in the fluorescence mode requires using the UV
excitation protective googles by the examiner for health and safety considerations
[20]. Moreover, the fluorescent mode imaging has to be conducted in the dark room,
without any ambient light. Also, the exposure time needs to be minimised due to the
possible quenching of fluorescent activity of the luminescent developing agent [400].
However, unlike in conventional photography, the low emission light levels often
require exposure times longer than one second. To avoid overexposure of the
fluorescent fingermark image, the photoluminescent object must cover 70 % of the
viewing field. In photoluminescent imaging, the excited object with a fingermark
emits luminescence against the background. In ideal conditions, the background
would have been black; however, the objects often emit some luminescence, which
is interfering with the fingermark light emission. To optimise the conditions of
imaging, frequency filters can also be used. These filters increase the image quality,
maximising the contrast due to the adjusted wavelength of excitation and barrier
filter for background fluorescence [401].
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Figure 1.21 A diagram of fluorescent mode imaging of fingermark sensitised with the
fluorescent species [60]

Upconversion luminescence imaging

In contrast to conventional fluorescence, upconversion luminescence is
based on the conversion of two or more low-energy photons to higher-energy
emission (as described in Chapter 1.8) [402]. The general principle of upconversion
luminescence imaging is similar to fluorescence imaging (Figure 1.21). The
differences are related to the excitation light source and applied filters. The
upconversion luminescence is less efficient than conventional luminescence with the
Stokes shift; therefore, a higher intensity light source is needed in the imaging
process. The UCNPs can be excited by low-power lasers (1-1000 W/cm?) [403]
operating in the near-infrared light spectrum, mainly 980 nm [404]-[407]. Also, the
infrared barrier filter has to be used to eliminate the detection of the reflected IR
wavelengths. Applying upconverters for fingermark imaging is advantageous
because this allows eliminating background interference from a variety of surfaces
[217], [408]. Many consumer products exhibit luminescence when illuminated with
UV or visible light. This is due to the dyes, inks, or binders present in the surface
structure, which emit broadband luminescence. Much fewer surfaces fluoresce
when exposed to near-infrared radiation than to UV light. Also, some dyes or inks
used to secure the documents, e.g. banknotes, absorb the infrared light [404], [409].
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Phosphorescence imaging

Phosphorescence occurs when the light, absorbed by the luminophore, is
emitted from its triplet excited state to the singlet ground state. In this process, the
electron in an excited orbital has the same spin orientation as the electron in the
ground state. The transition from the excited triplet state to the ground singlet state
is forbidden; therefore, the emission lifetimes, ranging from 10° to 10° s, are much
longer than in the case of fluorescence and last from milliseconds to seconds [373].
As mentioned above, the background fluorescence may be the relevant hindrance in
fingermark visualisation competing with the fingermark fluorescence. Moreover,
many objects, e.g. wood, emit intense and spectrally broad fluorescence, which is
infeasible to filter from the fingermark fluorescence optically. However, the
fluorescence lifetimes of many encountered backgrounds are typical of nanosecond
orders. Thus, to address the background interference problem, time-gated imaging
can be proposed. In time-gated imaging, the fingermark is sensitised with
a developer, which vyields a luminescence lifetime longer than the background
fluorescence [103]. A great number of compounds yielding microseconds to seconds
lifetimes can be applied as development agents for time-gated imaging. Menzel was
the first who started to investigate lanthanides as the luminescent agents for
fingermark detection with time-gated imaging. He explored europium and terbium
complexes with a Ruhemann’s Purple formed on the fingermark ridges within
ninhydrin treatment. These complexes have a relatively long luminescence lifetime
in the order of milliseconds [397], [410], [411]. A wide group of long luminescence
lifetime compounds constitutes the lanthanide B-diketonates, described in Chapter
1.9, which may also be employed to fingermark detection [412], [413].
Nanophosphors with long afterglow, involving Zn,TiO4:Sm3* [414], CaGdAlO4:Eu®*
[415], Caq(PO4),0:Eu?* [416], SrAl,04:Eu,Dy [417], or SrGa;1,019:Mn?* [418] have been
also investigated as a potential development agents for time-gated imaging.

Menzel developed the first system of time-gated imaging for fingermark
detection in 1979. In this early device, the rotating cylinder with two slots was
applied to chop the excitation light. The fingermark sample was mounted inside the
cylinder. During the rotation, when one of the cylinder slots was positioned in front
of the light source, both the fingermark and the background were excited.
Subsequently, when the exciting light was screened (turned off), the
photoluminescence started to decay. At this time, the second slot was positioned in
front of the detector/photographic camera and collecting the signal using the
differences in emission lifetimes of fingermark and the background. The speed of the
cylinder, the position of the detector and the width of the slots determined the delay
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of the detection and length of exposition time. However, due to technical limitations,
this idea of fingermark imaging was postponed for several years [20]. The time-gated
imaging started to be more efficient and practical since the charge-coupled device
(CCD) camera was designed as well as a microchannel plate image intensifier (MCP),
which increase the intensity of low luminescence light and can be switch on and off
in times on the order of 10® seconds. In this imaging system, the electronic light
chopper is conjugated with a gateable CCD camera, which is further controlled by
the computer (Figure 1.22 A). The argon-ion laser, which is modulated by the light
chopper, illuminate the fingermark. The CCD camera recording time is synchronised
with the excitation laser pulses and is switched on after the background fluorescence
decayed. The fingermark luminescence lifetimes, feasible to record, are of
107 seconds [397]. The photoluminescence of the phosphorescent fingermark
developer decays exponentially when the excitation radiation is turned off. Due to
the fact that the decay of background fluorescence is on the order of nanoseconds,
when the imaging device is turned on with a delay to light source cut-off, the
background fluorescence would decay, and the fingermark luminescence can be
recorded. The imaging can be processed repeatedly (Figure 1.22 B) [103].

A lens B Laser
on on P i
background ',-'"g" rprml
liquid | fluorescence P o]
light /
5 uide
light chopper g
off off
computer
gateable image intensifier
er 9 B off
camera < gate width3
image monitor filter sample - e
, gate
printer delay

Figure 1.22 A diagram of a time-gated imaging system (A) and a scheme of gating image with
an image intensifier (B) [397]

Digital imaging

The form of digital imaging in a forensic examination is closely related to the
application in terms of the location of the fingermark investigation, the type and
quality of objects bearing fingermarks, the form of fingermark development etc. For
field-based imaging, at crime scenes, where fingermarks are developed by
powdering techniques, recording the hand-held single-lens reflex (SLR) camera is
frequently used due to its portability and flexibility [21], [419]. However, this imaging
device can also be used in the laboratory. On the other hand, for more sensitive
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processes and demanding requirements such as small field of view or low light
intensity, a CCD camera can be applied. This type of imaging device offers extended
exposures and multiple-averaged images, which increase the signal-to-noise ratio.
Nonetheless, the image processing has to be done in the laboratory [419].

The CCD camera is a sensitive photon detector widely applied in physics,
astronomy or engineering to low-light and light-sensitive applications, which require
high resolution. This is a solid-state, silicon-based electrical device that converts the
light input into the electronic signal. The sensor consists of an array of light-sensitive
pixels which are controlled by electrodes. Photons of high enough energy, which
strike the surface of the sensor, are captured due to the positive potential applied to
each pixel. To minimise the number of errors in the photon detection caused by
thermal processes, the CCD sensors are equipped in a cooling system [420]. The CCD
camera can be of monochrome or colour type. In the colour CCD-based camera, the
colour is obtained as a result of data acquisition in the three colour channels (red,
green, blue, RGB), which can be done in two ways. In the first way, the CCD sensor
possesses three arrays, one for each channel, and the incident light is spilt with
a prism. The second way concerns a Bayer filter containing the RGB elements, which
coincide with the individual photosites of a CCD chip. This enables recording the
discrete RGB responses over the field of view and further interpolating raw data from
the captured image to the coloured image. For fingermark imaging, the monochrome
CCD camera is more suitable, especially in the case of luminescent fingermarks
visualisation, where the optical filters are often used to facilitate imaging. When the
optical filter, e.g., 530 nm band-pass filter, is used on the colour CCD camera, the
limited response is acquired from blue- and red-filtered photosites, which is half of
the collected image data [419].

Forensic Light Sources

Forensic light sources are portable, versatile devices, which offer excitation
light in a range of wavelengths covering ultraviolet and the entire visible light
spectrum, ideally with a narrow bandwidth from 30 to 50 nm [401]. Lasers are one
of the devices applied to detect and enhance fingermarks, biological stains, fibres,
footwear impressions, or paints. They produce light of high intensity and precise
operating wavelength, providing a good sensitivity. Moreover, lasers can be used to
enhance the fingermarks indicating weak fluorescence. However, laser properties
make it an inflexible device due to the limited number of accessible wavelengths
[20]. The process of laser action is based on the stimulated emission radiation (LASER
is an acronym of Light Amplification by Stimulated Emission of Radiation). When an
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atom in its excited state, which differs from a ground state by the energy E,
is impinged by the photon of energy E, the relaxation of an atom to the ground state
with the emission of the incident photon is triggered. At the same time, the atom
release a photon of energy E with the same phase, polarisation and direction that
the incident photon. Since the atoms are primarily in their ground state and
absorption is more probable than emission, the population inversion must occur in
the laser action. Thus, more atoms have to be in their excited state to activate the
stimulated emission by the incident photon of a suitable wavelength. These photons
trigger the subsequent stimulated emission leading to an avalanche of coherent
photons [103].

The alternate to the laser is the non-laser high-powered white-light source,
for instance, xenon arc lamp, equipped in a range of filters to select the desired
monochromatic wavelength of excitation light. The typical non-laser light source
consists of a lamp, a cold mirror to reject the infrared radiation and transmitting only
UV and visible light, and the bandpass filters for selecting the monochromatic band
[401]. Recently, the light-emitting diodes for fluorescence examination have also
been employed in the form of hand-held torches with the output power not differing
from the arc lamps, however, broader than filtered systems [60]. A light-emitting
diode is a semiconductor light source consisting of three different layers in an
electronic circuit. The layers are deposited on a substrate in order: a top layer which
is the p-type region with electron holes as charge carrier, a middle layer which is an
active region with both electrons and electron holes; and the bottom layer, which is
an n-type region with electrons. The electrons in the semiconductor recombine with
electron holes yielding the photons release in an electroluminescence process. The
width of the semiconductor bandgap determines the colour of the emitted light
[421].
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1.11 Aim of the research

This research aimed to develop an efficient and user-friendly optical method

of latent and natural fingermark visualisation on porous and non-porous, reflective,

glossy, patterned, colourful or luminescent surfaces. Focusing on the development

of the optical visualisation method, the goals to be achieved by this work were
specified as follows:

to determine which interactions between fingermark secretion components
and various organic moieties deposited on the silica surface acting as
a luminophore carrier would be the most effective

to design a new forensic reagent that will indicate a selective affinity to the
fingermark components and which at the same time will exhibit the optical
properties involving long-lived luminescence or upconversion, to eliminate the
background interference or staining while imaging
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Chapter 2

Chapter 2 Interactions between silica particles and fingermark
residue

2.1 Equipment and instrumentation

Scanning Electron Microscopy

Scanning electron microscopy (SEM) images of obtained materials and
developed fingermarks were taken on FEI Nova Nano-SEM 450 scanning electron
microscope. The examined materials were deposited on an indium tin oxide (ITO)
coated glass slide mounted on an aluminium stub using carbon adhesive tape. Each
sample was connected from the top surface of the sample to the aluminium stub
with a conductive copper tape.

2.2 Introduction

The numerous methods of fingermark detection based on
photoluminescence have been developed for the last decades. Due to the fact that
efficient fingermark development is influenced by a number of factors such as the
composition of fingermark secretion, the rate of ageing, environmental factors like
temperature, humidity, and also the structure of the substrate (porous, non-porous),
these methods are continually being developed, optimised, evaluated as well as new
solutions and developing agents are being searched for [1]. As described in Chapter
1.3 and 1.4, several conventional methods for the development of fingermarks
deposited on luminescent, patterned, multi-coloured or reflective surfaces have
been proposed so far, such as luminescent powders [2]-[4], cyanoacrylate fuming
followed by luminescent dye staining [5] or amino acid-sensitive reagents [6].
However, the new enhancing reagents and methods based on optical techniques are
still needed to efficiently eliminate strong background interference providing at the
same time high sensitivity and selectivity of the developing agent toward fingermark
deposits.

The goal of this dissertation was to design the material for fingermark
enhancement, which on the one hand would exhibit selective affinity to the
fingermark but not to the background and, on the other hand, would have optical
properties such as long-lived luminescence or upconversion, which lead to
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eliminating some drawbacks like background staining or surface interference. An
additional feature of the material should be the ability to be applied in the form of
suspension rather than a brushing powder to avoid damaging the fingermark pattern
and minimise the potential risk of inhalation of the airborne particles. A potential
solution that combines all these desirable features of the developing agent is the use
of silica particles. This material has a number of properties that can lead to effective
fingermark development. Silica is a porous matrix with an outer layer consisted of
silanol groups which make it accessible for reaction with other functionalised
precursors or covalent attachment with organic species [7], [8]. Silica particles can
be synthesised through several procedures, among which the Stober synthesis and
reverse microemulsion are the most common [9]. Also, silica can be synthesised in
the form of small particles with large surface area and high surface absorbability [10],
large loading capacity for doping chemicals - important in terms of luminophore
immobilisation [11], and with low toxicity [12], [13]. Additionally, the silica surface
modification with various functional moieties for use in fingermark development
allows interacting with the fingermark residual in a variety of ways. Several
dactyloscopy applications of silica particles loaded with dyes [11], [14]-[16], and
modified with organic moieties such as carboxyl groups [17], methyl groups [18], or
phenyl groups [19], [20] have already been researched; however, none of them was
dedicated to incorporate the luminophore for time-gated imaging. In this chapter,
the three possible interactions between modified silica particles and fingermark
residue components will be discussed.

Thiol-gold was the first investigated interaction. A formation of a gold-
sulphur bond is the driving force of interaction between thiols and gold [21]. The
formation of thiol-gold bonds depends on a variety of parameters like surface
properties of gold, pH of a solution, type of a solvent, or the reaction time [22]. The
environmental pH may influence the thiol-gold bond formation; the low pH inhibits
the dissociation of the S-H bond, and the basic conditions favour the dissociation.
When the sulfhydryl group is deprotonated at higher pH, it creates a thiyl radical,
and a covalent bond is forming [22], on the contrary, at lower pH, the protonated
sulfhydryl group can interact with gold forming a coordination-type bond through
the sulphur lone pair electrons [22], [23]. The concept of investigating the thiol-gold
interactions was to deposit gold nanoparticles preferentially on the fingermark
ridges and then to deposit thiol-modified silica particles on the gold nanoparticles
surface (Figure 2.1).
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Figure 2.1 The scheme of fingermark development with SMD technique followed by thiol-
functionalised silica particles deposition

To enhance the fingermark ridges with the gold nanoparticles, the Single
Metal Deposition method was applied [5]. This is a two-phase development process.
The first step involves treating the fingermark sample with negatively charged
colloidal gold, stabilised with citrate ions at pH 2.65. In the low pH, gold nanoparticles
bind preferentially via electrostatic attraction to the protonated amino acids,
peptides and proteins present in fingermark constituents and serve as the nucleation
sites. In the second step, the reduction of gold ions from a gold salt solution takes
place, and further growth of gold on the nucleation sites is observed [24]-[26]. The
fingermark enhancement using the SMD method strongly depends on the pH
environment of the colloidal gold. In the range of pH 2.5-6.5, the colloidal gold
nanoparticles, capped with sodium citrate, are negatively charged. At the neutral pH,
all three carboxylic acid terminal groups are deprotonated. As the pH of the solution
is becoming more acidic, the successive protonation of the carboxyl groups takes
place, and gold nanoparticles are becoming less negatively charged. On the other
hand, amino acids, fatty acids and proteins present in the fingermark residual carry
a positive charge in acidic conditions, which decreases as the pH is increased. The
optimal pH, at which the fingermark components are positively charged, and the
negative charge of gold nanoparticles is still sufficient to facilitate electrostatic
interactions is in the range of 2.5 - 2.8 [27], [28].

The second analysed interactions were lipophilic interactions between
surface-functionalised silica particles and a sebaceous fraction of fingermark
residual. According to the IUPAC definition, “lipophilicity” is related to the affinity of
a molecule or a moiety for a lipophilic environment, and “lipophilic” is applied to
molecular entities which tend to dissolve in fat-like solvents [29]. Lipophilic
interactions are present in biological systems and are of importance in medicinal
chemistry. This kind of attraction is often studied for structure-based drug design,
drug transport and its interactions with target proteins [30], [31]. The approach to
investigating the influence of this type of interaction on fingermark enhancement
was based on the modification of the silica particles with either long hydrocarbon
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chains or phenyl groups and deposited these materials onto the fingermark ridges in
the form of a suspension in either organic solvent or water with the addition of
ethanol (Figure 2.2). Such functionalised silica particles can interact well with the
fingermark fatty fraction since it consists of, among others, free fatty acids, wax
esters, mono- di- triglycerides, squalene, and cholesterol [32].

I
fingermark residual

Si0,-C18 Si0,-Ph \ ‘

N2

ooy OO, oo,
& 8 o* By e Y
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Figure 2.2 The scheme of fingermark development with silica particles surface-modified with
either long hydrocarbon chains or phenyl groups

The last investigated form of interaction was amide bond formation
(N-C(Q)). The strategy of peptide bond formation is based on condensations
between carboxylic acids and amines. In some cases, activation of the carboxylic
group can be applied using acyl chlorides, reactive anhydrides or esters, or coupling
reagents [33], [34]. The popular coupling agent promoting the formation of an amide
bond is EDC (N-ethyl-N'-(3-dimethylaminopropyl) carbodiimide hydrochloride
combined with NHS (N-hydroxysuccinimide) [35]. The concept of this approach was
to investigate whether silica particles functionalised with carboxyl groups would
interact selectively with fingermark residue consisting of an array of proteins,
polypeptides and amino acids [32] (Figure 2.3).
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Figure 2.3 The scheme of fingermark development with silica particles functionalised with
carboxyl groups
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The development process was based on the carboxyl-modified silica particles
water suspension, with changing parameters such as pH, immersion time, the
addition of EDC/NHS, and the addition of NaCl to modify the ionic strength.

2.3 Fingermark collection

Latent fingermarks have been collected from a single donor (male) to
maintain the consistency of the results. To investigate the interactions between the
modified silica particles and fingermark secretion, groomed fingermarks were
selected. However, for the further systematic studies of the fingermark
enhancement with methods and developers described in the following chapters, the
naturals fingermarks have been used according to the International Fingerprint
Research Group guidelines for Phase 1 [36]. Fingermarks have been deposited on
indium tin oxide (ITO) coated glass substrates. Due to the conductivity of ITO [37],
fingermarks deposited on this substrate may be observed under the scanning
electron microscope. The donor has been requested not to wash his hands for at
least half an hour. Then, prior to the fingermark deposition on ITO substrate, the
donor was asked to gently rub his forehead and touch the substrate with the thumb,
index, middle, and ring finger for 2-3 seconds with moderate pressure, comparable
to the force he usually uses for holding items. The samples with deposited
fingermarks were aged in the Petri dishes for at least 24 hours at room temperature
(ca. 21 °C) before further processing.

2.4 Thiol-gold interactions

2.4.1 Experimental

2.4.1.1 Chemicals

The following reagents were used to synthesise thiol-functionalised silica
particles. 3-mercaptopropyltrimethoxysilane (95 %, MPTMS), tetrachloroauric (lll)
acid trihydrate (= 99.9 %, AuHCl,-3H,0), hydroxylamine hydrochloride (99.999 %),
tannic acid, and Tween 20 were purchased from Sigma Aldrich. Ammonium
hydroxide (25%, NH4OH) was obtained from Chempur, citric acid monohydrate
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(2 99.0 %) was purchased from Stanlab, and sodium citrate tribasic dihydrate
(=2 99 %) from Merc Millipore. All reagents were used as received. RO/DI water was
used for all the experiments.

2.4.1.2 Single Metal Deposition process
Colloidal gold solution preparation

To formulate a colloidal gold solution [38] first, three working solutions have
been prepared.
e Solution I: 10 % (w/v) solution of AuHCls-:3H,0 was obtained by dissolving
0.10 g of tetrachloroauric (Ill) acid trihydrate in 1 ml of H,0.
e Solution Il: 1 % (w/v) of sodium citrate solution was prepared by dissolving
0.10 g of sodium citrate tribasic dihydrate in 10 ml of water.
e Solution llI: 1% (w/v) of the tannic acid solution was obtained by dissolving
0.01 g of tannic acid in 1 ml of H,0.
Afterwards, in one flask (1), 200 ml of water was mixed with 250 pl of solution I, and
in the second flask (2), 37.5 ml of water was mixed with 10 ml of solution Il and
50 ul of solution Ill. Both flasks were heated to 60 °C while stirring. Once the
temperature was reached, the content of flask 2 was rapidly poured into flask 1
under vigorous stirring. The solution was then brought to the boiling and heated as
long as the colour became ruby red. After cooling down to room temperature, the
flask was completed with water to the volume of 250 ml.

Fingermark enhancement with Single Metal Deposition method

The SMD development procedure was based on Becue et al. formulations
[28]. First, the colloidal gold working solution was prepared. Next, 60 ul of Tween 20
was added to 60 ml of colloidal gold solution, and the solution was stirred for ten
minutes. Next, the pH of the solution was brought to 2.65 with 0.1 M citric acid
solution. Once the colloidal gold working solution was ready, 30 ml of the solution
was poured into the Petri dish. The samples with fingermarks deposited on ITO glass
slides were first rinsed in a water bath for 5 minutes and then immersed into the
colloidal gold working solution for 15 minutes under low horizontal shaking. Then,
the samples were rinsed in the water bath again for 5 minutes under gentle shaking.
In the meantime, 30 ml of water was poured into the separate Petri dish, and 30 pl
of solution | (10 % AuHCls-3H,0) was added, followed by the addition of 88.5 pl of
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hydroxylamine hydrochloride solution (69.5 mgin 10 ml of water). The samples were
immersed in this solution for 20 minutes under medium horizontal shaking (70 rpm).
Finally, the samples were again rinsed in the water bath for 5 minutes and then left
to dry in the air.

2.4.1.3 Synthesis of thiol-functionalised silica particles

The thiol-functionalised silica particles were synthesised with a one-step
method by using an organosilane containing thiol groups as a precursor [39]. 1 g of
MPTMS was added to 10 ml of acidic water (pH adjusted to 4 with 0.1 M hydrochloric
acid) and stirred for 1.5 hours until the oil droplets of MPTMS disappeared. After this
time, 10 pl of ammonium hydroxide was added to the reaction mixture, and the
solution was stirred for 12 hours at room temperature. Subsequently, the particles
were centrifuged at 10 000 rpm for 15 minutes and washed with water three times.
The obtained material (SiO»-SH) was stored in an aqueous solution.

2.4.1.4 Fingermark development

The thiol-functionalised particles dispersed in water were investigated to
develop latent fingermarks on ITO glass substrates enhanced previously with the
SMD method. The series of 50 mg mL?, 10 mg mL?, and 5 mg mL! concentration
were tested. Each batch of SiO,-SH particles was dispersed in water using an
ultrasonication bath for 10 minutes. Each ITO glass substrate with fingermark was
placed on an even surface, and a drop of 200 pl of the SiO,-SH particle suspension
was deposited on the sample surface for 15 minutes. Afterwards, the sample was
gently rinsed with water and dried in a stream of argon.

2.4.2 Results and discussion

The morphology of colloidal gold nanoparticles was investigated with
a scanning electron microscope (Figure 2.4). The synthesis produced monodisperse
gold nanoparticles with an average diameter of ca. 14 nm (determined by analysis of
SEM images in Imagel application) [40].
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Figure 2.4 SEM images of synthesised colloidal gold nanoparticles

The 6-days-old sebaceous fingermarks deposited on the ITO glass slide were
enhanced with gold nanoparticles by applying the SMD technique. The developed
samples observed under white light indicated grey-blue well-defined fingermark
ridges (Figure 2.5 A). The SEM and optical microscope images of the developed
fingermark demonstrated that the gold nanoparticles were deposited in a fair
amount on the fingermark ridges (Figure 2.6), although some deposits could have
also been noticed between the ridges, visible as brighter area (Figure 2.5 B, C).

Figure 2.5 The 6-days-old sebaceous fingermark deposited on ITO glass slide enhanced with
SMD technique (A) imaged under white light, (B) and (C) imaged with the optical microscope
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Figure 2.6 SEM images of 6-days-old sebaceous fingermark deposited on ITO glass slide
imaged with SMD technique

Once the fingermarks were enhanced with the gold nanoparticles via the
SMD technique, the thiol-functionalised silica particles have been applied to the
samples. The thiol-modified silica was synthesised in the form of spherical particles
with an average diameter of ca. 1.37 £ 0.12 um (Figure 2.7).

Figure 2.7 SEM images of synthesised thiol-functionalised silica particles (SiO2-SH)

The fingermarks with gold nanoparticles deposited on its surface were
further developed with the suspension of thiol-modified silica particles in various
concentrations. Figure 2.8 showed SEM images of 6-days-old sebaceous fingermarks
developed with SMD technique followed by the deposition of SiO,-SH particles in the
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concentration of 5 mg mL®. Very few silica particles were observed on the
fingermark ridge under the highest magnification.

Figure 2.8 SEM images of 6-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with SMD technique followed by SiO2-SH particles deposition at the concentration
of 5 mg mL?

Further increase of the SiO,-SH water suspension concentration to 10 mg mL?
resulted in a greater number of silica particles deposited on fingermark ridge;
however, this was still not enough to cover the most area of the ridge (Figure 2.9).

Figure 2.9 SEM images of 6-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with SMD technique followed by SiO»-SH particles deposition at the concentration
of 10 mg mL?

The efficacy of silica particles deposition on the fingermarks covered with
gold nanoparticles was also investigated with the 50 mg mL? suspension
concentration (Figure 2.10). Slightly better results were obtained than for lower
concentrations; however, still, the thiol-modified silica particles were deposited on
the fingermark ridges in a moderate amount. Also, some silica particles were noticed
on the background surface due to the fact that gold nanoparticles in a certain
guantity were present on the substrate between the ridges of the fingermark.

148

https://rcin.org.pl



Chapter 2

Figure 2.10 SEM images of 6-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with SMD technique followed by SiO2-SH nanoparticles deposition at the
concentration of 50 mg mL?

2.5 Lipophilic interactions

2.5.1 Experimental

2.5.1.1 Chemicals

The following reagents were used to synthesise silica nanoparticles and to
modify the silica surface. Tetraethyl orthosilicate (98 %, TEOS) and triethoxy-
phenylsilane (98 %, PTEOS) were purchased from Sigma-Aldrich. Octadecyl-
trimethoxysilane (ODTMS) was purchased from Fluorochem. Ethanol (99.8 %,
anhydrous) was obtained from POCH. Ammonium hydroxide (25 %, NH4OH) was
purchased from Chempur, and toluene (99.8 %, anhydrous) was obtained from Alfa
Aesar. All reagents were used as received. RO/DI water was used for the
experiments.

2.5.1.2 Synthesis of silica nanoparticles functionalised with 18-carbon alkyl
chains

Functionalised silica nanoparticles were obtained in a two-step process. In
the first step, silica nanoparticles were synthesised by hydrolysis and condensation
of TEOS in alcohol solvent in the presence of ammonium hydroxide [41], [42]. First,
1.5 ml of TEOS was dissolved in 25 ml of ethanol and stirred for 10 minutes. Next,
1 ml of H,0 was added to the reaction mixture and stirred for another 10 minutes.
After this time, the mixture of 25 ml of ethanol and 1.7 ml of NH,OH was added
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dropwise to the reaction, and the mixture was stirred at 40 °C for 3 hours.
Subsequently, 1 ml of TEOS was added, and the reaction mixture was stirred for
another 3 hours under the same conditions. Afterwards, the particles were
separated by centrifugation at 9 500 rpm for 15 minutes, purified with ethanol and
water three times and finally, dried in an oven at 65 °C for 5 hours. In the second
step, silica nanoparticles have been modified with eighteen carbon alkyl chains by
grafting functionalised organosilane (ODTMS) on the surface [42]. For this purpose,
25 mg of silica nanoparticles were dispersed in 30 ml of dry toluene in a three-necked
round-bottom flask using a sonication bath. Next, the mixture was stirred for
30 minutes at 80 °C under reflux and in an argon atmosphere. Afterwards, 1 %uww of
ODTMS (304.4 pl in 1 ml of toluene) was added dropwise to the reaction, and the
mixture was stirred for 24 hours in the same conditions. Finally, the solution was
cooled down to room temperature. The particles were then separated by
centrifugation at 9 500 rpm for 15 minutes, washed with toluene and ethanol three
times to remove the unreacted organosilane, and dried in the oven at 65 °C for
5 hours. The obtained material (Si0,-C18) has a form of white powder.

