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ABSTRACT 

We present a simple method for the fabrication of capsules of different sizes ranging from below 

100 nm up to one micron. The capsules are produced by assembling gold nanoparticles at the 

interface of emulsion droplets. The size of the capsules is regulated by tuning the wetting 

properties of the nanoparticles through changing either the composition of their ligand shell or 

the composition of the oleic phase. The modified wettability affects not only the size, but also the 

thickness of capsule walls. The wall can be thin made of a single layer of the nanoparticles, or 

thick composed of multilayers. The durability of such capsules is quite high, though can be 

improved by chemical cross-linking with UV light. Also, the capsules are very tight, so that they 

can store a molecular cargo and then release it on demand. 
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INTRODUCTION 

Hollow structures composed of nanoparticles (NPs), most known as colloidosomes or simply 

capsules, represent an attractive class of materials with potential applications in catalysis
1-14

 and 

delivery systems.
15-21

 The NP wall provides the mechanical stability of these structures and 

serves as a physical barrier between its interior and surrounding medium. Under external stimuli 

the wall of the capsule can stretch and shrink to encapsulate the chemical or biological species, 

and then disrupt to release them. The limited transport of substances across the wall enables also 

to selectively perform chemical reactions, especially when the NPs are imparted with catalytic 

functions. 

The size of the capsule and the wall thickness are crucial for the above applications. Generally, 

the smaller the capsule and the thinner the wall, the better. In catalysis, a smaller size and thinner 

wall means higher active surface and faster substrate and product exchange. In turn, in drug 

delivery, a thin wall facilitates its disruption, while small dimensions enable the capsule to freely 

diffuse through endothelium and tissues and prevent it from being captured by macrophages. 

The simplest way to build the capsules is to assemble the NPs on the interface of emulsion 

droplets.
22-28

 The adsorption of NPs at the interface is described by the Pieranski equation: 

𝛥𝐸 = 𝜋𝑟2𝛾𝑜/𝑤(1 − 𝑐𝑜𝑠𝜃𝑜/𝑤)
2 

where, r is the radius of the NP, γo/w the interfacial tension between oil and water, and θo/w the 

contact angle of the NP at the interface. 

The process of the assembly is spontaneous and most favorable in terms of the reduction of the 

interfacial energy (ΔE) if the surface of NP is equally wetted by oil and aqueous phases, that is, 
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if the contact angle (θo/w) of the NP at the interface approaches 90°. In this case the NPs are 

preferred to stay at the interface and the resulting droplets are the most stable against the 

coalescence. 

Apart from the wettability the stability of emulsion droplets is also dependent on the pressure 

balance (ΔP) between the inside and the outside of droplet given by the Young-Laplace equation: 

𝛥𝑃 =
2𝛾𝑜/𝑤

𝑅
 

where R is the radius of the droplet. 

When the size of droplets goes down an additional stabilization is required to assure the integrity 

of the resulting structures. Usually it is achieved by cross-linking the NPs via covalent or 

coordination chemistry.
3, 29-37

 In the case of submicron droplets, the stabilization proves to be 

extremely challenging. To date, such droplets (capsules) were produced exclusively through 

electrostatic stabilization between charged NPs. This approach is applicable for both oppositely
38

 

and likely
15, 39-42

 charged NPs. In the latter case, the repulsive interactions are mitigated by 

extraneous additives, e.g. surfactants.  

Herein we present a practical route to fabricate ultrasmall capsules from electrically neutral NPs 

of amphiphilic nature. The strategy is based on the fine-tuning of the NP wettability. In this way 

we can control not only the size of the capsules, but also the thickness of their walls. The wetting 

properties of NPs are regulated orthogonally by altering either the polarity of oil phase or the 

composition of NP ligand shell. An appropriate polarity of oil phase is achieved by simply 

mixing two hydrocarbon solvents. The composition of NP ligand shell is established 

autonomously by in situ ligand exchange. Depending on the method used the capsules of 
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different size and the wall thickness are produced. The resulting capsules are superbly stable in 

aqueous solutions and their size is not changing over time. They are disintegrated only in 

chlorinated solvents. The wall of the capsule can be reinforced making it resistant to any solvent. 

