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Abstract 
For over two centuries electric and magnetic fields remain among the most important effects 

used for controlled movement of objects, molecules and ions. Their utilization 

revolutionized myriads of branches of science and industry and technologies based on them 

are commonly used in various aspects of our everyday life. Main goal of this thesis is to 

make a contribution in this field and create important solutions that aid various sensing and 

biosensing technologies. Presented research concerns three practical applications 

complemented with basic research of unusual electrokinetic phenomena. 

First part of my thesis consists of basic research focused on analysis of interaction 

upon application of alternating electric field. As a result, novel electrokinetic phenomenon 

of non-trivial characteristics was analyzed. Namely, long-range repulsion between 

oppositely charged surface was described. Created system was in fact a capacitor filled with 

electrolyte consisting of ions of unequal mobilities. Strength, range and time scale of the 

observed effect exceeded all previously reported electrokinetic phenomena. 

Next part is focused on utilization of the electric field for improvement of various 

detection methods. First improved technology was surface enhanced Raman spectroscopy 

(SERS). Application of the alternating electric field allowed for deposition of wide range of 

tested analytes, from small organic molecules, through dyes and drugs, to biomolecules, 

such as DNA and proteins, on SERS substrates. Moreover, practical dependency between 

electrophoretic mobilities of deposited analytes and frequency of applied voltage was 

described. 

Second application of the electric field concerned phage-based method of bacteria 

detection. Layers of phages oriented in the electric fields were utilized for fast and sensitive 

detection of bacteria. Proper orientation of bacteriophages allowed to overcome the problem 

of sterical hindrances of virions. Combination of developed solution with chemical 

modification of the surface allowed for creation of densely packed layers of properly 

ordered phages. This resulted in 64-fold increase of sensitivity of prepared sensing layers. 

Detection step took only 15 min and obtained limit of detection was less than 100 CFU/ml. 

As the last part of performed research I used magnetic field for improvement of 

another phage-based method for bacteria detection. Bioconjugates prepared for this purpose 

were composed of sub-micron fluorescent-magnetic particles covered with bacteriophages. 

For preparation of bioconjugates only simple and accessible components were used. 

Moreover, created detection technology was based on flow cytometer – equipment common 

in hospitals and diagnostic laboratories. All of this resulted in technology that can be easily 

adapted and implemented, not only in highly-equipped research facilities. 

Finally, I summarized all described achievements and proposed paths of further 

development of designed technologies and described effects. 
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Streszczenie 
Od ponad dwóch stuleci oddziaływania elektryczne i magnetyczne stanowią jedne z 

najważniejszych metod wykorzystywanych do precyzyjnego manipulowania obiektami, 

molekułami i jonami. Ich wykorzystanie zrewolucjonizowało wiele dziedzin nie tylko 

nauki, ale również przemysłu. Rozwiązania oparte o pola magnetyczne i elektryczne 

stanowią obecnie istotną część naszego codziennego życia. Głównym celem badań 

opisanych w niniejszej pracy było stworzenie technologii, których wykorzystanie przyczyni 

się do dalszego rozwój tej dziedziny i usprawni metody wykorzystywane w detekcji. 

Pierwsza część mojej pracy doktorskiej stanowi opis badań podstawowych 

skupionych na analizie oddziaływań pod wpływem zmiennego pola elektrycznego. W 

efekcie zostało zaobserwowane nowe zjawisko elektrokinetyczne dalekozasięgowego 

odpychania pomiędzy dwoma przeciwnie naładowanymi okładkami kondensatora. 

Kondensator wypełniony był elektrolitem zawierającym jony o różnych ruchliwościach 

elektroforetycznych. Siła, zasięg oraz skala czasowa analizowanych oddziaływań 

przekraczały zakresy wszystkich opisanych wcześniej zjawisk elektrokinetycznych. 

Kolejny fragment niniejszej pracy opisuje wykorzystanie pola elektrycznego do 

usprawniania różnych metod detekcji. Pierwszą ulepszoną techniką była powierzchniowo 

wzmacniana spektroskopia Ramana. Zastosowanie zmiennego pola elektrycznego 

pozwoliło na osadzenie na podłożach metalicznych wielu różnych analitów, od małych 

cząstek organicznych, przez dopalacze, aż po duże biomolekuły, takie jak DNA czy białka. 

Dodatkowo, określona została zależność pomiędzy efektywną częstotliwością napięcia, a 

ruchliwością elektroforetyczną osadzanego związku chemicznego. 

Drugi przykład wykorzystania pól elektrycznych dotyczy metody detekcji bakterii 

opartej o bakteriofagi. Przedstawiona tam technologia tworzenia warstw bakteriofagów 

zorientowanych w polu elektrycznym została wykorzystana do szybkiego i czułego 

wykrywania bakterii. Odpowiednia orientacja fagów na powierzchni czujnika umożliwiła 

wyeliminowanie problemu przestrzennego blokowania wirionów. W kolejnym etapie 

metoda ta została połączona z chemiczną modyfikacją powierzchni. Czułość tak 

przygotowanej gęstej warstwy odpowiednio ułożonych bakteriofagów wzrosła 64-krotnie. 

Wyłapywanie bakterii trwało 15 min, a osiągnięty limit detekcji wynosił 100 jtk/ml. 

Ostatnia część również zawiera opis usprawnienia metod detekcji bakterii, lecz tym 

razem wykorzystane zostało w tym celu pole magnetyczne. Stworzone biokoniugaty 

składały się z fluorescencyjno-magnetycznych cząstek opłaszczonych bakteriofagami. 

Biokoniugaty przygotowano z tanich i łatwo dostępnych elementów, a wybrana metoda 

detekcji – cytometria przepływowa, jest powszechnie stosowana w szpitalach i 

laboratoriach diagnostycznych. Wszystkie te czynniki sprawiły, że opracowane rozwiązanie 

może być szeroko stosowane nie tylko w dobrze wyposażonych placówkach naukowych. 

Ostatni rozdział stanowi podsumowanie wszystkich osiągnięć wraz ze spisem 

proponowanych oraz podjętych kierunków dalszego rozwoju opracowanych technologii 

i opisanych zjawisk. 
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Chapter 1 

2 

1.1. Electrokinetics 

The electric field is an intrinsic component of our world, that governs myriad of physical, 

chemical and even biological processes. Its omnipotent influence on almost every aspect of 

our lives cannot be overestimated. Over last two centuries, since discovery of movement of 

clay particles in the electric field made by Reuss in 1809 [1], we have been learning how to 

exploit the electric field to control movement of matter and develop ever newer 

technological advances. The field of science that was established that day in 1809 is called 

electrokinetics. 

Electrokinetics includes wide range of contact-free techniques that allow to convert 

electrical energy intro kinetic energy of particles or molecules suspended in fluids. For over 

a century it had been the foundation of many fundamental advances in colloid science. 

Currently, the electrokinetics is an independent branch of science that manifests its 

importance in spectacular applications in analysis of surface properties, separations, 

manipulation in colloidal materials, and movement of fluid in microchannels. For example, 

most common technique to separate biological molecules, such as proteins or nucleic acids, 

is electrophoresis [2]. Phenomena such as streaming potential [3] or electrophoretic 

mobility [4] are very important aspect of characterization of particles or surfaces in wide 

range of industrial applications. Water filtration and purification is almost exclusively 

connected with the idea of reverse osmosis [5]. All above examples are just a tip of the 

iceberg of diverse applications of electrokinetic manipulation of matter. Also theoretical 

understanding underlying electrokinetics has undergone remarkable improvement over a 

last century. Currently obtained knowledge creates rather complete and unified picture of 

electrokinetic phenomena. However, there are areas that are believed to be incomplete and 

sometimes even inaccurate. 

1.1.1. The classic theory of the electrical double layer 

If a solid surface is in contact with the electrolyte solution, it gains the surface charge [6]. 

This might be due to several effects. Among them, the most common are: selective 

adsorption of ions on the surface, ionization or disassociation of surface chemical groups, 

isomorphic substitution (replacement of one atom by another of similar size in a crystal 

lattice) and adsorption-desorption of lattice ions. 

Nature always strives to maintain electroneutrality of given system. Thus, a layer 

of counterions, called the electrical double layer (EDL) has to be created on such surfaces 

to counterbalance the surface charge. Despite traditionally called “double”, such layer can 

be more complex and typically it consists of three or four layers of ions. Figure 1.1 

schematically shows generally agreed model of the electrical double layer. In the presented 

case, the surface is positively charged and layer of anions (dark blue) in the solution 

specifically adsorbs directly onto the surface. This effect is caused mainly by chemical 
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affinity of ionic species to the surface and not by typical Coulombic interactions [6], [7]. 

Such model is known as Gouy-Chapman-Stern model. It consists of following regions: 

1) The inner Helmholtz plane (IHP) consists of layer of ions adsorbed on the surface due to 

chemical affinity. 

2) The outer Helmholtz plane (OHP) is composed of solvated counterions at their position 

of closest approach. 

3) Stern layer spreads between solid surface and OHP. This layer of ions is often referred 

as compact part of the electrical double layer. 

4) Region outside OHP is diffusive part of the electrical double layer. Concentration of ions 

in this region decreases continuously and eventually reaches the concentration of ions in the 

bulk solution. 

5) Slip plane (or shear plane, SP) is located in diffusive part of the electrical double layer, 

in close proximity to OHP. Its potential, called zeta potential ( ζ ), is often considered as 

effective potential in interactions with other charged objects, is potential between this plane 

and bulk solution. In general, the outer Helmholtz plane and slip plane are not collocated. 

However, in many cases is it convenient to approximate that they are the same plane and in 

such case potential of slip plane (Ψd) equals ζ. 

 

Figure 1.1 Schematic representation of commonly accepted Gouy-Chapman-Stern model of the 

electrical double layer (EDL) composed of Stern (compact) and Gouy-Chapman (diffusive) layers of 

counterions. 

In practice, two charged objects in electrolyte solution can interact electrostatically 

only if their electrical double layers overlap. When the distance is larger the surface charges 

of both objects are completely screened and objects act as neutral for each other. Thus, 
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important parameter is thickness of the electrical double layers, which is called Debye 

length. Debye length (denoted as λD or κ-1) is a measure how far the electrostatic effect of 

charged surface or object persist in solution and can be formulated as: 

𝜆𝐷 = 𝜅−1 = √
𝜀0𝜀𝑟𝑘𝐵𝑇

∑ 𝑒2𝑧𝑖
2𝑛𝑖

0(∞)𝑁
𝑖=1

             (1.1) 

where ε0 is vacuum permittivity, εr is relative permittivity of solution, kB is Boltzmann 

constant, T is temperature, e is elementary charge, zi is charge of a given ion, and 𝑛𝑖
0(∞) is 

concentration of given ions in bulk solution. 

Second important aspect are dynamics of the electrolyte solution. Time-dependent 

effects of the electrolyte upon applied or induced electric potential have been exploited in 

such applications as desalination [8], manipulation of biological [9] and colloidal particles 

[10] and microfluidics [11]. Many characteristic screening time scales of formation of the 

electric double layer were reported in the literature [10]. In some cases 𝜏 = 𝜆𝐷
2 /𝐷 is reported 

as leading order time scale, where τ is time scale, λD is Debye length, and D is diffusion 

coefficient of ions [12]. In other cases response time of 𝜆𝐷𝐿/𝐷 (where L is half of the 

distance separating electrodes) is considered [13]. The picture become even more 

complicated if nonlinearity is taken into account and additional time scales, such as 𝐿2/𝐷 

can significantly contribute in the process. On top of that, many different parameters 

influence the time of formation of EDLs, such as concentration of ions, type of solvent, 

presence of Faradaic currents, isolations on electrodes, geometry and dimensions of 

designed system [14]. 