2.5.1.3 Synthesis of silica particles functionalised with phenyl groups

The silica particles with hydrophobic coating were obtained in one-pot
synthesis [20]. First, 24 ml of ethanol was mixed with 4 ml of water, 2 ml of TEQS,
and 2 ml of PTEOS in a flask. Then, 1.6 ml of NH,OH was added dropwise, and the
reaction mixture was stirred for 12 hours. After this time, the particles were
centrifuged at 3 000 rpm for 3 minutes, purified with a solution of ethanol and water
(10:90, v/v) and dried in the oven at 65 °C for 12 hours. The obtained material
(Si02-Ph) was also in the form of white powder.

2.5.1.4 Fingermark development

The silica nanoparticles functionalised with long hydrocarbon chains
(Si0,-C18) dispersed in petroleum ether were examined to enhance the latent
fingermarks deposited on ITO glass slides. The series of 0.04 % (w/v) [43], 0.02 %,
and 0.008 % concentration have been investigated. Each batch of SiO,-C18
nanoparticles was dispersed in petroleum ether using an ultrasonication bath for
20 minutes. Fingermark sample was immersed in the SiO,-C18 nanoparticles
suspension for 5 minutes, followed by gentle rinsing with water and drying in the
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stream of argon. Besides, shorter immersion times such as 30 seconds, 1 minute, and
3 minutes have been investigated for 0.04 % suspension.

Fingermarks deposited on ITO glass slides were also developed with phenyl-
functionalised particles dispersion (SiO,-Ph) in both petroleum ether and water
suspension [20]. Fingermarks were enhanced in several ways, by immersing the
samples in the suspension of SiO,-Ph particles in water/ethanol solution, by drop
cast the water/ethanol suspension of particles directly onto the fingermark sample,
or by immersing the samples in the petroleum ether suspension. In the first way, the
ITO glass slide with fingermark was immersed into the particle suspension for
10 minutes, then rinsed with water and dried in the stream of argon. In a second
method, a drop of ca. 300 pl of particle suspension was applied on the ITO glass slide
sample for 3 minutes, and then the sample was rinsed with water and dried in the
stream of argon. In both cases, a 100 mg mL? concentration of particles in the
water/ethanol solution (97:3 v/v) was applied. In a third way, the ITO glass slide
samples were immersed in the 0.04 % suspension of particles in petroleum ether
for 30 and 45 seconds, then rinsed with water and dried in the stream of argon.

2.5.2 Results and discussion

Silica nanoparticles functionalised with long hydrocarbon chains (Si02-C18)

The SEM images of silica nanoparticles morphology with the modified and
unmodified surface are shown in Figure 2.11. Nanoparticles obtained in the Stober
synthesis were spherical with an average diameter of 65.78 * 4.50 nm
(Figure 2.11 A), calculated in the Imagel application [40]. The silica nanoparticles’
surface was further modified with eighteen carbon alkyl chains. The SEM image of
Si0,-C18 (Figure 2.11 B) showed the spherical nanoparticles with an average
diameter of 69.28 + 5.35 nm. It was noticed that the size of the nanoparticles has
slightly increased, which may be the result of the surface modification.
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Figure 2.11 SEM images of (A) silica nanoparticles, (B) silica nanoparticles modified with 18
carbon alkyl chains (Si02-C18)

The 30-days-old sebaceous fingermarks deposited on the ITO glass slide
were enhanced with SiO»-C18 nanoparticles dispersed in petroleum ether at the
0.04 % concentration in the series of immersion times: 30 seconds, 1 minute,
3 minutes, and 5 minutes. Not a large number of particles were deposited on the
fingermarks immersed in the suspension for 30 seconds (Figure 2.12) and 1 minute
(Figure 2.13). Although the particles were dispersed in the solvent using an ultrasonic
bath, quite large agglomerates were observed on the fingermark. Though most of
the nanoparticles were settled on the surface of the fingermark, the total amount
was too small to cover the entire ridge

Figure 2.12 SEM images of 30-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with 0.04 % petroleum ether suspension of Si02-C18 nanoparticles by immersion
for 30 seconds
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Figure 2.13 SEM images of 30-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with 0.04 % petroleum ether suspension of SiO2-C18 nanoparticles by immersion
for 1 minute

Increasing the immersion time of the fingermark sample in SiO,-C18
nanoparticles petroleum ether suspension to 3 minutes (Figure 2.14) resulted in
a slightly higher quantity of the nanoparticles on the fingermark, but also the
formation of agglomerates was noticeable. Most of the nanoparticles were
deposited on the fingermark ridges but still in the amount insufficient for effective
imaging.

Figure 2.14 SEM images of 30-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with 0.04 % petroleum ether suspension of Si0»-C18 nanoparticles by immersion
for 3 minutes

A subsequent increase in the immersion time of the fingermark sample to
5 minutes (Figure 2.15) resulted in a larger amount of particles being deposited on
the fingermark ridges. Noticeable fewer particles between the ridges have been
observed. Nevertheless, still, the quantity of the particles scattered along the ridge
was insufficient to cover its entire surface. Also, further increasing the immersion
time in petroleum ether could have a destructive effect on the fingermark pattern
due to the dissolving properties of the applied solvent.
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Figure 2.15 SEM images of 29-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with 0.04 % petroleum ether suspension of Si0,-C18 nanoparticles by immersion
for 5 minutes

The efficiency of the Si0,-C18 particles for fingermark development was also
investigated at lower concentrations of suspension in petroleum ether. When the
fingermark samples were immersed for 5 minutes in a suspension of nanoparticles
with a two times lower concentration (0.02 %), no improvement in deposition
efficiency was achieved (Figure 2.16). The nanoparticles’ agglomerates were
deposited more on the fingermark ridge than on the background; however, the
guantity of the particles was still not satisfactory.

Figure 2.16 SEM images of 29-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with 0.02 % petroleum ether suspension of Si02-C18 nanoparticles by immersion
for 5 minutes

In the case of a fivefold reduction in concentration (0.008 %), also no
increase in the efficiency of Si0,-C18 nanoparticle deposition was noticed
(Figure 2.17). On the contrary, the quantity of the particles observed on the
fingermark ridges decreased significantly.
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Figure 2.17 SEM images of 29-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with 0.008 % petroleum ether suspension of SiO2-C18 nanoparticles by immersion
for 5 minutes

Silica particles functionalised with phenyl groups (SiO2-Ph)

Phenyl-modified silica particles were the second lipophilic material applied
to enhance fingermarks. The SEM investigation exhibited that obtained silica
particles were monodisperse with an average diameter of ca. 297 + 8 nm
(Figure 2.18).

Figure 2.18 SEM images of silica particles modified with phenyl groups (SiO2-Ph)

The 3 %o aqueous ethanol solution as well as petroleum ether were the
solvents used for the working suspension of the phenyl-functionalised silica particles
in the concentration of 100 mg mL? and 0.04 % (w/v), respectively. Figure 2.19
showed the 8-day-old fingermark deposited on ITO glass slides, immersed in
water/ethanol suspension of particles for 10 minutes. The particles are deposited on
the fingermark ridges in a fairly large amount, but unfortunately, they are also
settled between the ridges, not giving the desired selectivity. Additionally, some
larger agglomerates were observed on the sample’s surface.
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Figure 2.19 SEM images of 8-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with 100 mg mL?! water/ethanol (97:3, v/v) suspension of SiO»-Ph particles by
immersion for 10 minutes

A similar result was obtained for the 38-days-old fingermark, which was
developed by drop-casting the 300 pl of SiO,-Ph particle water/ethanol suspension
for 3 minutes (Figure 2.20). The particles abundantly deposited on the fingermark
ridges, but at the same time, a number of particles were noticed on the background.

Figure 2.20 SEM images of 38-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with 100 mg mL? water/ethanol (97:3, v/v) suspension of SiO>-Ph particles drop
cast for 3 minutes

The effectiveness of the interaction between SiO,-Ph particles and
fingermark constituents was also investigated in the petroleum ether suspension.
For this purpose, the sample with fingermark was immersed in the suspension for
a short time. A very good result of 11-days-old fingermark enhancement was
achieved for the sample immersed for 30 seconds (Figure 2.21). The particles settled
mainly along the ridges of the fingermark, formed a thick layer. The number of
particles between the ridges was incomparably smaller, allowing a satisfactory
selectivity to be obtained.
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Figure 2.21 SEM images of 11-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with 0.04 % petroleum ether suspension of SiO2-Ph particles by immersion for 30
seconds

Similar effectiveness of fingermark enhancement was achieved for the
immersion time of 45 seconds (Figure 2.22). The particles deposited predominantly
on the fingermark. Since the petroleum ether tends to dissolve the sebaceous
fraction of the fingermark, a long immersion time is not favourable to not destroy
the fingermark pattern. The 30 seconds of immersion time seemed to be optimal.

Figure 2.22 SEM images of 11-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with 0.04 % petroleum ether suspension of SiO2-Ph nanoparticles by immersion for
45 seconds
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2.6 Amide bond formation

2.6.1 Experimental

2.6.1.1 Chemicals

The following reagents were used to synthesise carboxyl-functionalised silica
particles. 3-aminopropyltriethoxysilane (98 %, APTES), tetraethyl orthosilicate
(98 %, TEOS), Triton X-100, N,N-dimethylformamide (DMF), N-(3-dimethyl-
aminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC) were purchased from
Sigma-Aldrich. 3-(triethoxysilyl)propylsuccinic anhydride (94 %, TES PSA), carboxy-
ethylsilanetriol sodium salt (CES) and n-hexanol were obtained from ABCR.
N-hydroxysuccinimide (NHS) was purchased from Thermo Scientific. Ethanol (98 %,
anhydrous) was purchased from POCH. Ammonium hydroxide (25 %, NH4OH),
acetone (pure p.a.), sodium chloride (pure p.a, NaCl), and hydrochloric acid (pure,
HCI) were obtained from Chempur and cyclohexane from Fluorochem. All reagents
were used as received. RO/DI water was used for the experiments.

2.6.1.2 Synthesis of carboxyl-functionalised silica particles

Silica particles were synthesised in two ways. The first synthesis comprised
of two steps based on a modified Stober method [44]. In the first step, the amino-
functionalised silica particles have been synthesised. 47 ml of ethanol was mixed
with 3.3 ml of ammonium hydroxide with stirring, followed by the addition of 4 ml
of TEOS. The reaction mixture was stirred for 24 hours. After this time, 300 pl of
APTES was added dropwise with vigorously stirring, and the reaction was continued
for another 12 hours. Then, the amino-functionalised silica particles (SiO,-NH,) were
centrifuged at 10 000 rpm for 20 minutes and washed with ethanol three times. In
the second step, the SiO,-NH, particles were dispersed in 20 ml of DMF using
a sonication bath and the mixture was added dropwise to the 0.1 M solution of TES
PSA in DMF (20 ml). The reaction was continued with stirring for 24 hours.
Afterwards, the obtained particles (SiO,-COOH-1) were centrifuged at 10 000 rpm
for 20 minutes and purified with DMF three times.

In the second synthesis, particles were synthesised in the reversed
microemulsion method [17]. 3.54 ml of Triton X-100, 15 ml of cyclohexane, 3.6 ml of
n-hexanol, and 1 ml of water were mixed and stirred until the clear solution was
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obtained. Then, 200 ul of TEOS followed by 120 ul of ammonium hydroxide were
added toinitiate the formation of the nanoparticles. The reaction mixture was stirred
for 24 hours. After this time, 50 pl of TEOS and 170 umol of CES were added
dropwise, and the mixture was kept under stirring for another 24 hours. Afterwards,
the system was destabilised with a large excess of ethanol. The precipitated
nanoparticles (SiO,-COOH-2) were collected by centrifugation at 5600 rpm for
10 minutes and subsequently washed with ethanol twice and dispersed in water.

2.6.1.3 Fingermark development

Particles synthesised in two different ways have been applied to enhance the
fingermarks deposited on ITO glass slides. The working solution has consisted of
either SiO,-COOH-1 particles or SiO,-COOH-2 nanoparticles dispersed in water as
a carrier solvent. In each batch, the working solution was poured into the glass dish
in the amount sufficient to cover the entire sample. The samples were immersed
into the working suspensions for an appropriate time, then rinsed with water to
remove the loosely bound particles and finally dried in the stream of argon. Several
key parameters, such as pH, the addition of NaCl, EDC and NHS, were also
investigated to observe the results of particle-fingermark interaction [17].

Carboxyl-terminated silica particles synthesised by Stéber method
(SiO2-COOH-1)

The carboxyl-functionalised silica particles SiO,-COOH-1 were first dispersed
in water using an ultrasonic bath. The ITO glass slide samples bearing the fingermark
were immersed in the particle suspension for 10, 20 or 30 minutes. Several
modifications of the SiO,-COOH-1 particle water suspension were implemented.
First, the addition of 4 mM EDC and NHS was performed to activate the carboxyl
groups and favour forming an amide bond between carboxyl-modified silica particles
and amine groups present in the fingermark secretions. Also, the influence of pH on
the interactions between carboxyl-functionalised particles and amine constituents
of fingermark was investigated. For that purpose, the fingermark samples were
immersed for 30 minutes into the SiO,-COOH-1 water suspension with a pH set at
3 or 6 adjusted with 0.1 M HCI. Another modification of the initial particle dispersion
was the addition of 0.5 M NaCl to the system to modify the ionic strength of the
solution.
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Carboxyl-terminated silica particles synthesised in reverse microemulsion
(Si02-COOH-2)

Fingermarks were also enhanced with carboxyl-modified silica nanoparticles
obtained in the reverse microemulsion synthesis. In order to prepare the initial
working suspension, the nanoparticles obtained in the synthesis (0.1 g) were
dispersed in 20 ml of water using an ultrasonic bath. In the first application mode,
the working solution was diluted by two (final concentration 5 mg mL?) and then
acidified with 0.1 M HCl to pH 3. The fingermarks were immersed in the SiO,-COOH-
2 water suspension for 60 minutes. The next application mode was based on diluting
the initial working suspension by four and then adding 4 mM EDC and NHS. The
fingermark samples were immersed for 30 minutes. In the last examined application
mode, the pH of the twice-diluted working suspension was adjusted to 6, and then
0.5 M NaCl was added. The immersion time of the fingermark sample was
60 minutes.

2.6.2 Results and discussion

Carboxyl-terminated silica particles synthesised in two-step Stober method
(Si02-COOH-1)

The SEM images of carboxyl-functionalised silica particles morphology are
shown in Figure 2.23. The synthesis led to the formation of spherical particles with
an average diameter of 181 £ 8 nm, determined by analysis of SEM images in Image)
application [40].

Figure 2.23 SEM images of silica particles modified with TES PSA (SiO>-COOH-1)
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The fingermarks deposited on the ITO glass slide were developed with SiO,-
COOH-1 particles dispersed in water at the concentration of 5 mg mL? for the series
of immersion times 10, 20, and 30 minutes. The initial particles suspension indicated
alkaline properties with the measured pH equal to 8. The reason for this may be due
to the presence of ammonium hydroxide, which was not completely removed during
the washing process. Quite a large number of particles have been deposited on the
6-days-old fingermark ridges when the sample was immersed for 10 minutes
(Figure 2.24). However, there were plenty of particles also settled in the background.
Much better results were obtained for the 20 minutes immersion time (Figure 2.25),
where particles cover mainly all the fingermark ridges surface, showing good
selectivity.

Figure 2.24 SEM images of 6-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with 5 mg mL?! water suspension of Si02-COOH-1 particles by immersion for
10 minutes

Figure 2.25 SEM images of 15-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with 5 mg mL? water suspension of SiO>-COOH-1 particles by immersion for
20 minutes

Increasing the immersion time to 30 minutes resulted in a better selectivity
of the particles towards the fingermark secretion than the background (Figure 2.26).
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The particles cover the ridges of the fingermark in large amount, however, not
homogeneously.

Figure 2.26 SEM images of 15-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with 5 mg mL? water suspension of Si0,-COOH-1 particles by immersion for
30 minutes

To enhance the interaction between the carboxyl-functionalised silica
particles and fingermark deposits containing amine-terminated compounds, the EDC
and NHS have been added to the working solution. Figure 2.27 exhibits the SEM
images of a developed 15-days-old fingermark. The images indicated that SiO»-
COOH-1 particles adhered to the surface of fingermark residual; however, while the
particles covered the fingermark area preferably, the number of the particles was
still not sufficient to overlay the ridge homogeneously.

Figure 2.27 SEM images of 15-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with 5 mg mL? water suspension of Si02-COOH-1 particles with 4 mM EDC/NHS
addition by immersion for 30 minutes

The initial pH of the SiO,-COOH-1 water suspension was equal to 8. Since the
activation of carboxyl groups in the presence of EDC and HNS is most efficient in the
pH range between 4 and 7.2 [45], the interactions between the particles and the
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fingermark were examined by immersing the sample for 30 minutes in the
suspension of SiO,-COOH-1 with the EDC and NHS addition at pH 6 (Figure 2.28). The
preferential adherence to the fingermark deposit was noticed, and the fingermark
ridges were homogeneously covered with the particles; however, a certain amount
of the material was also deposited on the surroundings of the fingermark residual,
leading to widening of the fingermark ridge.

Figure 2.28 SEM images of 11-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with 5 mg mL? water suspension of Si02-COOH-1 particles with 4 mM EDC/NHS
addition at pH 6 by immersion for 30 minutes

The effectiveness of the interaction between SiO,-COOH-1 particles and the
fingermark deposit in an acidic environment has also been investigated. For this
purpose, the agueous suspension of particles was acidified with 0.1 M HCl to a pH 3.
The fingermark samples were immersed in the suspension for 30 minutes. The
attempt to enhance the fingermark at low pH was unsuccessful. As shown in Figure
2.29, the particles were deposited almost over the entire surface of the sample. The
area of the fingermark ridge can be barely distinguished from the area of the
background. This may be influenced by low pH conditions. In the neutral and basic
environment, the carboxylic groups on the silica surface are deprotonated and exist
as negatively charged carboxyl moieties providing proper stability of silica particle
suspension [46]. At low pH, however, the carboxylic groups are no longer negatively
charged. The complete neutralisation of the moieties occurs, leading to lowering the
absolute value of zeta potential and break the dispersion [17].
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Figure 2.29 SEM images of 20-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with 5 mg mL? water suspension of Si02-COOH-1 particles at pH 3 by immersion
for 30 minutes

Fingermarks were also enhanced with the SiO,-COOH-1 water suspension at
pH 6 with the addition of 0.5 M sodium chloride to lower the zeta potential of the
colloid and favour the interaction between the particles and fingermark secretions.
Figure 2.30 shows that the particles adhere to the papillary-ridge area forming
island-shaped deposits. The particles are mostly embedded on the fingermark ridge,
but a certain discontinuity in the coverage of the fingermark can be noticed, which
in the case of the entire fingermark imaging may result in imprecise fingermark
pattern mapping.

Figure 2.30 SEM images of 20-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with 5 mg mL?! water suspension of Si0,-COOH-1 particles with the addition of
0.5 M NaCl at pH 6 by immersion for 30 minutes
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Carboxyl-terminated silica particles synthesised in reverse microemulsion
(Si02-COOH-2)

The SEM images of carboxyl-functionalised silica obtained in the reversed
microemulsion synthesis showed the monodispersed spherical nanoparticles with an
average diameter of 57 + 5 nm (Figure 2.31). The diameter of these nanoparticles is
three times smaller than the diameter of particles of the previous synthesis.

Figure 2.31 SEM images of silica nanoparticles with carboxyl-modified surface

To investigate the selective affinity towards fingermark deposits, the
fingermark was enhanced with the water suspension of SiO,-COOH-2 nanoparticles.
Also, a few modifications to the initial suspension was made, as previously. First, the
21-days-old fingermark deposited on the ITO glass slide was developed with the SiO,-
COOH-2 nanoparticle water suspension at the concentration of 5 mg mL? by
immersion for 30 minutes (Figure 2.32).

Figure 2.32 SEM images of 21-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with 5 mg mL! water suspension of Si0-COOH-2 nanoparticles by immersion for
30 minutes
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The initial pH of the suspension was equal to 8.7. The particles were
deposited mainly on the fingermark ridges; however, some agglomerates have been
formed, and the number of the particles was not sufficient to cover the entire
papillary-ridge area.

Trials were then performed on the Si0,-COOH-2 nanoparticle suspension
diluted by two (2.5 mg mL?) and acidified with 0.1 M HCI to pH 3. The ITO sample
bearing the 21-days-old fingermark was immersed into the suspension for
60 minutes. The fingermark treatment resulted in no adherence of the nanoparticles
to the fingermark deposit (Figure 2.33). There were merely a few agglomerates of
nanoparticles randomly deposited on the sample surface.

Figure 2.33 SEM images of 21-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with 2.5 mg mL? water suspension of Si0,-COOH-2 particles at pH 3 by immersion
for 60 minutes

Then, the addition of EDC and NHS to the 4 times diluted SiO,-COOH-2
nanoparticles suspension (1.25 mg mL?) at pH 6 has been investigated to examine
the interactions between the particles and the fingermark. The sample with an
18-days-old fingermark was immersed in the suspension for 30 minutes. No effect of
fingermark development was observed (Figure 2.34). Only some residual substances
can be noticed, probably organic solvents from the synthesis, which were not
completely removed during the washing process.
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Figure 2.34 SEM images of 18-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with 1.25 mg mL? water suspension of Si0»-COOH-2 nanoparticles with the EDC
and NHS addition at pH 6 by immersion for 30 minutes

The last trial of fingermark development with SiO,-COOH-2 material was
performed in the nanoparticle suspension with the addition of 0.5 M NaCl at pH 6.
The sample was immersed in the working suspension for 60 minutes. Unfortunately,
also in these conditions, the result of fingermark enhancement was poor
(Figure 2.35). Very few nanoparticles can be observed on the fingermark ridge area,
as well as some crystallised sodium chloride. Such quantity of the material deposited
on the papillary ridges disqualifies this material from further research.

Figure 2.35 SEM images of 18-days-old sebaceous fingermark deposited on ITO glass slide
enhanced with 2.5 mg mL! water suspension of Si0,-COOH-2 nanoparticles with 0.5 M NaCl
addition at pH 6 by immersion for 60 minutes
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2.7 Conclusions

An analysis of the potential application of surface-functionalised silica
particles for fingermark development has been done. The surface of the silica
particles was modified with various functional moieties to enhance the interaction
between the developing agent and the fingermark secretion. Several possible
interaction types have been investigated, such as thiol-gold or lipophilic interaction
and amide bond formation.

In the analysis of thiol-gold interaction, the fingermark was first modified
with a thin layer of gold using the SMD method. Then, on the gold-modified
fingermark area, the silica particles functionalised with thiol groups were deposited.
The results of the particle deposition obtained by this method were not satisfactory.
The thiol-functionalised silica particles were selectively settled on the area of gold
deposits along the fingermark ridges, but the number of the particles was insufficient
to cover the entire ridge of the mark continuously. Applying this method for further
studies on fingermark enhancement would have resulted in poor fingermark
development, discontinuity in silica particles deposition and finally, inaccurate ridge
mapping of fingermark pattern.

Another type of analysed interactions was lipophilic interaction. Due to the
fact that fingermark residue consists of a whole range of sebaceous components
such as free fatty acids, squalene, waxes etc., silica particles modified with lipophilic
functional groups could have been applied to enhance the fingermark. The results of
this research showed that this type of interaction had been successfully noticed.
Eighteen carbon alkyl chains (C18) and phenyl groups have been chosen as functional
moieties of surface-modified silica particles to interact with fingermark deposits.
Fingermark developed with C18-silica nanoparticles using petroleum ether as the
particle carrier exhibited poor results. The particles formed agglomerates on the
fingermark ridges, and their number deposited on the mark was minor.
In comparison, fingermark enhanced with larger phenyl-modified silica particles
yielded a much better outcome. The silica particles containing phenyl groups were
dispersed in two different solvents: water with the addition of ethanol and
petroleum ether. In the case of fingermark enhancement in water suspension, the
silica particles were deposited both on the fingermark ridges and between them.
However, the number of particles was greater on the fingermark. On the other hand,
good development of fingermark was obtained with particles dispersed in the
petroleum ether. It was observed that phenyl-functionalised silica particles have
selectively interacted with fingermark deposits. The entire ridge area was covered
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with a thick layer of the particles, providing sufficient projection of the ridge pattern.
Nevertheless, the use of petroleum ether as a carrier solvent is more hazardous to
3 % aqueous ethanol solution. Petroleum ether is highly volatile and inflammable in
the liquid and vapour phase. This solvent contains substances which are toxic to
aquatic life with long-lasting effect [47]. Also, inhalation of petroleum ether may
cause central nervous, respiratory and digestive systems toxicity [48]. On the other
hand, a 10 % water and ethanol solution, although it is also flammable, does not
contain compounds considered to be toxic or bioaccumulating [49][49]. Hence, the
choice of the aqueous ethanol solution as a carrier solvent for further studies seems
to be a less hazardous option.

The last investigated interaction was the formation of amide bonds between
the carboxyl-modified silica particles and amine groups present in the compounds of
fingermark residue. The carboxyl-functionalised silica particles synthesised in a two-
step process (via amine-groups) showed high selective affinity to the fingermark.
Water was used as a carrier solvent, and various modifications of the particle
suspension were made to increase the effectiveness of the interaction between the
particle and the fingermark, such as changing the pH, adding EDC and NHS or NaCl.
The other synthesis of silica nanoparticles modified with carboxyl moieties was also
performed. Nanoparticles were produced in reverse microemulsion. The obtained
material was three times smaller in diameter than the particles obtained in the
previous synthesis. Unfortunately, the interactions between these nanoparticles and
fingermark residuals were hardly observable. Very few nanoparticles were present
on the fingermark ridges. Compared to the SiO,-COOH-1 material, the SiO,-COOH-2
nanoparticles synthesised with the microemulsion method were also not favourable
due to the difficulty in washing off all the organic solvents, which may have
influenced the unsuccessful development trial. The poor results have disqualified
this material for further processing.

To sum up, among the investigated interactions between modified silica
particles and fingermark residual, the particles functionalised with carboxyl groups
(Si0,-COOH-1) and phenyl moieties (SiO2-Ph) show the highest potential for
fingermark development. Both the carboxyl-modified and phenyl-modified silica
particles had a size greater than 100 nm (ca. 297 nm and 181 nm, respectively).
In comparison, the application of nanoparticles modified with long hydrocarbon
chains or carboxyl groups with a diameter of ca. 69 nm and 57 nm, respectively,
resulted in poor fingermark enhancement. The use of carboxyl-modified particles is
burdened with the control of additional parameters such as pH or EDC, NHS or NaCl
addition; therefore, for further research on the luminescent material for fingermark
detection on multi-coloured, luminescent surfaces, the lipophilic silica particles have
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been employed. The silica particles or silica-coated particles with the modified

surface in this way allowed to achieve the required selectivity of the particle

deposition on the fingermark ridges.
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Chapter 3 Luminophore encapsulation in silica particles

3.1 Equipment and instrumentation

Fluorescence Spectroscopy

The absorption spectra of the samples have been recorded using a Shimadzu
UV 2700 spectrophotometer. The emission spectra, photoluminescence decay
curves in the micro- and millisecond time range, and time-gated emission spectra,
corrected for the spectral sensitivity of the instrument, were collected using Horiba
Jobin Yvon FL3-22 Fluorolog-3 spectrofluorometer. The build-in FL-1040 system with
a UV xenon flash tube and approx. 3 s response time was used in the time-gated
measurements. The photoluminescence lifetime measurements in the nanosecond
time regime were recorded using a home-built TC-SPC setup consisting of
a Picoquant LDH pulsed laser with an excitation wavelength of 379 nm, 100 ps pulse,
and 10 MHz repetition rate, a Spectral Products Digikrém CM110 monochromator,
Becker&Hickl PMC 100-4 photomultiplier, and a PicoQuantTimeHarp 100 PC card.
Also, 403 nm and 507 nm interference bandpass filters were applied to remove the
scattered excitation on the emission side. The photoluminescence decay
measurements in the ms time range for the whole visible spectrum of light have been
performed using a home-built time-gated imaging system with a CCD camera
(HARDsoft Microprocessor Systems, Poland).

Infrared Spectroscopy

The infrared spectra of the investigated powder material have been
collected with a Nicolet iS50 FTIR spectrometer with a built-in all reflective, mid- and
far-IR diamond attenuated total reflectance (ATR) module. Spectra were recorded
throughout the entirety of experiments in absorbance units with 100 scans and
0.482 cm™ data spacing being averaged into a range.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) images of the obtained material and
developed fingermarks were taken with FEI Nova Nano-SEM 450 scanning electron
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microscope. The examined material was deposited on the ITO slide mounted on
a carbon adhesive tape on an aluminium stub.

Energy-dispersive X-ray Spectroscopy (EDX)

The material was characterised by electron dispersive X-ray analysis performed
with the FEI Nova Nano-SEM 450 using Sapphir X-ray detector conjugated with EDAX
TSL system. EDX spectra were generated at an accelerating voltage of 20 kV.