Under UV irradiation the adjacent NPs are covalently cross-linked forming an impenetrable 

membrane. This allows to encapsulate small organic molecules inside the capsule and then 

release them upon chemical activation.  

 

EXPERIMENTAL SECTION 

Materials  

HAuCl4·3H2O (gold (III) chloride trihydrate, ≥99.9%, Aldrich), DDA (dodecylamine, 98%, 

Aldrich), DDAB (didodecyldimethylammonium bromide, >98%, TCI), TBAB 

(tetrabutylammonium borohydride, 98%, Alfa Aesar), NH2NH2·H2O (hydrazine monohydrate, 

98%, Alfa Aesar), MAA (methacrylic acid, 99%, Aldrich), BUD (11-bromo-1-undecanol, 97%, 

Alfa Aesar), DMAP (4-(dimethylamino)pyridine, ≥99.0%, Fluka), EDA (ethylenediamine, 

≥99%, Aldrich), DCC (dicyclohexylcarbodiimide, 99%, Aldrich), MUTEG ((11-

mercaptoundecyl)tetra(ethylene glycol), 90%, Aldrich), CaH2 (calcium hydride, 92%, Alfa 

Aesar), KOH (potassium hydroxide, A.R., Chempur), KEX (potassium ethyl xanthogenate, 96%, 

Aldrich), TDS (trichlorododecylsilane, ≥95.0%, Aldrich), toluene (A.R., Chempur), acetone 

(A.R., Stanlab), chloroform (A.R., Chempur), DCM (methylene chloride, A.R., Stanlab), ethyl 

acetate (A.R., Stanlab), methanol (A.R., Chempur), THF (tetrahydrofuran, A.R., Poch), wide 

hexane fraction (Stanlab), and hexadecane (92%, Alfa Aesar) were used as received unless 

otherwise noted. Methylene chloride was dried over CaH2 and distilled under argon atmosphere. 
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Methanol was dried over 3Å molecular sieves and distilled under argon atmosphere. Petroleum 

ether was distilled from wide hexane fraction. Hydrazine was dehydrated over KOH and distilled 

under argon atmosphere. Deionized water (18.3 MΩ·cm) was obtained from Milli-Q station. 

Gold (111) on mica was purchased from Phasis. Silicon wafers were purchased from ITME 

(Warsaw). Hydrophobic glass vials were prepared by soaking in TDS solution.
43

 

Preparation and characterization of ligands and NPs 

General. The experiments were performed at room temperature if not stated otherwise. The 

progress of organic reactions was monitored by thin layer chromatography (TLC) using Merck 

silica gel 60 F254 (0.2 mm) on alumina plates. The products were purified by column 

chromatography (CC) using Merck silica gel 60 (230-400 mesh ASTM) and then identified by 

NMR and MS techniques. NMR spectra were recorded on a Bruker (400 MHz) instrument. The 

chemical shifts (δ) are given in ppm relative to TMS, coupling constants are (J) in Hz. MS 

spectra were recorded on a Maldi SYNAPT G2-S HDMS (Waters) spectrometer.  

Synthesis of 11-((ethoxycarbonothioyl)thio)undecyl methacrylate (XUMA) 

The ligand was prepared in two steps through Steglich esterification followed by nucleophilic 

substitution: Briefly, a heat gun dried Schlenk flask charged with BUD (5.02 g, 20 mmol), MAA 

(1.7 mL, 20 mmol) and DMAP (0.49 g, 4 mmol) was evacuated in vacuo, flushed with argon and 

filled with 120 mL of dry DCM. The flask was placed into an ice water bath and a solution of 

DCC (4.54 g, 22 mmol) in dry DCM (40 mL) was added dropwise under magnetic stirring over 

20 minutes. The reaction mixture was allowed to warm to room temperature and stirred for 

additional 24 h. The solvent was evaporated off, and the crude product was purified by CC 
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(petroleum ether : ethyl acetate  = 98 : 2) to give 11-bromoundecyl methacrylate (BUMA) as a 

colorless oil with 62% yield.  

1
H NMR (400 MHz, CDCl3): δ 6.09 (s, 1H) 5.53 (s, 1H), 4.13 (t, J = 6.7 Hz, 2H), 3.51 (q, J = 7.4 

Hz, 2H), 1.94 (s, 3H), 1.81−0.62 (m, 18H). 