1.1.2. Electrokinetic phenomena 

Generally speaking, electrokinetics phenomena are the effect of interaction between the 

external electric field and the electrical double layers [15]. Due to complex nature of such 

interaction, many various types of electrokinetic phenomena can be distinguished. Most 

commonly used are schematically represented in Figure 1.2. In classical electrokinetics, the 

surface charges are determined only by the properties of charged object and surrounding 

solution. Therefore, surface charge for a given pair of surface and electrolyte is constant and 

independent from the applied electric field. 
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Figure 1.2 Scheme depicting various electrokinetic phenomena. (A) Electrophoresis is movement of 

charged object in the external electric field due to oppositely directed slip velocity of diffusive part 

of electrical double layer; (B) Electroosmosis is movement of diffusive part of the electrical double 

layer on solid surface in applied electric field; (C) AC electroosmosis of fluid above coplanar 

electrodes is generated by application of alternating voltage. Black arrows indicate direction of fluid 

movement; (D) AC electrothermal effect is obtained by Joule heating. Joule heating results in the 

gradient of temperature and subsequent flow indicated by arrows; (E) Dielectrophoresis is movement 

of polarizable object in gradient of the electric field. Movement towards or away from the highest 

electric field is dependent on difference between polarizabilities of particle and surrounding fluid. 

Electrophoresis 

When a particle is immersed in the electrolyte solution, it gains the given surface charge q. 

Then, due to electrostatic and chemical interactions, counterions are attracted and create the 

electrical double layer (EDL) that continuously screens the surface charges. This results in 

effective drop of the potential across the EDL and determine the effective potential of such 

particle, called zeta potential. If the external electric field is applied in such system, it cannot 

affect the particle directly, as its surface charges are counterbalanced by the electrical double 

layer. Instead, the electric field exerts the force on the diffusive part of the electrical double 

layer and drives the ions and fluid in motion according to the charges creating the EDL 

(Figure 1.2A). Velocity of such movement of ions in diffusive part of electric double layer 

is called slip velocity [13]. In case of particles freely suspended in electrolyte solution, slip 

velocity give a rise to movement of the particle in the direction opposite to the slip velocity. 
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This phenomenon is known as the electrophoresis. If the Debye length is small enough, 

electrophoretic velocity of particle U is described by the Smoluchowski equation: 

𝑈 =
𝜀0𝜀𝑟𝜁

𝜂
𝐸0 = 𝜇𝐸𝑃𝐸0              (1.2) 

where ε0 is vaacum permittivity, εr is relative permittivity of solution, ζ is zeta potential of 

the particle, E0 is the strength of the electric field and 𝜂 is the viscosity of the electrolyte. 

Parameter μEP is known as electrophoretical mobility of the particle. There is comprehensive 

literature describing both detailed theoretical analysis and many practical applications of 

this effect [16], [17]. Some of them will be discussed in details further in this chapter and 

later in chapter 3 of this thesis. 

Electroosmosis 

Another interesting case is application of the electric field tangential to the charged solid 

wall. Similarly as in case of the particle, the diffusive part of electrical double layer is driven 

in motion. This velocity is then transferred by viscous coupling to the bulk liquid near the 

EDL (Figure 1.2B). At the steady state the velocity of the moving liquid stabilizes. This 

velocity (denoted as u) of electroosmotic slip of the outer part of the electrical double layer 

is given by Helmholtz-Smoluchowski equation: 

𝑢 = −
𝜀0𝜀𝑟𝜁

𝜂
𝐸0               (1.3) 

where all symbols are as in the Equation 1.2. 

Direct current electroosmosis (DCEO) was proven to be useful in numerous 

applications, especially in microfluidics, where velocity generated by the electroosmotic 

flow is independent from the size of the channels [15]. This is in stark difference from 

typically applied pressure-driven flow, where velocity strongly depends on the sizes of the 

channels. However, electroosmosis has also a few disadvantages, such as bubbles 

formation, electrochemical and electrolysis reactions on both electrodes and creation of 

gradient of pH [18], [19]. As an improvement, alternating current electroosmosis (ACEO), 

which is sometimes called also AC electroosmotic flow (ACEOF), was proposed [20]. 

ACEO is a steady flow of a fluid above electrodes generated by the alternating 

electric field (Figure 1.2C). Direction of movement of the electrolyte originates in 

interactions between the tangential generated electric field and the charge at the diffusive 

part of the electrical double layer [21]. The fluid flows on the surface of the electrodes to 

the their opposite ends, irrespective of the polarity. As thickness of the electric double layer 

decreases with increasing concentration of ions in the solution (Equation 1.1), the effective 

ACEO requires utilization of solutions of relatively low conductivity (σ < 8.4·10-2 S/m) and 

low frequencies (f < 100 kHz) [22]. ACEO was proven to be effective in fluid manipulation 

in cases of both single electrode and many various arrays of electrodes as it will be shown 

later in this chapter. 
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AC electrothermal effect 

Very similar to previously described ACEO is the phenomenon called AC electrothermal 

flow (ACETF). Also in this case application of non-uniform alternating electric field 

between two planar electrodes generates steady flow of fluid (Figure 1.2D). However, in 

ACETF highly conductive electrolyte has to be utilized and high frequencies have to be 

applied. In such case, Joule heating becomes more efficient than electroosmosis. Ions in the 

solution are accelerated but their kinetic energy is released as heat by the collision with 

surrounding molecules and ions. Uneven electric field results in uneven Joule heating of the 

electrolyte, which cause nonuniformities in conductivity and permittivity of the fluid [23]. 

Observed electrothermal flow is the effect of interaction between these inhomogeneities and 

the AC electric field. Interestingly, Joule heating can be generated by both application of 

the electric field [24] and usage of external heat source [25]. Similar to previously described 

phenomena, also ACETF was proven to be effective in fluid pumping and mixing in number 

of practical applications [26]. 

Dielectrophoresis 

Dielectrophoretic (DEP) effect is generated when the polarizable object suspended in a fluid 

is subjected to the nonuniform electric field (Figure 1.2E). Such field can be generated by 

application of DC or AC voltage. The particle of higher polarizability than surrounding 

media is dragged towards higher electric fields. Such effect is called positive 

dielectrophoresis. Negative dielectrophoresis is when object has lower polarizability and it 

is pushed away into lower electric fields. Direction and force of DEP is not dependent on 

polarization of the electric field. The only important parameter is its gradient. DEP is 

broadly used in frequency dependent manipulation of cells, as their effective polarization is 

determined by their cellular structures and electrical properties [27]. Moreover, different 

modes, such as traveling-wave or electrorotation can be created by DEP, depending on the 

phase shift generated at the electrodes [28]. 

All above-mentioned effects do not exhaust the list of possible electrokinetic 

phenomena. However, the rest of them (such as recently mentioned electrorotation, 

traveling-wave dielectrophoresis or induced-charge electroosmosis) are modifications or 

variations of the basic phenomena described in this chapter. 

1.2. Manipulation of matter by the electric field 

The electrokinetic phenomena were found useful in numerous applications. Many research 

areas, such as colloidal materials [16], dynamic assembly and self-assembly processes [29], 

analytical chemistry [26], materials science [30] and microfluidics [31] took a great 

advantage of manipulation of molecules and particles by proper application of the electric 

fields. In this chapter I will focus on two areas of applications that are related to the research 

described in this thesis. First is utilization of the AC electrokinetic phenomena for 

improvement of biodetection methods. Secondly, electrophoretic deposition of molecules 

or particles is described. 
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1.2.1. AC electrokinetics in biodetection 

AC electroosmosis 

AC electroosmosis (ACEO) have been widely used to enhance movement of the proteins. 

Directed transport of these molecules towards sensing surfaces allowed for speeding up the 

binding process between antigen and macromolecule to be detected. This resulted in 

development of rapid and sensitive detection methods based on such techniques as 

capacitive immunosensing [32], surface-enhanced Raman spectroscopy [33], electrical 

impedance spectroscopy [33] and capillary-based technique [34]. For instance, 

improvement in heterogeneous immunoassays was possible due to combination of ACEO 

and dielectrophoresis (Figure 1.3A) [35]. Analysis of fluorescence intensity of fluorescein-

labeled immunoglobulin G showed that upon application of optimal frequency of 100-200 

Hz, 6.7-fold enhancement of fluorescence signal was obtained. Effect was the most 

pronounced on the edges of utilized electrodes, probably due to additional effect of 

dielectrophoresis. Hart et al. proved also that rotational fluid patterns generated in the AC 

electroosmosis can improve the capture of protein on specially modified quartz crystal 

microbalance [36]. The signal was enhanced by the factor of around 5.6. Moreover, 

combination of ACEO, positive dielectrophoresis and electrochemical impedance 

spectroscopy resulted in rapid, sensitive, and label-free immunodetection method [37]. 

After only 90 s of electrokinetic procedure, measured signal achieved plateau reaching limit 

of detection of 200 pg/ml of target protein A. AC electrokinetic impedance sensing method 

was used also for rapid detection of tuberculosis [38]. The limit of detection of IgG antibody 

was estimated to be better than 10 ng/ml. 

ACEO is also attractive to concentrate DNA by orders of magnitude, which allows 

for bypassing typically utilized complicated and expensive enzyme-based amplification 

methods [39]. Martins et al. used electroosmotic flow to create microfluidic concentrator 

that effectively reduced incubation time from 16 h to 15 min and enabled detection of 1 nM 

of DNA within 15 min [40]. DC-biased AC electroosmosis stirring was also combined with 

the electrochemical impedance spectroscopy-based DNA biosensing chip (Figure 1.3B) 

[41]. Resulted method presented good linearity and repeatability in range of 1 aM –10 pM 

and had ultrasensitive limit of detection of 0.5 aM. Also detection of microorganisms was 

improved by ACEO. Liao et al. presented a method in which properly designed geometry 

of electrodes provided concentration of bacteria through ACEO and dielectrophoresis, 

whereas micro-Raman spectroscopy allowed for detection of bacteria Escherichia coli K12 

with limit of detection of 102 CFU/ml (Figure 1.3CD) [42]. 
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Figure 1.3 Exemplary applications of AC electroosmosis (ACEO) in biosensing. (A) Diagram of 

immunoassay performed with combination of AC electroosmosis and dielectrophoresis. Blue arrows 

indicate fluid motion, whereas movement of molecules of analyte is shown by red arrows [35]; 

(B) Image of fluorescent beads used as probes for analysis of bias-varied ACEO stirring. Red dashed, 

blue dashed, and yellow dotted lines represent edges of the electrodes and insulator, and the 

stagnation point (S), respectively [41]; (C) Schematic representation of accumulation of bacteria at 

the tips of the electrodes due to electroosmosis and dielectrophoresis [42]; (D) Scanning electron 

microscope image of bacteria captured at the microelectrode tips [42]. All figures have been 

reproduced with permission. 