3.2 Zinc oxide quantum dots embedded in silica particles

3.2.1 Introduction

Photoluminescent techniques for fingermark detection and imaging are a vital
tool in the field of forensic science [1]. These techniques involve sensitising
fingermarks with a luminescent agent, illuminating a sample with the light of an
appropriate wavelength, and observing the emitted light using bandpass filters to
separate the luminescence of the background from the emission of fingermark
sensitiser. Due to its sensitivity, photoluminescence enhancement can be applied to
fingermarks deposited on a variety of surfaces, including paper items, resulting in
a fingermark contrast increase [2], [3]. However, some substrates may present
reflectivity, light scattering, or strong background fluorescence producing
a hindrance to fluorescence examination [4]. It may happen when the excitation
band partially overlaps with the emission band of the sensitiser. In this case, the
excitation radiation reflected from the background is not feasible to filter out what
leads to a significant decrease in contrast. Fingermarks become hardly visible also
when the luminescence of the background is stronger than of the sensitiser or when
background luminescence overlaps the luminescence of a sensitised fingermark.
Plenty of frequently used objects, which may be potentially the fingermark
background, contain dyes that emit spectrally broad luminescence or possess
colourful printed patterns that may interfere with the fingermark. Moreover, some
items, e.g. banknotes or ID cards, have highly fluorescent protection marks.

A remedy to these problems has been proposed by Menzel [5], who described
a time-gated strategy of fingermark imaging, described in Chapter 1.10. As
mentioned before, this strategy involves fingermark treatment with
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a photoluminescent sensitiser with a lifetime on the order of microseconds.
In contrast, the fluorescence decay time of typical backgrounds is on the order of
nanoseconds. When the examined object is excited with light, both the fingermark
and the background emit luminescence. When the light source is turned off, the
photoluminescence of the fingermark and the background starts to decay
exponentially, but the background fluorescence decays in nanoseconds. Due to the
longer luminescence lifetime of the fingermark sensitiser, one can separate its
luminescence from the background by collecting the signal after a particular time of
excitation light source cut-off. This imaging strategy was further developed, but in
most cases, the sensitising agent has been introduced onto the LFM by powder
dusting [6]-[9]. As this is an invasive application, impossible to use on adhesive or
porous surfaces, and which cause the background staining, an ideal luminescent
material possessing long-lived luminescence and interacting selectively with the
fingermark residue is still in demand.

This section will discuss the synthesis and application of hybrid (organic-
inorganic) material based on silica particles that possess long-lived luminescence to
detect fingermarks on the colourful, reflective, and fluorescent porous and non-
porous surfaces with the use of a particle suspension. The material consists of zinc
oxide quantum dots embedded into the silica matrix with a modified surface to
acquire lipophilic properties. These properties facilitate the interactions between
the fatty constituents of the mark and the luminescent sensitiser, resulting in
material selectivity. Employing water-based solvent allows avoiding fingermark
pattern damage and background staining what is of importance in the case of
adhesive surfaces. ZnO quantum dots encapsulated within the silica matrix (-Si0,)
exhibit long-lived luminescence on the order of seconds [10]. A scheme of the
fingermark development process and visualisation with the time-gated imaging
system is depicted in Figure 3.1. The material will be examined, including material
characteristics such as morphology, composition, luminescence properties, an
affinity to fingermark deposits, efficiency of fingermark imaging on several surfaces,
and an advantage over conventional methods.

177

https://rcin.org.pl



Chapter 3

00@ .

modification
ZnO QDs in silica

time-gated imaging
UV light, 365 nm

normal mode time-gated mode

Figure 3.1 The scheme of the surface-functionalised luminescent silica particles (Zn0O-SiO>)
synthesis and selective deposition on fingermark ridges for imaging in the time-gated mode

3.2.2  Experimental

3.2.2.1 Chemicals

The following reagents were used for the synthesis of ZnO-SiO, particles,
surface modification, and benchmark development procedures. N-[3-(Trimethoxy-
silyl)propyl] ethylenediamine (97 %, AEAPTMS), zinc chloride (99.99 %), triethoxy-
phenylsilane (98 %), tetraethoxysilane (= 99.0 %, TEOS), (3-Aminopropyl)triethoxy-
silane (APTES), succinic anhydride (> 99.0 %), Triton X-100, and molybdenum (IV)
sulfide (powder, < 2 um, 99 %) were purchased from Sigma-Aldrich. Methanol
(analytical grade), ethanol (anhydrous, 99.8 %), and acetone (analytical grade) were
obtained from POCH. n-Octanol (extra pure) was acquired from Merck, cyclohexane
(99 %), and octadecyltriethoxysilane (95 %) from Fluorochem, aqueous ammonia
(25 %) from Chempur, toluene (anhydrous, 99.8 %) was purchased from Alfa Aesar
and N,N-Dimethylformamide (> 98.0 %, DMF) from Fluka. Dioctyl sulfosuccinate
sodium salt (96 %, DOSS), Basic Violet 3 (pure, BV3) were obtained from Acros
Organic and Green Charge™ Fluorescent Magnetic powder was purchased from
Transfarm. All reagents were used as received. RO/DI water was used for all the
experiments.
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3.2.2.2 Synthesis of ZnO QDs in silica matrix

The composite of zinc oxide quantum dots dispersed in the silica matrix
was synthesised using a reverse microemulsion [10]. In this method, water droplets,
dispersed in a continuous oil phase, form a kind of microreactors in which nucleation
and growth of nanoparticles occur. First, 30 ml of cyclohexane, 6 ml of n-octanol,
6 ml of Triton X-100, and 1 ml of water were mixed and stirred 30 minutes to form
a clear solution. Next, 61.33 mg (0.45 mmol Zn?*) of zinc chloride was dissolved in
1 ml of ethanol, and subsequently, 32.44 pl (0.15 mmol) of AEAPTMS was added to
the mixture to form an amine complex with zinc cation. The resulting mixture was
added dropwise to the microemulsion and stirred for 30 minutes. Then, 0.6 ml of
ammonium hydroxide was added dropwise to catalyse the silane polycondensation
reaction, and the mixture was stirred for 24 hours at room temperature. Afterwards,
0.6 ml of TEOS was added dropwise to the microemulsion to cover the particles with
a thin layer of silica, and the mixture was stirred for another 24 hours. After this time,
the particles were precipitated by the addition of 60 ml of acetone to the mixture.
The material was then centrifuged at 9 500 rpm for 15 minutes, purified with ethanol
three times to remove unreacted reagents, and dried in an oven at 70 °C for
24 hours. The dried powder was calcined in a tube furnace in the air at 550 °C for
4 hours with a heating rate of 20 °C/hour to form ZnO clusters inside the silica
particles. Finally, the fine white powder (Zn0-SiO;) was washed with ethanol once,
centrifuged at 9 500 rpm for 15 minutes, and dried in the oven at 70° C for 24 hours.

3.2.2.3 Surface functionalisation with organic moieties

Silica particles doped with zinc oxide quantum dots were modified in the
process of grafting with reactive organic moieties such as 18 hydrocarbon chains and
phenyl groups, which are able to react with fingermark components. The choice of
particles modified with lipophilic moieties is the result of an analysis of the
interactions between fingermark components and functionalised silica particles,
described in Chapter 2.

Modification with phenyl groups

Zinc oxide silica particles were modified with phenyl groups. The
modification was prepared according to a literature procedure [11]. For this purpose,
25 mg of Zn0-SiO; particles were dispersed in 30 ml of dry toluene in a three-necked
round-bottom flask by sonication. The mixture was stirred at 80 °C for 30 minutes
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under reflux and in an argon atmosphere. Then, a solution of 270 pul (1 %, w/w) of
phenyltriethoxysilane in 1 ml of toluene was added dropwise, and the reaction
mixture was stirred for 24 hours. Afterwards, the system was cooled down to room
temperature, the solvent was evaporated in a rotary evaporator, and methanol was
added to precipitate particles. The obtained material was separated by
centrifugation at 9 500 rpm for 15 minutes, purified with ethanol three times, and
dried in an oven for 12 hours at 65 °C.

Modification with long hydrocarbon chains

Surface modification with eighteen hydrocarbon chains was conducted in
a similar way as for the phenyl group functionalisation. Instead of phenyl-
triethoxysilane, a solution of 341 pl of octadecyltriethoxysilane in 1 ml of dry toluene
was added dropwise. All the other reagents’ quantities and synthesis steps have not
been changed. The obtained material (Zn0O-Si0,-C18) also has the form of white
powder.

3.2.2.4 Fingermark collection

Latent fingermark collection, substrates, and donor selection were
implemented according to the International Fingerprint Research Group guidelines
for Phase 1 [12]. Six donors (four females: F1, F2, F3, F4, and two males: M1, M2)
have been chosen to deposit fingermarks on several common non-porous and
porous substrates: aluminium foil, beverage can, glass, glossy magazine cover paper,
sticky side of the adhesive tape, and copy paper. Donors have been requested not to
wash their hands for at least half an hour before the fingermark deposition.
Otherwise, they were advised to behave as usual to provide natural fingermarks
similar to a real-case one. Before fingermark deposition, donors were instructed to
rub their hands together to homogenise the fingermark secretion across the
fingertips and then to touch the substrate with the thumb, index, middle, and ring
finger for 2-3 seconds with moderate pressure, comparable to the force they usually
use for holding items. Collected fingermarks were aged for at least 24 hours in
ambient conditions before further processing.

Additionally, one of the donors (M1) was asked to leave three types of
fingermark on selected substrates to establish what components of fingermark
(sweaty or oily) are most likely to interact with the tested material. To deposit
a sweat mark (eccrine), the donor kept his hand wrapped in a plastic bag for
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30 minutes next to the heater, then left a mark on the substrate as described above.
The fatty fingermark (sebaceous) was formed when the donor rubbed his fingers
against the forehead and neck and then left the accumulated substance on the
substrate.

3.2.2.5 Fingermark development

A suspension of 1 mg mL?! ZnO-SiO,-Ph or Zn0-Si0,-C18 particles in
a water-ethanol solution (97:3, v/v) was investigated to develop latent fingermarks
on non-porous and porous surfaces. The water as a carrier of developing agents has
been chosen because of its user- and environment-friendly properties. Ethanol has
been added to improve the dispersion of relatively hydrophobic particles in water.
A given amount of particles was dispersed in the water-ethanol solution using an
ultrasonication bath for 5 minutes. Samples containing fingermarks were submerged
in the developer suspension for 5 minutes, then gently rinsed with distilled water to
remove the excess of particles, dried in a stream of argon, and left in the air to
evaporate the rest of the solvent. In the case of fingermarks deposited on adhesive
tape, the immersion of the sample in the suspension caused the tape to roll, which
due to the adhesive properties, did not allow for further processing. Instead of
submerging the sample, a drop of ca. 1 ml of suspension was applied on the entire
tape surface, followed by gentle rinsing with distilled water after 5 minutes and then
drying in the stream of argon.

3.2.2.6 Time-gated imaging of samples

In the imaging process, the fingermarks deposited on colourful, luminescent,
or reflecting surfaces developed with the luminescent agent possessing long-lived
luminescence were observed using a time-gated imaging system (Figure 3.2). The
setup consists of an ultraviolet radiation source (365 nm LED), a CCD camera, and
a computer controller. All the equipment was placed in a box with black walls inside
to minimise the amount of ambient light emitted from outside the UV light source.
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()
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Figure 3.2 A scheme of time-gated imaging system: (A) excitation light source, (B) CCD

camera, (C) computer

The object of interest may be imaged in two modes: in a normal mode, and
a pulse mode also called time-gated (Figure 3.3). In the normal mode of imaging, the
UV light illuminates the fingermark sample continuously. The computer-controlled
CCD camera is turning on for a given period to collect the signal from the sample.
The optimal length of sample exposition depends on the substrate and luminescent
developer type and may vary depending on the desired contrast of fingermark to be
obtained. In the time-gated mode, the examined sample is excited with short pulses
of UV light radiation. During the excitation pulse, the photoluminescence intensity
of both the developed fingermark and the background is increasing. The CCD sensor
is switching on after a particular time from the end of the excitation pulse. The long-
lived luminescence fingermark signal can be separated from the short-lived
background luminescence by the precise control of the time that passes between
the end of the illumination pulse and the time the CCD sensor starts to collect the
signal. When the fingermark signal is weak, this illumination-collection sequence
may be repeated multiple times, and the signal is summed up to increase the

contrast of the fingermark.
’ Excitation pulse

—— Background luminescence
= Trace luminescence
Luminescence recording time

Intensity

—
time

(A) (B) ©

Figure 3.3 A schematic diagram of the imaging system working in the time-gated mode: (A)
excitation pulse duration, (B) CCD sensor delay time, (C) luminescence recording time
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To obtain the highest contrast between the fingermark ridges and the
background, the duration of the individual imaging parameters A, B, and C has been
optimised. For the investigated new Zn0O-SiO; material, the best contrast had been
obtained when the sample was illuminated with the UV light for 50 ms, the delay
between the end of excitation and the beginning of luminescence signal collection
was 0.8 ms, and the duration of recording the luminescence was 250 ms. The number
of cycles for the illumination-collection sequence was set to 60 for an individual
sample. With these parameters, it was possible to achieve optimal contrast and
quality of the developed fingermark.

3.2.2.7 Comparison with benchmark enhancement methods

The comparative trials were conducted to verify the relative effectiveness
of the new and conventional methods of latent fingermarks development deposited
on colourful, reflecting, or luminescent substrates. Each trial compared the
productivity of luminescent silica-based particles to one of the standard methods of
latent fingermark development, such as Basic Violet 3, Small Particle Reagent, and
luminescent powder dusting [13].

The study included aluminium foil, beverage can, magazine cover paper,
and adhesive tape as substrate types. Each fingermark sample was cut in half after
a print was deposited, as shown in Figure 3.4. One half was developed by immersing
in 1% ZnO-SiO>-Ph water-ethanol (97/3, v/v) suspension, and the other half was
developed with one of the comparative methods.

|
Zn0-Si0,-Ph Powder
SPR
BV3

Figure 3.4 A diagram showing fingermark deposited on an individual substrate prepared to
compare the fingermark development with ZnO-SiO2-Ph particles and with other methods:
powder dusting, SPR, and BV3
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Basic Violet 3

Basic Violet 3 is a triphenylmethane dye that reacts with fats and lipids
present in sebaceous constituents of sweat as well as with skin cells and other greasy
components of the fingermark. This chemical process of fingermark staining results
in the purple colour of ridges. It is mostly applied for non-porous and also adhesive
surfaces. The procedure for fingermark enhancement recommended by CAST was
applied [13]. First, the working solution of dioctyl sulfosuccinate was prepared.
1 g of DOSS was dissolved in 100 ml of demineralised water. Then, to prepare Basic
Violet 3 dye concentrate, 0.5 g of BV3 was dissolved in 5 ml of ethanol. The BV3
working solution was made by mixing 4 ml of BV3 concentrate and 100 ml of DOSS
working solution. Natural fingermarks deposited on the substrates mentioned above
were developed by immersing the sample in a BV3 working solution for 10 seconds,
then rinsed with tap water to remove the dye excess and dried in the gentle stream
of argon.

Small Particle Reagent

SPR is a method of latent fingermark visualisation based on the interaction
between hydrophobic tails of the surfactant surrounding molybdenum disulfide
particles and the sebaceous components present in the fingermark residue. Metal
salt deposited on fingermark results in dark grey visible ridges. SPR is usually applied
to non-porous surfaces. The formulation was prepared according to CAST [13].
To prepare the final SPR working solution, first, the DOSS working solution of dioctyl
sulfosuccinate was made. In a flask, 0.1 g of dioctyl sulfosuccinate was dissolved in
10 ml demineralised water. SPR concentrate was then prepared by dissolving 5 g of
molybdenum disulfide in a solution of 42.5 ml water followed by the addition of
7.5 ml DOSS working solution. In the end, 50 ml of SPR concentrate was mixed with
450 ml of water. The natural fingermark samples were immersed in the SPR working
solution for 30 seconds, then washed under tap water and dried in the gentle stream
of argon.

Luminescent powder dusting

Powder dusting, which is still one of the most widely used fingermark
enhancement processes, was applied as the last comparative development method
of fingermark visualisation. It is based on the physical process where small particles
of dry powder preferentially adhere to the oily components of fingermark secretion.
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Fingermarks deposited on the substrates, as mentioned earlier, except adhesive
tape, were developed with a luminescent magnetic powder. For effective powder
deposition, the applicator with the powder stuck to it, forming a kind of cap, was
passing over the examined sample as long as the clear fingermark ridges appeared.
The gentle contact was only between the powder-cap surface and the analysed
sample.

3.2.3  Results and discussion

This section will discuss the characteristic of the synthesised material,
analysis of the interaction efficacy between fingermark and the luminescent
particles, comparative analysis of fingermark development between the new
material and benchmark methods.

Characterisation of the luminescent silica-based particles

The obtained luminescent silica particles unmodified and modified with
long hydrocarbon chains and phenyl groups were characterised by scanning electron
microscopy, fluorescence spectrometry, and FTIR.

The SEM images of Zn0-Si0O,, Zn0-Si0,-C18, Zn0O-SiO,-Ph material (Figure
3.5) have shown the morphology of the synthesised particles. For unmodified and
modified material, particles appeared spherical with comparable morphology. The
particles were quite heterogeneous; however, their average size was in the range of
100 to 200 nm in diameter (determined by analysis of SEM images in Imagel
application).

Figure 3.5 SEM images of synthesised ZnO-SiO2 (A), ZnO-Si02-C18 (B), Zn0O-SiO2-Ph (C)
particles
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Due to the high polydispersity and fluorescent properties of the product, the results
obtained in dynamic light scattering measurements were not reliable.

The white ZnO-SiO; powder can be freely dispersed in ethanol (Figure 3.6
A). Its photoluminescence properties are visually long-lived. Material excited with
365 nm ultraviolet light emits blue-white luminescence (Figure 3.6 B). After switching
off the radiation source, a blue-green afterglow is still visible for a few seconds
(Figure 3.6 C).

Figure 3.6 The 1 mg mL! Zn0-Si0: suspension in ethanol illuminated with white light (A), 365
nm UV light (B). Picture C shows the afterglow as the image was taken immediately after
switching off the UV light lamp

Figure 3.7 shows the luminescence emission spectra of the ZnO-Si0O,, ZnO-
Si0,-C18, Zn0-SiO,-Ph particles. The emission spectrum measured at 365 nm
ultraviolet light excitation shows a broad emission band with a maximum at 415 nm
(Figure 3.7 A). When the emission spectrum was measured 0.8 ms after the
excitation decay, the maximum luminescence emission was shifted towards longer
wavelengths with a peak at 510 nm (Figure 3.7 B). It is accordant with the
observation of particles’ luminescence after switching off the UV light (Figure 3.6 C).
The shoulder observed at approx. 400 nm is related to the short-lived component.
It is worth noting that organic moieties grafted on the particles’ surface do not
significantly influence the luminescent properties of the Zn0-SiO, particles.
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Figure 3.7 Emission spectra of ZnO-SiO2, Zn0-Si0,-C18 and ZnO-SiO2-Ph particles registered
under 365 nm UV light excitation: (A) stationary spectrum (B) time-gated spectrum measured
0.8 ms after excitation

According to the literature data, zinc oxide nanoparticles show UV emission
centred at ca. 380 nm and a broad emission in the visible region at ca. 510-530 nm
[14], [15]. The UV emission band is attributed to the radiative annihilation of the
excitons [14], [16] and the broad visible emission is related to the electron-hole
recombination generated by surface defects caused during the synthesis, zinc
interstitials, and oxygen vacancies [10], [15]-[18]. The emission spectra of ZnO in the
silica matrix, both modified and unmodified, showed the absence of a UV emission
band and the presence of a broad visible emission band with the maximum at
415 nm. The blue emission may be associated with zinc oxide interstitial and surface
defects.

Figure 3.8 shows the absorption spectra of Zn0-SiO,, Zn0-Si0,-C18,
Zn0-Si0,-Ph particles normalised at 500 nm. Mostly the scattering effect for all types
of material is visible, and no absorption band from zinc oxide quantum dots was
registered. The scattering light covers this relatively low signal. Also, no contribution
from the organic groups has been recorded due to their small quantity in comparison
with silica and zinc oxide quantum dots. It was also confirmed with the weak IR
spectra of organic moieties.
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Figure 3.8 Absorption spectra for ZnO-SiO2, ZnO-Si02-C18, and ZnO-SiO2-Ph particle
suspension in ethanol normalised at 500 nm.

The long-lived luminescence decay times have been examined at
nanosecond and millisecond time range. The following model has been used for
fitting the theoretical decay functions to the experimental data:

n
—t
1(t) = Iy + z a; exp (T—>
i=1 '

Ivg — contribution of the long decay process
a; — percentage contribution of the individual process
T, —decay time of the particular process

The luminescence decays in the nanosecond range have been measured for
unmodified (Zn0-Si0;) and modified (Zn0-Si0,-C18, Zn0-Si0,-Ph) particles at

403 nm and 507 nm. The chosen wavelengths corresponded to the fluorescence and
phosphorescence, respectively, and were dictated by the instrumentation.
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Figure 3.9 Fluorescence decay curves, normalised at maximum for (A) ZnO-SiO2, (B) ZnO-
Si02-C18, and (C) ZnO-SiO2-Ph particles measured at 403 nm (=) and 507 nm (=) in the
nanosecond range. The green line constitutes the fitted functions, and the grey line shows
the instrument response function (IRF). The excitation wavelength is 379 nm

The conducted measurements showed that the decay times registered at
507 nm are significantly longer than those recorded at 403 nm (Figure 3.9 A, B, C).
The background intensity Iy, fitted to the data collected at 507 nm is an order of
magnitude higher than for the data collected at 403 nm (Table 3.1). Due to the
complexity of the system, it is difficult to assign the fitted decay time to specific
physical processes. Hence, the comparison of luminescent silica particles measured
at various wavelengths was based on the average decay time (7). This parameter
have been calculated based on the fitted parameters according to the following
formula
i1 Tiz

T=
Z?:l a; T;

The parameters of the fitted functions for all three samples have been collected
in Table 3.1.

Table 3.1 Parameters of the functions fitted to the luminescence decay curves recorded for
Zn0-Si02, Zn0-Si02-C18, and Zn0O-SiO2-Ph particles in the nanosecond range

Sample R? lbg/au.  o1/% T/ns /% Tf/ns  a3/% Ts/ns T/ns
Zn0-5i0, 09971 81 265 40 30 139 705 08 5.2
i?j’ n0-si0,C18 09936 68 241 40 28 139 731 07 5.1
n0si0,Ph 09922 82 257 40 28 139 715 08 5.1
Zn0-5i0, 09990 817 456 41 93 131 451 09 6.9
i?n7 n0-5i0,C18 0.9987 80.0 440 42 82 136 477 10 6.8

Zn0-Si0,-Ph  0.9989 81.0 433 4.2 8.8 13.2 47.9 1.0 6.8
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No difference in decay times was observed for all three kinds of particles

measured at a particular wavelength, though the decay times became longer when
measured at a longer wavelength (Table 3.1). They were ca. 5 ns measured at
403 nm and ca. 7 ns measured at 507 nm.
The luminescence decays in millisecond range have been measured for ZnO-SiO,,
Zn0-Si0,-C18, and Zn0-Si0,-Ph particles at 400 nm and 510 nm (Figure 3.10), as the
results for measurements conducted in longer timescale are of importance for time-
gated imaging.
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Figure 3.10 Fluorescence decay curves normalised to 1000000 for (A) ZnO-SiO2, (B) ZnO-SiO»-
C18, and (C) Zn0O-SiO2-Phen particles measured at 400 nm (e) and 510 nm (o) in the
millisecond range. The green line (—) shows the fitted functions. The excitation wavelength is
365 nm.

The theoretical decay functions have been fitted to the experimental data.
As previously, for the longer wavelength (510 nm) recording, the registered decay
times have been ca. 4 times longer than for measurement at 400 nm (Table 3.2). The
average decay times at 400 nm were equal to 52.5 ms, 47.3 ms, and 50.0 ms for
Zn0-Si0;, Zn0-Si0,-C18, and Zn0-Si0,-Ph, respectively, whereas for measurement
at 510 nm, the decay times were equal to 204.8 ms, 271.3 ms, and 202.7 ms,
respectively. Similarly to the nanosecond measurements, among all kinds of
particles, no significant differences in decay times measured at a particular
wavelength have been observed. In millisecond rage analysis, the background
intensity for measurements conducted at 400 nm is 4 to 7 times lower than for
background intensity for the data collected at 510 nm.
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Table 3.2 Parameters of the functions fitted to the luminescence decay curves recorded for
Zn0-Si02, Zn0-Si02-C18, and Zn0-SiO2-Ph particles in the millisecond range

Sample R? lbg/au.  o1/% T/ms 02/% T/ms as/% T/ms T/[/ms
Zn0-Si0O, 0.9993 12371.0 71.2 1.7 20.7 11.3 8.1 77.7 52.5

Iz’:?no Zn0-Si0,-C18 0.9990 14660.2 72.1 1.6 19.5 10.3 8.4 69.1 47.3
Zn0-Si0,-Ph  0.9993 13534.7 723 1.6 20.1 11.2 7.7 74.8 50.0
Zn0-Si0O, 0.9989 93868.1 40.2 3.2 31.7 2222 282 18.4 204.8

i:'no Zn0-Si0,-C18 0.9992 62114.8 45.6 4.8 30.1 296.7 244 28.4 271.3
Zn0-Si0,-Ph  0.9988 87846.1 52.4 0.8 247 2185 229 18.1 202.7

Longer decay times obtained for measurements recorded at longer
wavelengths indicated that long-lived processes are red-shifted in comparison to the
short-lived ones. The average decay time for the particles measured at 510 nm is
higher than 200 ms, and it can be supposed that the examined material possesses
long-lived luminescence. The significant background intensity observed in all
timescale measurements indicated the presence of additional long-lived processes
in the system and that the overall luminescence lifetime may be longer than already
measured. Above mentioned results stay in agreement with the spectra
measurements, where the red-shift of the maximum peak for time-resolved spectra
is observed (Figure 3.7).

The decay time measurements of the studied material have been
additionally performed for the whole visible light spectrum using the time-gated

imaging system (Figure 3.11).
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Figure 3.11 Luminescence decays normalised at the maximum for (A) ZnO-SiO2, (B) ZnO-SiO2-
C18, and (C) ZnO-SiO2-Phen. The green line (—) shows the fitted functions. The excitation

wavelength is 365 nm

The theoretical functions have been fitted to the experimental data, whereby the
background intensity /,; has been fixed to zero (Table 3.3). The results showed
biexponential decay. The average decay times for ZnO-SiO,, Zn0O-Si0,-C18, and
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Zn0-Si0,-Ph were equal to 456.1 ms, 506.3 ms, and 511.4 ms, respectively
(Figure 3.11 A, B, and C).

Table 3.3 Parameters of the functions fitted to the luminescence decay curves recorded for
Zn0-Si02, Zn0-Si02-C18, and Zn0-SiO2-Ph particles in the millisecond range for the whole
visible spectrum of light

Sample R? lbg / @. u. o1/ % T/ ms o/ % T,/ ms T/ ms
Zn0-SiO, 0.9997 0.0 60.8 119.6 39.2 566.7 456.1
Zn0-Si0,-C18 0.9995 0.0 51.8 103.1 48.2 583.0 506.3
Zn0-Si0,-Ph 0.9986 0.0 53.4 103.7 46.6 593.2 511.4

The decay times calculated for the individual types of particles do not differ
significantly from each other, and these values are in agreement with the literature
data [10]. It can be assumed that the surface modification of the particles with
organic moieties does not affect their luminescent properties.