13
C NMR (100 MHz, CDCl3):  167.5, 136.6, 125.0, 64.8, 33.9, 32.8, 29.4, 29.4, 29.4, 29.2, 

28.7, 28.6, 28.1, 25.9, 18.3. 

Next, a solution of BUMA (1.00 g, 3.13 mmol) in acetone (5 mL) was added dropwise to KEX 

(1.25 g, 77.83 mmol) dissolved in 35 mL of acetone and the mixture was stirred for 1 h. The 

potassium bromide was filtered off and the solution was concentrated on rotavap. The residue 

was chromatographed using petroleum ether as eluent to afford XUMA as an yellowish oil with 

74% yield. 

1
H NMR (400 MHz, CDCl3): δ 6.09 (s, 1H) 5.53 (s, 1H), 4.65 (q, J = 7.1 Hz, 2H), 4.13 (t, J = 6.7 

Hz, 2H), 3.11 (t, J = 7.5 Hz, 2H), 1.94 (s, 3H), 1.73−1.16 (m, 21H). 

13
C NMR (100 MHz, CDCl3):  215.3, 167.5, 136.6, 125.0, 69.7, 64.8, 35.9, 29.4, 29.4, 29.4, 

29.2, 29.1, 28.9, 28.6, 28.3, 26.0, 18.3, 13.8. 

HRMS (ESI): m/z: calcd for C18H32O3S2Na: 383.1691 [M+Na]
+
; found: 383.1684. 

Synthesis of 11-mercaptoundecyl methacrylate (MUMA) 

MUMA was synthesized by cleaving the XUMA xanthate group: Briefly, a heat gun dried 

Schlenk flask charged with XUMA (0.50 g, 1.39 mmol) was evacuated and backfilled with 

argon. The substrate was dissolved in dry methanol and EDA (174 µL) was injected. The 
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reaction mixture was stirred for half an hour and then concentrated on rotavap. To prevent 

oxidation the residue was immediately subjected to CC (petroleum ether : ethyl acetate  = 99 : 1) 

to give MUMA as a colorless oil with 38% yield. 

1
H NMR (400 MHz, CDCl3): δ 6.08 (s, 1H) 5.53 (s, 1H), 4.13 (t, J = 6.7 Hz, 2H), 2.51 (q, J = 7.5 

Hz, 2H), 1.94 (s, 3H), 1.79−1.19 (m, 18H). The NMR data are in agreement with those published 

in literature.
44

   

Synthesis and functionalization of gold NPs (AuNPs) 

AuNPs with a core size of about 5 nm were synthesized using a seeding growth method 

described by Jana et al.
45

 First, DDAB stock solution was prepared by dissolving DDAB (1.39 g) 

in 30 mL of toluene under sonication. Note: the ultrasound was used also for the dissolution of 

substrates in the subsequent stages of the synthesis. Preparation of seeding solution: 

HAuCl4·3H2O (20 mg) was dissolved in the presence of DDA (180 mg) in 5 mL of the DDAB 

solution and then reduced by TBAB (50 mg dissolved in 2 mL of the DDAB solution) added at 

once under vigorous stirring. The stirring was continued for additional 1 h. The formation of 

gold seeds was manifested by the appearance of brown red color. Preparation of growth solution: 

HAuCl4·3H2O (160 mg), DDA (1800 mg) and DDAB (1000 mg) were dissolved in 50 mL of 

toluene and combined with the seeding solution. To the vigorously stirred growth solution 

hydrazine (128 µL dissolved in 20 mL of the DDAB solution) was injected dropwise using a 

syringe without a plunger with a needle of ø=0.6 mm. After the reductant was added the mixture 

was left stirring overnight. The mixture turned dark red indicating the successful growth of gold 

NPs. The NPs were coated with thiolate ligands either using XUMA
46

 or in the reaction with 

MUMA. In the latter case, the as-obtained gold NPs (13 g, 0.1 mmol in terms of gold) were 

https://pubs.acs.org/doi/abs/10.1021/acs.langmuir.6b04159
https://rcin.org.pl/


 
This document is the unedited Author’s version of a Submitted Work that was subsequently accepted for 

publication in Langmuir, copyright © American Chemical Society after peer review. To access the final edited and 
published work see https://pubs.acs.org/doi/abs/10.1021/acs.langmuir.6b04159 