AC electrothermal effect 

The effect of electrothermally generated motion of fluid has been widely described both 

theoretically and experimentally. Numerical and analytical analysis of ACET provided 

detailed description of acceleration of analytes transport towards sensing surfaces [23], [43], 

[44]. This knowledge was utilized in many practical applications, such as improvement of 

binding time in microfluidic immuno-sensor [45]. ACET was utilized to generate 

electrothermal flow in high conductivity buffer, which is especially desired in context of 

biologically relevant fluids. Moreover, ACET was proved to be useful in improving lab-on-

a-chip immunoassay for rapid detection of molecular markers of pathogens [46]. Very 

similar approach was also combined with capacitive immunoassay [47]. The enhanced 

transport of analyte allowed for distinction between positive and negative pregnancy serum 

in 60 s. Combination of ACET and capacitive immunodetection was also used to detect 

molecules other than proteins. ACET enrichment allowed for detection of small molecule 
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bisphenol A [48] and phylogenetic biomarker – bacterial 16S rRNA [49]. Moreover, Rocha 

et al. utilized this technique for detection and quantification of naturally occurring microbes 

in both batch cultures and environmentally sourced seawater and groundwater systems [50]. 

Dielectrophoresis 

DEP has many advantages, such as independency from strength and polarization of the 

electric field and simplicity of creating geometries that results in DEP forces. Therefore, 

this technique has been heavily utilized over last decades in many various applications. DEP 

improved manipulation of such biological molecules and objects as blood cells [51], stem 

cells [52], neurons [53], bacteria [54], viruses [55], proteins [56], [57], and nucleic acids 

[58]. 

1.2.2. Electrophoretic deposition 

Electrophoretic deposition (EPD) is a process of deposition of particles or molecules onto 

solid surface under the influence of applied external electric field [30]. Particles with non-

zero zeta potential, suspended or dispersed in fluids, move towards the electrode of opposite 

charge due to electrostatic forces described previously in this chapter. Two kinds of 

electrophoretic deposition can be distinguished. If the particles are negatively charged, they 

move to the positively charged electrode – the anode, and the process is called anodic EPD. 

On the other hand, positively charged particles travel towards negatively charged cathode, 

so such case is described as cathodic EPD. 

EPD consist of two main steps. First, migration of particles according to applied 

electric field occurs. Second process is deposition of particles on the surface of the electrode. 

There is a number of parameters that can influence the process as well as the efficiency and 

quality of final coverage [59]. Among them, the most important are zeta potential of 

particles (which could be manipulated by careful control of the pH of the solution), particle 

size, conductivity and viscosity of the suspension and suspension stability. During the 

design of the process it is necessary to control and take into account all of these variables. 

Due to the relatively simple mechanism, EDP is considered to be versatile and cost-

effective. The first EDP experiment was carried out by Bose in 1740. Many years later, in 

1807 Reuss described the movement of clay particles in an aqueous suspension in an electric 

field [1]. However, it took another 170 years to obtain first industrial application of 

EPD [60]. Nowadays, there are many different applications of EPD, including the processes 

of production of nanomaterials [61], biomaterials [62], ceramic composites [63] and 

biofilms [64]. 

Direct current EPD (often referred as DC EPD or simply EPD) is reported as the 

first and the most straightforward type of electrophoretic deposition. Because of the simple 

nature of the process, it is easy to simulate and to predict the parameters necessary for 

desired result. Basic EPD needs to be carried out in organic solvents, as water and water-

based electrolytes decompose easily due to electrolysis. Utilization of organic solvents has 
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many benefits, such as low conductivity, chemical stability and lower contribution of Joule 

heating or electrochemical reactions. All this advantages lead to coatings of high quality. 

However, utilization of organic solvents causes many difficulties associated with 

environmental problems, high costs, toxicity or flammability. Moreover, organic solvents 

have low dielectric constant and high voltages are necessary for efficient deposition. This 

causes additional costs and dangerous conditions. 

Usage of aqueous solvent is a must-have alternative for organic compounds, as it 

provides solutions for all of previously mentioned drawbacks and it hugely extends 

applicability of the method. Additionally, high dielectric constant of water enables the usage 

of lower electric fields, and thus lower applied voltages. Unfortunately, the biggest problem 

associated with such approach is the occurrence of phenomena of electrolysis of water. 

Water has low thermodynamic potentials of reduction and oxidation, and therefore even in 

case of low values of applied potentials electrochemical reaction appears and generates 

gases (H2 at the cathode and O2 at the anode). Bubbles of gases can be integrated into 

deposited layer and cause poor quality of the coating. Moreover, number of ions 

decomposes at even lower values of applied potential. There were a few attempts to 

overcome this issue, among them utilization of membranes, keeping voltage below the 

thermodynamic values of water electrolysis, using palladium electrodes that absorb 

hydrogen or addition of chemicals seem most relevant [65]–[67]. 

Another interesting alternative for direct EDP of aqueous solutions, that enables 

deposition directly on the surface of the electrode, is using another type of voltage 

waveform. Application of the alternating field give a rise for wide range of possibilities, not 

only introducing frequency as additional parameter, but also opening the chance of 

combination of DC and AC. All waveforms of the voltage that will be described in this 

chapter are considered to generate alternating electric field as applied voltage changes over 

time (Figure 1.4). However, additional division into pulse electric field and typical 

alternating electric field will be introduced to avoid any ambiguities. It is also important to 

mention, that square voltage waveforms presented in Figure 1.4 are not the only shapes that 

can be utilized. Triangular and sinusoidal waveforms were also utilized in the same way 

[68]–[70]. 

Pulse DC Fields 

Typical voltage waveform of Pulse-Direct Current Electrophoresis Deposition (PDC) is 

presented in Figure 1.4A. It was shown that PDC can be used for formation of layers of 

ceramic particles, polymers, carbon nanotubes or enzymes [59]. Main advantage of PDC 

over regular EDP is reduction of integration of bubbles into formed structures, and thus 

obtained layers are dense and uniform. Electrolysis of water is considered to be rather slow 

[60], and hence short pulses can prevent the formation of products of this reaction. 

Additionally, long gaps between pulses can give enough time for created bubbles to diffuse 

towards the bulk. Other advantages are reduction of aggregates between particles and 

preservation of the activity of deposited biomolecules. The latter effect is caused by small 
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changes of pH in the vicinity of the surface of the electrodes. In terms of disadvantages, 

utilization of PDC results in the decrease of the deposition yield. This, however, can be 

overcome by, for instance, longer time of deposition process. 

 

Figure 1.4 Different types of voltage waveforms used in electrophoretic deposition: (A) pulsed DC; 

(B) symmetrical AC; (C) asymmetrical AC with net DC; (D) asymmetrical AC without net DC. 

Symmetrical AC EPD 

Another option is electrophoretic deposition conducted in alternating field (AC EPD). In 

this case, the movement of electric charge periodically reverses direction between positive 

and negative. Thus, dynamics of particles are much more complicated in comparison with 

DC EDP. In contrast to DC, interactions of alternating field and suspended particles in AC 

EPD cause number of phenomena and forces that influence the process. Some of them are 

already described in previous part of this chapter. Most pronounced are dielectrophoresis, 

electrophoresis, electrorotation or traveling wave dielectrophoresis. Their contribution 

depends on many different parameters, such as frequency, size of particles, conductivity of 

electrolyte, distribution of the electric field and many others. Therefore, AC EPD is complex 

and complicated process and hence it is difficult to straightforward predict and analyze 

experimental observations. 

First reports on using alternating field in electrophoretic deposition can be found in 

patents from 19th century for industrial applications, such as electro-coating of paint based 

polymers and copolymers. Typical example of symmetrical AC waveform is presented in 

Figure 1.4B. 

It is generally known, that in symmetrical AC, distance that particle travel in first 

half of the cycle, equals exactly the distance travelled in another half. Thus, since particle 
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just oscillates around one fixed position, the net migration becomes zero. This can lead to 

the assumption, that symmetrical AC cannot be used for deposition process. However, in 

literature there are numerous examples of successful symmetrical AC EDP. This apparent 

contradiction arises from multiple contributions to AC EDP by different forces and 

interactions. Thus, unobvious phenomena occur and cause deposition of particles on 

different spots of electrode. Moreover, if particles adsorb due to chemical affinity on the 

surface in first half of the period, they may not be removed in second half of cycle. Thus, 

many cycles can result in effective deposition of the particles on the surface. Situation is 

even more complex if we consider unusual setup for deposition, such as non-planar and 

non-parallel electrodes. According to theoretical predictions, AC EDP should result in poor 

deposition yield. However, there are reports concerning thick layers obtained with this 

technique [71], [72]. Symmetrical AC EDP was exploited for deposition of Au and Ag [73], 

TiO2 [74], ZnO [75], SnO2 and WO3 [60] nanoparticles or ceramic [76]. This method was 

also used in case of carbon nanotubes and even both eukaryotic and prokaryotic living cells 

[60]. Application of symmetrical AC EPD is further discussed in chapter 3 of this thesis. 

Asymmetrical AC EPD with net DC 

Alternating field can also be asymmetrical. Typical example of asymmetrical AC wave is 

shown in Figure 1.4C. In such case net DC component is created because voltage-time areas 

of positive and negative half cycles are not equal. Thus, there is a net drift and particles are 

dragged towards oppositely charged electrode. Main advantage of this approach over 

regular DC is higher quality of created coatings. It is due to a number of reasons, such as 

(1) better control of the process (to some extent); (2) particles are subjected to reversed field, 

which can resuspend them and hence they are more densely packed; (3) tuning the frequency 

could prevent formation of bubbles of gases created in electrolysis process. 

The major drawback of this technique is similar to that of PDC method, i.e. lower 

deposition rate. This arises from the fact, that although in asymmetrical AC EPD there is 

the net drift of the particles, the effect is weaker than in regular DC, where drift is caused 

by constant voltage and the particles are dragged towards one electrode the whole time. 

Moreover, in asymmetrical AC EPD particles are subjected to a reverse field, that pull them 

back from the target electrode. That effect results in further decrease of number of particles 

deposited in a given time. 

Nevertheless, due to many advantages over other electrophoretic deposition 

techniques, asymmetrical AC EPD was developed and used in number of applications, 

including deposition of hydroxyapatite particles [77], BaTiO3 [78], TiO2 [79] or SiC 

nanoparticles [80]. 

Asymmetrical AC EPD without net DC 

Asymmetrical alternating field can also be designed in a special way that no net DC 

component is present. Exemplary waveform of asymmetrical AC EDP without net DC is 

shown in Figure 1.4D. It can be noticed, that although waveform is asymmetrical, surface 
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areas of the positive and negative half-cycles are equal. Thus, assuming that dependence 

between velocity of the particles νeph and strength of the electric field E is linear, there should 

be no net DC component included. However, linear dependency is true only for low strength 

of the electric fields. If the applied voltage is high enough (around 100 V/cm) this 

dependency becomes non-linear and second term plays important role [81]: 

𝜈𝑒𝑝ℎ = μ𝑒𝑝ℎ𝐸 + μ𝑒𝑝ℎ
(3)

𝐸3             (1.4) 

where νeph is electrophoretic velocity, μeph is field-independent electrophoretic mobility 

coefficient, μ(3)
eph is non-linear electrophoretic mobility coefficient and E is strength of the 

electric field. This dependence means that during low voltage-pulse deposition net DC 

component is absent and becomes important in case of stronger fields. The theory of 

nonlinear electrophoresis was vastly developed and applied in creating layers of organic, 

organic-inorganic particles, enzymes and living cells [59]. 

1.3. Aim of the research and outline of this thesis 

The potential of the electric field to improve detection and deposition methods have been 

clearly proven, as evidenced in above-described research summary. Main goal of research 

described in this thesis is to develop even further the application of the electric field and 

create solutions that will aid currently encountered issues. I focus here on creating the 

methods that improve sensing and biosensing techniques by applying electric and magnetic 

fields. 