The composition of particles and capping moieties on the surface were
identified with IR spectroscopy. The well-defined bands at 1062 cm™ and 800 cm™?,
characteristic for asymmetric stretching vibrations and banding mode of Si-O-Si,
respectively [19], were present in the spectra for all three samples ZnO-SiO,, ZnO-
Si0,-C18, and Zn0-Si0,-Ph. The shoulder at approx. 500 cm™ can be associated with
both the Zn-O bond [20] and the rocking vibration of Si-O-Si [21] (Figure 3.12 A). The
additional peaks at lower frequencies 2963 cm™, 2924 ¢cm™ and 2854 cm?
corresponded to the C-H stretching and were assigned to the vibrations of the
methyl groups (-CH,) in long alkyl chains [22] (Figure 3.12 B). This result confirmed
that octadecyl groups were successfully grafted on the particles’ surface. These
bands were absent in the other spectra. The spectrum obtained for ZnO-SiO,-Ph
showed additional two characteristic peaks at 697 cm™ and 1430 cm™ associated
with rocking vibrations of C-H and stretching vibrations of C-C bonds in the aromatic
ring [23] (Figure 3.12 C, D). The presence of these peaks only in the ZnO-SiO,-Ph
spectrum confirmed the presence of the phenyl groups on the particles’ surface.
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Figure 3.12 IR spectra of ZnO-SiO2 (black), Zn0O-Si02-C18 (pink), and ZnO-SiO2-Ph (green). (A)
Full spectra (Spectra were shifted to make the picture clear). (B, C, D) Selected fragments of

spectra in high resolution
The analysis of LFM enhancement efficacy on selected substrates

The new luminescent ZnO-SiO, material modified with both phenyl groups
or 18 hydrocarbon chains was applied to develop latent fingermarks deposited on
a range of commonly encountered representative surfaces such as aluminium foil,
beverage can, glass, magazine cover paper, adhesive tape, polypropylene foil
(PP white and black plastic bag), and paper. The modification of particles with
guantum dots allowed for visualisation developed fingermark despite the strong
background luminescence. Initially, the working suspension containing 1 mg mL? of
either Zn0-Si0,-Ph or Zn0-Si0,-C18 particles in water-ethanolic solution (97:3, v/v)
was used for the enhancement process. The developed fingermarks have been
imaged in the normal (fluorescence) and pulse mode. The results were collected in
Figure 3.13 and Figure 3.14.
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Figure 3.13 Samples of natural fingermarks developed with Zn0O-SiO2-Ph particles in water-
ethanol solution (97:3, v/v) deposited on aluminium foil (A, A’), beverage can (B, B’), glass
(C, C’), magazine cover paper (D, D’), sticky side of the adhesive tape (E, E’), black PP foil (F,
F’), white PP foil (G, G’), notebook paper (H, H’), copy paper (I, I'). The images A-I have been
recorded in the normal mode and the images A’-I" in the pulse mode

Zn0-Si0,-Ph particles enable successive visualisation of the fingermarks
on aluminium foil. The bright spots and reflections have been observed in the normal
mode (Figure 3.13 A). Switching into the time-gated mode eliminated this
interference and improved the contrast between the fingermark and the aluminium
foil background (Figure 3.13 A’). A beverage can is a sample with a highly strong
background luminescence. If observed in the normal mode, the fingermark is hardly
visible (Figure 3.13 B); but switching into the pulse mode enables eliminating the
interfering reflections and background fluorescence, which lead to the contrast
increase between the fingermark and the substrate (Figure 3.13 B’). In the case of
glass slides, fingermarks developed with ZnO-SiO,-Ph particles enables visualisation
in both normal and pulse mode (Figure 3.13 C and C’). Switching into the time-gated
mode substantially increased the contrast between the fingermark ridges and the
substrate. The next examined substrate was magazine cover paper. Paper is one of
the most problematic surfaces to work with. Firstly, the paper usually possesses
strong luminescence, which makes it problematic to image fingermarks employing
conventional techniques based on fluorescent agents such as 1,2-Indanedione or
1,8-Diazafluoren-9-one (DFO). Secondly, its porous structure makes the powder
dusting technique challenging to apply since the powder is likely to adsorb on both
the background and the fingermark ridges. The fingermarks developed with ZnO-
SiO,-Ph particle suspension were impossible to visualise in the normal mode
(Figure 3.13 D) due to the strong background luminescence, whereas switching into
the pulse mode enables to image the fingermark ridges (Figure 3.13 D’).
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Another substrate, tough for latent fingermark development, is a sticky
side of adhesive tape. It is problematic to work with for two reasons. Firstly, the
sticky layer on one side of the tape excludes applying the powder dusting technique
for technical reasons. Secondly, its strong luminescence may interfere with the
luminescence of the developer used for fingermark enhancement. The use of ZnO-
SiO,-Ph water-ethanol suspension allowed introducing luminescent particles
selectively on the fingermark. The effect of the preferential adherence of particles
to the fingermark ridges can be assigned to lipophilic interactions between phenyl
groups on particles’ surface and fatty constituents of fingermark secretion. The
strong adhesive tape luminescence hindered the fingermark imaging in the normal
mode (Figure 3.13 E), while imaging in the time-gated mode yielded a good
fingermark enhancement (Figure 3.13 E’). ZnO-SiO,-Ph enables visualisation of the
fingermarks on black PP foil. Fingermark imaged in the normal mode is relatively well
visible (Figure 3.13 F), although using the pulse mode conduce to increase the
contrast significantly (Figure 3.13F’). A quite strong luminescence effect has been
observed for the fingermark deposited on white PP foil. Even though the fingermark
was hardly visible in the normal mode (Figure 3.13 G), the time-gated imaging
eliminated the background interference and resulted in well-visualised fingermarks
(Figure 3.13 G’). The Zn0O-Si0O,-Ph particles were also applied to develop fingermarks
deposited on a problematic surface which is notebook and copy paper. These
substrates possess high luminescence and quite porous structure. No visible
fingermarks were obtained for these both items, even in the time-gated mode,
where the background luminescence was eliminated (Figure 3.13 H’, I’). The
fingermark deposits (both oily and amino acids fraction) do not retain on the paper
surface but are absorbed deep into the substrate in time [24]. The ZnO-SiO,-Ph
particles were too large to penetrate the paper structure and effectively interact
with the fingermark components.
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Figure 3.14 Samples of natural fingermarks developed with ZnO-Si0,-C18 particles in water-
ethanol solution (97:3, v/v) deposited on aluminium foil (A, A’), beverage can (B, B'), glass (C,
C’), magazine cover paper (D, D’), sticky side of the adhesive tape (E, E’), black PP foil (F, F’),
white PP foil (G, G’). The images A-G have been recorded in the normal mode and the images
A’-G’ in the pulse mode

Zn0-Si0,-C18 particles effectively interact with the fingermark deposited on
aluminium foil. Similar to the Zn0-Si0,-Ph developer, in the normal mode of imaging,
the fingermark is not clearly visible (Figure 3.14 A); some reflections of light have
been observed that disturb the visualisation process. However, in the pulse mode,
these reflections were eliminated, and a good contrast between the fingermark
ridges and background was obtained (Figure 3.14 A’). The fingermarks deposited on
the beverage can developed with Zn0O-Si0,-C18 suspension have been slightly visible
in the normal mode (Figure 3.14 B); however, using time-gated mode lead to
significant contrast enhancement (Figure 3.14 B’). The fingermarks deposited on
glass substrate developed with ZnO-SiO,-C18 particles, similarly to Zn0-SiO,-Ph
material, enabled visualisation in both normal and pulse mode (Figure 3.14 Cand C’);
however, applying the pulse mode lead to a significant contrast enhancement
between the fingermark and glass slide. The fingermarks deposited on the magazine
cover paper developed with Zn0O-SiO,-C18 particle suspension were impossible to
visualise in the normal mode (Figure 3.14 D) due to the strong background
luminescence. The time-gated imaging enabled increasing the contrast between the
developed fingermark and paper background. (Figure 3.14 D’). However, the image
showed some blurred fingermark ridges, related to the above-mentioned fact that
the fingermark on the porous substrate does not retain entirely on the surface but
may penetrate the depth and the interaction with the developing agent is inhibited.
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For fingermarks deposited on the adhesive tape, obtained results were similar to
those for ZnO-SiO,-Ph particles. Due to the strong luminescence of the background,
fingermarks were hardly visible when imaging in the normal mode (Figure 3.14 E),
whereas switching into the pulse mode allowed to get rid of the luminescence of the
background and increase the contrast between the fingermark and tape substrate
(Figure 3.14 E’). In the case of black and white PP foil, developed fingermarks imaged
in normal mode were visible, but also some interrupting reflecting spots have been
recorded (Figure 3.14 F and G). This interference disappeared in pulse mode, and the
contrast between fingermark and tape has been improved significantly (Figure 3.14
Fand G’).

Most of the considered substrates possess strong luminescence
themselves or strongly reflect the light. Therefore imaging samples developed with
either ZnO-SiO,-Ph or Zn0O-Si0,-C18 in the normal mode have weak or no effect.
Applying the pulse mode for fingermark imaging increase the contrast between
fingermark ridges and the substrate for both ZnO-SiO,-Ph or Zn0-Si0,-C18 material.
However, for phenyl-modified particles, a more precise fingermark visualisation was
obtained for all the samples. This observation suggests that phenyl groups can
facilitate the more selective adsorption of the developer particles on the fingermark
ridges than hydrocarbon modified particles. Taking into consideration the ridge
quality enhancement and luminescent brightness, zinc oxide silica particles capped
with phenyl moieties concluded to give the best performance. It was therefore
selected for further latent fingermark enhancement analysis.

Comparison of LFM enhancement over the range of ZnO-SiO;-Ph suspension
concentration

To investigate what concentration of ZnO-SiO,-Ph particle suspension
would be optimal to obtain the best sensitivity, a series of fingermark development
on various substrates at three different concentrations was performed. A scheme of
a sample with fingermarks deposited for concentration comparison purposes is given
in Figure 3.15. The dashed line shows the intersection of the mark before
development. Results were evaluated by putting the cut sections to the original
position and visualise the sample with the time-gated imaging system.
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1 I
0.1 % w/v | 1 % w/v | 2 % wfv

Figure 3.15 A diagram showing fingermarks deposited on an individual substrate prepared
to compare the results of fingermark development at different concentrations of ZnO-SiO»-
Ph particles in water-ethanolic solution

Fingermarks deposited on aluminium foil, beverage can, coloured
magazine cover paper, and adhesive tape have been developed with a ZnO-SiO,-Ph
particle water-ethanol suspension of 0.1, 1 and 2 % concentration. Each sample was
cut, as mentioned above, and immersed in the suspension of proper concentration.
For the adhesive tape sample, the development with a drop of the suspension was
applied. Then, each sample was brought into the original position and imaged in
normal and time-gated (pulse) mode. The results are presented in Figure 3.16 and
Figure 3.17.

Aluminium foil Magazine cover paper
0.1% 1% 1% 2% 0.1% 1% 1% 2%

normal mode

pulse mode

Figure 3.16 Samples of fingermarks deposited on aluminium foil and magazine cover paper
developed with a suspension of ZnO-SiO2-Ph particles under concentrations 0.1, 1, and 2 %
imaged in UV light mode (upper row) and time-gated mode (lower row)
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Beverage can Adhesive tape
0.1% 1% 1% 2% 0.1% 1% 1% 2%

normal mode

pulse mode

Figure 3.17 Samples of fingermarks deposited on beverage can and adhesive tape developed
with a suspension of Zn0O-SiO2-Ph particles under concentrations 0.1, 1, and 2 % imaged in
UV light mode (upper row) and time-gated mode (lower row)

The use of 0.1 % suspension of ZnO-SiO,-Ph allowed for developing
fingermarks on all processing substrates with satisfactory results. However, with the
increase of particle concentration to 1 % or 2 %, more luminescent particles
adsorbed on the fingermark ridges resulting in the efficient enhancement of
fingermark development and better contrast between the mark and the background.
Both 1 % and 2 % concentration provided outstanding ridge details quality. Since
there is no significant difference between the fingermarks enhanced by these two
concentrations, a concentration of 1 % was chosen for further processing. This
formulation allowed for developing the fingermark with a high-quality second and
third level of ridge details, such as ridge endings, bifurcations, pores, without
background staining and background interference (Figure 3.18).
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Figure 3.18 Natural fingermark deposited on a beverage can, developed with 1 % ZnO-SiO»-
Ph water-ethanol suspension, imaged in a fluorescence (A) and a time-gated (B) mode. The
2" and 3™ level features are distinguished (C), (D).

Comparison of the interaction between ZnO-SiO2-Ph particles and eccrine,
natural and sebaceous fingermarks

The donor M1 was asked to deposit eccrine, natural, and sebaceous
fingermarks on selected substrates: ITO, aluminium foil, beverage can, magazine
cover, and adhesive tape to examine whether ZnO-SiO,-Ph particles can interact
sufficiently with fingermark secretion regardless of the composition of fingermark.
All fingermark samples were developed with 1 % of water-ethanol (97:3, v/v)
suspension. The developed eccrine, natural, and sebaceous fingermarks deposited
on ITO were observed under the scanning electron microscope (Figure 3.19).
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eccrine natural sebaceous

Figure 3.19 SEM images of 7 days old eccrine, natural and sebaceous fingermarks deposited
on ITO and developed with 1 % ZnO-SiO2-Ph in water-ethanolic suspension

SEM images for eccrine, natural, and sebaceous fingermark developed with
Zn0-Si02-Ph suspension demonstrated that particles interact selectively with the
fingermark residue. The particles covered the entire ridge of the mark for each type
of fingermark. It is well visible in the magnified images. The hydrophobic properties
of particles may play a crucial role in the fingermark development process.
Hydrophobic particles interact with fatty components of the fingermark, forming
a thick layer on its ridges. It is particularly visible in natural and sebaceous
fingermarks. However, the eccrine mark also consists of specific oily components;
hence the particles are deposited selectively on each type of mark.

A series of considered types of fingermarks were developed on surfaces such
as aluminium foil, magazine cover paper, adhesive tape, and beverage can. The
results are summarised below in Figure 3.20 and Figure 3.21. Images were taken
in the normal and pulse mode.
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Aluminium foil Magazine cover paper
eccrine natural sebaceous eccrine natural sebaceous

normal mode

pulse mode

Figure 3.20 Eccrine, natural and sebaceous fingermarks on aluminium foil and magazine cover
paper developed with 1 % Zn0-SiO»-Ph in water-ethanolic solution (97:3, v/v) imaged in the
normal mode (upper row) and pulse mode (lower raw)

Adhesive tape Beverage can
eccrine natural sebaceous eccrine natural sebaceous
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Figure 3.21 Eccrine, natural and sebaceous fingermarks adhesive tape and beverage can
developed with 1 % ZnO-SiO2-Ph in water-ethanolic solution (97:3, v/v) imaged in normal
mode (upper row) and pulse mode (lower raw)

The above images showed that the new luminescent and lipophilic material
could realise the development of natural and sebaceous fingermarks on each of the
considered substrates with the high ridge details. As displayed in Figure 3.20,
interactions between particles and typically eccrine fingermark are slightly weaker

202

https://rcin.org.pl



Chapter 3

on surfaces such as magazine cover paper. The low contrast of the image may be due
to the small number of particles deposited on the mark ridges. The probable reason
for this is a small number of fatty components in the eccrine residue as well as the
porous structure of the substrate, which makes the fingermark residue difficult to
contact with the particles. On the other hand, eccrine fingermarks deposited on
adhesive tape, aluminium foil, or beverage can are of good quality. It can be
concluded that the proposed luminescent lipophilic ZnO-SiO,-Ph particles work
efficiently with the entire spectrum of fingermark types on non-porous surfaces.
Time-gated imaging of developed fingermarks significantly increase the contrast
between the mark and the background; therefore, well-defined ridge details were
observed in these samples. Imaging fingermarks in the normal mode was ineffective
due to the substantial background interference, especially for beverage can,
magazine cover, and adhesive tape substrates.

Comparison of 6 donors’ latent fingermarks developed on various
substrates

An initial study has been completed to assess the capability and
effectiveness of luminescent ZnO-SiO,-Ph particles to enhance latent fingermarks
deposited on selected substrates by various donors. For this, a series of fingermarks
collected from six donors (two male, four female) on aluminium foil, beverage can,
magazine cover paper, and adhesive tape was developed with 1 % ZnO-SiO,-Ph
suspension in water-ethanol solution (97:3, v/v) (Figure 3.22). The figure shows
a comparison of fingermarks from 6 donors deposited on selected substrates,
processed with 1 % ZnO-SiO,-Ph water-ethanol suspension, and observed under 365
nm UV light in the time-gated mode. This mode of imaging is essential to eliminate
surface interferences and improve fingermark contrast with the background,
especially when the substrates are reflective or have autofluorescence. This study
showed that Zn0-Si0,-Ph particles are useful in fingermark enhancement, even on
highly fluorescent or colourful surfaces. It can be observed the discernible friction
ridge impressions on all considered non-porous substrates. An observable decrease
in detection quality was found for the fingermarks deposited on magazine cover
paper. However, even for these fingermark samples, the images still show ridge
detailing. It indicates that obtained luminescent material is efficient even at a low
concentration of sebaceous components of the fingermark.
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beverage can aluminum foil

magazin foil

adhesive tape

Figure 3.22 Latent fingermarks deposited by six donors (four female, two male) on aluminium
foil, beverage can, magazine cover paper, and adhesive tape enhanced with a 1 % suspension
of Zn0-Si0,-Ph particles in water-ethanol solution (97:3, v/v) observed in the time-gated
mode

Comparison of LFM enhancement over the depletion series

Atrial of the natural fingermark depletion series was examined to assess how
sensitive the Zn0-SiO,-Ph particles are in contact with fingermark components. The
depletion series was related to sequential impressions of depositing fingermarks
using the same finger without recharging with secretion. The series was prepared for
aluminium foil and beverage can substrates. In the series, each of the three donors
(two males: M1, M2, one female: F1) was asked to deposit five fingermarks in a row
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using the same finger on the appropriate substrate. Then each deposited fingermark
was immersed into 1 mg mL! ZnO-SiO,-Ph water-ethanol suspension for five
minutes, then rinsed with water and dried in the stream of argon. The results were
collected in Figure 3.23.

Aluminium foil Beverage can
M1 M2 F1 M1 M2 F1

Figure 3.23 Depletion series of five fingermarks on aluminium foil and beverage can by three
donors observed in the time-gated mode

Figure 3.23 shows a depletion series of fingermarks developed with ZnO-
SiO,-Ph particles. For both aluminium foil and beverage can, the ridge details were
visible for all depletions of donor M1 and F1, whereas for donor M2 the assessed
material provided well visible ridges only up to the third depletion. The fourth and
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fifth depletion indicated less visible ridge details. It appears that the applied
luminescent particles show good fingermark detection sensitivity on non-porous
substrates; however, its effectiveness may depend on the donor variability.

Comparative analysis of the ZnO-SiO-Ph particles with conventional
methods of latent fingermark visualisation

To be able to determine the efficacy of the ZnO-SiO,-Ph particle
development, a comparative study was performed between the new material and
benchmark methods of fingermark detection.

Basic Violet 3

The comparison between the two methods was performed as follows. Each
half of the split fingermark was developed with either ZnO-SiO,-Ph or BV3 reagent,
then halves of the samples were recombined, enabling a direct comparison of the
fingermarks quality. Developed fingermarks were imaged with the CCD camera
under UV light in the time-gated mode for Zn0O-SiO,-Ph particles and under white
light for BV3 (Figure 3.24).

Figure 3.24 Comparison between latent fingermarks treated with 1% Zn0O-SiO2-Ph and viewed
in time-gated mode (A, B, C, D) and BV3 viewed in white light (A’, B’, C’, D’) deposited on (A)
aluminium foil, (B) beverage can, (C) magazine cover paper, (D) adhesive tape

Figure 3.24 displays that the better quality fingermark was obtained for ZnO-
SiO,-Ph particles on aluminium foil, beverage can, and adhesive tape in comparison
to the BV3 development. The properties of these particles allow for visualisation
without any interference of the substrate. In contrast, the fingermarks processed
with BV3 and imaged under white light were hardly visible due to the light reflection
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in the case of aluminium foil or the luminescence of the substrate in the case of
colourful beverage can, which completely disrupted the registration of fingermark
signal. For fingermarks deposited on magazine cover paper, development by both
techniques did not give high-quality results, but ZnO-SiO,-Ph formulation appeared
to produce more visible ridge details of fingermark than BV3 agent. Fingermarks
deposited on the adhesive tape showed the high quality of ridge details for both
development techniques; however, the performance of luminescent particles
resulted in better contrast with the background when compared to fingermarks
processed with BV3.

Small particle reagent (SPR)

The split fingermark halves were developed with either ZnO-SiO,-Ph or SPR
reagent and then put back to the original position for the quality comparison
assessment. Samples were examined with a CCD camera under the UV light in the
delayed mode for luminescent particles and white light for SPR. The results of the
fingermark enhancement on selected substrates are collected in Figure 3.25.

Figure 3.25 Comparison between latent fingermarks treated with 1 % ZnO-SiO.-Ph and
observed in time-gated mode (A, B, C, D) and SPR observed in white light (A’, B’, C’, D’)
deposited on (A) aluminium foil, (B) beverage can, (C) magazine cover, (D) adhesive tape

There is a difference in the quality of detected ridge details when comparing
zinc oxide silica particles and SPR reagent for each substrate. Luminescent particles
developed considerably better quality marks than SPR on aluminium foil, beverage
can, and adhesive tape. Visualising the SPR enhanced fingermark with white light
disable to image the whole aluminium foil sample due to the interferences of the
light reflected from the rough background. Similarly, imaging the marks deposited
on colourful beverage can and adhesive tape encounters strong background
luminescence. A further observation is that luminescent silica particles, as well as
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SPR reagent, developed weak fingermarks on magazine cover paper. However, a bit
better contrast was obtained for ZnO-SiO,-Ph than for the SPR method.

Powder dusting

Comparison of fingermarks samples developed with luminescent powder
dusting technique incorporated only aluminium foil, beverage can, and magazine
cover paper substrates because this technique is not suitable for adhesive surfaces.
Halves of the examined samples enhanced with either ZnO-SiO,-Ph particles or
dusted with the fluorescent powder were viewed under 365 nm UV light and
recorded in time-gated mode and normal mode, respectively (Figure 3.26).

Figure 3.26 Comparison between latent fingermarks treated with 1% ZnO-SiO2-Ph and viewed
in time-gated mode (A, B, C) and luminescent powder viewed in the 365 nm UV light (A’, B/,
C’) deposited on (A) aluminium foil, (B) beverage can, (C) magazine cover

The quality of ridge details on aluminium foil and beverage can developed
using Zn0O-SiO»-Ph reagent is more than or equal to that obtained using luminescent
powder dusting. Both of these techniques performed well and enhanced fingermarks
with very good quality. For fingermarks deposited on magazine cover paper, the
comparison between ZnO-SiO,-Ph particles and luminescent powder technique
resulted in the poor quality of ridge details for both methods.

Fingermarks deposited on selected surfaces and developed with silica
particles possessed long-lived luminescence resulted in a better quality of
fingermark enhancement compared with other methods because surface printing
and background fluorescence did not affect the visualisation process. The
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development of fingermarks deposited on magazine cover paper varies significantly
in quality for each method in comparison with other substrates. What affects the
results is the fact that these methods do not work sufficiently for porous surfaces,
where the access to the fingermark residue is slightly handicapped. Overall, ZnO-
SiO,-Ph formulation appears to develop fingermarks with the best ridge details
quality for all considered substrates.

Practical application

The new ZnO-SiO,-Ph material under optimised conditions is a valuable
luminescent label for effortless fingermark development and may find a practical
application in LFM visualisation on troublesome surfaces. Figure 3.27 exhibits the
potential application of these particles to fingermark enhancement on a polymer ID
card protected by fluorescent features. Due to the time-gated imaging, it was
possible to separate the background fluorescence from the luminescence of the
enhanced fingermark. Samples imaged in a white light illumination (Figure 3.27
1-4 A) exhibited no fingermark ridge details and no protective fluorescence patterns.
When the illumination was changed to UV light (Figure 3.27 1-4 B), the protective
features became visible; however, the signal collected by the CCD camera came
mostly from the strong background fluorescence, which entirely covered the weaker
luminescence of the fingermark. Switching the imaging system to the time-gated
mode allowed for collecting the luminescence signal mainly from the fingermark
ridges (Figure 3.27 1-4 C) since the decay time of the background luminescence is
significantly shorter than the decay time of the luminescent particles deposited on
fingermark ridges. Luminescent ZnO0-SiO,-Ph particles selectively adsorbed on
fingermark deposits produced the clear fingermark pattern image.
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Figure 3.27 Natural fingermarks deposited on an ID card revealed with 1% ZnO-SiO»-Ph water-
ethanol suspension (97: 3, v/v). Imaging in the normal mode under white light (1-4 A), under
ultraviolet light (1-4 B) and in the time-gated mode with the 800 us delay of collecting signal
(1-4 Q)

3.2.4 Conclusions

A detailed study of the synthesised luminescent lipophilic particles showed
the potential of the novel material for latent fingermark detection on various
surfaces of forensic interest. Silica particles with immobilised zinc oxide quantum
dots have been synthesised by a reverse microemulsion method and then modified
by grafting phenyl groups or 18-carbon aliphatic chains. IR spectroscopy analysis
confirmed the presence of both zinc oxide and silica structures, as well as organic
moieties covalently attached to the silica layer. Spectrofluorimetric measurements
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indicated that the material possesses luminescent properties. When excited by the
light of 365 nm wavelength, particles emit visible blue light and additionally show
long-lived luminescence with an average decay time of ca. 0.5 ms.

The luminescent material allowed for developing latent fingermarks
deposited on non-porous substrates such as glass, aluminium foil, beverage can,
polypropylene foil, magazine cover paper, and adhesive tape without background
staining. However, the luminescent particles are not suitable for fingermark
detection on porous surfaces such as paper due to their size and inability to
penetrate into the structure of the substrate. Particles were successfully deposited
on the fingermark residue via the simple wet method in which the sample was
immersed in the water-ethanol suspension, making this method advantageous for
two reasons. The first is that the direct interaction between the particle and
fingermarks’ deposit has taken place, which has no destructive effect on the
fingermark pattern; in contrary to the dusting method in which the powder is
deposited mechanically with the brush so that the fingermark ridges damage may
occur. The second is that the non-toxic carrier solvent in the form of water with
a small addition of ethanol was applied, eliminating the usage of volatile, toxic
organic solvents and thus making this method user- and environmentally friendly.

The use of lipophilic silica particles with ZnO QDs makes it possible to obtain

a multifunctional material. On the one hand, it can selectively interact with the
fingermark constituents resulting in a clear fingermark image. On the other hand,
due to the long-lived luminescence of ZnO QDs it can relevantly increase the contrast
between the fingermark and the luminescent or reflective background.
In order to improve the quality of fingermark development, the concentration
optimisation trial has been undertaken. The results demonstrated that 1 % ZnO-SiO,-
Ph water-ethanol suspension was adequate to obtain highly loaded fingermark
ridges sufficient to visualise clear mark with essential details. The natural latent
fingermarks of several donors deposited on various common surfaces have been
efficiently enhanced with the ZnO-SiO,-Ph particle suspension. A comparative
evaluation of fingermarks deposited on these surfaces showed that marks developed
with Zn0O-SiO,-Ph particles gave beneficial results. The particles showed selective
affinity to the fingermark deposits, not to the background on each surface; however,
high contrast and clear ridge details were observed on non-porous surfaces rather
than on porous such as magazine cover paper or paper. It is worth noting that this
material is possible to apply for the latent fingermark development on the tough
substrate, which is the sticky side of the adhesive tape.

The efficiency of the new material was also evaluated in the comparative
trial with commonly used reagents such as Basic Violet 3, SPR, or fluorescent powder.
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This analysis showed that new luminescent particles, in most instances, developed
fingermarks more successfully or comparatively to the other studied methods and
that the interference from the background was overcome, unlike the BV3 or SPR
reagents. The depletion series trial demonstrated the quite high sensitivity of
particles, which interacted with fifth depletion fingermark deposits; however, this
sensitivity was also donor-dependent. Due to the time-gated measurements enabled
latent fingermark visualisation on reflective and luminescent substrates, the new
material was effectively applied to develop latent fingermarks on the substrate
having UV-active protected pattern.

In conclusion, the modified ZnO-SiO; particles have the potential to detect latent
fingermarks on various tough surfaces that exhibit interfering background
luminescence.

3.3 Upconverting particles with a silica shell

3.3.1 Introduction

As mentioned in Chapter 3.1, techniques of fingermark development based
on photoluminescence of a sensitising agent are an essential tool in forensic
sciences. Among various luminescent reagents, also upconverting nanoparticles are
increasingly used in fingermark visualisation [25]—[30]. It is due to their physical and
chemical properties such as relatively small size, large surface area, high
fluorescence intensity, large anti-Stokes shifts, sharp emission lines, multi-coloured
emissions, and photochemical stability [30]-[32]. In general, as described in
Chapter 1.8, the upconversion phenomenon is based on the optical process during
which the material absorbs two or more low-energy photons, followed by the single
high-energy photon emission [33]. The result is the absorption of longer excitation
wavelength (e.g. infrared radiation) and the emission of a shorter-wavelength
photon (e.g. in visible radiation region). The widely studied upconversion materials,
with the application in forensic science, are lanthanide-doped UCNPs [28], especially
NaYF4:Yb,Er as one of the most efficient upconverting crystals [34], [35].

One of the main advantages is that UCNPs possess large anti-Stokes shifts.
Particles excited with near-infrared light emit strong visible luminescence [30], [36].
In most natural surfaces or consumer products, the upconversion is rare. Some
troublesome surfaces such as multi-coloured and patterned exhibits quite often
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contain dyes, inks, or security marks emitting broadband luminescence. In this case,
visualising fingermarks using conventional luminescent techniques utilising
ultraviolet or visible excitation radiation results in a lack of contrast between the
labelling agent and the background on which the fingermark is deposited [29], [37].
Whereas, excitation of the substrate with low energy NIR radiation erases the
autofluorescence of the substrate as well as the background interference and induce
the visible light emission of the sensitised fingermark that leads to an increase in
optical contrast and detection sensitivity [28].

The other merit of UCNPs is that a laser, as a source of IR excitation radiation, emits
relatively low energy, which is less harmful to DNA in fingermark residue, human
skin, or eyes, unless the focusing lens is used, compared to ultraviolet radiation [30].
However, IR lasers employed to fingermark visualisation may be destructive to some
types of surfaces, such as polymer thin films, causing their shrinking or melting [37].