CC-BY-NC https://rcin.org.pl 8 

precipitated with methanol (40 mL) and the supernatant was carefully decanted using a glass 

pipette. The NP precipitate was redispersed in 2 mL of chloroform, and MUMA (0.1 mmol) was 

injected to the stirred NP dispersion. The reaction mixture was left stirring overnight. The NPs 

were precipitated with methanol (30 mL) and collected by centrifugation (5000 rpm, 5 min). The 

NP precipitate was redispersed in chloroform (1 mL), precipitated with methanol (30 mL) and 

centrifuged. The cycle of the dissolution, precipitation and centrifugation was repeated 7 times. 

Finally, the purified, MUMA-coated gold NPs were dried and dispersed in 5 mL of chloroform 

to give 20 mM NP dispersion. 

Preparation and characterization of emulsions (capsules) 

The NP dispersion (5 µL) was transferred into the hydrophobic vial and the solvent was removed 

in vacuo. The NP precipitate was redispersed in 3 µL of toluene with an admixture of auxiliary 

solvent (hexadecane) or ligand (MUTEG). Next, 1 mL of water was added and the biphasic 

mixture was sonicated using a Vibra-Cell processor (Sonics) with five 3-s pulses at 50% output 

making 15-s pause between each pulse. To cross-link the NPs the emulsion was diluted with 3 

mL of water, transferred to quartz cuvette and irradiated twice for 6 min with a mercury-vapor 

lamp with average irradiance of 32 W/m
2
 in UVC region. 

Dynamic light scattering (DLS) 

1 mL of the emulsion was transferred into a plastic cuvette. The hydrodynamic size of emulsion 

droplets (capsules) and their size distribution were measured on a Malvern Zetasizer NanoZS 

instrument.  
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Scanning electron microscopy (SEM) 

A drop of the emulsion was put on the silicon plate and allowed to dry. SEM images were 

recorded on a FEI Nova NanoSEM 450 with an acceleration voltage of 5 kV. The capsules were 

cut with focused ion beam (FIB) and imaged using Zeiss Neon 40 Auriga CrossBeam system. 

UV-Vis 

1.5 mL of the emulsion was transferred into a quartz cuvette. UV-vis spectra were recorded on 

an Evolution 201 spectrophotometer from Thermo Scientific. 

Encapsulation and release of molecular cargo 

A solution of a perylene bisimide dye in toluene (2.7 mM, 0.33 µL) was combined with 5 µL of 

the NP dispersion. The solvent was evaporated and the residue was redispersed in 3 µL of 10% 

v/v solution of hexadecane in toluene. Next, 1 mL of water was added and the mixture was 

emulsified and then irradiated with UV light (see above). The capsules were purified by passing 

the emulsion through a Nylon syringe filter (pore size 0.22 µm) followed by extensive washing 

with water and 1,4-dioxane. To release the cargo, the capsules absorbed on the filter were rinsed 

with an aqueous solution of KCN (1 mg dissolved in 2 mL of water) and then with 2 mL of 1,4-

dioxane.     

 Quantitative assessment of NP wettability 

The wettability, given by the contact angle θo/w, was estimated using macroscopic gold surface 

covered with self-assembling monolayers (SAMs) of thiolate ligands. Preparation of MUMA 

SAMs: the gold on mica was immersed into 2 mM ethanolic solution of MUMA for 48 h, rinsed 
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with ethanol and dried under argon. Preparation of mixed MUMA-MUTEG SAMs: the MUMA-

coated gold was immersed into 20 pM ethanolic solution of MUTEG for 15 and 60 min, 

respectively, rinsed with ethanol and dried under argon. The SAMs-decorated gold was 

immersed into water and a droplet of oil was deposited by syringe. The shape of the droplet was 

recorded with a digital camera from Canon. The value of the contact angle was determined using 

ImageJ and DropSnake software. The results were averaged for at least three droplets deposited 

at different places on the surface. 