There is a shortage of methods for fast and efficient deposition of molecules, that 

can be applied in methods of analytical chemistry. Thus, method of deposition of analytes 

in the electric field on SERS substrates was developed (chapter 3). Second identified 

problem was inefficient performance of bacteria detection methods based on layers of 

bacteriophages. Problem of sterical hindrance of virions was solved by proper orientation 

of phages in the alternating electric field (chapter 4). Within the course of both of these 

projects it turned out, that deeper analysis of behavior of ions in the alternating electric field 

is needed. This resulted in basic research in which unusual phenomenon of strong repulsion 

between oppositely charged surfaces separated by the electrolyte was discovered (chapter 

2). Finally, knowledge and experience, gained during project about improving bacteria 

detection by application of the electric field, inspired me to develop another method for 

bacteria detection, however in this case based on the magnetic field (chapter 5). Projects 

described in this work are ordered from basic research, through practical applications of the 

electric field, to the practical utilization of magnetic field. 

In chapter 2 analysis of behavior of ions upon application of the electric field is 

described. Unusual phenomena of strong, long-range repulsion between two oppositely 

charged surfaces upon application of AC voltage was discovered. Both electrodes were 

isolated from the solution by thin layer of dielectric and such created capacitor was filled 

with electrolyte having ions of unequal mobilities. Measured repulsion forces were two 
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orders of magnitude stronger than typical attraction of surfaces in water. Moreover, time 

scale of observed phenomena was in range of minutes. Thus, obtained values were over 8 

orders of magnitude longer than typically predicted, i.e. in range of few μs. 

Chapter 3 presents development of improvement of analytes deposition on 

conducting surfaces. Created method allowed for fast and efficient deposition of various 

analytes and was applied to improve surface-enhanced Raman spectroscopy (SERS). The 

challenge was to omit the problem of electrochemical reactions and at the same time to 

overcome the issue of suppression of the electric field by the electrical double layer. As a 

solution, the alternating electric field was applied. Frequency of utilized voltage was 

identified as crucial parameter for effective deposition and dependency between optimal 

frequency and electrophoretic mobility of deposited analyte was determined. 

Another application of the electric field as improvement of detection method is 

shown in chapter 4. Proper geometrical orientation of bacteriophages obtained by 

alternating electric field resulted in improvement of sensitivity of phage layers for bacteria 

detection. Additional advancement was achieved by chemical modification of the surface. 

Obtained improvement in density of phages on the surface, combined with the proper 

orientation of phages in the electric field resulted in 50- to 64-fold increase in number of 

captured cells. Limit of detection was 100 CFU/ml and detection was possible in 15 min. 

During research performed in chapter 4, I learned, that not only electric but also 

magnetic field has a great potential to improve sensing methods. Thus, in chapter 5 project 

in which I developed another phage-based solution for bacteria detection is described. 

However, in this case it was based on magnetic field. I created bioconjugates composed of 

fluorescent-magnetic particles and bacteriophages. The main idea was to create solution 

easily adaptable, also in non-biological laboratories. Thus, all components were inexpensive 

and accessible. Additionally, developed bacteria detection protocol that exploit prepared 

bioconjugates as probes for flow cytometry was straightforward and at the same time 

efficient, specific and selective. 

Chapter 6 summarizes all of the finding of this thesis and put them in perspective 

of future research and context of the field.  
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2.1. Introduction 

Electrostatic and electrodynamic phenomena have been extensively described over last two 

decades. First chapter of this thesis summarizes possible electrokinetic effects and shows 

their vast potential in practical applications. In numerous cases, detailed analysis of created 

electrodynamic forces acting on particles and surfaces is crucial for precise control over 

designed systems. In the most simple case of dielectric material, effective electric field is 

directly proportional to the applied voltage and inversely proportional to the thickness of 

the material. Thus, in any dielectric media two charged surfaces or objects attract or repel 

each other with force proportional to the voltage squared [1]. In case of oscillating electric 

field situation become much more complex and exerted forces depend on frequency of the 

applied voltage [2]. The effect changes even more if considered medium is composed of 

both polar and charged species. As described in the first chapter of this work, just upon 

application of the voltage, the electric field spreads through the medium. This causes 

movement of charged species, such as ions, according to gradient of the electrical potential. 

Eventually, created electrical double layer screens the potential completely, assuming lack 

of any redox reactions and Faradaic currents. At low applied voltages, the distribution of 

potential in EDL can be described by Poisson-Boltzmann equation: 

𝛹 = 𝛹𝑑exp(−𝜅𝑥)              (2.1) 

where Ψ is potential at distance x, Ψd is potential at Stern plane, κ is the Debye-Hückel 

parameter and x is distance from the electrode. Length of resulting exponential decay of the 

potential is characterized by the Debye length (λD or κ-1), as described in previous chapter. 

Behavior of charged surfaces in the ionic media have been broadly analyzed both 

theoretically and experimentally. Initially developed classical models, such as Poisson-

Boltzmann equation, were further developed and expanded and number of non-ideal cases, 

such as finite sizes of ions, large voltage applied, or crowding effects were also described 

[3]. For instance, Borukhov et al. modified Poisson-Boltzmann equation and took into 

account finite sizes of ions [4]. Olesen et al. studied nonlinear dynamics at large AC voltage 

[5]. They showed two unobvious phenomena: significant salt depletion in the electrolyte 

near the electrodes and breakdown of quasi-equilibrium structure of EDLs. Similar problem 

was analyzed by Bazant et al. [6]. Authors described two effects arising from electroosmosis 

at large voltages: an increase of a viscosity upon ion crowding and a decrease of capacitance 

due to the crowding effect. Also dynamic response of the systems was highly investigated 

topic and, as discussed in previous chapter, many different time scales were reported, 

depending on parameters of the analyzed system [7]–[9]. 

Many non-linear phenomena, such as manipulation of colloids [10], 

AC electroosmosis [11], induce-charge electrophoresis [12], and AC pumping [13], have 

been analyzed theoretically and measured experimentally. At the beginning, majority of 

cases considered simplified conditions of weak applied potential, i.e. V < kBT/e ≈ 25 mV 
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at 25 °C. In such case Poisson-Boltzmann equation can be linearized and solved analytically 

[14], [15]: 

∇2𝛹𝑒𝑞 = −
𝑒

𝜀
∑ 𝑧𝑖𝑛𝑖∞exp (−

𝑧𝑖𝑒𝛹𝑒𝑞

𝑘𝐵𝑇
)𝑖             (2.2) 

where Ψeq is electric potential for stationary system, zi is valence of given ion, 𝑛𝑖∞ is 

concentration of given ion in the bulk solution, e is elementary charge, kB is Boltzmann 

constant, T is temperature, ε is permittivity of a solution. However, currently obtained 

numerical and analytical solutions for larger AC voltages differ substantially from 

previously calculated linearized results [16], [17]. When the applied alternating potential is 

high enough, nonlinear effects occur and behavior of the system changes drastically. 

Analytical analysis becomes even more complicated when real-life cases, including high 

ionic strength, multivalent ions, solvent-free ionic liquids or differences in mobilities of 

ions, are taken into account. 

Influence of unequal ionic mobilities was recognized some time ago. 

García-Sánchez et al. showed that flow reversal in electroosmotic pumping (unwanted 

phenomenon that couldn’t be predicted by theory), was explained by differences in 

mobilities between ionic species [18]. It was also proven that in case of concentrated 

solutions, asymmetry in the mobilities of ions caused presence of two distinct time scales 

of electrolyte dynamics [19], short one that dictates evolution of charge density, and longer 

which arises due to asymmetry of the mobilities of ions. Moreover, Wirth et al. showed that 

differences in electrophoretic mobilities of ions can strongly influence particle motion near 

the electrode under AC polarization [20]. 

In this chapter unusual phenomenon of strong, long-range repulsion between 

oppositely charged surfaces is described. Although repulsion between surfaces of opposite 

sign was reported in the literature before, all of these cases were strictly limited to narrow 

range of parameters. Parsegian and Gingell showed that such phenomenon is possible only 

if: 1) surface charge densities are not equal and 2) electrical double layers of surfaces 

overlap [21]. This effect was later demonstrated experimentally for positively charged 

vesicle and negatively charged particles [22]. Repulsion between oppositely charged objects 

was also proven to be caused by multivalent ions. Their presence caused charge inversion 

on the surfaces [23], [24]. 

Effect reported in this chapter cannot be simply described by any of developed 

theories and electrokinetic analyses. Distances of observed repulsion extend up to even 

2.6 μm, which is two orders of magnitude longer than Debye length in studied system 

(~10 nm). Measured repulsion forces are in range of 300 μN and are two orders of 

magnitude stronger than typical attraction in water (less than 10 μN). Also time scales of 

observed effect are unusual. Observed development of repulsion over few minutes is in stark 

contrast to previously reported fractions of second. 
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2.1.1. Surface forces apparatus 

All measurements were performed using device called surface forces apparatus (SFA) [25]. 

In SFA normal or lateral interaction forces are measured between two surfaces separated by 

air or a medium (e.g. electrolyte, confined film) (Figure 2.1). Most common setup consists 

of two backsilvered, molecularly smooth mica surfaces attached to silica half-cylindrical 

discs. Discs are mounted in crossed-cylinder geometry. Distance between surfaces is 

typically much smaller than radius of cylinders. Thus, this geometry is equivalent to sphere 

over flat plane [25]. One of the surfaces (bottom surface in Figure 2.1) is mounted on a 

spring of calibrated spring constant k. Forces normal to the surfaces cause movement of 

surface mounted on the spring. Change of distance between electrodes is then measured 

with subnanometer resolution (0.1 nm) by multiple beam interferometry (MBI). In MBI, 

white light passes along the system normally to the silver semitransparent surfaces. Between 

silver mirrors it undergoes multiple reflection and wavelengths that experience constructive 

interference are allowed to pass through the system. Then wavelengths are spectrally 

resolved as fringes of equal chromatic order (FECO). Finally, FECO fringes are used to 

calculate the distance between mica surfaces [26]. MBI enables not only real-time in situ 

monitoring of distance between surfaces but also of geometry of interacting surfaces at the 

contact region. SFA was proved to be useful for analysis of both surface interactions [27] 

and electrostatic forces [28]–[30]. 

 

Figure 2.1 Surface forces apparatus. Two backsilvered mica surfaces are glued to silica discs aligned 

in crossed-cylinder geometry. SFA measurement can be performed in air or chamber can be filled 

with solution. Forces normal to the surfaces cause deflection of the spring of spring constant k and 

change the distance between surfaces d. White light passing through the system allows for real-time 

analysis of separation between surfaces. 

http://rcin.org.pl



Fluctuations of ions in the alternating field 

25 

2.2. Results and discussion 

As in typical SFA, in case of studied system, two backsilvered mica pieces were attached 

to silica discs. Then discs were aligned in crossed-cylinder geometry. Both silver layers 

were also connected to a source of an external voltage. Such prepared capacitor consisted 

of two silver electrodes, each one isolated with layer of mica of thickness between 3.28 and 

4.03 μm (Figure 2.2). Capacitor was filled with aqueous electrolytes. It is important to 

mention, that both mounted silica disks were completely immersed in the solution. Thus, 

the system was divided into the gap (the region around the point of the closest approach of 

mica surfaces) and the bulk (solution far away from the center of the capacitor). During the 

measurement AC square voltage was applied to silver electrodes. Changes in the distance 

between electrodes was measured by MBI and then recalculated to obtain forces between 

surfaces. Experiments were performed in electrolyte solution of 1 mM concentration upon 

application of 10 V of symmetrical applied AC voltage (voltage oscillated between -10 V 

and +10 V) of 100 kHz frequency, if not stated otherwise. Initial separation between mica 

surfaces was around 300 nm. Distance between mica surfaces was determined at the point 

of their closest approach, i.e. in the center of the utilized system. 