Also, the size and shape of UCNPs can be controlled during the synthesis, and
a nanoparticle surface modification can be easily performed in the process of silica
coating or organic moieties grafting, which is important from the fingermark
enhancement point of view. Surface functionalisation with a layer of lipophilic
groups (e.g., phenyl group or long hydrocarbon chains) may lead to an increase in
the selective affinity to fingermark ridges as well as a rise of upconversion efficiency
[32]. Commercial UCNPs are usually not uniform in size, ranging from 0.2 to 2 um,
and in shape. Therefore, particles could not adequately cover the fingermark
deposit, causing background staining, and also some specific features like sweat
pores may be undetected, leading to detection sensitivity decrease [25], [30].
Besides, UCNPs for fingermark development are mostly deposited with the powder
dusting technique [25], [28]—[30], [37]. As this application may be destructive for
fingermark ridges, small UCNPs with uniform size and shape, high upconversion
efficiency, strong luminescence, and excellent affinity to fingermark residuals are still
desirable.

This section discusses two approaches to monodispersed, hexagonal
NaYF4:Yb,Er crystals synthesis. The first one is based on a hydrothermal method with
sodium citrate as a shape and size modifier in an aqueous solution. The second
approach concerns a solid-liquid-thermal-decomposition (SLTD) method with
sodium difluoride as sodium and fluoride precursors and oleic acid together with
1-octadecene as a liquid phase. UCNPs obtained from both syntheses were coated
with silica and further modified with either phenyl groups or long hydrocarbon
chains to give them lipophilic properties facilitating the interactions with fingermark
residuals. Also, in this section, the results of the UCNPs application to latent
fingermark visualisation on non-porous and porous surfaces are presented. The NIR
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luminescent UCNPs excited with 980 nm infrared laser indicate strong emission in
the green region of visible light. The developed fingermarks were visualised with
either a CCD camera or an SLR camera with an IR filter. A scheme of the fingermark
development process and imaging is shown in Figure 3.28. The results of the material
examination are also discussed in this section, including UCNPs characteristics,
affinity to fingermark ridges, the efficiency of fingermark imaging on various
backgrounds, and comparison with conventional methods of visualisation.

surface
modification

juawdojanap
sewsauy

—

digital camera imaging

IR laser, 980 nm

Figure 3.28 Schematic presentation of fingermark detection with surface-modified
NaYF4:Yb,Er UCNPs obtained in two different synthesis

3.3.2  Experimental

3.3.2.1 Chemicals

The following reagents were used for the synthesis of B-NaYFs:Yb,Er
upconverting crystals and surface modification: yttrium (lll) chloride (anhydrous,
YCls), ytterbium (lll) chloride (anhydrous, YbCls), and erbium (l11) chloride (anhydrous,
ErCl;) were purchased from Apollo Scientific. Yttrium oxide (99.99 %), ytterbium
oxide (99.9 %), erbium oxide (99.99 %), ytterbium(lll) acetate hydrate (99.95 %,
Yb(CH3COO)s), yttrium (Ill) acetate hydrate (99.9 %, Y(CHsCOO)s), erbium (l1) acetate
hydrate (99.9 %, Er(CH3COO);), 1-Octadecene (for synthesis, ODE), sodium hydrogen

214

https://rcin.org.pl



Chapter 3

difluoride (98 %, NaHF2), tetraethoxysilane (> 99.0 %), triethoxyphenylsilane (98 %),
poly(vinylpyrrolidone) with average molar mass of 40 kg mol? (PVP-40), were
obtained from Sigma-Aldrich. Sodium fluoride (analytical grade), trisodium citrate
dihydrate (analytical grade), and ethanol (anhydrous, 99.8 %) were purchased from
POCH. Methanol (analytical grade) and aqueous ammonia (28-30 %) were acquired
from Merck. Octadecyltriethoxysilane (95 %) was purchased from Fluorochem, oleic
acid (pure) was obtained from Chempur and toluene (anhydrous, 99.8 %) from Alfa
Aesar. RO/DI water was used for all the experiments. All reagents were used
as received.

3.3.2.2 Synthesis of B-NaYFa:Yb,Er particles

Hydrothermal synthesis of B-NaYFs4:Yb,Er particles

The hexagonal B-NaYF4:Yb,Er upconversion particles (UCPs) with a molar
ratio of rare-earth ions (RE®*, Y3*:Yb3*:Er®*) equal to 80:17:3 were synthesised via the
hydrothermal method [38]. First, yttrium, ytterbium, and erbium chlorides were
prepared by reacting the appropriate rare earth metal oxides with 10 % hydrochloric
acid at an elevated temperature until the acid had entirely evaporated and white
powder was formed. Then, the 0.2 M rare earth chloride stock solution was
prepared by dissolving 0.3280 g YCls, 0.9975 g YbCl; and 0.1724 g ErCls in 10.5 ml of
water. The stock solution was subsequently added into 20 ml of an aqueous solution
containing 2 mmol (0.5882 g) of sodium citrate (molar ratio of citrate to RE* - 1:1).
The mixture was stirred for 30 minutes at room temperature. After this time, 30 ml
of an aqueous solution containing 25 mmol of NaF (1.05 g) was added into the
reaction solution, and the mixture was stirred for 10 minutes. In the next step, the
reaction mixture was transferred into a teflon vessel, which was then put into
a stainless steel autoclave, sealed and placed in an oven. The reaction was held at
180 °C for 24 hours. After this time, the vessel was cooled down to room
temperature, and the precipitate was centrifuged at 10 000 rpm for 15 minutes. The
obtained material was washed with ethanol and water in sequence and dried in the
air at 80 °C for 12 hours. The obtained upconversion particles were labelled as
B-NaYF4:Yb,Er-1. In order to obtain crystals with an appropriate size, shape, and
luminescence intensity strong enough for latent fingermark development, the
synthesis was repeated for the following citrate to RE3* molar ratios: 2:1, 1:2, 1:4,
1:8. Also, to verify if there is any difference in the material properties, the particles
were synthesised with the molar ratio 1:1 of citrates to rare-earth ions, employing
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the chlorides directly from the supplier instead of chlorides prepared from
corresponding oxides.

Solid-liquid-thermal-decomposition method of pB-NaYFs:Yb,Er particles
synthesis

The B-NaYF4:Yb,Er upconversion particles were synthesised via a solid-liquid-
thermal-decomposition method [39]. To obtain 1 mmol of a final product, 0.8 mmol
of Y(CHsCOO); (0.2128 g), 0.18 mmol of Yb(CH3COO); (0.063 g), and 0.02 mmol of
Er(CH3COO0)s (0.0069 g) were mixed with 8 ml of oleic acid and 12 ml of 1-octadecene
in @ 100 ml three-necked round-bottom flask. The mixture was first degassed with
argon for 10 minutes, then heated to 180 °C under reflux in the argon atmosphere
and continuously stirred for 20 minutes until the solution became optically clear.
Then, the reaction mixture was cooled down to room temperature naturally, prior
to the addition of 2 mmol of NaHF, (0.124 g). The flask was then resealed, heated to
250 °C under reflux and argon flow, and stirred for 30 minutes. After that, the
temperature of the reaction mixture was increased to 310 °C with vigorous stirring
for 60 minutes. Subsequently, the system was left to cool down to room
temperature. The addition of ca. 25 ml of ethanol precipitated a product. The
material was then collected by centrifugation at 9 000 rpm for 5 minutes, washed
with both cyclohexane and ethanol three times, and finally dried in the air at 55 °C
for 12 hours. The obtained material was labelled as B-NaYFa:Yb,Er-2.

3.3.2.3 Surface modification of upconverting particles

B-NaYF4:Yb,Er-1 upconverting particles were coated with silica layer and
then modified in the process of grafting with reactive organic moieties such as
18 hydrocarbon chains and phenyl groups. Whereas B-NaYF4:Yb,Er-2 upconverting
particles were coated with a silica shell and functionalised only with phenyl groups
via the grafting process. The choice of lipophilic moieties for surface modification
resulted from an interaction analysis between fingermark residuals and modified
particles characterised in Chapter 2.

Silica coating of B-NaYF4:Yb,Er-1 and B-NaYF4:Yb,Er-2 particles

The procedure of coating both the B-NaYFs:Yb,Er-1 and B-NaYFs:Yb,Er-2
upconverting particles with a silica shell, was carried out in two steps [40]. In the first
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stage, the PVP-40, acting as a coupling agent, was adsorbed on the particle surface
to stabilise the colloid in water. In the second stage, the stabilised particles were
transferred into an ammonia/ethanol solution for silica layer growth by the addition
of tetraethoxysilane. Firstly, 24 mg of either B-NaYF4:Yb,Er-1 UCPs or B-NaYFa4:Yb,Er-
2 UCPs were dispersed in 5 ml of water via sonication using an ultrasonic bath for
10 minutes and an ultrasonic probe sonicator for 1 minute. In a separate flask, 41 mg
of PVP-40 was dissolved in 8.7 ml of water, followed by 15 minutes of sonication in
an ultrasonic bath. Afterwards, the PVP-40 solution was added into the UCPs
suspension and stirred for 24 hours at 600 rpm at room temperature. After this time,
the PVP-stabilised UCPs were centrifuged, transferred into the 8.63 ml of ammonium
hydroxide in ethanol solution (4.2 % vol) and stirred for 10 minutes. Subsequently,
872 ul of 10 %o TEOS in ethanol solution was added dropwise into the reaction
system, and the mixture was stirred for 12 hours at 600 rpm. Finally, the particles
were centrifuged at 9 500 rpm for 15 minutes, followed by threefold washing with
ethanol and drying at 65 °C for 12 hours. The obtained products were labelled as
B-NaYF4:Yb,Er-1-SiO; and B-NaYF4:Yb,Er-2-SiO..

B-NaYFs4:Yb,Er-1-SiO; particles modified with long hydrocarbon chains

B-NaYF4:Yb,Er-1-SiO, particles were further modified by the eighteen
hydrocarbon chains based on the same procedure, as described in Chapter 3.1. First,
25 mg of as-prepared B-NaYF.:Yb,Er-1-SiO, particles were dispersed in 30 ml of dry
toluene by sonication in a three-necked round-bottom flask. The mixture was stirred
at 80 °C for 30 minutes under reflux and in an argon atmosphere. Afterwards, the
solution of 341 pl (1 %, w/w) of octadecyltriethoxysilane in 1 ml of toluene was
added dropwise into the reaction flask, and the mixture was stirred for 24 hours.
Then, the system was cooled down to room temperature, followed by the solvent
evaporation in a rotary evaporator and methanol addition to precipitate particles.
Finally, the obtained B-NaYF4:Yb,Er-1-Si0O,-C18 particles were separated by
centrifugation at 9 500 rpm for 15 minutes, purified with ethanol three times, and
dried in an oven 12 hours at 65 °C.

B-NaYFa4:Yb,Er-1-SiO> and [B-NaYFs:Yb,Er-2-SiO; particles modified with
phenyl groups

The surface of B-NaYF4:Yb,Er-1-SiO, and B-NaYF4:Yb,Er-2-SiO, particles was
also functionalised with phenyl groups. The grafting process was conducted similarly
to eighteen hydrocarbon chains modification with a difference in the amount of the
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precursor solution, which for the phenyltriethoxysilane was 270 ul in 1 ml of dry
toluene. All the other synthesis stages and reagent amounts remained unchanged.
The modified particles were labelled as B-NaYF4:Yb,Er-1-SiO,-Ph and 3-NaYF4:Yb,Er-
2-SiO,-Ph.

3.3.2.4 Fingermark collection

Three donors were chosen (two males and one female) to deposit natural
LFM for further fingermark processing with synthesised UCPs. According to the
International Fingerprint Research Group guidelines Phase 1 [12] concerning
collection and storage, fingermarks were deposited on a couple of non-porous and
semi-porous surfaces such as aluminium foil, glass, beverage can, black PP foil,
polyethylene (PE) foil (protective sheet), magazine cover paper, and the sticky side
of the adhesive tape. Also, copy paper was chosen as the representative of a porous
surface. Donors have been asked not to wash their hands for at least half an hour
before deposition. They were also requested to behave normally to provide natural
fingermarks, similar to the real-case ones. Donors were also instructed to rub their
hands together to homogenise the fingermark secretion across the fingertips and
then to touch the substrate with the thumb, index, middle, and ring finger for
2-3 seconds with moderate pressure, comparable to the force they usually use for
holding items. Collected fingermarks were aged in polystyrene Petri dishes for at
least 24 hours in ambient conditions before further processing.

3.3.2.5 Fingermark development

Latent fingermarks were developed with a 1 mg mL? aqueous-ethanol
suspension (97:3 v/v) of B-NaYFs:Yb,Er-1-Si0,-C18, B-NaYF4:Yb,Er-1-SiO»-Ph or
B-NaYF4:Yb,Er-2-SiO,-Ph particles. Water, as a developing agent carrier, is user- and
environment-friendly in contrast to organic solvents used in some of the
conventional techniques. The addition of ethanol significantly improved the
dispersion of the hydrophobic particles in the suspension. The typical LFM
development process was conducted as follows. First, a given amount of appropriate
particles was dispersed in the water-ethanol solution using the ultrasonication bath
or the ultrasonic finger for 5 to 10 minutes. Each substrate with fingermark was
immersed into the working suspension for 3 minutes, then gently rinsed with water
to remove the material excess and dried in the stream of argon.
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Besides, samples with LFM were also developed with the 1 mg mL? suspension of
particles in organic, volatile solvents such as petroleum ether for B-NaYF:Yb,Er-1-
Si0,-C18 particles or methanol for B-NaYF4:Yb,Er-1-SiO,-Ph particles. The procedure
for fingermark treatment was the same as described above.

3.3.2.6 Imaging of samples

The latent fingermarks developed with NaYF4:Yb,Er-1-Si0,-C18 and
NaYF4:Yb,Er-1-SiO,-Ph upconverting particles were visualised with the imaging
system, described in Chapter 3.1 (Figure 3.2). The system consists of the
monochromatic, low-noise, water-cooled CCD camera, an excitation source with
a 980 nm infrared laser, and the computer controller. Since the intensity of the
excitation of the upconversion particles needs to be high, a powerful 5W
semiconductor laser was applied. The laser was connected with the optical fibre to
the system of lenses, which scatter the beam so that the whole area of the
fingermark could have been illuminated. The samples were imaged in the normal
mode. This means that the IR radiation illuminated the surface with deposited LFM
permanently, and the shutter of the camera was opened for a specific time to collect
the signal from the sample. The length of the sample exposition depended on the
upconverting developer. Imaging the samples developed with particles
functionalised with eighteen hydrocarbon chains involved up to 100 seconds of
signal collecting, whereas the exposure time of fingermarks enhanced with the
particles modified with phenyl groups oscillated between 1 to 8 seconds. The IR cut-
off filter was applied to eliminate the reflected infrared radiation.

Latent fingermarks developed with NaYF:Yb,Er-2-SiO,-Ph upconverting
particles were imaged with a digital SLR camera with 24 mm lens (f/2.8) with micro
rings and with IR optical filter. The samples were illuminated with the same IR laser.
Compared to particles synthesised in the hydrothermal method, NaYF4:Yb,Er-2-SiO,-
Ph particles indicated much stronger luminescence, which allowed applying the
digital camera to visualise the fingermarks. As the luminescence intensity of the
hydrothermal-synthesised material was relatively weaker, the CCD camera with high
sensitivity was required for the imaging process.

Fingermark processed with cyanoacrylate (CA) fuming and stained with
Rhodamine 6G (R6G) were imaged with an SLR camera with 60 mm lens (f/4.5) and
illuminated with a Rofin Polilight® PL500 forensic light source (Rofin Australia Pty
Ltd). The fingermark samples were illuminated with light of 530 nm wavelength and
observed using a 590 nm band-pass barrier filter.
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3.3.2.7 Comparison with conventional method

The effectiveness of fingermark development with B-NaYF4:Yb,Er-2-SiO,-Ph

particles has been compared with a conventional method applied for non-porous
and semi-porous surfaces, which is cyanoacrylate fuming followed by a Rhodamine
6G staining (CA-R6G). Upconversion particles modified with phenyl groups have
been chosen for the comparison process due to their strong luminescence facilitating
easier fingermark imaging, contrary to upconverting particles obtained in the
hydrothermal synthesis. For the purpose of comparison, four types of surfaces have
been chosen: glass, aluminium foil, PP foil, and PE foil. Split depletion series has been
done for five different fingers from each of three donors. Each fingermark sample
was cut in half after the print was deposited and aged 14 days. The example of the
fingermark deposition and split matrix for one donor and one substrate is presented
in Figure 3.29.
One half of each fingermark was processed by immersing the sample in 1 mg mL?
water-ethanol suspension (97:3 v/v) of B-NaYF4:Yb,Er-2-SiO»-Ph and the other half of
each fingermark was fumed with cyanoacrylates in a chamber followed by
Rhodamine 6G staining.
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Figure 3.29 A fingermark deposition and split depletion matrix for one donor and one

substrate to compare B-NaYFs:Yb,Er-2-SiO2-Ph

cyanoacrylate fuming (CA-R6G)

suspension

technique

(UCP) with

After the fingermark treatment process, the corresponding halves were
digitally put back to the original position with Adobe Photoshop® software, without

any digital enhancement. Three assessors graded the fingermark images using the
University of Canberra comparative fingermark assessment scheme [41] (Table 3.4),
generating 900 fingermark scores. The "+ 1" and "+ 2" score was related to an

increase in enhancement with B-NaYF4:Yb,Er-2-SiO,-Ph particles in comparison to
cyanoacrylate fuming followed by Rhodamine 6G staining. The "00" score indicated
no detection of the fingermark. "0" score was used when B-NaYF4:Yb,Er-2-SiO2-Ph
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particles developed the fingermark, but no enhancement was observed when
compared with CA-R6G, while "- 1" and "- 2" reflected a decrease in enhancement
with B-NaYF4:Yb,Er-2-Si0,-Ph particles in comparison to CA-R6G.

Table 3.4 The comparative scale used for the fingermark assessment [12], [41]

Score Definition
+2 Significant increase in enhancement for the assessed technique when
compared to the CA-R6G

+1 Slight increase in enhancement for the assessed technique when

compared to CA-R6G
0 Developed fingermark but no enhancement by the assessed technique
when compared to CA-R6G

_1 Slight decrease in enhancement of the assessed technique when
compared to CA-R6G

P Significant decrease in enhancement of the assessed technique when
compared to CA-R6G

00 No detection on either half of the fingermark

Cyanoacrylate fuming followed by dye staining

This technique of latent fingermark enhancement is based on
a polymerisation reaction of cyanoacrylate monomers directly on the fingermark
residue, producing a white deposit. The polymerisation is initiated by water and
other fingermark components. In this chemical process, the items or surfaces with
latent fingermarks are exposing to cyanoacrylate vapours in a special fuming cabinet
at high humidity maintained between 75 and 90 %. The polymerised cyanoacrylates
form the visible, white “noodle-like” fibres on the fingermark ridges. Rhodamine 6G
is an effective dye for dyeing marks developed with cyanoacrylates, yielding high
fluorescence. The dye absorbs in the green range of the visible light spectrum
(495-540 nm) and emits in the yellow region (560 nm) what is convenient to visualise
fingermark. Also, sequencing cyanoacrylate fuming with Rhodamine 6G staining
results in an increase of the identified fingermark number [3], [13], [42], [43].

The fingermark enhancement process was conducted in the MVC® 1000
fuming cabinet (Foster + Freeman Ltd., UK) with super bonder prism Loctite - 406
(Blackwoods, Australia) as the cyanoacrylate monomer. For each run, 0.5 g of Loctite
was placed on a heat source. The developing items were placed in the cabinet with
sufficient room for air circulation. The heater was allowed to reach 120 °C, and the
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humidity level within the cabinet was maintained at 80%. The exposition time was
set to 6-8 minutes, varying by substrates. All CA fumed items were then left for three
days, followed by dye staining. Each item was immersed in the Rhodamine 6G
solution (0.2 g in 200 mL of 2-propanol and 300 mL of methyl ethyl ketone), rinsed
to remove dye excess and left to dry in the air.

3.3.3 Results and discussion

In this section, the upconverting material, synthesised via thermal method
and solid-liquid-thermal-decomposition, will be characterised. Also, the analysis of
the interaction between modified particles and fingermark residuals will be
performed as well as a comparative study of fingermark development with the
suspension of new material versus cyanoacrylate fuming as a benchmark method.

Characterisation of the pB-NaYFs:Yb,Er-1, B-NaYFs:Yb,Er-1-SiO, and
B-NaYF4:Yb,Er-1-SiO>-Ph particles

The as-prepared upconverting crystals were investigated using scanning
electron microscopy. As observed in the images (Figure 3.30), a variety of particles’
morphology has resulted from the molar ratio of citrates to rare earth cations used
in the synthesis. For the molar ratios 2:1, 1:1, 1:2, and 1:4 the particles had similar
homogeneous and hexagonal morphology with the average diameter of
1.19+0,10 um, 1.50 £ 0,13 um, 3.70 £ 0,44 um, and 3.14 + 028 um, respectively, and
average height of 0.30 + 0,05 um, 045 + 0,06 um, 1.81 + 0,38 um, and
1.68 + 0,36 um, respectively (determined by the analysis of SEM images with Image)
application). For the molar ratio of 1:8, the synthesised particles were not regular in
shape and size; the average height was ca. 4.62 £ 1.0 um. Particles synthesised using
RE3* chlorides directly from the supplier were homogenous with an average diameter
of 0.34 + 0.03 um and height of 0.07 + 0.007 um. The size analysis showed that the
number of citrate ions determined the size of the particles. The decrease in the
presence of citrates resulted in an increase in particle size and changes in
morphology. For molar ratios 2:1 and 1:1, the smallest and uniform particles were
obtained with smooth top, bottom, and side planes (Figure 3.30 A, B). Reducing the
amount of the citrates increased the dimensions of the diameter and height but also
influenced the shape of the particles — the clear concave centres formed on the
bottom and top planes (Figure 3.30 C, D).
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Further decrease in citrates concentration resulted in further crystals
lengthwise growth. Also, shape irregularity and a coarse surface were observed
(Figure 3.30 E). The sodium citrate influenced crystal nucleation and growth kinetics.
It may slow down the nucleation and crystal growth of NaYF,, due to the formation
of stable complexes with Y3* ions through coordination interaction. In high
temperature and pressure during hydrothermal synthesis, the complex starts to
weaken, and the slow release of Y>* ions takes place [44]. The growth of the crystal
depends on the growth rate of different crystal facets in the B-NaYF:Yb,Er-1
hexagonal microprism. In general, sodium citrate may inhibit longitudinal growth
and enhance the growth of the sideways in the crystal. With the increase of the
citrates, the smoother surfaces of all facets were observed, and the top and bottom
plane concaves disappeared [38]. Besides the impact of citrate to RE3* molar ratio,
also, the type of precursor influenced the crystal size (Figure 3.30 F). The use of
anhydrous yttrium, ytterbium, and erbium chlorides directly from the supplier
resulted in a significantly smaller size of the crystals than using the chlorides
prepared from the corresponding oxides in hydrochloric acid. The reason for this may
be insufficiently evaporated water from the chlorides prepared from oxides or some
additional by-products of the reaction that interfere with the nucleation and crystal
growth [45].

Figure 3.30 SEM images of B-NaYFa4:Yb,Er-1 crystals obtained for various molar ratio of sodium
citrate to RE3*: (A) 2:1, (B) 1:1, (C) 1:2, (D) 1:4, (E) 1:8, (F) 1:1 — RE3* chlorides used in the
synthesis directly from the supplier. In the insets, higher-magnification images of the
corresponding crystals were introduced
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The distribution of the components in the silica coating B-NaYF4:Yb,Er-1
crystal, was identified by SEM/EDX element mapping. As presented in Figure 3.31,
the mapping of sodium, yttrium, fluorine, and ytterbium reveals that the host lattice
of NaYF, was successfully doped with ytterbium. Also, the silicon and oxygen uniform
distribution in the area of the crystal suggests effective silica coating of the
B-NaYF4:Yb,Er-1 surface. The presence of carbon is related to the glassy-carbon SEM
plate.

Figure 3.31 SEM/EDX mapping of B-NaYF4:Yb,Er-1-SiO: crystal showing the distribution of
sodium (Na), yttrium (Y), fluorine (F) in the host lattice doped with ytterbium (Yb), and also
silicon (Si) and oxygen (O) in the silica coating. C is corresponding to carbon present in a
glassy-carbon SEM plate

Figure 3.32 shows a dependence of the crystal size, and indirectly the citrate
to RE3* molar ratios, on a luminescence intensity of B-NaYF4:Yb,Er-1 particles. The
luminescence intensity was measured with the CCD sensor under laser excitation
with a 980 nm wavelength. A signal from the sample was collected for 100 us. The
analysis of the luminescence intensity reveals that the smallest crystals have lower
emission intensity. The highest luminescence intensity was indicated by bigger
crystals, synthesised with a lesser amount of sodium citrate. A significant increase in
the intensity appeared between crystals obtained with the ratio 1:4 and 1:2. The
crystals synthesised with the 1:4 molar ratio had a little smaller diameter and height
dimensions. The highest intensity values were observed for large heterogeneous
crystals obtained with the molar ratio of 1:8. Due to the size of these crystals, which
may adversely affect the LFM development process, the slightly smaller and
homogeneous crystals obtained with a molar ratio of 1:2 were selected for further
analysis.
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Figure 3.32 A diagram of the luminescence intensity dependence on the B-NaYFa:Yb,Er-1
crystal height. The molar ratio marked as 1:1* corresponds to the synthesis applying rare
earth chlorides directly from the supplier

According to the literature, upconverting luminescence efficiency in the
lanthanide-doped crystals can be affected, among others, by particle size. With the
particle size decrease, the surface-to-volume ratio is increasing, which boosts the
number of ions on the particle’s surface. These unsaturated reactive ions increase
the surface energy. Therefore they are likely to react with the environment in order
to reduce their free energy in a non-radiative way, leading to the quenching process.
Also, decreasing the particle size leads to an increase in the number of surface
defects with large vibrational modes, resulting in non-radiative relaxation. To
suppress the luminescence quenching effect, a uniform core-shell structure of the
particle can be formed to block energy transfer from the activators in the core to
defects on the surface, ligands, or environment [36],[46]. For this purpose, the
obtained B-NaYF4:Yb,Er-1 crystals were coated with a silica layer. Furthermore, to
change the properties of the particles into hydrophobic for effective fingermark
enhancement, the surface of the material was modified with either phenyl groups or
eighteen hydrocarbon chains. The analysis of the luminescence intensity of non-
modified and modified crystals confirmed the above statements (Figure 3.33). The
coverage of the crystals’ surface with the thin silica layer yielded a significant
increase of luminescence intensity. Moreover, the further surface modification did
not affect the luminescence emission levels.
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Figure 3.33 A diagram of the B-NaYFa:Yb,Er-1 crystal surface modification on luminescence
intensity dependence

The analysis of modified B-NaYFs:Yb,Er-1-SiO; particles enhancement
efficacy on selected substrates

The new upconverting B-NaYF4:Yb,Er-1-SiO, particles modified with either
phenyl groups or 18 hydrocarbon chains were employed to enhance latent
fingermarks deposited on a range of substrates such as aluminium foil, beverage can,
glass, ITO, magazine cover paper, adhesive tape and polypropylene foil (PP black
plastic bag). The working suspension containing 1 mg mL? of the appropriate
particles in water-ethanolic solution (97:3, v/v) or organic solvent was used for the
enhancement process.

The developed natural fingermark deposited on ITO was observed under the
scanning electron microscope to see whether the hydrophobic particles interact with
the fingermark residuals. The results presented in Figure 3.34 show that the particles
selectively attach to the fingermark ridges; however, the quantity of the deposited
material may not be enough to visualise the ridge details effectively.
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Figure 3.34 SEM images of 5-days-old natural fingermark on ITO developed with -
NaYFa4:Yb,Er-1-SiO2 -Ph particles in water-ethanol solution (97:3, v/v)

The fingermarks developed with modified UCPs deposited on the other
surfaces have been imaged in the normal mode of imaging setup under 980 nm laser
excitation. The signal was collected with the CCD sensor with the IR filter for
100 seconds. The emission intensity of the particles was too low to collect the images
with the SLR camera.