RESULTS AND DISCUSSION 

 

Figure 1. Cartoon representation of gold NPs used in our study (a) and experimental set-up for 

capsule preparation (b). The NPs were coated with a monolayer of thiolate ligands terminated 

with methacrylic groups (MUMA). These ligands were used alone or in combination with 

ligands ended by a polyethylene glycol moiety (MUTEG). The capsules were obtained by 

sonication of oleic NP dispersions in water followed by irradiation with UV light. 
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In our study we employed gold nanoparticles (AuNPs) covered with ester groups as a model 

system (Figure 1). Such NPs were shown previously to exhibit the propensity to segregate at 

liquid interfaces.
44, 47-50

 We wondered how the modified wetting properties of the amphiphilic 

NPs would influence their interfacial behavior. The wettability was first tuned by changing the 

composition of dispersed phase. Water was used as a continuous phase. The attempts to prepare 

stable emulsion from chloroform in which the NPs were initially dispersed were failed. 

However, when chloroform was substituted with toluene, which is less polar solvent, the stable 

emulsion was readily formed. The emulsion was prepared by sonication. According to DLS the 

average droplet size was about 150 nm and did not change for several months (see Figure S1, 

Supporting Information). The emulsion was broken only after the addition of chloroform. In turn, 

in hexadecane, which is even less polar solvent than chloroform and toluene, the NPs 

aggregated. However, when toluene was admixed with hexadecane the emulsion was formed 

again. Remarkably, with increasing the content of hexadecane in toluene the droplet size 

increased. For example, for 5% v/v of hexadecane, the average size was about 500 nm. The 

dependency of the droplet size on the hexadecane content is shown in Figure 2a. To reveal the 

structure of the emulsion droplets, i.e. capsules, the scanning electron microscopy (SEM) was 

used. Unfortunately, during the sample preparation, the capsule rupture has occurred (Figure S2, 

Supporting Information). Therefore, before imaging, the capsules were reinforced by UV light. 

Upon irradiation the NPs were covalently cross-linked through polymerization of olefinic bonds 

pre-installed on their surface. After cross-linking the emulsion became resistant against 

chloroform indicating the high reaction efficiency. According to SEM the capsule structure was 

dependent on the solvent used. When the pure toluene was employed the NPs occupied not only 

the surface of the droplets, but also their interior forming a thick wall. With increasing the 
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hexadecane content the thickness of the wall decreased. At contents above 5% (v/v), the capsule 

wall was composed of as little as a single NP monolayer. The dependency of the wall thickness 

on the hexadecane content is presented in Figure 2b. The thickness of capsule walls was 

estimated from FIB snapshots. The rationale behind the observed dependencies is the change of 

wetting properties of the NPs. The wettability affects both the interfacial and the dispersing 

properties of the NPs. With increasing the content of hexadecane, the NPs more readily adsorb at 

the liquid interface. This follows from the contact angle measurements (Figure 2a) and 

experimental observations on the stability and interfacial coverage of droplets (capsules) at 

different NP concentrations (Figure S3). The influence of hexadecane on the interfacial 

adsorption is particularly seen at low NP loadings. The capsules obtained in the presence of 

hexadecane are usually more tightly packed with NPs than those prepared from toluene-water 

mixture (Figure S3). While the interfacial coverage is responsible for the tightness of the 

capsules, it does not noticeably affect their size. The capsule size depends rather on the wall 

thickness (Figure 2b). Apparently, the thicker the wall, the smaller the capsule, that indicates a 

steric factor in the emulsion stabilization. The wall thickness, in turn, is determined by the 

amount of the NPs dispersed in the oil phase. With increasing the content of hexadecane, the NP 

dispersibility, and hence, the wall thickness decreases. As already noted, at a certain hexadecane 

content, typically about 5%, the NPs remain only at the interface forming the monolayer while 

excess NPs precipitate out of the emulsion. Further dilution of toluene by hexadecane causes 

only an increase in the capsule size. For instance, at hexadecane content of 50%, the average size 

of capsules reaches 1 µm. The increase of the capsule size is the result of further drop of NP 

dispersibility. The fewer NPs are available in the emulsion, the smaller the interfacial area that 

can be covered by them, and therefore, the larger capsules are formed.  
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Figure 2. a) Plots of the dependencies of capsule size (black dots) and contact angle (red dots) on 

the content (v/v) of hexadecane in toluene phase; b) SEM images of capsules and their cross-

sections for 0% (left), 1% (middle) and 5% (right) hexadecane content.  
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The wetting properties of the NPs can be also regulated by changing the composition of their 

ligand shell. To this end, an admixture of more polar ligand (MUTEG) was employed with 

toluene as a dispersed phase (Figure 1). The shell modification was accomplished in situ by 

ligand exchange. The amount of MUTEG used was up to 5 mol% in terms of ester ligands 

adsorbed on the NP surface. At higher MUTEG loadings, the NPs became too polar and 

migrated into the aqueous phase. As expected, the largest drop of contact angle was observed for 