 

Figure 2.2 Utilized SFA system was capacitor filled with the electrolyte. Silver layers were 

connected to external source of voltage. Both silver electrodes were isolated with layers of mica. 

2.2.1. Effect of repulsion between oppositely charged surfaces 

In the first performed experiment, SFA was filled with 1 mM HNO3 and voltage (10 V, 100 

kHz) was applied. The whole measurement consisted of three stages: 3 minutes without 

voltage applied, 15 min with the electric field turned on and finally 15 minutes without the 

applied voltage. In case of such sudden application of the voltage between surfaces 

separated with the electrolyte, initial attraction was expected. Then, in the time scale of 

fractions of second, the attraction should decrease due to formation of the electrical double 

layers and after this moment no force should be observed. Instead, strong repulsion was 

measured (Figure 2.3). Immediately after application of the electric field, surfaces weakly 

attracted each other for 30 seconds. Then, the effect inverted and strong repulsion was 

observed. Time scale of observed phenomenon was in range of minutes. After the voltage 
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was turned off, the system relaxed with similar time scale and came back to the starting 

position. 

 

Figure 2.3 Observed phenomenon of repulsion between surfaces separated with electrolyte (1 mM 

HNO3) upon application of the alternating voltage (10 V, 100 kHz). After application of the electric 

field repulsion force appeared with time scale of few minutes. When the field was turned off, there 

was the opposite effect of the relaxation of the system. 

2.2.2. Selected compounds 

To further analyze the observed effect, I chose 10 electrolytes that were composed of ions 

of wide range of electrophoretic mobilities. All utilized compounds and parameters of 

corresponding ions are summarized in the Table 2.1. All solutions were prepared using 

deionized water, except for two deuterated compounds (deuterated nitric acid – DNO3 and 

deuterated sodium hydroxide – NaOD). These were made using pure deuterated water. 

Table 2.1 Summary of all utilized compounds and electrophoretic mobilities of their corresponding 

ions. NaBPh4, Ph4AsCl, and LiDS are, respectively, sodium tetraphenylborate, tetraphenylarsonium 

chloride, and lithium dodecyl sulfate. DNO3 and NaOD are, respectively, deuterated versions of nitric 

acid and sodium hydroxide. 

Compound Cation Anion 
Mobility of cation 

[10-8 m2/sV] 

Mobility of anion 

[10-8 m2/sV] 

HNO3 H+ NO3
- 36.2 7.4 

NaOH Na+ OH- 5.2 20.6 

KOH K+ OH- 7.6 20.6 

NaBPh4 Na+ 

 

5.2 2.1 
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Ph4AsCl 

 

Cl- 2.4 7.9 

NaNO3 Na+ NO3
- 5.2 7.4 

Na2SO4 Na+ SO4
2- 5.2 8.3 

DNO3 D+ NO3
- 25.9 7.4 

NaOD Na+ OD- 5.2 12.4 

LiDS Li+ 

 

4.0 2.5 

 

2.2.3. Influence of applied voltage 

One of the most crucial parameter in all electrokinetic phenomena is applied voltage. It 

defines the strength of the electric field and thus intensity of all electrostatic forces and 

electrodynamic process. I performed measurements in which various voltages were applied 

in the system filled with various analytes. Values of obtained repulsion forces were 

compared in Figure 2.4. Dashed lines in Figure 2.4 represent function fitted separately for 

each utilized compound: 

𝐹 = 𝐴𝑉2               (2.3) 

where F is measured force, A is fitted parameter, and V is applied voltage. 

 

Figure 2.4 Repulsive force obtained for various applied voltages and different compounds. Dashed 

lines represent fit F=AV2. In all cases R-squared was above 0.996. 
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I proved that observed effect depended on voltage squared, which is characteristic 

for many electrokinetic phenomena [31]. Moreover, for further analysis of this dependency, 

sinusoidal voltage waveform was studied. I measured forces in SFA filled with 1 mM KOH 

upon application of sinusoidal and square waveforms of alternating voltage (Figure 2.5). 

The rest of the parameters of measurement were kept the same (10 V and 100 kHz). 

 

Figure 2.5 Measurement of the repulsion effect for sinusoidal or square voltage waveform. 

Application of sinusoidal shape resulted in 60% decrease of observed force in comparison to square 

waveform. 

Obtained forces were 204.4 μN and 80.0 μN, for square and sinusoidal waveform, 

respectively. Observed 60% decrease was caused by different effective applied voltage. 

Although in both cases maximum voltage was 10 V, in case of sinusoidal shape effective 

voltage was reduced. For constant or symmetrical square waveforms, maximum value of 

voltage is applied constantly. Thus, the applied voltage is equal to the effective voltage. For 

sinusoidal waveform dependency between effective and maximum value (amplitude) is 

given by the equation: 

𝑉𝑒𝑓𝑓 =
𝑉𝑎𝑝𝑝

√2
               (2.4) 

where Veff is effective voltage and Vapp is applied voltage. It was proved that studied effect 

depended on voltage squared. Thus, in case of application of sinusoidal waveform, the 

measured force should decrease two times according to equation: 

𝐹 ~ (𝑉𝑒𝑓𝑓)
2

= (
𝑉𝑎𝑝𝑝

√2
)

2
=

(𝑉𝑎𝑝𝑝)
2

2
            (2.5) 

Obtained 60% of decrease of repulsive force was close to theoretical 50% and 

confirmed that the studied effect depended on applied voltage squared. 

2.2.4. Influence of mobilities of ions 

Many literature reports showed that unequal mobilities of ionic species give a raise to 

various unexpected phenomena and can vastly influence many electrokinetic 
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processes [18]–[20], [32]. Thus, I tested ten chosen analytes and compared obtained forces 

with differences in electrophoretic mobilities of ions. For this purpose I performed 

experiment similar to previously described in this chapter (for 5, 8 and 10 V). Obtained 

results are presented in Figure 2.6. For given value of the voltage results were fitted using 

equation 

𝐹 = 𝐴 ∙ ln (𝜇𝑑𝑖𝑓𝑓/𝜇0), where F was measured force, A was fitted parameter, μdiff was 

difference in ionic mobilities, and μ0 was unitary electrophoretic mobility of 1 m2/sV. 

 

Figure 2.6 The effect of differences in mobilities of ions on measured force. Dashed lines represent 

fitted equation 𝐹 = 𝐴 ∙ ln (𝜇𝑑𝑖𝑓𝑓/𝜇0), where F is force, A is fitted parameter, μdiff is difference in 

electrophoretic mobilities of ions, and μ0 is unitary electrophoretic mobility of 1 m2/sV. R-squared 

for 5, 8, and 10 V was 0.969, 0.832, and 0.942, respectively. 

In case of each value of the applied voltage (5, 8 or 10 V), similar logarithmic 

dependency was observed. For almost equal mobilities, the measured effect decreased 

drastically. On the other hand, with increasing difference, the repulsion force increased and 

plateau characteristic for logarithmic dependencies was observed. Obtained results 

indicated that the origin of studied phenomena was unequal mobilities of ionic species. 

However, additional analysis was required for deeper understating of studied process. 

2.2.5. Influence of concentration of ions 

I already proved that types of ions fluctuating in gap between electrodes has crucial 

influence on the studied phenomenon. Next, influence of concentration of ions on described 

effect was analyzed. Series of measurements at various concentrations of NaNO3 solution 

was performed (Figure 2.7). All other parameters were kept constant (10 V, 100 kHz of 

applied square voltage and 300 nm of initial separation between mica surfaces). 
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Figure 2.7 Effect of concentration of ions on measured force in case of NaNO3 solution. Observed 

maximum force comes from two counterbalancing effects: not enough amount of ions to generate 

measurable force for low concentrations and crowding effect for higher concentrations [6]. 

Concentration of ions has great influence on the electrostatic screening due to 

formation of electrical double layers (Equation 1.1). Moreover, it was proven that 

electrostatic forces can vastly change and even reverse due to changes in concentrations of 

ions [23]. In majority of analyzed cases increase of concentration of ions caused only 

continuous increase or decrease of the effect [33]–[35]. However, in most of these reports 

narrow range of concentrations was analyzed (e.g. two orders of magnitude). Thus, only a 

part of overall dependency was investigated. In case of broader range of analyzed 

concentrations, maximum value of such dependency was observed [36]. This was similar 

to relationship observed in my experiments. For NaNO3 solution and applied voltage of 10 

V and 100 kHz, maximum repulsion force was present at concentration of ions of around 

10 mM. This was caused by two counteracting effects. For small concentrations the amount 

of ions was too low to generate any effective forces. With increasing concentration, number 

of ions started to be sufficient to cause measurable forces. Finally, at high concentrations 

effect decreased, most likely due to crowding of ions, which is known and well 

characterized phenomenon [6]. Crowding of ions was reported especially for highly 

concentrated electrolytes and large applied voltages (100 kBT/e ≈ 2.5 V at 25 °C), which 

was the case in the studied system [36], [37]. 

Presence of ions is intrinsic property of all aqueous solution. Even ultrapure water 

of pH 7.0 has 10-7 M of hydronium ions and 10-7 M of hydroxide ions. Thus, analysis of 

studied system with aqueous solution without any ions was not feasible. However, to obtain 

the lowest possible amount of ions, I performed measurement with deionized water. In this 

case no repulsion was observed (Figure 2.8). 
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Figure 2.8 Application of AC voltage in system filled with deionized water. Measured change of 

distance between electrodes was in range of measurement error. 

Upon application of the electric field, weak attraction was present, which was the 

expected result. Debye length of pure water is in range of 120 nm, which is roughly 5 times 

less than ideal 680 nm theoretically calculated for 2·10-7 M of ions [38]. This is due to 

impurities and carbon dioxide which are adsorbed from air. Thus, in case of experiment 

showed in Figure 2.8, ends of diffusive parts of the electrical double layers overlapped and 

weak repulsion stable in time was observed. However, precise calculation of exerted force 

was not possible due to the fact, that change of distance between mica surfaces upon 

application of the electric field was in range of experimental error of constructed system. 

The only observation was that the attraction force was lower than 10 μN. Nonetheless, 

performed experiment confirmed that presence of ions was crucial for analysis of strong 

repulsive effect and no repulsion was measured if amount of ions was too low. 

2.2.6. Influence of distance between electrodes 

Regardless of the complexity of the electrokinetic system, the effective electric field always 

depends on the applied voltage and the distance between electrodes. Thus, after previously 

described experiments, the next step was to analyze the influence of the distance separating 

the electrodes. In SFA experiments electrodes were covered with layers of mica, thus 

distance between silver electrodes and thickness of the solution were different. The crucial 

value was the distance between surfaces of mica (i.e. thickness of the electrolyte), as it was 

proven that observed phenomenon was caused by movement of ions inside the electrolyte. 

I performed the SFA experiments with various initial separations between mica surfaces. 

Forces were measured at final distance obtained after 15 min of application of the electric 

field Thus, final separation was taken into account for comparison with measured forces 

(Figure 2.9). This test was performed for four different solutions. In each experiment the 

applied electric field was 10 V and 100 kHz (square waveform). Analyzed final distances 

ranged from 438 to 2684 nm. Smaller final separations could not be obtained due to strong 
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observed repulsion even in experiments with initial separation of 12 nm. On the other hand, 

larger distances were inaccessible due to limitations of MBI system. 