First, the fingermarks were enhanced with B-NaYF4:Yb,Er-1-Si0,-C18
particles in water-ethanol suspension. The results are collected in Figure 3.35.
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Figure 3.35 Samples of natural fingermarks developed with B-NaYF4:Yb,Er-1-Si0,-C18
particles in water-ethanol solution (97:3, v/v) deposited on aluminium foil (A), beverage can
(B), glass (C), copy paper (D), sticky side of the adhesive tape (E), black PP foil (F)

B-NaYF4:Yb,Er-1-Si0,-C18 particles efficiently interacted with the fingermark
residue on aluminium foil and glass substrate. The ridges are clearly visible, and good
contrast was obtained on both samples. However, some reflections of IR light on
aluminium foil were also recorded (Figure 3.35 A, C). The beverage can, with a white
pattern, is an example of a sample showing strong background reflectance. The
particles were deposited on the fingermark ridges in a small amount, which is visible
in Figure 3.35 B. The fingermark visualisation was impossible due to the intense light
reflection on the white impressions of beverage can surface. A latent fingermark
deposited on a copy paper was not developed at all (Figure 3.35 D). Paper is a porous
surface, and fingermark residuals can diffuse into its matrix, hindering the access of
the micron-size B-NaYF4:Yb,Er-1-Si0,-C18 particles. The next substrate examined for
fingermark detection was the sticky side of the adhesive tape (Figure 3.35 E). The use
of B-NaYF.:Yb,Er-1-Si0,-C18 particles in water-ethanol suspension introduces
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a relatively small amount of particles to the fingermark ridges, resulting in a poor
quality fingermark with some aggregates deposited across the sample. The black PP
foil proved to be the most challenging substrate to visualise due to shrinking under
the heat of IR laser. The latent fingermark on the PP foil, observed using a cover glass
slide, was unfortunately not visible except for some particles’ aggregates present on
the sample (Figure 3.35 F).

The alternative approach to fingermark development with hydrophobic
B-NaYF4:Yb,Er-1-SiO,-C18 particles was changing a solvent to petroleum ether. The
results are collected in Figure 3.36. Employing the organic solvent for fingermark
development with B-NaYF4:Yb,Er-1-SiO,-C18 particles did not improve the
visualisation effects. For both beverage can and glass substrates, the results were
even worse than for water-ethanol formulation. There is no fingermark visible on the
beverage can (Figure 3.36 A), and there is a poor quality fingermark on the glass slide
(Figure 3.36 B). Fingermarks deposited on adhesive tape and black PP foil were
slightly better enhanced (Figure 3.36 C, D) in comparison with water-ethanol
suspension development. However, still, the fingermark quality is not satisfying, and
the problem of shrinking foil remained. Again, no fingermark was developed on the
paper sample (Figure 3.36 E).
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Figure 3.36 Samples of natural fingermarks developed with B-NaYFas:Yb,Er-1-Si0,-C18
particles in petroleum ether, deposited on beverage can (A), glass (B), sticky side of the
adhesive tape (C), black PP foil (D), copy paper (E)

The exact development process was conducted for the suspension of
B-NaYF4:Yb,Er-1-SiO,-Ph particles in water-ethanol solution, and methanol. Particles
dispersed in water-ethanolic solution enable effective deposition and visualisation
of the fingermarks on aluminium foil and glass (Figure 3.37 A, F). On the other hand,
the fingermarks deposited on the beverage can, magazine cover paper, and copy
paper was not visible after processing. The luminescent material was distributed
randomly in small aggregates, and no ridge details were observed (Figure 3.37 B, D,
E). The fingermarks deposited on the adhesive tape have been slightly visible what
means that particles selectively interact with the residuals. However, the layer of
particles covered the ridge was too thin to record luminescence from upconverting
particles with relatively weak luminescence intensity (Figure 3.37 C).
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Figure 3.37 Samples of natural fingermarks developed with B-NaYF4:Yb,Er-1-SiO; -Ph particles
in water-ethanol solution (97:3, v/v) deposited on aluminium foil (A), beverage can (B), sticky
side of the adhesive tape (C), magazine cover paper (D), copy paper (E), glass (F)

The fingermark development on several substrates was also examined for
B-NaYF4:Yb,Er-1- SiO,-Ph particles dispersed in methanol. In this case, no
enhancement results were obtained for fingermarks deposited on each substrate
(Figure 3.38). The particles attached to the surface randomly forming tiny
aggregates.
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Figure 3.38 Samples of natural fingermarks developed with B-NaYF4:Yb,Er-1-SiO2-Ph particles
in methanol, deposited on aluminium foil (A), beverage can (B), copy paper (C), glass (D)

Characterisation of the pB-NaYFs:Yb,Er-2, B-NaYFs:Yb,Er-2-SiO, and
B-NaYF4:Yb,Er-2-SiO>-Ph particles

Morphology of the particles synthesised via solid-liquid thermal
decomposition was characterised by scanning electron microscopy. The analysis of
SEM images has shown homogenous hexagonal-phase B-NaYF4:Yb,Er-2 particles with
an average diameter and height of 121 + 5 nm and 76 * 2 nm, respectively (Figure
3.39 A) (determined by analysis of SEM images using ImageJ software). The size of
the as-prepared particles is ten times smaller than crystals obtained in the
hydrothermal synthesis. Silica coated UCP (Figure 3.39 B), and UCPs further modified
with phenyl groups (Figure 3.39 C) appeared with comparable morphology. An
average diameter of B-NaYFa:Yb,Er-2-SiO; and B-NaYF4:Yb,Er-2-SiO,-Ph particles is of
158 = 8 nm and 158 + 4 nm, respectively, and an average height of 85 + 2 nm and
82 £ 5 nm, respectively.

Figure 3.39 SEM images of (A) B-NaYFa:Yb,Er-2, (B) B-NaYFa4:Yb,Er-2-SiO2, (C) B-NaYFa:Yb,Er-2-
SiO2-Ph particles synthesised via solid-liquid-thermal-decomposition. The scale length bar is
500 nm
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The white powder of B-NaYF4:Yb,Er-2 particles indicated hydrophobic properties.
The material was not able to disperse in water. The particles dispersed in ethanol
and excited with infrared radiation with 980 nm laser has shown the strong green
emission (Figure 3.40).

Figure 3.40 The 1 mg mL? B-NaYFa:Yb,Er-2 particles suspension in ethanol illuminated with
white light (A), 980 nm IR light (B)

To confirm the B-hexagonal phase of the obtained material, the X-ray
diffraction (XRD) analysis of the particles has been performed. The XRD patterns
showed peaks characteristic of the hexagonal shape crystal according to the
standard X-ray diffraction of Joint Committee on Powder Diffraction (JCPDS file
number 16-0334) (Figure 3.41).
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Figure 3.41 The XRD analysis of B-NaYF4:Yb,Er-2 particles
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Energy-dispersive X-ray analysis was performed on unmodified
B-NaYF4:Yb,Er particles as well as on the silica-coated and phenyl group modified
UCPs to determine the composition of the materials (Figure 3.42). Sodium, fluorine
and yttrium are present in the host lattice of the crystals doped with ytterbium and
erbium (Figure 3.42 A). The presence of silicon and oxygen peaks in the EDX spectra
of modified UCPs (Figure 3.42 B, C) confirms the effective silica coating of the
particles. The peak corresponding to carbon, observed in all samples, is related to
the glassy-carbon slide used as a substrate for the SEM analysis.

A Element Weight % Atomic % B Element Weight % Atomic % C Element Weight % Atomic %
F F 36.03 66.65 F 37.28 56.95 F 32.62 58.00
Na 1166 17.82 F Na 1219 1539 F Na 959  14.09
Yb 19.52 3.96 Yb 18.22 3.06 Yb 20.52 401
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Figure 3.42 The EDX spectra of (A) B-NaYFa:Yb,Er-2-Ph, (B) B-NaYFa4:Yb,Er-2-SiO2, (C) B-
NaYF4:Yb,Er-2-SiO2-Ph. The insets: elemental compositions of UCPs obtained from the EDX

results

The Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFT)
spectra were recorded to identify the composition of modified B-NaYF4;Yb,Er-2-SiO,
and B-NaYF4Yb,Er-2-Si0,-Ph particles (Figure 3.43). The bands at ~1080 cm™ and
~800 cm™, characteristic for asymmetric and symmetric stretching vibrations of the
Si—O-Si framework [19], [47], [48], respectively, are observed for both
B-NaYF4;Yb,Er-2-SiO, and B-NaYF4;Yb,Er-2-SiO,-Ph particles (Figure 3.43B, C), while
for B-NaYF4;Yb,Er-2 spectrum they are not visible. A broad band at ~3360 cm? is
associated with the surface hydroxyl groups [49] (Figure 3.43 B, C). Additional bands
at ~1560 cm™, ~1465 cm?, ~1430 cm?, ~1227 em™, and ~1164 cm™ (Figure 3.43 C)
present in the B-NaYF4;Yb,Er-2-SiO,-Ph spectrum, not observed in B-NaYFs;Yb,Er-2-
SiO,, suggest the presence of phenyl groups in the material [23], [47], [48].
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Figure 3.43 The DRIFT spectra of (A) B-NaYFa:Yb,Er- 2, (B) B-NaYFa:Yb,Er-2-SiO2, (C) B-
NaYF4:Yb,Er-2-SiO2-Ph

The analysis of B-NaYF4:Yb,Er-2-SiO>-Ph enhancement efficacy on selected
substrates

The new B-NaYFa:Yb,Er-2-SiO,-Ph luminescent particles modified with
phenyl groups, were applied to enhance latent fingermarks deposited on several
commonly used non-porous and porous substrates such as glass, aluminium foil,
polypropylene foil (PP), polyethylene foil (PE), polystyrene (PS), polyethylene
terephthalate (PET), beverage can, magazine, copy and notebook paper. Initially, the
working suspension of 1 mg mL* particles in water-ethanol solution (97:3 v/v) was
prepared. To investigate the efficacy of the new material, a natural fingermark
deposited on ITO developed in working suspension was observed under the scanning
electron microscope (Figure 3.44). The particles covered almost the entire ridge of
the fingermark, which is quite well visible in the magnified images. The hydrophobic
particles interact with the fatty components of the fingermark, forming a thick layer
on its ridges. The B-NaYF4:Yb,Er-2-SiO,-Ph particles were observed to indicate
a slightly better affinity to fingermark than particles obtained in the hydrothermal
synthesis. This superior affinity may be the result of the particle size, which is ten
times lower for B-NaYF4:Yb,Er-2-SiO,-Ph particles. The small fine particles generally
have a higher affinity to fingermark residuals than bigger ones [50]. However, a very
thin layer of particles between the ridges in some regions was also visible under SEM.
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Figure 3.44 SEM images of 28-month-old natural fingermark on ITO developed with B-
NaYFa:Yb,Er particles in water-ethanol solution (97:3, v/v)

To investigate an optimal concentration of B-NaYF4:Yb,Er-2-SiO,-Ph particles
in the water-ethanol suspension and optimal development time to obtain the best
sensitivity, two natural fingermarks deposited on aluminium foil were examined.
Each aluminium foil sample was cut in half. The left halves were immersed in the
0.1 mg mL? suspension for either 5 or 10 minutes (Figure 3.45 A, B), and the other
halves were immersed in 1 mg mL? suspension for either 5 or 10 minutes also (Figure
3.45 A’, B’). Then the halves were recombined and compared.

Fingermarks developed with 0.1 mg mL™ suspension of B-NaYF4:Yb,Er-2-SiO»-
Ph particles were of poor quality for both 5 minutes and 10 minutes of processing.
The ridge details were not clear, and the material was spread unequally along the
ridges in the form of a thin layer. Increasing the concentration to 1 mg mL™? resulted
in a very good fingermark quality for both longer and shorter processing time and no
background staining. This formulation allows for obtaining good ridge features with
2" level minutiae details and contrast between fingermark ridges and the
background (Figure 3.46).
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Figure 3.45 Samples of fingermarks deposited on aluminium foil developed with a water-
ethanol suspension of B-NaYFs:Yb,Er-2-SiO2-Ph particles under concentrations: 0.1 mg mL™?
(A, B)and 1 mg mL? (A’, B’) with the immersion time 5 minutes (A, A’) and 10 minutes (B, B’)

Figure 3.46 A natural fingermark deposited on aluminium foil, developed with 1 mg mL?
B-NaYFa:Yb,Er-2-SiO2-Ph particles in the water-ethanol suspension, imaged with a digital
camera under 980 nm laser illumination (A). The 2" level features (minutiae) are
distinguished (B), (C).

For further investigation of the B-NaYF4:Yb,Er-2-SiO,-Ph particles utility,
a few latent fingermarks on several substrates such as aluminium foil, PET, PP foil,
polystyrene, beverage can, magazine cover paper, notebook and copy paper, and
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glass have been processed. The samples were imaged with the digital SLR camera
under 980 nm laser illumination.

On aluminium foil, the luminescent particles revealed fingermark with the
number of ridge details and without background staining (Figure 3.47 A). Slightly less
clear fingermarks were developed on PET and glass surfaces (Figure 3.47 B, I). On
both samples, the 2™ ridge details were observable; however, the background
staining has occurred. On black PP foil, the B-NaYF4:Yb,Er-2-SiO,-Ph particles adhered
both to the ridges and the background, yielding no contrast of the fingermark (Figure
3.47 C). Fingermarks deposited on a polystyrene substrate as well as on the beverage
can were slightly enhanced with the particles but demonstrated weak ridge details
and high background staining (Figure 3.47 D, E). No results were obtained for porous
surfaces such as magazine cover paper, copy paper, and notebook paper (Figure 3.47
F, G, H). The particles were deposited over the entire surface of the sample, and it
was virtually impossible to distinguish the fingermark ridges from the background.

Figure 3.47 Samples of natural fingermarks developed with B-NaYF4:Yb,Er-2-SiO»-Ph particles
in the water-ethanol solution (97:3, v/v) deposited on aluminium foil (A), PET (B), black PP
foil (C), beverage can (D), polystyrene (E), magazine cover paper (F), copy paper (G), notebook
paper (H), glass (1)
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Comparative analysis of the B-NaYFa:Yb,Er-2-SiO>-Ph particles with
cyanoacrylate fuming followed by Rhodamine 6G staining

A comparative study of split depletion series has been performed to assess
the capability and selectivity of B-NaYF4:Yb,Er-2-SiO,-Ph particles in latent
fingermark enhancement process against cyanoacrylate fuming followed by
rhodamine 6G staining. In the comparison experiment, the five natural fingermark
depletions were collected from 3 donors on selected substrates: PP foil, aluminium
foil, glass, and PE foil prior to ageing for 14 days in the laboratory environment. Each
half of the depletion series was treated with either cyanoacrylate fuming followed
by Rhodamine 6G staining or B-NaYF4:Yb,Er-2-SiO,-Ph particles suspension, and then
recombined. Fingermark halves treated with cyanoacrylates and Rhodamine 6G
were imaged with a Canon EOS 750D camera fitted with a Canon Macro EF 60 mm
lens under 530 nm excitation of Rofin Polilight® PL500 light source and viewed at
590 nm. The other halves developed with B-NaYF,:Yb,Er-2-SiO,-Ph particles were
imaged with a Canon EQOS 550D SLR Camera fitted with 24 mm lens and additional
external IR filter. The images were captured with excitation at 980 nm resulting in
green luminescence. Some of the results are shown in Figure 3.48 and Figure 3.49.
Fingermarks developed with either CA-R6G or B-NaYF4:Yb,Er-2-SiO,-Ph particles
were subjected to evaluation. The presence of any clear ridge details on the
fingermark sample was determined as the main criterion.
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Figure 3.48 Fingermarks in the depletion series (1-5) on polypropylene protective sheet and
aluminium foil by different donors (D1, D2, D3) after 14 days ageing developed with:
cyanoacrylate fuming - Rhodamine 6G, viewed at 590 nm (yellow mark), and processed with
B-NaYFa:Yb,Er-2-SiO2-Ph particles, imaged with SLR Camera under 980 nm excitation (green
mark)
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Glass Polyethylene foil

Figure 3.49 Fingermarks in the depletion series (1-5) on a glass slide and polyethylene foil
(garbage bag) by different donors (D1, D2, D3) after 14 days ageing developed with:
cyanoacrylate fuming-Rhodamine 6G, viewed at 590 nm (yellow mark), and processed with
B-NaYFs:Yb,Er-2-SiO2-Ph particles, imaged with SLR Camera under 980 nm excitation (green
mark)
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As observed throughout the comparison trial, the UCPs are affected by
fingermark donor variability - very few fingermarks of donor 2 were enhanced, and
also by surface type — no results for polyethylene foil and poor results for
polypropylene sheet were obtained. On the other hand, CA fuming with RG6 staining
indicated the variability across the surface types. Almost no fingermark was detected
on the glass substrate, and background staining was observed.

Considering the  B-NaYFs:Yb,Er-2-SiO,-Ph  particle treatment on
polypropylene foil, significant background staining was observed for all three donors’
split depletion halves. In the first two depletion series of each donor, one can
distinguish small areas of sufficiently developed ridges, but for the remaining series,
the ridge details were almost invisible. In the case of CA fuming and R6G staining,
the ridge details were visible for nearly all split depletion halves. The second donor's
fingermarks contained a lot of visible 2™ level details. The ridges were well
developed for each depletion series halves provided good contrast between the
ridge and the background. The first and third donor's fingermarks were a bit
overdeveloped; however, the details were quite well visible in each depletion halves
of donor one and 1%, 2" and 5% depletion of donor 3. In the case of aluminium foil,
the sensitivity was inferior under B-NaYF4:Yb,Er-2-SiO,-Ph particle treatment and
was dependant on the donor. Fingermarks from the first and third donor were
recovered sufficiently enough to see the 1%t and, in some cases, 2™ level ridge details
for each depletion series. Fingermarks from donor 2 were all overdeveloped;
however, some visible areas were present on the 4" and 5" depletion series halves.
The CA fuming was efficiently applied for fingermarks of donors 2 and 3. The second
and even third level of ridge details were visualised, and excellent contrast between
the ridge and the substrate has been obtained. On the other hand, poor fingermarks
were observed for CA fuming of first donor split depletion halves.

For both CA fuming and B-NaYFs:Yb,Er-2-SiO,-Ph particles treatment of
fingermarks deposited on glass, only the third donor split depletion halves were
visible. The fingermarks were mostly overdeveloped, but some first and second level
ridge details were noticed. The fingermarks of the first and second donor were
weakly observable for all depletion series. Not a single fingermark on polyethylene
foil has been developed with B-NaYF4:Yb,Er-2-SiO,-Ph particles. The material was
deposited on the entire surface of the split depletion halves. A considerable
difference was observed for items treated with CA fuming. The fingermarks from
donors 2 and 3 were developed with good contrast and ridge details. Each split
depletion halves from donor 1 were slightly overdeveloped; however, there were
some areas with the first and second level of ridge details.
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The systematic comparison of fingermarks developed with B-NaYF4:Yb,Er-2-
SiO,-Ph particles and CA-R6G has also been made. A total of 900 fingermark scores
have been collated and analysed for the general trends. The overall score
distribution and score distributions for each depletion separately are shown in
Figure 3.50.
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Figure 3.50 The overall distribution of fingermark scores across the five depletions

The combined “+1” and “+2” scores as well as “-1” and “-2” scores have been
taken into consideration. A total of 78 % of the fingermarks have been developed
with B-NaYFa:Yb,Er-2-SiO,-Ph particles with lower efficiency than fingermarks
developed with CA-R6G. The increase in fingermark enhancement with the
B-NaYF4:Yb,Er-2-SiO,-Ph material was noticed for only 3 % of developed fingermarks.
However, 16% of fingermarks have been developed with both B-NaYF4:Yb,Er-2-SiO,-
Ph particles and CA-R6G with comparable efficiency. The CA-R6G has shown a better
detection method in comparison to UCPs. The number of fingermarks with increased
enhancement with B-NaYF.:Yb,Er-2-SiO,-Ph particles was consistent across the
depletions; however, the second depletion had a slightly higher percentage in this
category. A minor increase was observed for fourth and fifth depletion in the case of
combined “-1” and “-2” scores. This indicates that CA-R6G is more sensitive for
weaker fingermarks than tested UCPs.

It is observed from the distribution of scores across all three donors
(Figure 3.51) that CA-R6G detect fingermarks with superior efficiency compared to
B-NaYF4:Yb Er-2-SiO,-Ph particles. However, the low rate of “no detection” scores
indicates that both techniques can efficiently detect fingermark.
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Figure 3.51 The distribution of fingermark scores across the three donors

The impact of four different substrates on the fingermark development
process was also investigated (Figure 3.52). On average, CA-R6G provides a higher
number of more efficiently enhanced latent fingermarks deposited on all four
substrates than B-NaYF4:Yb Er-2-SiO,-Ph particles.
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Figure 3.52 The distribution of fingermark scores across the four substrate types

Considering only the fingermarks developed with B-NaYF4:Yb,Er-2-SiO,-Ph
particles, this technique performs better on aluminium foil and glass substrates,
yielding a higher number of detected fingermark compared to PE and PP substrates.
Also, it is worth noting that in the case of aluminium foil and polyethylene foil, all
deposited fingermarks have been detected.
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From the above results, the benchmark method, which was cyanoacrylate
fuming followed by Rhodamine 6G staining, gave superior results compared to
B-NaYF4:Yb,Er-2-SiO,-Ph suspension method for most of the examined substrates.
However, these two methods were equally less effective for fingermark
enhancement on the glass surface. The results from the split depletion series showed
that the B-NaYF4:Yb,Er-2-SiO,-Ph particles indicated a moderate affinity for
fingermark ridges on PP film, aluminium foil, and no affinity on PE foil. On all
surfaces, higher background staining occurred upon upconverting material than CA
fuming. Of the three donors involved in the trial, only two provided visible
fingermarks on aluminium foil, and only one provided visible fingermarks on
polypropylene foil and glass after upconversion particles treatment. In summary, the
split depletion study that investigated the efficiency and selectivity of B-NaYF4:Yb,Er-
2-SiO,-Ph particles in comparison with the conventional technique indicated no
significant increase in fingermark ridge quality across the commonly used substrates.

Comparison of the detection efficiency of B-NaYF4:Yb,Er-2-SiO,-Ph particles
and CA-R6G on a highly luminescent substrate

The efficiency of B-NaYF.:Yb,Er-2-SiO,-Ph particles, as a latent fingermark
development method on a multicoloured luminescent substrate, was compared with
the CA-R6G method of fingermark detection. The natural fingermarks were collected
on the Fanta can substrate, aged for five days and then processed with either
B-NaYF4:Yb,Er-2-SiO,-Ph  water-ethanol suspension or cyanoacrylate fuming
followed by Rhodamine 6G staining in the same manner as previously mentioned
(Figure 3.53). Both methods provided good fingermark development. Slightly more
clear ridge details were observed on the fingermark developed with the CA-R6G
method. However, the B-NaYF4:Yb,Er-2-SiO,-Ph particles significantly eliminate the
background interference compared to the CA-R6G method.

246

https://rcin.org.pl



Chapter 3

White light

CA-R6G UCPs

Figure 3.53 5-day-old fingermark deposited on a Fanta can developed with either CA-R6G or
B-NaYFa:Yb,Er-2-SiO2-Ph particles and imaged under 530 nm or 980 nm light excitation,
respectively

3.3.4 Conclusions

A detailed analysis of hydrophobic upconverting particles for fingermark
detection on porous and non-porous substrates was performed. For application
purposes, the hexagonal structure (B phase) of B-NaYF4:Yb,Er upconverting crystals,
which exhibits higher upconversion luminescence intensity, unlike the cubic phase
[51], has been chosen for synthesis. The upconverting particles were successfully
synthesised in two ways: by hydrothermal synthesis and by solid-liquid-thermal-
decomposition approach. The surface of the particles was then modified with either
long hydrocarbon chains or phenyl groups in order to make them hydrophobic. SEM
and XRD analysis confirmed the hexagonal structure of the material obtained via
both syntheses. Besides, EDX mapping validated the elemental composition of the
NaYF4:Yb,Er crystal. The upconversion luminescence measured with CCD camera
with the IR filter showed that the luminescence emission intensity of particles
obtained in hydrothermal synthesis depends on the molar ratio of citrates to RE3*
ions and also on the surface modification. The B-NaYF,:Yb,Er particles modified with
organic moieties were applied to enhance fingermarks deposited on porous and non-
porous surfaces such as paper, aluminium foil, beverage can, glass, sticky side of the
adhesive tape, PP and PE foil. The fingermarks were developed by the wet technique
in which the samples were immersed in the non-toxic water-ethanol suspension. This
form of application yields non-destructive interaction between fingermark ridges
and developing agent, unlike the brushing technique. Modifying the surface of
B-NaYF4:Yb,Er particles with silica and hydrophobic moieties was aimed at increasing

247

https://rcin.org.pl



Chapter 3

the interactions between the luminescent agent and the fingermark residuals.
In that, a multifunctional material was obtained, which on the one hand had
upconversion luminescence properties emitting visible light under infrared
excitation, and on the other hand was hydrophobic, what increase the affinity to the
fingermark residue consisting of fatty acids, waxes, triglycerides, etc.

The trial study of fingermarks enhancement with modified B-NaYF4:Yb,Er-1
particles indicated that the material effectively interacted with fingermarks
substance only on aluminium foil or glass substrates, while on the sticky side of
adhesive tape, PP foils, colourful beverage can resulted in poor quality fingermarks.
Even changing the carrier solvent to petroleum ether or methanol did not improve
the fingermark development. This material also failed in fingermark development on
paper; the small amount of luminescent material was randomly scattered on the
surface. Also, this material possessed relatively low emission intensity, which was of
three orders of magnitude lower in comparison to the emission intensity of
upconverting particles obtained in SLTD synthesis. Therefore, the imaging process
required collecting the signal for at least a few seconds.

The SLTD synthesis allowed to obtain the particles with significantly higher
emission intensity compared to the particles synthesised via hydrothermal synthesis.
Moreover, the SLTD synthesised particles were of one order of magnitude smaller
than hydrothermally synthesised material. It influenced the efficiency of selective
deposition on fingermark ridges, observed under SEM. Since these particles
exhibited the potential for fingermark enhancement due to their strong
luminescence facilitating easier fingermark imaging with an SLR camera, they were
selected for further comparative study. Cyanoacrylate fuming followed by
Rhodamine 5G staining was selected for this analysis as a recommended method for
non-porous substrates. The study involved four substrates onto which three donors
deposited depletion series of five fingermarks. The results showed that
B-NaYF4:Yb,Er-2-SiO,-Ph particles did not enhance fingermarks as efficiently as
cyanoacrylate fuming with Rhodamine 6G dyeing. The background staining was
observed in most items, which means that the required selectivity has not been
achieved. Moreover, on PE foil, the particles were deposited on the entire surface of
the sample. But on the other side, high sensitivity was observed for a few
fingermarks that were successfully developed (for two donors on aluminium foil and
one donor on glass) because each of the five fingermarks in the depletion series was
developed with a high level of detail.

The advantage of the obtained particles, such as small size, unfortunately,
might have prevented their effective application to fingermark development. The
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non-selective deposition on the substrates could have been caused by the shape of
the particles. Particles with a relatively large flat surface and also deposited outside
the ridges could interact with the surface so strongly that rinsing the sample did not
weaken these interactions [42].

In conclusion, the modified B-NaYF4:Yb,Er upconversion crystals do not allow
for the utterly effective development of fingermarks on non-porous and porous
surfaces. Nevertheless, the performed analysis showed that it is possible to develop
fingermarks with good contrast with NaYF4:Er,Yb material. The UCPs may also be
good candidates for fingermark detection on multicoloured and highly luminescent
substrates where the conventional CA-R6G method is less effective due to the
background interference. Further optimisation of such parameters as suspension
concentration, immersing time, rinsing technique, carrier solvent is needed. Due to
the limited time of the research, this work may have been undertaken at a later date.
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Chapter 4 Diaquatris(thenoyltrifluoroacetonate)europium(lil)
complex for time-gated visualisation

4.1 Introduction

The results of the study on the visualisation of fingermarks deposited on
luminescent, reflective or patterned surfaces, described in Chapter 3, have shown
that applying time-gated imaging for fingermarks developed with luminescent silica
particles can be an effective alternative to widely applied methods such as
luminescent powder dusting or cyanoacrylate fuming followed by luminescent dye
staining; however, mainly for non-porous substrates. Some porous surfaces like
paper exhibit strong background luminescence, which lead to the contrast decrease
or even make the fingermark invisible when imaged in the fluorescence mode. Thus,
to efficiently visualise latent fingermarks deposited on paper-based porous surfaces,
firstly, it is necessary to use the developing agent, which is able to interact with
fingermark components highly selectively. Secondly, it is essential to apply
a developing agent with a long luminescence lifetime and to use time-gated imaging
to eliminate the strong background luminescence. In the case of porous surfaces,
some difficulties occur during the development process. Essentially, the fingermark
residuals do not retain on the porous surface but penetrate into the substrate in
time, so that after one day, most components, both sebaceous and amino acids, are
hidden in the porous structure [1]. The luminescent silica particles applied for time-
gated visualisation were not small enough; hence, they were not able to diffuse into
the paper matrix and interact with the fingermark.

Numerous luminescent developing reagents and methods employed for
fingermark enhancement have been described in Chapter 1.3 and 1.4, including
widely used amino acid-sensitive reagents such as ninhydrin with zinc salt
posttreatment, 1,8-diazafluoren-9-one (DFO), 1,2-indanedione. Among the other
luminophores, a group that may find an application for LFM detection is the
lanthanide B-diketonates, with europium complexes as popular rare-earth
coordination compounds, introduced in Chapter 1.9.