5 mol% MUTEG loading. The changes of contact angle induced by ligand-exchange are shown 

in Figure 3b. The ligand-exchange reaction, as followed from the kinetic traces, reached 

equilibrium within 15 minutes. As in the case of solvent mixing, the decrease of the contact 

angle impaired the dispersibility of the NPs in the oleic phase. In consequence, the capsules with 

thin walls of average thickness of the single NP monolayer were produced (Figure 3c). 

Remarkably, despite thin wall the capsules were much smaller than those obtained in the 

presence of hexadecane (Figure 3c). This result is easily rationalized in terms of interfacial 

activity. The NPs with heterogeneous coating stabilize the liquid interface much stronger than 

homogenous ones.
51-59
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Figure 3. a) Plot of the dependency of capsule size on the amount of MUTEG used in the ligand 

exchange reaction; b) Time evolution of contact angle during the ligand exchange; c) SEM 

images of capsule(s) and its cross-section after the ligand exchange.   

Interestingly, the effectiveness of the NPs in stabilizing the interface can also be gauged from 

UV-Vis spectra (Figure S4). Importantly, this can be done before the capsule reinforcement. The 

NPs exhibit a plasmon band whose shape and position depends on the average distance between 

the NPs.
60

 In toluene, wherein the NPs are readily dispersed, the plasmon band after 

emulsification is barely changed. However, when the NPs are accommodated at the interface, the 

interparticle spacing is decreased and the electronic coupling becomes stronger causing the 

plasmon band to shift toward the red end of the spectrum. 
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Figure 4. a) Illustration of cargo release after breaking the capsule walls with a chemical 

activator; b) SEM image of capsule loaded with the cargo. The image reveals that the capsule 

wall consists of the monolayer of hexagonally arranged NPs. The wrinkled structure indicates the 

presence of hollow interior; c) Fluorescence spectra of the permeate before (red) and after 

(green) breaking the capsule wall. 

To examine the tightness, the capsules with the thinnest wall, that is, made of the single NP 

monolayer, were loaded with fluorescent dye (Figure 4a). The size of the cargo (width ~ 1.5 nm) 
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was comparable with the size of pores (diameter ~ 1.4 nm) left in the capsule wall after 

hexagonal close packing of the NPs. The pore diameter was calculated from the NP radius 

(R=RC+RL) as d=0.31R, where RC is the radius of the metal core (2.5 nm), and RL is the 

thickness of the ligand shell (1.99 nm). The capsules were deposited on the Nylon filter and 

washed with 1,4-dioxane. The presence of the dye in the permeate was monitored by 

fluorescence emission. After several washes no cargo leaching was detected. The cargo was 

released only after breaking (dissolving) the capsule walls with potassium cyanide (Figure 4c).   

SUMMARY 

We developed a straightforward method for the preparation of submicron capsules with 

tailorable size and wall thickness. The capsules are prepared from the emulsion droplets 

stabilized by NPs. The capsule size and the wall thickness are controlled by tuning the wetting 

properties of the NPs. If the NPs are better wetted by dispersed phase than continuous phase, the 

capsules of thick walls and small sizes are formed. In contrast, the NPs equally wetted by both 

phases produce the capsules with thin walls and variable sizes. In the latter case, the capsule size 

is dependent on the composition of their ligand shell. The NPs coated with two types of ligands 

stabilize much smaller capsules than those coated with one type of ligands. The obtained 

capsules, due to covalent cross-linking and hexagonal NP packing, are extremely robust and 

tight, even those composed of the single NP monolayer. This feature makes the capsules suitable 

for storage and easy release of tiny cargoes. 
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