 

Figure 2.9 Comparison of final distances between mica surfaces and measured forces in case of four 

different ionic solutions. In case of every compound obtained force was independent from the 

separation between the surfaces. Dashed lines represent averaged forces and shaded areas show 

standard deviations. 

Values of measured forces were independent from the final distance between 

surfaces. On first sight, this result was opposite to typical behavior of electrokinetic system. 

However, in case of the studied system, the effective electric field remained constant within 

the range of analyzed distances. In case of capacitor filled with mica and aqueous 

electrolyte, the effective electric field that gives a rise for movement of ions in the 

electrolyte is described by the equation: 

𝐸𝑖 =
𝑉𝜀𝑐

2𝑐𝜀𝑖+𝑠𝜀𝑐
              (2.6) 

where Ei is the electric field inside electrolyte, V is applied voltage, εc is dielectric constant 

of mica, εi is dielectric constant of the electrolyte, c is thickness of mica, and s is distance 

between mica surfaces. Influence of change of the distance between mica surfaces on the 

effective electric field is presented in Figure 2.10. For mica of thickness of 3.5 μm and 

separations between 400 and 3000 nm the electric field changed by only 2.7%. Thus, this 

explained similar measured forces for different distances in the studied system. 
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Figure 2.10 Influence of distance between mica surfaces on the effective electric field inside 

electrolyte in range of separations analyzed in the experiment showed in Figure 2.9. 

2.2.7. Influence of frequency of applied alternating voltage 

Frequency is second, besides amplitude, tunable parameter of the applied voltage. Thus, 

next stage of investigation of the studied effect was analysis of influence of frequency of 

the applied voltage on the measured force. Solutions of two compounds (NaNO3 and 

Ph4AsCl) of concentrations of 1 mM were used in these measurements. For each compound 

voltage of 10 V and various frequencies in range from 20 Hz to 500 kHz were applied. 

Obtained results are summarized in Figure 2.11. Repulsive forces observed in the system 

were very weakly dependent on the frequency of the applied voltage. In range of four orders 

of magnitude of frequency, observed forces decreased by only 30%. To better understand 

this dependency, detailed analysis of time constants of the studied effect had to be 

performed. 

 

Figure 2.11 Dependency of measured repulsive forces from frequency of applied voltage. To enable 

comparison of results for both compounds, forces were normalized to value obtained for frequency 

500 kHz. 
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2.2.8. Time scales of the observed effect 

Next performed analysis was investigation of time scales of the observed phenomenon. For 

this purpose observed increase of distance upon application of the electric field was fitted 

using equation: 

𝐷 = 𝐷0 + 𝐷1 (1 − exp (
𝑡0−𝑡

𝜏𝐷
))               (2.7) 

where D is distance between mica surfaces, D0 is initial separation, D1 is overall change of 

distance due to created force, t0 is time of application of voltage, t is time in the experiment, 

and τD is time constant of the studied effect. Observed phenomena presented behavior 

similar to first-order linear time-invariant systems [39]. Thus, utilized equation was a 

solution of formula describing time-dependent behavior of such system. Representative 

example of such fitting in case of 1 mM solution of HNO3 upon application of 10 V and 

100 kHz voltage is presented in Figure 2.12. Fitted parameters were τD and D1. This 

comparison proved that selected equation properly described time development of analyzed 

repulsive effect. 

 

Figure 2.12 Comparison of experimental data and fitted line for measurement in 1 mM HNO3 

solution upon application of 10 V and 10 kHz alternating voltage. Fitted function was Equation 2.7. 

Obtained R-squared was 0.990. 

Fitting procedure similar to presented in Figure 2.12 was performed for data 

obtained in various experiments. Different conditions of measurement were taken into 

account. In each case time constant of the effect was determined. Comparison of all time 

constants and parameters of the studied systems is provided in Figure 2.13. Obtained time 

scales were in range of few minutes and were independent from almost all characteristic 

parameters of the studied system, such as type of compound, concentration of ions, voltage, 

frequency, and separation between surfaces. Moreover, all calculated time scales were much 

longer than typically reported electrokinetic time scales (described in the first chapter of 
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this thesis). Even for the slowest ion and the largest distances typical time scales were in 

range of hundreds of microseconds. Detailed calculations are provided in section 2.4.4 of 

this chapter. 

 

Figure 2.13 Summary of time constants calculated for various sets of parameters of observed 

phenomenon. Change of calculated time constant was caused only by the change of the solvent from 

regular to deuterated water. In case of DNO3 two independent measurements were analyzed. R-

squared of each fit is shown above respective column. 

The only difference that was found in the calculated time constants was related to 

solvent of utilized solution. In case of deuterated water, time scale of the effect increased 

roughly two times. Diffusion coefficient of deuterated water is lower than regular one [40]. 

This indicated that the observed repulsive force was caused by the diffusion of water. This 

was in line with counterintuitively long time scales. 

In case of studied system it was not trivial to determine its lateral size and thus the 

boundary between the gap and the bulk (Figure 2.2). However, it was reasonable to assume 

that this border occurred in place where distance between electrodes was 50 times longer 

than in the center of the system. In such case, according to Derjaguin approximation [1], in 

studied system (2 cm of radius of cylinders and 300 nm of distance between electrodes), 

water needed 4.26 min to diffuse from bulk to center of the gap [40]. This time was similar 

to the measured time constant. Thus, this additionally proved that effect which generates 

observed force was diffusion of water from bulk to the gap of the capacitor. 

2.2.9. Long-time measurements 

As a last part of the analysis of the studied phenomenon, I performed long-time 

measurement. For this purpose 1 mM HNO3 solution was used. The experiment again was 
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composed of three stages: for the first 5 minutes distance was measured without the external 

electric field, then voltage (10 V, 100 kHz) was applied for 90 minutes, and finally the 

electric field was turned off and measurement was performed for next 90 minutes (Figure 

2.14). Obtained results confirmed presence of plateau of observed effect. This plateau was 

located at the distance, where repulsive force equaled force exerted by the deflected spring, 

on which lower silica disc were mounted. Minor changes of distance visible between 60 and 

90 minute and between 140 and 190 minute was caused by thermal fluctuations which were 

unavoidable in such long measurement. 

 

Figure 2.14 Long-time measurement performed in the studied system. The analysis confirmed 

presence of plateau of the effect. 

2.2.10. Proposed explanation of the observed phenomenon 

Electrokinetic phenomena can include very complicated non-linear effects. Thus, for their 

description many non-trivial aspects often have to be taken into account, such as unusual 

geometries, large AC voltages, unequal mobilities of ions, finite sizes of ions, and more. 

Observed unusual phenomenon of strong long-range repulsion between oppositely charged 

surfaces was a complex effect. Therefore, its precise and analytical explanation was 

obscured. However, due to wide range of analyzed parameters and determined 

dependencies, proposed explanation of measured data can be provided. 

The observed effect is caused by the fluctuation of ions upon application of the 

alternating electric field. Unequal mobilities of ions create a situation in which faster ions 

accumulate in the vicinity of both electrodes. This effect is possible in wide range of 

frequencies of applied voltage. It was proven in literature, that such fluctuations of ions of 

different mobilities can even create long-range steady electric fields, which also could be a 

case in the studied system [32]. Such accumulation of ions increase osmotic pressure, which 

has to be compensated by the influx of water from the bulk towards center of the system. 

This generate repulsive force due to the fact, that water is incompressible. Studied 

electrokinetic effect scale with voltage squared, which is in line with the literature [31]. 

Moreover, differences in mobilities of ions are crucial for presence of the repulsive force, 
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which also corroborates discussed explanation. Proposed mechanisms explain also apparent 

mismatch between typically reported and measured time scales. In the observed 

phenomenon two distinct time scales are observed. First is related to the fluctuations of ions 

and building up of the osmotic pressure. It most likely happen within a second or even less. 

Due to time resolution of the surface forces apparatus, it is impossible to measure this effect. 

Second time scale is related to the diffusion of water towards the gap and, as was proven in 

this chapter, time scale of this effect is in line with measured time constants of the studied 

effect. 

2.3. Conclusions 

Despite being developed for over two centuries, electrokinetics is still considered to be 

enigmatic and full of unresolved issues. This specific field of science is a subtle mixture of 

fluid dynamics, mass transport and electrostatics and even nowadays it is considered to be 

area in which important and interesting findings are revealed every day. 

Main goal of this chapter was to present and characterize unusual electrokinetic 

phenomenon of long-range repulsion between oppositely charged surfaces. Surfaces were 

separated with the electrolyte and isolated from the solution by mica layers. Strength, range 

and time scale of the studied effect were exceeding the values described in previous works. 

Effect was observed in separation ranging from 438 to 2684 nm. Time scale of few minutes 

was much longer than typical time development of electrokinetic processes. Moreover, the 

only parameter that strongly influenced time constant of studied system was type of utilized 

solvent. Repulsion was present in wide range of applied frequencies, but very pronounced 

dependency between concentration and differences of mobilities of utilized ions was 

developed. 

Proposed explanation was based on performed measurements complemented with 

analysis of previously reported phenomena. Combination of the alternating electric field 

and unbalanced mobilities of ions resulted in a rise of the osmotic pressure, which was then 

compensated by the influx of water towards the center of the capacitor. Although provided 

description was in line with obtained data, detailed theoretical analysis would be very 

beneficial for further insight into reported phenomenon. 

2.4. Materials and methods 

2.4.1. Materials 

All chemicals were purchased from Carl Roth (Germany) and were used without further 

purification. Aqueous solutions were prepared with MiliQ water of resistivity of 18.2 

MΩ·cm at 25 °C. Solutions of two compounds: DNO3 and NaOD were prepared with 

deuterated water. 
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2.4.2. Surface forces apparatus 

To prepare the SFA system, two freshly cleaved molecularly smooth pieces of mica of 

thickness ranging from 3.28 to 4.03 μm were utilized. First, 40 nm layers of silver were 

thermally evaporated on mica pieces. Next, pieces were glued with thermosetting Epikote 

1004 on a silica cylindrical discs of normal radius of curvature 2 cm. To provide electrical 

contact, thin stainless electrodes were places between epoxy resin and silver layer. Then, 

prepared pair of discs was mounted in crossed-cylinder geometry in surface forces apparatus 

setup. The bottom disc was placed on a spring of calibrated spring constant. The top one 

was mounted in piezoelectric holder that enable controlled movement of the disc. Then, 

chamber in which both discs were places was filled with 50 ml of water or electrolyte, so 

that both discs were fully immersed. Temperature was set at constant value of 25 °C. Next, 

mica surfaces were brought together at the controlled distance and capacitor between 

electrodes was created. 

In described system silver layers served as both semi-transparent silver mirror and 

electrodes for generation of the external electric field. For precise sub-nanometric 

measurement of distance between electrodes the multiple beam interferometry (MBI) was 

used. In TRIAX Imaging Spectrograph (Jobin Yvon), wavelengths, which experienced 

constructive interference between mirrors, were spectrally resolved as fringes of equal 

chromatic order (FECO). Finally, FECO fringes were used to calculate the distance between 

mica surfaces [26]. 

Second application of silver layers was electrodes of the capacitor. Silver layers 

were connected through stainless steel electrodes and thin isolated wires to the power supply 

(Elektro-Automatik) and alternating electric voltage was applied. It was checked before 

measurement that attached wires do not influence movement of both discs and the spring. 