Until now, the lanthanide complexes, due to their strong emission and wide
gaps between excitation and emission bands, have already been employed to
develop latent fingermarks on porous or semi-porous surfaces. The visualisation
methods were mostly based on radiation frequency filtration; nonetheless, some
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limitations have also been reported, mainly concerning the interference of the
background, working only on sebaceous or fresh marks, or using the organic
solvents. Wilkinson et al. had examined cyanoacrylate fuming followed by several
europium tris chelates to detect latent fingermarks on skin. The best results were
obtained for europium tris(thenoyltrifluoroacetone); however, organic solvents had
to be used to transfer the europium complex to cyanoacrylate deposited on the
fingermark. The authors also pointed out that further improvements might have
been obtained by using time-resolved imaging [2]. Also, europium tris(thenoyl-
trifluoroacetone) with water molecules replaced with trioctylphosphine oxide was
investigated as LFM developing agent; nevertheless, the sensitivity of this
formulation on natural fingermarks was inferior to benchmark method such as
physical developer [3]. The other europium complex that was studied to visualise
LFM on porous and non-porous surfaces was tris (6,6,7,7,8,8-heptafluoro-
2,2dimethyl-3,5-octanedionato)europium (lll) known as [Eu(fod)s] which indicated
high reactivity towards functional groups present in fingermark residue [4]. The
[Eu(fod)s] complex treatment resulted in a good fingermark enhancement, but the
benchmark visualisation method based on DFO treatment yielded better results.

To avoid the necessity of the selective modification of the fingermarks
deposited on porous surfaces, eliminate the surface interference and increase the
signal-to-background ratio, the strategy based on in situ generation of new
compounds that possess long luminescence lifetimes was a subject of the study.
A developing reagent, distributed over the entire sample surface, interacted only
with fingermark components, locally generating compounds with desirable
luminescence properties, eliminating the need for selective deposition. A scheme of
the latent fingermark visualisation on paper with the time-gated imaging system
using in situ interactions between the development agent and fingermark
components is shown in Figure 4.1.

In this chapter, the synthesis and application of a diaqua-
tris(thenoyltrifluoroacetonate)europium(lll) complex [Eu(TTA)3(H.0).] to develop
latent fingermarks deposited on paper-based surfaces with a simple spray-coating
technique will be discussed. Due to the fact that efficient latent fingermark
development is based on the selective interaction between the development agent
and latent fingermark components, the understanding of interactions between
chosen europium complex and representative LFM components was studied,
including the influence of the interactions on the Eu(TTA)s;(H,0), complex
luminescence lifetimes. The chosen europium complex possess several advantages.
Beside the narrow emission band in the visible spectrum of light and large Stoke shift
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[5], the complex also indicates the high luminescence intensity due to the
thenoyltrifluoroacetone (TTA) ligand, which acts as an antenna, efficiently absorbing
and transferring light to the europium cation via intramolecular energy transfer [6],
[7]. Moreover, the two water molecules present in the complex structure may be
relatively easily exchanged for various latent fingermark components [8] what may
change the complex properties [9]. Taking these properties into account,
Eu(TTA)3(H,0)>, complex seems to be the valuable candidate to enhance latent
fingermark development/visualisation on porous surfaces. Furthermore, the
europium complex will be examined, including material characteristics, an affinity to
fingermark deposits, efficiency of fingermark imaging on various paper-based
surfaces, LFM visualisation optimisation and the comparison of development
efficiency with benchmark methods, including enhancement of LFM on wetted

papers.
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Figure 4.1 The scheme of time-gated imaging of LFM deposited on paper developed with
Eu(TTA)3(H20)2 complex, which generates in situ interactions with latent fingermark
components resulting in the change of the luminescence properties; t represents the delay-
to-shutter time

4.2 Experimental

4.2.1 Equipment and Instrumentation

Fluorescence Spectroscopy

The excitation and emission spectra of the Eu(TTA)s;(H20), complex have
been measured with FS5 Spectrofluorometer (Edinburgh Instruments, UK) in a classic
1 cm quartz cuvette. Excitation spectra have been recorded for the emission
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monitored at 613 nm. Emission spectra have been registered with an excitation
wavelength at 387 nm. The photoluminescence decay measurements for the whole
visible spectrum of light have been performed using a home-built time-gated
imaging system with a CCD camera (HARDsoft Microprocessor Systems, Poland).

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFT)

The IR spectra of Eu(TTA)3;(H.0). complex with or without latent fingermark
components (oleic acid (OA), squalene, L-serine) have been collected with an FTIR
Nicolet iS50 FT-IR spectrometer. Spectra were recorded in diffuse reflectance mode
using a continuous flow Harrick Praying Mantis chamber, and typically 45 scans were
collected at a resolution of 1 cm™.,

Nuclear Magnetic Resonance (NMR)

'H and 3C NMR measurements of Eu(TTA)s;(H,0), complex were performed
on the 7.05 T Bruker AVANCE Il spectrometer equipped with a 5 mm BBI Bruker
probe head and VT-NMR unit temperature controller. The 5 mm NMR sample tubes
were purchased from WILMAD glassware. The spectra for all the samples were
acquired with standard Bruker pulse programs for H and *C NMR spectra
acquisition. The acquisition parameters: the relaxation delay, number of scans, and
acquisition times were the same for each sample. Samples with oleic acid, squalene,
and L-serine were combined with samples contained the europium complex.

4.2.2 Chemicals

The following reagents were used for the synthesis of diaquatris(thenoy!-
trifluoroacetonate)europium (l1l) complex [Eu(TTA)s;(H20),], analysis of the complex,
fingermark enhancement and comparative methods of fingermark development.
Europium (Ill) chloride hexahydrate (99.99 %, trace metal basis), L-serine (99 %),
squalene (= 98 %), ninhydrin (= 99 %) were purchased from Sigma-Aldrich. Ethanol
(anhydrous, 99.8 %), methanol (pure p.a. 99.8 %), sodium hydroxide (p.a.) were
obtained from POCH. 2-thenoyltrifluoroacetone (TTA) was purchased from
Fluorochem, oleic acid from Chempur, and 1,2-indanedione from BVDA. RO/DI water
was used for all the experiments. All chemicals were used as received. For 'H NMR
and !C NMR analysis, deuterated solvents were purchased from EUROISOTOP and
were used without any further purification.

258

https://rcin.org.pl



Chapter 4

4.2.3  Synthesis of europium B-diketonate complex

The luminescent diaquatris(thenoyltrifluoroacetonate)europium  (lll)
complex was synthesised according to the literature procedure [10]. First, a solution
of 0.73 g (2 mmol) of europium (lll) chloride hexahydrate in 10 mL of water, as well
as 6 mL of 1 M NaOH, was prepared. Then, 1.33 g (6 mmol) of 2-thenoyl-
trifluoroacetone was dissolved in 30 mL of ethanol. Europium chloride and sodium
hydroxide solutions were successively added to the TTA solution under stirring,
followed by pouring 200 mL of water. The reaction mixture was heated to 60 °C
under constant stirring for several minutes. When the europium complex started to
precipitate, the mixture was cooled down to room temperature. Finally, the
precipitate was filtered off with a water pump, rinsed three times with 200 mL of
water, and then dried in an oven at 55 °C for 12 hours. The pale yellow powder was
obtained.

4.2.4 Fingermark collection

Latent fingermark collection on paper and donor selection was done
according to the International Fingerprint Research Group guidelines for Phase 1
[11]. Three donors were chosen (two males, one female) to deposit fingermarks on
white paper surfaces. Donors were requested not to wash their hands for at least
30 minutes, and they were advised to behave in a natural way to provide fingermarks
comparable to the real-case ones. Before the fingermark deposition, donors were
guided to touch paper with a thumb, index, middle and ring finger for 2-3 seconds
with moderate pressure, comparable to the force they usually use for holding items.
The samples with fingermarks were aged for at least 24 hours in the ambient
conditions before further processing.

4.2.5 Fingermark development

To prepare the working solution of Eu(TTA)s(H.0),, europium complex
powder was dissolved in methanol with a concentration of 50 mg mL. The solution
was stirred for several minutes to completely dissolve the powder and then poured
into the glass bottle sprayer. Each paper sample was sprayed twice upon the whole
area from a distance of ca. 10 centimetres and then left to dry in the air.
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4.2.6 Time-gated imaging of samples

The imaging process of LFM on paper substrates and europium complex
luminescence lifetime measurements were conducted using the time-gated imaging
system previously described in Chapter 3.2.2.6. The apparatus consists of a pulse
controller, a computer-controlled CCD camera and a 365 nm ultraviolet light
excitation source.

Latent fingermarks deposited on paper substrates and developed with
Eu(TTA)s3(H20), complex were visualised using the time-gated mode of the CCD
sensor due to the relatively long luminescence lifetime of the complex deposited on
fingermark ridges. The paper sample placed in the camera field of view was first
illuminated with a UV excitation pulse, then the radiation source was switched off,
and after a particular time, the CCD sensor started to collect the luminescence signal.
The precise control of the parameters such as excitation length, the time between
the end of the excitation pulse and the opening of the shutter to collect the
luminescence signal (delay-to-shutter), and signal collection (shutter time) allows for
successful separation of europium complex luminescence on LFM from the
luminescence of the background. The optimal contrast between the fingermark
ridges and paper background was obtained for illumination time 200 ps, delay to
shutter 800 us, and luminescence signal collecting 100 ps. The illumination-collection
sequence was repeated in 1000 cycles to get the optimal contrast.

The time-gated system was also involved in measuring the europium
complex luminescence lifetimes. For this purpose, a decay curve was constructed for
each sample. The europium complex and LFM components deposited on the glass
and paper samples were placed in the camera field of view. Each sample was
illuminated with 365 nm UV radiation for 200 us, and the signal was collecting by
opening the shutter for 20 us. To prepare the decay curve, the average luminescence
intensities were extracted from the selected area of the images taken for delay-to-
shutter times ranging from 10 to 990 ps. For each decay curve, 50 measuring points
and one thousand cycles for each point have been set. The time lag, which is the time
between two separate cycles of measurement, was ranging from 900 to 10 us to
compensate the delay-to-shutter time. Finally, to calculate the luminescence
lifetime, a monoexponential decay was fitted to each decay curve.
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4.2.7 Comparison with conventional enhancement techniques

The selectivity and effectiveness of fingermark enhancement with
Eu(TTA)3(H,0). complex was compared to two benchmark methods: ninhydrin and
1,2-indanedione treatment. These two compounds are, among others, the reagents
of choice for paper substrates [12]—[15]. They react with amino acids present in the
fingermark residue resulting in colourful or fluorescent products.

Natural fingermarks were deposited on paper substrates. Each sample was
then cut in half, as shown in Figure 4.2, and one half was treated with either
ninhydrin or 1,2-indanedione working solution and the other half was sprayed with
Eu(TTA)3(H,0). complex. Then the halves were recombined for comparison. Also, the
effectiveness of the europium complex, ninhydrin and 1,2-indanedione was
investigated for the fingermarks deposited on paper samples which were
subsequently wetted. In this case, the fingermark deposited on the paper substrate
was immersed in a water bath for 10 minutes under gentle shaking, then dried in the
air and cut in half for further processing.

Ninhydrin I teucTtays(H20)2]
1,2-Indanedione

Figure 4.2 A diagram showing fingermark deposited on a paper substrate prepared to
compare the fingermark development with Eu(TTA)3(H20)2 complex (right) and with routine
developing agents: ninhydrin or 1,2-indanedione (left)

Ninhydrin treatment

This method of fingermark visualisation is based on the reaction between
ninhydrin and primary and secondary amines of amino acids present in the
fingermark secretion. The reaction product is a non-fluorescent purple-coloured
compound, also called Ruhemann’s purple, composed of two molecules of ninhydrin
linked by a nitrogen atom [1], [16]. The enhancement process demands the elevated
temperature to increase the reaction rate and thereby reduce the duration of
fingermark development [17]. For the ninhydrin treatment, each fingermark sample
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was immersed in 1.5 % of ninhydrin ethanolic working solution [18] and left to dry in
the air. Afterwards, the samples were loaded into an oven at 80 °C for 4 minutes.

1,2-Indanedione treatment

1,2-indanedione applied for fingermark development acts in a similar way to
ninhydrin. A product of the reaction with amino acids is a fluorescent analogue of
the Ruhemann’s purple and results in pale pink colouration seen under white light
and strong fluorescence emission visible under blue-green light excitation [13], [17],
[19]. Visualising fingermarks treated with 1,2-indanedione in the fluorescence mode
results in superior sensitivity in comparison to ninhydrin [14]. For the development
procedure, 4 mM of 1,2-indanedione working solution in methanol was prepared
[20]. The samples were first immersed in the working solution, then left to dry in the
air and next placed in the oven at 100 °C for at least 10 minutes.

4.2.8 Interactions of europium B-diketonate complex with fingermark
secretion constituents of fingermark

The composition of fingermark secretion is a mixture of compounds
produced in the eccrine and sebaceous glands. Eccrine secretion mainly consists of
water (98 %) [21] and amino acids with a concentration of 0.3 to 2.59 mg L [1],
among which L-serine is the most abundant [22]. The main constituents of the
sebaceous fraction are lipids consist of glycerides (33 %), fatty acids (30%), wax
esters (22 %), squalene (10 %) and others [1]. Among all identified in the fingermark
free fatty acids, oleic acid constitutes an abundant fraction (32-1675 ng in
fingermark) [22].

The interactions between Eu(TTA)3(H.0), complex and latent fingermark
constituents have been investigated by spectroscopic methods. Three exemplary
compounds found in the secretion have been chosen: oleic acid and squalene as the
representatives of the sebaceous fraction and L-serine as the representative of the
eccrine fraction of fingermark secretion. For excitation and emission spectra, DRIFT
and decay time measurements, the Eu(TTA)s(H20), complex in a concentration of
0.59 mM was mixed with oleic acid, squalene, and L-serine in methanol, ethanol, and
ethanol:water solution (2:1 v/v), respectively, in various molar ratios
([X]:[Eu(TTA)3(H20),]) ranging from 0 to 4 (from 0 to 1 in 0.1 steps and from 1to 4 in
0.5 steps), where [X] concerned the concentration of LFM components. The choice
of solvents was related to the optimal solubility of the representative compounds

262

https://rcin.org.pl



Chapter 4

and europium complex. To study the influence of chosen LFM components on
europium complex luminescence lifetime (1), a series of luminescence decay times
have been measured for an above-mentioned range of concentrations of LFM
constituents and europium complex. Each of the mixtures was drop cast three times
with either 5 pl on a microscope glass slide or 1 pl on notebook paper sample at
intervals allowing the solvent to evaporate. Apart from this, it was also investigated
how the europium complex luminescence lifetime changes when it reacts with the
fingermark constituents deposited on a paper sample. For this purpose, the solutions
of pure oleic acid, squalene or L-serine at 0.1 M concentration in methanol, ethanol
and ethanol:water (2:1 v/v), respectively, was separately spotted on copy paper
sample followed by subsequently spraying the Eu(TTA)s(H,0), complex in methanol.

In the case of 'H NMR and !C NMR measurements, the samples were
prepared as follows: 5 mg of oleic acid and 5 mg of squalene was dissolved in 0.5 mL
methanol-d, and ethanol-dg, respectively. L-serine (5 mg) was dissolved in 0.5 mL of
ethanol-ds/water-d, solution (1:1 v/v). Additionally, 10 mg, 10 mg, and 5 mg of
Eu(TTA)3(H20), complex was mixed in methanol-ds, ethanol-ds, and ethanol-
de/water-d; solution (1:1 v/v), respectively.

4.3 Results and discussion

This section will discuss the characteristic of the Eu(TTA)3(H20), complex and
the analysis of the interactions between the europium complex and representative
fingermark secretion components. Also, the effectiveness of the latent fingermark
enhancement on paper and the results of a comparative study of fingermark
development with europium complex and benchmark methods will be presented.

Characterisation of the luminescent Eu(TTA)3(H20). complex

The pale yellow Eu(TTA)3(H,0), powder showed hydrophobic properties.
It barely dissolved in water, in contrast with ethanol. The material excited with 365
nm ultraviolet light has shown the strong orange luminescence emission (Figure 4.3).
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Figure 4.3 The 1 mg mL? Eu(TTA)3(H20): solution in ethanol illuminated with (A) white light,
(B) 365 nm UV light. The insets: powder Eu(TTA)3(H20)2

Figure 4.4 A shows the excitation spectrum of Eu(TTA)3(H.0). complex
recorded in the range of 350 to 450 nm and monitoring the emission at 613 nm.

A B

S

500 550 600 650 700 750 800

Excitation intensity (emission at 613 nm) /a.u
T
L

Emission intensity (excitation at 387 nm) /a.u.

360 380 400 420 440 460

w
B
o

Wavelength /nm Wavelength /nm

Figure 4.4 (A) Excitation spectrum (emission monitored at 613 nm) of 0.59 mM
Eu(TTA)3(H20):2 solution in ethanol; (B) emission spectrum (excitation at 387 nm) of 0.59 mM
Eu(TTA)3(H20)2 solution in ethanol

The excitation light was efficiently absorbed by the organic ligand, and the
complex displayed a broad absorption band with the maximum peak at 387 nm,
which was related to the m-m* transition of the carbonyl group in TTA ligand
coordinated to europium ion [23]—[25]. The luminescence emission spectrum of
Eu(TTA)s(H20), complex (Figure 4.4 B) recorded in the range of 500 — 800 nm under
387 nm excitation radiation exhibits several narrow bands, among which the most
intense is a band with the maximum at 613 nm attributed to °Do—’F, transition [26],
[27]. According to the literature data, the lanthanide ion, when excited directly with
395 nm radiation, is characterised by weak light absorption due to the forbidden
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4f-4f transitions. Only a small amount of photons is absorbed in the 4f levels, which
results in low luminescence intensity [23], [28]. The low absorption of light by the
lanthanide ion is boost by the intense UV absorbing of TTA chelating ligand [6], [23],
[27]. The intramolecular energy transfer from the organic ligand excited state to the
metal ion, resulting in the narrow emission band, is called the “antenna effect” [29],
[30]. ATTA ligand in the europium complex, irradiated with the UV light in the range
of 300 — 400 nm, absorbs the energy that results in excitation to the first excited
singlet state ( So — S1). After internal conversion to the lowest vibrational level of the
excited singlet state, the nonradiative intersystem crossing (ISC) from the S; state of
the ligand to its triplet state T, takes place, followed by the subsequent
intramolecular energy transfer (ET) from ligand triplet state to Eu®* excited states
(°Dy). After the transition of electrons from higher excited states to Do state by
internal conversion, Eu3* finally emits the line-like photoluminescence during the
transition to its ground state [28], [30].

The excitation and emission spectra were recorded for the mixtures of
0.59 mM Eu(TTA);(H,0), complex and oleic acid, L-serine or squalene in the range of
molar ratios from 0 to 4 (Figure 4.5).
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Figure 4.5 Excitation spectra (A, C, E) and emission spectra (B, D, F) of 0.59 mM Eu(TTA)3(H20):
complex mixed with oleic acid (A, B), L-serine (C, D) and squalene (E, F) in the range of molar

ratio 0-4

The addition of LFM components did not significantly affect the shifts of
excitation maxima. This is due to the fact that oleic acid, L-serine and squalene do
not absorb light in the considered spectral region. Also, no influence of LFM
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components on emission maxima was noticed because the source of the
luminescence emission (europium cation) remained unchanged. Nonetheless, it was
noticed that the addition of the individual LFM components to the europium
complex mixture had an observable effect on the maximum emission intensity
(Figure 4.6).
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Figure 4.6 Maximum emission intensities of the Eu(TTA)3(H20)2 complex mixtures with LFM
constituents — oleic acid (violet), L-serine (pink) and squalene (green) in the range of
concentration 0-4, normalised to the maximum emission intensity for the Eu(TTA)3(H20).
complex without any addition

The addition of oleic acid to the europium complex solution firstly increased
the emission intensity, reaching the maximum at 1.05 of the starting value for the
molar ratio [X]:[Eu(TTA)s3(H20).] equal to 0.2. Further addition of oleic acid led to
a decrease in the emission intensity far below the starting value. A similar effect was
observed for the addition of L-serine and squalene to the europium complex
solution. Firstly, the emission intensity of the europium complex increased, reaching
the maximum at 1.05 and 1.07 of the starting value for L-serine and squalene,
respectively, for the molar ratio [X]:[Eu(TTA)s(H20),] also equal to 0.2. However,
further L-serine or squalene addition lowered the europium complex emission
intensity and stabilised the emission around the starting value at the molar ratio of
1.5 for both compounds. The initial boost of the europium complex emission
intensity is influenced by small amounts of LFM components and their roles as
centrosymmetry breakers, while the TTA ligand keeps the antenna role [31]. Also,
the exchange of the water molecules in the initial europium complex to the new
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ligands may result in the emission intensity boost due to the elimination of the
luminescence quenching produced by coupling with vibrational modes of water
molecule [27], [32], [33]. On the other hand, the subsequent decrease of the
emission intensity while the concentration of LFM components is increasing may be
related to the complex decomposition and stripping the antenna ligand from the
europium central atom [34].

The DRIFT spectra have been recorded for pure Eu(TTA)3(H20), complex,
pure oleic acid, L-serine and squalene, and for the mixture of LFM components with
europium complex to investigate the interactions between LFM components and the
complex (Figure 4.7).
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Figure 4.7 The DRIFTS spectra of (A) Eu(TTA)s3(H20)2 complex (grey), oleic acid (violet) and the
mixture of both compounds (green); (B) Eu(TTA)3(H20)2 complex (grey), L-serine (violet) and
the mixture of both compounds (green); (C) Eu(TTA)s3(H20)2 complex (grey), squalene (violet)
and the mixture of both compounds (green)

In the spectrum of pure oleic acid (Figure 4.7 A), the peak localised at
1711 cm™ assigned to the stretching vibration of a double bond in carbonyl group
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(C=0) of oleic acid is absent in the spectrum of the Eu(TTA);(H.0); and OA mixture
[35]. Also, the two intense peaks at 2925 cm™ and 2855 cm™ present in the oleic acid
spectrum, related to the asymmetric and symmetric stretching modes of —CH;
groups in the long chain, are also visible in the Eu(TTA)3(H20)> and OA mixture
spectrum. This confirmed the chelation of the europium ion in the complex [36], [37].
Furthermore, in the Eu(TTA);(H,0); and OA mixture spectrum, there are two intense
peaks at ca. 1540 cm™ and 1459 cm™, which are assigned to the presence of
carboxylate group (COO-) and its stretching asymmetric and symmetric modes,
respectively. The wavenumber separation of those two bands (A) define the nature
of the carboxylate coordination mode; for A < 110 cm™ the coordination type can be
interpreted as a bidentate. For the mixture of oleic acid and europium complex, the
value of A is equal to 81 cm?, which indicates that two oxygen atoms in the
carboxylate group of oleic acid symmetrically chelate the europium ion [35], [36].
The DRIFT spectra for both Eu(TTA)s;(H,0), and L-serine mixture as well as for
Eu(TTA)s3(H20), and squalene mixture are simply a sum of the spectra of pure
reagents, so no specific interactions between LFM components and europium
complex have been observed within the DRIFT spectroscopy measurements.

The interactions between LFM components and the europium complex have
also been investigated with NMR spectroscopy. The *H NMR and *3C NMR spectra
have been recorded for pure europium complex, individual LFM components and the
mixture of LFM compounds and Eu(TTA);(H,0), complex to compare the
displacement of resonances associated with europium complex mixtures and the
substrates (Figure 4.8).

In the M NMR spectra for pure oleic acid and the mixture with
Eu(TTA)3(H,0). complex, the 0.1 ppm and 0.065 ppm shifts of signals assigned to the
hydrogen atoms at carbons 1 and 2 in oleic acid, respectively, have been noticed
(Figure 4.8 A). These shifts may correspond to the interaction of europium cation
with the oleic acid carboxyl group [38]. Also, the resonance of the proton from the
f position in the europium complex, which is upfield shifted for approximately
0.07 ppm, may indicate the interaction between the molecule of oleic acid and the
complex. The impact of oleic acid on the europium complex was also confirmed with
the 33C NMR spectra (Figure 4.8 B). The shift of the resonance of the carbon from the
carbonyl group of oleic acid by approximately 1.05 ppm was observed. Also, the shift
of the resonance position of carbon 1 in oleic acid by 1.36 ppm was noticed [31]. This
is in good agreement with DRIFT analysis, where the disappearance of the band
(1711 cm®) assign to the stretching vibration of a double bond in the carbonyl group
(C=0) of oleic acid was observed.
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Figure 4.8 The superposition of the *H NMR (A, C, E) and 3C NMR (B, D, F) of pure oleic acid
(A, B), L-serine (C, D), squalene (E, F), pure Eu(TTA)3(H20)2, and the mixture which contains
Eu(TTA)3(H20)2 and oleic acid (A, B) or L-serine (C, D) or squalene (E, F)
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Some changes can be observed in the 'H NMR spectrum and the *C NMR
spectrum of the Eu(TTA)3(H20); and L-serine mixture (Figure 4.8 C, D), although the
DRIFT analysis indicated that the spectrum of the mixture was simply a sum of the
spectra of the individual compounds. In the *H NMR spectra of L-serine and its
mixture with europium complex, the most visible changes are noticed for two
hydrogens from the first position (1) and one hydrogen from the second position (2)
in the L-serine molecule (Figure 4.8 C). For hydrogen 1 the group of signals was
shifted approximately 0.04 ppm, and for hydrogen 2 the signal was shifted for about
0.1 ppm and broadened. The changes were also confirmed in the *C NMR spectrum
of pure europium complex and its mixture with L-serine. Firstly, the resonance of the
carbon from the third position (3) in the L-serine molecule was changed by
approximately 0.5 ppm. Secondly, the changes associated with resonances of carbon
in the position d and g of Eu(TTA);(H.0). complex molecule were shifted for
approximately 0.8 ppm and 0.85 ppm, respectively, whereby the intensity of the
signal was suppressed for both positions of carbon (Figure 4.8 D). These changes
indicated some interactions between the L-serine and europium complex.

For pure squalene and the mixture with Eu(TTA);(H,0), complex, in both
H NMR and the 3C NMR spectrum, the very slight shift differences are noticed
(Figure 4.8 E, F). In the 3C NMR spectrum for the carbons in e and g position in the
europium complex, only the suppression of the signal intensity was observed
(Figure 4.8 F). The spectrum of Eu(TTA);(H,0), complex mixture with squalene was
only a sum of the spectra of the individual components, similarly to DRIFT spectra
for this mixture. The small resonance shift for squalene in comparison to oleic acid
may be related to the presence of carboxyl group in the oleic acid, which are
susceptible to interaction with Eu(TTA)s(H20), complex, whereas, in the squalene
molecule, these groups are not present.

The impact of oleic acid, L-serine and squalene on the europium complex
luminescence lifetime (t) was investigated by measuring the series of decay times
for each mixture drop cast on the glass slide in the range of molar ratio
[X]):[Eu(TTA)3(H20),] from O to 4 (Figure 4.9).
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Figure 4.9 Luminescence lifetimes of the mixtures of Eu(TTA)3(H20)2 complex with LFM
constituents — oleic acid (violet), L-serine (pink) and squalene (green) in the range of molar
ratio from O to 4 drop-cast on the glass slides

The initial T values, which were measured for the pure europium complex
([X]:[Eu(TTA)3(H20)2]=0] in each LFM component series, varied slightly due to the
crystallisation from different solvents. The addition of oleic acid and squalene
(sebaceous LFM components) increased substantially the luminescence lifetime of
the europium complex from the initial value of ca. 250 ps to 400 ps for
[X]:[Eu(TTA)3(H20)2] molar ratio of 2. The increase of Eu(TTA)s;(H.0), complex
luminescence lifetime after the addition of LFM components may be related to the
ligand exchange. The new ligand can break the symmetry and decrease the
nonradiative decay rate [31]. Besides, the exchange of water molecules for the new
ligands may reduce the luminescence quenching generated by coupling with
vibrational modes of H,0 [32], [39]. Also, due to the unsaturated character of oleic
acid and squalene, which led to their bent shape, the molecules may trap the
europium emitter and form the hydrophobic environment around, protecting the
emitter from water molecules [40]. In the case of the addition of L-serine to the
europium complex mixture, there were no significant changes in the luminescence
lifetime. The lifetimes for the whole range of molar ratios oscillated around the
starting value of ca. 200 ps, and no maximum was observed. The polar L-serine
molecule in any considered concentration did not interact with the europium
emitter in a way as oleic acid or squalene did. Water molecules, which significantly
reduce the luminescence lifetime, were eliminated. Therefore, it may be concluded
that the stripping of the antenna ligand, while LFM component concentration
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increase, had an impact only on europium complex luminescence intensity and had
no influence on its lifetime.