2.4.3. Calculation of the force 

To calculate the forces created in the SFA system, changes of distance between the mica 

surfaces were analyzed. After every measurement difference between initial distance and 

maximum value of the separation was determined (Figure 2.15). Then, based on spring 

constant, which in studied case was 530 N/m, difference in distances was used to calculate 

the force according to the equation: 

𝐹 = 𝑘·Δd               (2.8) 

where F is calculated force, k is spring constant, and Δd is difference between initial and 

maximum separation. 
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Figure 2.15 Representative performed measurement. Difference between initial and maximum 

separation was taken into account to calculate effective force exerted in the system. 

2.4.4. Calculation of typically reported time scales 

Most commonly reported time scales were calculated for experiments described in Figure 

2.13. Mobilities of slower ions were taken into account to analyze longer values of time 

scales. Parameters of performed measurements as well as obtained time constants are 

summarized in Table 2.2. Calculated time scales were orders of magnitude smaller than 

values observed in the experiments. 

Table 2.2 Summary of typically reported time scales calculated for parameters utilized in studies 

system. If not stated otherwise, all experiments were performed in 1 mM solutions upon application 

of 10 V and 100 kHz. In case of DNO3 two independent measurements were analyzed. 

 

Compound 

Diffusion 

coefficient of 

slower ion (D) 

[10-9 m2/s] 

Separation (d) 

[nm] 

Debye length (λD) 

[nm] 

Time scales 

λD
2/D 

[ns] 

(λD·d)/D 

[μs] 

d2/D 

[μs] 

HNO3 1.90 1352 9.61 48.64 6.84 963 

HNO3 1.90 792 9.61 48.64 4.01 331 

HNO3 1.90 636 9.61 48.64 3.22 213 

HNO3 1.90 835 9.61 48.64 4.23 367 

HNO3 

(0.1 mM) 
1.90 500 30.40 486.40 8.02 132 

NaNO3 1.34 509 9.61 68.97 3.65 194 

NaOH 1.34 637 9.61 68.97 4.57 303 

KOH 1.95 669 9.61 47.39 3.30 230 
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2.4.5. Calculation of diffusion of water in the studied system 

Surface forces apparatus setup had a geometry of crossed cylinders. According to Derjaguin 

approximation [1], if radius of cylinders is much bigger than distance between them, such 

geometry can be represented as sphere over a plane, as presented in Figure 2.16. Distance 

between surfaces in any given point can be correlated with equation: 

𝑠 = √𝑎2 − (𝑎 − 𝐻 + ℎ)2             (2.9) 

where s is lateral distance between point of the closest approach and point of interest, a is 

radius of the cylinder, h is distance between surfaces in the point of the closest approach, 

and H is distance between surfaces in a point of interest, as presented in Figure 2.16. 

 

Figure 2.16 Schematic representation of geometry of sphere over a plane. 

It was reasonable to assume that boundary between gap and the bulk in studied SFA 

setup was in the place where distance between surfaces was 50 times larger than distance at 

the point of the closest approach. Then, lateral distance of the gap s can be calculated: 

a = 2 cm = 2·104 μm 

h = 300 nm = 0.3 μm 

H = 50·h = 15 μm 

s = 766.7 μm 

NaBPh4 0.54 437 9.61 171.14 7.78 353 

DNO3 1.90 746 9.61 48.64 3.78 293 

DNO3 (2) 1.90 749 9.61 48.64 3.79 295 
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Diffusion coefficient of water equals 2.29·10-9 m2/s, thus time of diffusion through 

such distance equals: 

𝜏𝐻2𝑂 =
𝑠2

𝐷𝐻2𝑂
             (2.10) 

𝜏𝐻2𝑂 = 4.26 min 
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3.1. Introduction 

The ultimate goal of all techniques of sensing and biosensing is to detect single molecule or 

object selectively from complex matrix in the most rapid, easy, repeatable and inexpensive 

way. Very common structure of sensor consists of the sensing layer combined with the 

transducer. Examples include quartz crystal microbalance [1], optical fibers [2], 

electrochemistry [3], surface enhanced luminescence [4] or fluorescence [5], surface 

plasmon resonance [6], localized surface plasmon resonance [7] and surface enhanced 

Raman scattering [8]. All above-mentioned methods are similar in one important aspect: 

they require proximity of the detected analyte and sensing surface. Thus, to obtain useful 

analytical method it is required not only to have efficient sensing layer combined with 

sensitive transducer that can generate signal even from single molecules but also to ensure 

presence of analyte on such surface. Therefore, precise and well-controlled deposition of an 

analyte on the sensing surface is one of the most important aspects of the whole detection 

process. It is crucial especially in case of very low concentrations of the analyte. 

Surprisingly, development of new methods of proper, fast and efficient deposition of analyte 

is often omitted by community and thus still poorly addressed. In this chapter I presented 

versatile method of deposition of analytes in the electric field, which was applied to improve 

surface enhanced Raman spectroscopy (SERS). 

3.1.1. Surface-enhanced Raman spectroscopy 

Raman scattering was first reported by Raman and Krishnan in 1928 [9]. Raman 

spectroscopy is a method providing information about structure of the molecule. When light 

interacts with a molecule, the latter is promoted to virtual energy state. The largest part of 

incident light is scattered without changing its energy (and thus also frequency and 

wavelength are constant). This is because the initial and final vibrational energy states are 

the same. This is Rayleigh (elastic) scattering. Very rarely (approximately one in a million 

events) the molecule ends up in different (comparing to initial) vibrational state upon 

relaxation from virtual energy state. Therefore, scattered photons have different energy than 

incident beam. Such phenomena is called Raman scattering. Difference between energies 

of incident and Raman scattered light is characteristic for given functional group, as it is 

related to vibrational energy states [10]. Therefore it can be used for identification of 

molecules in samples. On the other hand the intensity of the signal might be of importance 

for quantitative or semi quantitative analysis. 

Although Raman scattering can be potentially used as technique for detection and 

identifications of many compounds, unfortunately number of photons scattered in inelastic 

way (Raman scattering) is very small. Therefore, large concentrations of analyzed 

compound need to be used to obtain reliable data. In 1974, many years after the first 

discovery of Raman scattering, Fleischmann et al. described very strong Raman scattering 

from pyridine adsorbed on silver electrodes [11]. After two years it was proved 

independently by Jeanmaire and Van Duyne [12], as well as by Albrecht and Creighton [13]. 
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This phenomenon is called surface-enhanced Raman scattering, and technique based on it 

– surface enhanced Raman spectroscopy (SERS). 

Theoretical explanation of such enhancement of a signal coming from molecule 

adsorbed on the metal surface was proposed by Moskovits in 1979 [14]. Currently it is 

believed that high enhancement of the signal in SERS technique is caused by surface 

plasmon resonance at the surface of the substrate. Plasmons are collective oscillations of 

free electron gas density, which could be excited by the incident light (Figure 3.1). The 

interactions between electromagnetic field, plasmons and molecules of interest cause the 

enhancement of Raman signal. The exact mechanism is still discussed. Spots on a surface 

of SERS substrate with especially high signal enhancement are called hot spots. Hot spots 

occur within interstitial crevices in metal structures [15]. In such places enhancement might 

be extraordinary, even up to 15 orders of magnitude [16]. Therefore, the higher number of 

hot spots present on the surface, the better SERS substrate performs. 

 

Figure 3.1 Schematic representation of surface enhanced Raman spectroscopy. The interaction 

between incident light, plasmons of metal structures and deposited molecules results in enhancement 

of Raman scattering and can be detected in SERS technique. 

Currently SERS is considered a highly promising technique, which allows for 

simultaneous detection of many non-labeled molecules. SERS enables enhancement of the 

signal in a range of orders of magnitude (102-106, in some cases even 108-1015) and it 

provides possibility of detection of single molecules [17]. Enhancement factor is defined as 

EF =
𝐼𝑆𝐸𝑅𝑆/𝑁𝑆𝑢𝑟𝑓

𝐼𝑅𝑆/𝑁𝑉𝑜𝑙
              (3.1) 

where ISERS is a SERS signal; NSurf is the average number of adsorbed molecules in the 

scattering volume for the SERS experiments; IRS is Raman signal under non-SERS 

conditions and NVol is the average number of molecules in the scattering volume for the 

Raman (non-SERS) measurement [18]. 

At the beginning most SERS surfaces gave unrepeatable results. Therefore, till the 

end of twentieth century, SERS technique was mostly a curiosity, without almost any 

practical application. Moreover, to this day there is still no unified model that properly 

describes SERS phenomena [19]. But even despite these drawbacks, recent rapid progress 

in nanotechnology enables manufacturing of new, specialized SERS surfaces. Many 
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applications of SERS was described in literature, ranging from archeology [20], analysis of 

works of art [21], forensic science [22], detection of bioterrorist threats [23], diagnosis of 

diseases [24], detection of bacteria [25] and viruses [26] and more. 

There are two main ways for preparation of efficient SERS substrates: 

1) “Top-down” methods are chemical and physical processes that in general require 

macroscopic equipment to create nano-scale devices. One of the most straightforward 

examples is high energy milling for preparation of nanoparticles. Another example of 

“top-down” approach is pattering on large scale while reducing the lateral dimensions to the 

nanoscale (lithographical techniques) [27]. They provide high reproducibility and allow 

good control over the geometrical parameters. However such methods are time-consuming. 

Moreover, the cost of miniaturization associated with lithography equipment can create 

financial barrier, especially in a large scale approach. 

2) To overcome the limitations of “top-down” methods, there is a great interest in 

development of “bottom-up” approach. In such methods, single atoms, molecules or 

nanoparticles assemble into more complex nanostructures due to precisely controlled 

chemical reactions or self-assembly driven by specific interactions and properties of 

properly designed building blocks (small portions of matter). One example is exploitation 

of wet chemistry to create plasmonic metal nanoparticles [28]–[30]. Due to specific way of 

preparation of SERS substrates, these methods are inexpensive, however provide less 

control over the preparation process comparing to “top-down” methods. 

Despite great number of scientific reports published on SERS, there are still barely 

any real-life applications of SERS. All of these efforts to create sensitive SERS surfaces are 

necessary, yet insufficient to obtain good, reliable and reproducible SERS analysis. Despite 

having ideal, homogeneous, good-enhancing substrate, molecules of analyzed compound 

could still concentrate in one area, instead of being homogeneously deposited or could be 

so rarely distributed, omitting majority of hotspots, that obtained signal is too weak to be 

recorded. Thus, even the best substrate with the best enhancement factor will be ineffective, 

if we do not properly apply the analyte on its surface. Efforts to create best SERS substrates 

have to be accompanied by development of efficient methods of application of the analyte 

on such surfaces. However, very little attention has been paid to this problem. Typical 

characteristics of a procedure of SERS-based analysis are: 1) large volumes of analyzed 

samples; 2) long time of deposition of an analyte on the surface (commonly dozens of hours; 

it is the longest part of the whole analysis procedure); 3) high concentration of an analyte 

in the sample. Last two issues are connected to the fact, that deposition of molecules is 

usually based only on the diffusion and there is a need for the system to equilibrate. 

Although in the whole sample a sufficient number of molecules to cover the whole surface 

is present, the process is restricted and not enough molecules are deposited on the surface 

of the substrate. Usually higher concentrations of analyte or longer times are needed to 
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enhance the deposition process, what is in stark contrast with need for fast ultrasensitive 

analysis. 