To include the impact of the paper matrix on the luminescence lifetimes of
the europium complex, another experiment concerning the influence of oleic acid,
L-serine and squalene on the complex was conducted. The series of decay times were
measured for each mixture deposited on paper in the range of molar ratios
([X]:[Eu(TTA)3(H20),]) from O to 4 (Figure 4.10).
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Figure 4.10 Luminescence lifetimes of the mixtures of Eu(TTA)3(H20)2 complex with LFM
constituents — oleic acid (violet), L-serine (pink) and squalene (green) in the range of molar
ratio from 0 to 4 drop cast on the notebook paper

The luminescence decay times obtained in the experiment significantly
differed from the results obtained for the europium complex mixtures deposited on
glass. No particular correlation between the luminescence lifetime of the europium
complex and LFM components concentration has been observed. For all three LFM
components, the luminescence decay times for the whole range of molar ratios
slightly fluctuate around the initial luminescence lifetime of the pure europium
complex. What probably caused this inconsistency in results is the chromatographic
effect which occurred when the mixture of europium complex and LFM components
was drop cast on paper and soaked into its matrix. The Eu(TTA)3(H20), complex is
highly polar, as is the paper which consists of cellulose, so its retention factor is low,
and the complex stayed at the surface of the paper. The less polar LFM components
might diffuse more in-depth into the paper structure. The decay times of the
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europium complex mixtures measured for the whole range of molar ratios might
have been, in fact, the decay time of the pure europium complex.

Due to the fact that the luminescence lifetimes measured for drop cast
europium complex mixtures on paper turned out to be unreliable, another decay
time measurement experiment was performed. In this experiment, pure oleic acid,
L-serine and squalene were spotted individually on a paper surface in the
concentration of 0.1 M. Also, the mixture of all LFM components was drop cast on
a separate paper sample. Each sample was then spray-coated with the solution of
Eu(TTA)3(H20), complex in methanol, and then the series of decay time
measurements were performed (Figure 4.11).

160 8

155

150

145

140

135

Luminescence decay time /1s

130

Figure 4.11 Luminescence lifetimes of the Eu(TTA)s(H20)2 complex spray-coated on the
notebook paper without LFM constituents, with oleic acid, L-serine, squalene and the mixture
of LFM components drop-cast in the 0.1 M concentration

The luminescence decay time measured for europium complex spray-coated
on the pure paper surface was equal to 133 £ 1 ps, and for the oleic acid, L-serine,
squalene, and the mixture of all three components was equal to 154 + 2 us,
155+ 1 s, 152 + 1 s, and 158+ 1 ps, respectively. The presence of LFM components
in the paper structure increased the luminescence lifetime of the europium complex
by ca. 15 % in relation to the lifetime of the pure complex on paper.
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LFM visualisation optimisation

The process of optimising the fingermark visualisation with the time-gated
system was conducted in order to obtain the highest contrast between the
fingermark ridges and the background. An important parameter of imaging that
utilises the difference in luminescence lifetime of Eu(TTA);(H,0), complex on paper
and Eu(TTA)s(H,0), complex on LFM ridge was the delay-to-shutter time. In the
process of optimisation, this parameter varied from 0.05 to 1900 ps, whereas the
excitation time and the shutter time were fixed to 200 ps and 100 ps, respectively.

The paper sample with deposited LFM was first spray-coated with
Eu(TTA)3(H20)2 complex in methanol and then imaged with a CCD camera. When the
sample was visualised in the fluorescence mode with the constant UV illumination,
no fingermark pattern could have been distinguished from the background due to
the fact that the complex was evenly distributed over the paper surface resulting in
uniform fluorescence emission (Figure 4.12 A). Furthermore, in the fluorescence
mode, a significant contribution to luminescence emission had the paper’s own
fluorescence. In the time-gated mode, the contrast between fingermark ridges and
the background started to improve with an increase of the delay-to-shutter
parameter (Figure 4.12 B).

—background dclay o shutter = 800 s
C =200

Delay to shutter = 0 us Delay to shutter = 800 ps

)0 20000 30000 40000 50000 60000

intensity

Figure 4.12 LFM on paper sample spray-coated with Eu(TTA)3(H20)2 complex imaged in the
time-gated mode with a delay-to-shutter (A) O ps, (B) 800 ps. (C) A histogram extracted from
an image captured with delay-to-shutter time 800 pus

Within the optimisation process, LFM on paper developed with
Eu(TTA)s(H20), complex were photographed with the delay-to-shutter times ranging
from 0.05 to 1900 ps, captured every 100 ps, and for each captured image,
a histogram has been generated. The crucial parameter of LFM imaging, which is the
contrast between fingermark ridges and the background, was defined utilising the
Weber formula [41], [42]:

Iridge - Ibackground

Cy =
| background
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where, C, denoted the Weber contrast, /1iqge — the emission intensity in the region of
the fingermark ridge, and /packgrouna — the emission intensity of the background region.
The values of Weber contrast for each image were calculated based on histograms
(Figure 4.12 C). In each histogram, man can distinguish three main peaks: the first
one corresponding to the black areas of the image, the second corresponding to the
background intensity and the last one corresponding to the fingermark ridges
emission intensity. The values associated with the background and ridge intensities
were applied to calculate the value of the contrast Cy. The contrast values for
individually captured images at various delay-to-shutter times are presented in
Figure 4.13.

Contrast
I
T
1

0‘8 PR PR PR YN Y IR U U U S U U U N I N S N .

O RSSO P E.EEDD OSSO
SHFPHFSSESS EEE SIS ESES S

Delay to shutter / us

Figure 4.13 A diagram of image contrast Cw calculated for the range of delay-to-shutter times
from 0.05 to 1900 ps

The contrast was increasing with the increase of the delay-to-shutter time,
reaching the maximum at a value of ca. 2 for the delay-to-shutter times in the range
of 800 — 1200 ps. Further increase of the delay-to-shutter parameter resulted in the
decrease of the contrast down to the minimal value of 1. This is because, for the
initial delay-to-shutter values, the difference between lrigge and lpackground Was getting
higher in comparison to lpackground Value. But, further exceeding the delay-to-shutter
parameter resulted in the weak signal of lrigge and lpackground SO that the thermal noise
started to play a significant role causing the contrast decrease. Taking into
consideration the above observations, the delay-to-shutter of 800 ps has been
chosen as the optimal value for further experiments, where the contrast C,, was
equal to 2.
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LFM enhancement with Eu(TTA)3;(H20) complex on various paper
substrates

A series of fingermarks on notebook paper has been developed with
Eu(TTA)s3(H20), complex methanol solution in the concentrations of 1, 10, 50 and 100
mg mL? by spray-coating to investigate what concentration would be optimal to
obtain the best contrast between fingermark ridges and the background (Figure
4.14).

1 mg mL™1 10 mg mL™1 50 mg mL™1 100 mg mL1

Figure 4.14 Samples of 1-day-old fingermarks deposited on paper, spray-coated by a solution
of Eu(TTA)3(H20)2 complex in concentrations 1, 10, 50 and 100 mg mL?, imaged in the time-
gated mode

Using the lowest concentration as well as the concentration of 10 mg mL™?
for fingermark development resulted in a very weak fingermark contrast. Increasing
the concentration to 50 mg mL? and 100 mg mL! allowed for the efficient
enhancement of ridge details and good contrast between fingermark ridges and the
background. Due to the fact that both concentrations provided satisfactory results
of fingermark enhancement, a concentration of 50 mg mL™ was chosen for further
processing.

Fingermarks were visualised with the imaging system in both fluorescence
and time-gated mode (Figure 4.15). When the sample was visualised in the
fluorescence mode, and the image was captured under constant ultraviolet
excitation light, no fingermark pattern could have been distinguished from the
background (Figure 4.15 A). This is due to the fact that the spray-coated europium
complex is uniformly deposited over the whole sample and that the paper possesses
its own fluorescence. The optimal contrast between fingermark ridges and the paper
background has been obtained for excitation time 200 ps, delay-to-shutter time
800 us, and the luminescence recording time 100 ps. This formulation and imaging
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parameters allowed for getting high-quality ridge details with 2" level features such
as ridge endings or bifurcation (Figure 4.15 B, C, D).

Figure 4.15 Natural fingermark deposited on a copy paper, developed with 50 mg mL?
Eu(TTA)3(H20)2 complex methanol solution, imaged in (A) fluorescence mode, (B) time-gated
mode. The 2" |evel features (minutiae) are distinguished (C), (D).

For further investigation of Eu(TTA)s3(H.0). complex applicability, a few
natural latent fingermarks deposited on several commonly used paper substrates
such as magazine paper, thermal paper, copy paper, notebook paper have been
processed. The samples were imaged with the time-gated mode under 365 nm UV
excitation light (Figure 4.16).
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Figure 4.16 Samples of natural fingermarks deposited on porous substrates: (A) magazine
paper, (B) thermal paper, (C) copy paper, (D-F) various notebooks paper, spray-coated with
Eu(TTA)3(H20)2 complex in methanol solution, and imaged with the CCD camera in the time-
gated mode

Eu(TTA)3(H20), complex efficiently interacted with the fingermark
components. The ridges were clearly visible on all presented paper types, even on
thermal paper. Development of the fingermarks deposited on thermal paper is
troublesome due to the fact that some organic solvents used for e.g. ninhydrin or
1,2-indanedione, may cause overdevelopment like darkening of the surface leading
to the contrast decrease [43], [44]. The possibility of applying time-gated imaging
allowed overcoming the problem of paper darkening and eliminating the interfering
paper’s own fluorescence because the europium complex in contact with fingermark
components is characterised by a longer luminescence decay time.
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Comparison of the interaction between Eu(TTA)3:(H:0): complex and
eccrine, natural and sebaceous fingermarks

Sebaceous and eccrine fingermarks on paper have been developed with
europium complex to compare the quality of enhancement with the natural ones.
For eccrine mark deposition, the donor was asked to keep his hand wrapped in
a plastic bag for 30 minutes, and for the sebaceous fingermark, the donor rubbed his
fingers against the forehead and neck prior to deposition on paper. All the samples
were sprayed with the methanol solution of Eu(TTA)s(H,0), complex. The developed
eccrine, natural, and sebaceous fingermarks were imaged with time-gated mode
(Figure 4.17).

eccrine sebaceous natural

A

Figure 4.17 Images of 1-day- old eccrine(A, D, G), sebaceous (B, E, H) and natural (C, F, I)
fingermarks on paper developed with Eu(TTA)3(H20)2 complex methanol solution, visualised
in the time-gated mode
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It was noticed that developing charged fingermarks (sebaceous or eccrine) is
much more efficient since the amount of accumulated LFM material is incomparably
higher in comparison with natural fingermarks. However, the fingermarks found in
the real crime scenes are mostly natural, and they are not perfect. For all the rest of
the experiments, the natural (ungroomed) fingermarks have been used to mimic the
typical casework scenarios.

Comparative analysis of the Eu(TTA)3(H20): complex with benchmark
methods of latent fingermark visualisation on paper

The efficiency of LFM enhancement with Eu(TTA)s;(H,0), complex has been
compared with two conventional developing agents used for the development of
LFM on the porous surfaces — ninhydrin and 1,2-indanedione. The main criterion for
this assessment study was the contrast and the amount of clear ridge detail present
on fingermark images.

Ninhydrin

The comparison between the two methods was performed as follows. The
set of few paper samples with deposited natural fingermarks have been cut in half.
One half was developed with the Eu(TTA)s;(H20), complex, and the other half was
stained with ninhydrin. The fingermark samples enhanced with the Eu(TTA)3(H.0);
complex were examined with the CCD camera in the time-gated mode under 365 nm
UV light. Fingermarks developed with ninhydrin were photographed with a digital
SLR camera under white light. In the end, halves were put back to the original
position for quality comparison assessment (Figure 4.18).

After recombining the paper samples, it was found that treating fingermarks
with Eu(TTA)3(H20). complex and visualising them in the time-gated mode resulted
in similar or better contrast of the fingermark in comparison to ninhydrin
development. Fingermarks processed with ninhydrin resulted in pale violet ridges,
which in some cases were hardly visible (Figure 4.18 3, 7, 8). The further observation
is that the europium complex developed LFM with a considerably better quality of
the ridges. The Weber contrast (C) measured for sample 1 and 1’ (Figure 4.18 ) was
equal to 0.09 and 0.86, respectively. The significantly higher contrast of fingermark
developed with europium complex indicated that fingermarks details were much
easier to specify.
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Figure 4.18 One-day-old latent fingermarks deposited on paper, developed with ninhydrin
(1-9, left halves) compared to fingermarks enhanced with Eu(TTA)3(H20)2 complex (1’-9’, right
halves)

The potential of the Eu(TTA)3(H20), complex has also been demonstrated for
the paper samples which were exposed to the water environment. For this purpose,
the samples with deposited fingermarks were immersed in a water bath for
10 minutes under gentle shaking. After this time, the samples were dried in the air,
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then cut in half and treated with either europium complex or ninhydrin. Afterwards,
the appropriate halves were put back together and imaged either with the time-
gated system or digital camera.

Figure 4.19 One-day-old latent fingermarks deposited on paper and washed with water 10
minutes developed with ninhydrin (1-6, left halves) compared to fingermarks enhanced with
Eu(TTA)3(H20)2 complex (1’-6’, right halves)

For comparison between Eu(TTA)3(H20), complex and ninhydrin on a porous
surface, it is demonstrated that after aqueous treatment, only when the europium
complex was used, decent enhancement of fingermarks was obtained (Figure 4.19).
Ninhydrin stained samples did not result in fingermark enhancement due to the lack
of amino acids in fingermark residuals because most of the eccrine fraction was
eluted in the water bath. On the contrary, europium complex development, based
on the interaction between the developing agent and sebaceous fraction of the
fingermark, yielded satisfactory fingermarks. The Weber contrast (Cw) measured for
sample 1’ (Figure 4.19) was equal to 0.44, whereas it was impossible to calculate the
contrast value for sample 1 due to the lack of visible ridges.
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1,2 - indanedione

The split natural fingermark halves on paper were developed with either
1,2-indanedione working solution or Eu(TTA);(H,0), complex and then put back to
the original position for quality comparison assessment. Samples enhanced with
europium complex were examined with the CCD camera in the time-gated mode
under 365 nm UV light, and samples stained with 1,2-indanedione were imaged with
a digital SLR camera under blue light excitation and 600 nm long-pass filter in the
darkroom (Figure 4.20).

Figure 4.20 One-day-old latent fingermarks deposited on paper substrate developed with 1,2-
indanedione (1-9) or Eu(TTA)z(H20)2 complex (1’-9’)
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The Eu(TTA)3(H20)> complex developed latent fingermarks on paper with the
same quality as 1,2-indanedione did. The luminescence of both developing agents
was sufficient to yield visible fingermarks with good ridge details. The Weber
contrast calculated for fingermarks enhanced with europium complex and
1,2-indanedione was equal to 0.33 and 0.39, respectively. Similar results of LFM
enhancement with these two development agents allowed to set europium complex
among efficient methods of background interference elimination. Moreover, the
new method — in situ complex formation - demonstrated superior results for the
development of LFM deposited on porous surfaces that have been exposed to water
(Figure 4.21). For this purpose, similarly to the ninhydrin experiment, the paper
samples with latent fingermarks were first immersed in the water bath for
10 minutes under gentle shaking, then dried in the air, cut in half, developed with
either 1,2-indanedione or Eu(TTA)s;(H20), complex and recombined for the imaging
process.

Figure 4.21 One-day-old latent fingermarks deposited on paper and washed with water 10
minutes developed with 1,2-indanedione (1-6, left halves) compared to fingermarks
enhanced with Eu(TTA)3(H20)2 complex (1’-6, right halves)

As a result, no visible fingermarks were obtained for the samples developed
with 1,2-indanedione, although, for europium complex treatment, fingermark ridges
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were clearly visible, and the calculated Weber contrast was equal to 1.95. Again, the
process of washing the samples leached the amino acids from the fingermark
residuals; hence no possible reaction between indanedione and eccrine fraction took
place, which yielded no visible fingermarks.

Comparison of LFM enhancement over the depletion series

A series of depleted fingermarks on paper have been done to examine the
sensitivity of the Eu(TTA)3(H20)2 complex in contact with fingermark components.
In the series, each of three donors (2 males, 1 female) was asked to touch the paper
sample five times in a row using the same finger. Then the samples were sprayed
with the europium complex in methanol, dried in the air and imaged in the time-
gated mode. Figure 4.22 shows a depletion series for all donors. In the case of the
first donor, the ridge details were visible for all depletions with good quality, whereas
donor 2 provided only the first three depletion of good quality. The fourth and fifth
depletion indicated less visible ridge details. Donor 3 provided weak all fingermarks;
however, the quality of fingermark contrast is uniform for each of 5 depletion. The
reason might be in not sufficient pressure used to deposit the mark on the paper or
donor’s individual feature.
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D1

D2

D3

Figure 4.22 Depletion series of five fingermarks on paper deposited by three donors,
developed with Eu(TTA)3(H20)2 complex in methanol and observed in the time-gated mode

Also, the split depletion series was done to compare the effectiveness of
Eu(TTA)s3(H20), complex and 1,2-indanedione on fingermark enhancement. Again,
each of three donors (two male, one female) was asked to touch the paper samples
five times in a row to deposit fingermarks. Then each paper sample was cut in half,
treated with a different developing agent, recombined and finally imaged.
Figure 4.23 compares the enhancement of the fingermarks obtained by the
europium complex observed in the time-gated mode under 365 nm UV radiation and
by 1,2-indanedione observed under blue light and 600 nm long-pass filter. For both
developing agents, only the first three depletions of donor 1 and 3 were of good
quality and contrast, and no significant difference between these agents was seen.
For depletion 4 and 5, the contrast was weak; however, more visible ridges were
observed for indanedione enhancement. On the other side, all five depletions of
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donor 2 have been effectively enhanced by both developing agents, and more visible
ridges were obtained for europium complex recovery. The split depletion trial
indicated that these two developing agents give comparable results in terms of
fingermark quality and sensitivity.

D1

D2

D3

Figure 4.23 Depletion series on paper by different donors D1, D2 and D3, developed with 1,2-
indanedione formulation (1-5) and Eu(TTA)3(H20)2 complex (1’-5’)

4.4 Conclusions

A detailed investigation of the interaction between the Eu(TTA)3(H20);
complex and oleic acid, L-serine and squalene, as LFM components representatives,
showed the potential of this lanthanide B-diketonate complex for the development
of the fingermarks on paper substrates with the use of time-gated imaging.

The complex was obtained in the synthesis from the europium (lll) chloride
hexahydrate and 2-thenoyltrifluoroacetone under the basic environment. The
spectrofluorimetric measurements confirmed the presence of large Stokes shift,
narrow emission band and high intensity due to the TTA ligand influence.
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The detailed analysis of the interactions between europium complex and LFM
constituents showed that the replacement of water molecules in the complex with
one of the LFM components did not affect any shift of the maximum excitation and
emission peaks, whereas it did affect the changes in the luminescence intensity
depending on the molar concentration of LMF compounds. Moreover, the
luminescence lifetime measurements showed that the presence of oleic acid or
squalene ligand in the reaction mixture significantly increased the luminescence
decay time on both glass and paper surfaces, whereas the presence of L-serine
influenced this parameter only on paper substrate.

The DRIFT analysis, as well as NMR spectroscopy measurements, was
performed to characterise the Eu(TTA)3(H20), complex behaviour in the presence of
LFM components. The results from both analyses confirmed the formation of the
new europium complex with oleic acid. Also, *H NMR and 3C NMR demonstrated the
occurrence of possible interactions with L-serine, whereas no specific interaction
between the europium complex and squalene have been noticed. It has been shown
that the interactions between the europium complex and LFM constituents affected
the luminescence lifetime, which is increasing locally on the fingermark ridges. This
phenomena enabled the fingermark enhancement using time-gated imaging, with
no need for selective deposition of the developing agent and eliminating the
background interferences. The parameters of time-gated imaging have been
optimised to obtain the highest contrast. The series of images have been taken in
the time-gated mode changing the delay-to-shutter parameter in the range of 0 to
2000 ps. For each image, the histograms have been prepared with the extracted
values of fingermark and background intensity. The best contrast, calculated with
the Weber formula, was obtained for the delay-to-shutter time equal to 800 ps.

The luminescent Eu(TTA)3(H20), complex was deposited on various paper
samples via spray-coating with the methanol solution. What makes this method
advantageous is that the complex interacted selectively with LFM components and
that the products of this reaction possessed long-lived luminescence, which allowed
the luminescence of the fingermark to be distinguished from the luminescence of
the background. In order to improve the quality of fingermark ridges, the
concentration of the europium complex methanol solution was optimised to
50 mg mL. A series of depleted natural fingermarks of several donors deposited on
paper-based substrates have also been efficiently developed with europium complex
solution. The europium complex indicated a high sensitivity, resulting in good
fingermark contrast for most of the depleted deposits. The fingermark contrast
quality has been further evaluating by comparing the fingermark enhancement with
Eu(TTA)3(H20), complex and benchmark methods such as ninhydrin or
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1,2-indanedione. The results indicated that the europium complex developed
fingermarks with a much better quality of the ridges and significantly higher contrast
than ninhydrin treatment. However, in the case of 1,2-indanedione treatment, this
developing agent has shown the same quality of fingermark contrast as the
europium complex did. Also, the potential of the europium complex was
demonstrated for the fingermarks exposed to the water environment. In aqueous
conditions, both ninhydrin and 1,2-indanedione treatment resulted in no
fingermarks enhancement due to the lack of amino acids in fingermark residue,
whereas Eu(TTA)s;(H;0), complex was able to develop superior contrast of
fingermarks because the interaction of developing agent took place with the
sebaceous fraction of LFM components.

In conclusion, the Eu(TTA);(H,0), complex has a great potential to develop
latent fingermarks deposited on luminescent, patterned and also wetted paper-
based substrates in the time-gated imaging process. The proposed method of
development not only improved the quality of the fingermark contrast but also
demonstrate the simplicity of developing agent application, eliminating the heating
process necessary in benchmark methods.
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Chapter 5 Summary and conclusions

This thesis aimed to develop an optical method of latent, natural fingermark
visualisation on surfaces that cause difficulties in the imaging process because they
are reflective, glossy, coloured, patterned or exhibit their own luminescence.
In order to obtain an efficient forensic reagent that would selectively interact with
the fingermark and which would have particular optical properties, the surface-
modified silica particles as a luminophore carrier have been examined. Thiol-gold or
lipophilic interactions and amide bond formation between modified silica particles
and fingermark components have been investigated to be the most effective.
Carboxyl or lipophilic moieties-functionalised silica particles provided the best
results, selectively interacting with fingermark secretions. However, due to the
additional number of carboxyl-modified silica particle suspension parameters
demanding control during the development process, silica particles modified with
phenyl groups and long hydrocarbon chains have been selected for further research.

Once the efficient silica surface modification was done, an attempt was
made to luminophore encapsulation. Zinc oxide quantum dots encapsulated in the
surface-modified silica structure were the first examined Iuminophore.
The luminescent silica particles modified with lipophilic moieties possess optical
properties such as visible blue emission when excited by the light of 365 nm
wavelength and a long luminescence lifetime of ca 0.5 ms. These properties enabled
this material to be applied as a development agent for time-gated fingermark
visualisation. Zinc oxide QDs in silica matrix developed efficiently fingermarks
deposited only on non-porous surfaces like glass, aluminium foil, beverage can,
polypropylene foil, magazine cover paper, and the sticky side of adhesive tape. The
sensitivity of the material was high, enabling the interactions with the fifth depletion
of fingermark residue; however, this sensitivity was also donor-dependent.
Fingermark secretions deposited on porous substrate diffuse into the paper
structure, unlike the luminescent particles with a diameter range of 100 to 200 nm,
which results in detection failure. It was determined that 1 % of modified silica
particles with encapsulated zinc oxide QDs in water-ethanol solution was optimal to
obtain the good fingermark enhancement. The use of a water-ethanol solution
(97:3, v/v) allowed, firstly, avoiding the risk of airborne particles inhalation while
applying the material to the fingermark, and secondly, using environmentally and
user-friendly carrier solvent. Zinc oxide QDs in silica used for fingermark visualisation
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with time-gated imaging performed more effectively or comparable to the
benchmark methods such as Basic Violet 3 staining, SPR or luminescent powder
dusting. Moreover, the application of the new luminescent material facilitated the
visualisation of fingermark deposited on a substrate with a highly luminescent UV-
active protected pattern.

The second investigated luminophore was silica-coated upconverting
crystals further modified with lipophilic moieties. Hydrothermal synthesis and
a solid-liquid thermal-decomposition process were used to obtain upconverting
crystals. The crystals synthesised by the latter process have shown superior
luminescence intensity and better affinity to fingermark secretions. The purpose of
applying upconverting crystals to visualise the fingermark was to examine how
effective these crystals would be to suppress the background interference during
imaging of the fingermark samples. When the sample was illuminated with a near-
infrared light of 980 nm wavelength, the crystals deposited on the fingermark ridges
emitted green luminescence. Since most everyday-use objects that may bear
a fingermark do not exhibit upconversion under infrared excitation, the use of
crystals could prove to be very efficient in background interference elimination. Like
zinc oxide QDs in silica particles, the upconverting particles were deposited on the
fingermark in the form of water-ethanol suspension to avoid airborne particles
inhalation and reduce the contact with toxic solvents. A variety of substrates such as
paper, aluminium foil, beverage can, glass, sticky side of the adhesive tape, and
several polymer substrates were explored to observe whether the upconverting
particles could selectively interact with deposited fingermark and effectively
visualise the fingermarks. Modified upconverting crystals obtained in the
hydrothermal synthesis were able to develop fingermarks deposited only on glass
and aluminium foil. Thus, the latter fingermark development experiments involved
only SLTD-synthesised upconverting particles. The broad comparative assessment on
300 fingermark samples showed that fingermarks developed by the upconverting
crystals have a lower potential to develop fingermarks on all considered surfaces and
produce more background staining than the benchmark method of cyanoacrylate
fuming followed by Rhodamine 6G staining. However, examining the multicoloured
and highly luminescent surfaces of aluminium beverage cans as a substrate for
fingermark visualisation, it was observed that upconverting crystals have a good
potential to efficiently suppress the background interference, unlike cyanoacrylate
fuming with Rhodamine 6G staining. Thus, further optimisation of the modified
upconverting crystal method is needed.

296

https://rcin.org.pl



Chapter 5

The investigated luminophores such as zinc oxide QDs or upconverting
crystals encapsulated in the silica structure proved to be effective in fingermark
visualisation only on non-porous surfaces. On paper substrates, fingermark
detection with these materials failed. Therefore, for porous surfaces, such as copy
paper or notebook paper, the development potential of the europium B-diketonate
complex was investigated. The Eu(TTA);(H.0). complex in methanol solution was
distributed over the entire sample, which was further subjected to the time-gated
imaging. It was observed that the complex in contact with fingermark components
such as oleic acid, L-serine and squalene generated in situ new compounds, which
had longer luminescence lifetimes than the initial europium complex deposited
beyond the fingermark ridges. Therefore, it was possible to visualise fingermarks
within the time-gated imaging methods eliminating the background interferences
and without the need for selectivity of the developing agent. The replacement of
water molecules in the europium complex with the investigated fingermark
components did not influence the excitation and emission maximum peak shift. In
contrast, it affects the luminescence intensity changes depending on the molar
concentration of considered fingermark components. The NMR and DRIFT
measurements confirmed the generation of a new europium complex with oleic acid
and exhibited some possible interactions between the europium complex and
L-serine. Due to the long luminescence lifetime of ca. 150 us of europium complex
mixture with fingermark components, the delay-to-shutter parameter of time-gated
imaging was possible to optimise. For the delay-to-shutter parameters ranging from
0 to 2000 ps and using the Weber formula for contrast calculation, the highest image
contrast was obtained for the delay-to-shutter time equal to 800 ps. Compared to
the benchmark ninhydrin detection method, the use of Eu(TTA);(H,0), complex
resulted in fingermarks developed with better quality and higher contrast. The use
of 1,2-indanedione, in turn, developed fingermarks with comparable quality to the
europium complex. Whereas the europium complex exhibited superior results when
applied to the fingermark paper samples exposed to water. Both ninhydrin and
1,2-indanedione resulted in no fingermark detection due to the lack of amino acids
eluted from the fingermark residue. Europium complex enhanced wetted
fingermarks with sufficient quality and image contrast due to the interactions with
the sebaceous fraction of the fingermark residue, which is resistant to water elution.

In conclusion, the presented work succeeded in achieving the aims
established at the beginning. Indeed, none of the developed fingermark methods for
fingermark enhancement is universal for both porous and non-porous surfaces, but
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due to how the fingermark secretions interact with the surface of deposition,
proposing a general method of fingermark development is very difficult. While the
luminophores encapsulated in the silica structure failed to visualise fingermark on
porous surfaces with time-gated imaging, the europium B-diketonate complex
managed to interact with fingermark secretion vyielding high-quality and good-
contrast fingermark images. Both these methods have a great potential to develop
fingermarks on luminescent, colourful, reflective or patterned surfaces in the time-
gated imaging process. It is worth noting that all fingermarks used in this research
were natural, not sebum-charged and highly toxic organic carrier solvents for
fingermark development were eliminated.

The concepts of fingermark development introduced in this thesis have the potential
to broaden and further develop the visualisation process. Apart from the forensic
application, the developed luminescent materials and the methodology of imaging
could also be used in bioimaging and medical imaging.
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