One of the possibility to improve deposition of analyte on SERS substrates is 

utilization of the electric field. As plenty of molecules and objects are charged, especially 

in aqueous solutions (except narrow cases of isoelectric point, etc.), the electric field seems 

to be promising solution. The idea of combining the electric field and SERS technique was 

partially exploited [31]. However, the electric field was initially used mostly to enhance and 

modulate the signal coming from the molecules already present on the SERS surface. In this 

approach, called electric field induced SERS, the application of static or oscillating electric 

field can change the Raman spectrum in two different ways [32], [33]. First, the electric 

field can give rise to an electro-optical interaction and as a result mix stationary states of 

the molecules. Secondly, molecules with dipole moment can interact with the electric field 

and give an anisotropic distribution of orientations in the solution. This can result in changes 

of intensities of Raman shifts. Few practical applications of electric field induced SERS can 

be found in literature. For instance Walia et al. showed that depending on frequency of 

applied electric field thiophenol can be selectively detected from mixture of other molecules 

[34]. The same group performed also detailed analysis of influence of low frequency 

oscillating electric fields on the SERS spectra of thiophenol [35]. Moreover, very recently 

Almohammed et al. proved that this approach can improve performance of peptide 

nanotube-graphene oxide SERS substrates in detection of various biomolecules [36]. 

Although electric field induced SERS is interesting approach, I wanted to use the 

application of voltage in a different way. The electric field can be applied as a driving force 

to draw analyte onto the surface. One of example of  such approach was proposed around 

10 years ago by Lacharmoise et al. [37]. The Authors applied constant electric field between 

parallel electrodes, which allowed for “guiding” the dyes of a given charge towards the 

SERS-active surface. As a result selective enhancement of different types of dyes according 

to their charge was possible. Very similar approach was proposed a few months later by 

Cho et al. [38]. Their system was composed of two electrodes: wire and SERS substrate. In 

such system electrophoresis of adenine towards SERS-active surface in constant electric 

field allowed for increase of signal 51 times after 25 min. Electrokinetic preconcentration 

was also proved to be useful in detection of such molecules as serotonin, Congo red dye or 

Rhodamine 6G. For this purpose the nanogap-rich silver nanoislands on glass nanopillar 

arrays were used [39]. 

Combination of SERS and the electric field was also used in lab-on-a-chip devices. 

For instance device composed of chip with microwells enabled detection of viral DNA. 

Properly designed electrodes allowed for local attraction or repulsion of different viral 

species from solution, increasing the selectivity [40]. Other lab-on-a-chip system was shown 

by Liu et al. [41]. They showed an photonic-plasmonic hybrid type Raman nanosensor 

integrated with electrokinetic manipulation. The applied electric field not only assembled 

the plasmonic nanocapsules on the photonic crystal slabs, but also focused analyte 
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molecules to the hot spots. Besides direct electrophoresis, also other electrokinetic 

mechanisms were used to selectively concentrate analyte on SERS surfaces. For example 

in work of Cheng et al. AC electric field induced electrokinetic forces (ACEK) were used 

to separate and concentrate bacteria from blood for on-chip SERS analysis. 

All of these electric field-based methods share a number of drawbacks that hinders 

broad practical implementation. First, in all cases deposition in the electric field and SERS 

measurements were combined and performed simultaneously in the solution and in the same 

device. Such approach, although useful in initial development of the method and detailed 

analysis of influence of the electric field on SERS signal, is difficult to implement in 

everyday use. Typically used equipment for SERS is not designed for this type of 

measurement. Secondly, in all of the above-described cases both electrodes were not 

isolated and were in direct contact with the solution. This can cause electrochemical 

reactions to occur. They can be beneficial in some cases [18], but in general they can change 

the SERS surface and possibly cause its deactivation. Moreover, redox reactions can modify 

or even destroy the analyzed molecules. Such situation forces utilization of low potentials 

and even then it is not certain that no redox reactions are present. Finally, every developed 

approach is focused on only one or just few similar analytes. To date, there is no 

comprehensive analysis that examines and confirms robustness and versatility of deposition 

of many different compounds in the electric field. In this chapter I will present the method 

to deposit the analyte on the SERS surface that omits these problems. Developed solution 

allows for deposition of numerous analytes during short process performed separately and 

before SERS analysis. Moreover, one of the electrode is isolated, thus no Faradaic currents 

flow through the system. 

3.2. Results and discussion 

In typically performed SERS analysis deposition of the analyte usually takes several hours 

and even then obtained results can be heterogeneous within single sample and across the 

samples. Main goal of this chapter was to create a method for fast deposition of the 

molecules on SERS surfaces to obtain reliable and homogenous readout. Important issue 

was to deposit the analyte in single step in separate device to easily combine it with final 

SERS analysis. 

3.2.1. Process of deposition of analytes in the electric field 

The deposition process was performed separately from SERS analysis in the specially 

designed cell, which was made from polytetrafluoroethylene (PTFE) and was basically a 

cube with properly shaped pocket. Cell was designed to be robust and simple and to allow 

for convenient exchange of SERS surface, counter electrode and solution of analyte. 

Counter electrode was glass substrate covered with indium tin oxide (ITO). To avoid flow 

of faradaic currents, it was isolated with PTFE separator of thickness of 200 μm. Both 

electrodes were connected via copper tape to the function generator that allowed application 
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of proper voltage waveform. If not stated otherwise, in typical procedure analyte was 

deposited from 50 μl of solution upon application of square voltage of 10 V and given 

frequency (the only variable beside polarity of the potential) for 5 minutes. Distance 

between electrodes was 1 mm. After deposition step, SERS substrate was removed from the 

cell, dried in the open air and standard SERS analysis was performed. Obtained spectra that 

are presented on the plots in this chapter are shifted in Y axis for clarity of the presentation. 

Thus, only intensities of the peaks with respect to their base line should be used for 

comparison with other data. 

In my experiments I used aqueous solutions of variety of analytes and additional 

components, such as small amounts of organic solvents or buffers. Therefore, studied 

system was in fact a capacitor filled with the electrolyte. Immediately after application of 

voltage to the electrodes, the electric field appeared in the solution. Then, the charged 

species present in the solution (hydrogen and hydroxide ions, analytes, buffering ions, etc.) 

moved according to the electric field and created the electrical double layers (EDLs). As a 

results, the effective electric field in solution decreased in time and eventually became 

screened by the charged species. After that, no electric field was present in the bulk and thus 

no additional drag of the analyte occurred. 

To solve this problem, I applied alternating electric field that oscillated between 

zero and maximum designed potential. I used square waveform of the applied voltage. Due 

to isolation utilized to avoid Faradaic currents, behavior of the system was very similar to 

the symmetrical alternating current electrophoretical deposition (symmetrical AC EPD), 

described in first chapter of this thesis. At the beginning of each pulse the effective electric 

field appeared in the solution and molecules were dragged to the surfaces via 

electrophoresis. Next, decrease of the potential at the end of every pulse also created the 

electric field but oppositely directed. Molecules were repelled from the surface, however, 

some of them stayed adsorbed and did not detach from the silver SERS-active surfaces. It 

is known that many chemical groups, such as thiols, amines or carboxyl groups can adsorb 

on the silver surfaces and create monolayers [42]. Therefore, the molecules were in fact 

scavenged from the vicinity of such SERS substrate. This was regenerated as abundance of 

molecules, even for low initial molar concentrations (for example 10-6 M is 6·1017 

molecules/l), was available in bulk, from where analyte diffused towards the depletion zone 

(due to differences in chemical potentials) and new equilibrium was established. In the next 

pulse these new molecules could be again deposited onto the SERS surface. Many cycles 

of such step-by-step deposition allowed for efficient deposition of target molecules on the 

SERS substrates. 

Key aspect of the deposition process was polarization of SERS substrate. Two 

ranges of applied potential were used: oscillations between 0 V and +10 V or between -10 

V and 0 V. To effectively drag desired molecules towards SERS substrate, potential applied 

to the SERS surface had to be opposite to charge of the molecule. For every deposited 

analyte, structure of the molecule was analyzed and polarization of applied voltage was 
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chosen according to present chemical groups. pH of all utilized solutions was in range 

between 6.0 and 7.5, thus most common groups that provided charge were amines, 

phosphate and carboxyl groups. Thus if groups such as amines were in majority, negative 

potential was applied. In case of majority of carboxyl and phosphate groups – positive 

potentials were used. This simple division was later confirmed by comparison of positive 

and negative applied potentials (section 3.2.8) and by analysis of electrophoretic mobility 

described in section 3.2.7. 

Number of various analytes was deposited in the electric field. For each experiment, 

two types of control measurements were used. To check the actual effect of the applied 

electric field and not confinement or other factors related to deposition in specially designed 

cell, a control deposition of the analyte according to developed approach but without 

application of the electric field was performed. Secondly, also standard SERS protocol was 

used, i.e. SERS substrate was immersed in solution of the analyte for 20 hours and then 

SERS signal was collected. My goal was to obtain similar or even better result in several 

minutes.  

 

Figure 3.2 Comparison of standard and improved SERS protocol. Spectra obtained for para-

mercaptobenzoic acid (PMBA, 10-6 M) with (A) typical method and (B) newly designed approach. 

Prepared method was based on electrophoretic deposition of analyte in alternating electric field. It 

was possible to decrease both time and volume of sample and nonetheless to obtain two times higher 

analytical signal. 

As a benchmark para-mercaptobenzoic acid (PMBA) was used. PMBA is model 

molecule in SERS technique due to its well defined peaks in Raman spectra [43]–[45] and 

presence of thiol group that provides attachment to metal SERS-active surfaces [46]. PMBA 
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was also useful from the point of view of deposition in the electric field, as it have carboxyl 

group that provides charge in pH above 4.8 [47]. Thus in used solution of pH 6.0, PMBA 

was negatively charged. It was proved that deposition of PMBA in prepared cell upon 

application of square voltage (+10 V, 10 kHz) allowed for decrease of time from 20 h to 5 

min, reduction of volume from 2 ml to 50 μl and nonetheless obtained SERS spectra had 

two times higher intensities of peaks. 

3.2.2. Time of the deposition 

One of the most crucial aspects of SERS technique is time of the deposition of the analyte. 

Longer times should be more favorable, as more analyte can be accumulated on the surface. 

On the other hand, after long enough period of time surface can saturate with analyte or 

amount of molecules remained in the solution will be too small to make any additional 

contribution in layer adsorbed on SERS substrate. To analyze this parameter, I deposited 

PMBA molecules without application of the electric field for 1, 5, 15 and 30 minutes and 

compared them with results obtained for 20 hours. Increase of time of deposition resulted 

in increase of SERS signal (Figure 3.3). However, after 5 min of deposition improvement 

was not very significant. Therefore, 5 minutes were chosen as time of deposition for most 

experiments. This time is good balance between obtaining sufficient signal and keeping the 

time of the process as short as possible. 

 

Figure 3.3 Comparison of different times of deposition of PMBA (10-6 M) without the electric field. 

As control measurement, standard procedure with 20-hour deposition was performed. 

3.2.3. Influence of applied voltage 

Second analyzed parameter was applied voltage. In the simplest case, the electric field 

depends linearly on applied voltage as E = V/d, where V is applied voltage and d is distance 

between electrodes. In case the studied system, the situation was more complex due to PTFE 

isolation and ions that screened the electric field over time by creating the electrical double 

layer. However, maximum value of the electric field that was present at the beginning of 
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every pulse should also be dependent on applied voltage. To check that, I deposited PMBA 

from solution of 10-6 M upon application of different voltages of 10 kHz frequency. Results 

are presented in Figure 3.4. As expected, the increased values of applied voltage improved 

deposition procedure. Higher potentials resulted in higher electric fields and faster 

electrophoresis of molecules of PMBA. As a consequence more molecules were deposited 

on the SERS surface and obtained signal was more intense. Inset of Figure 3.4 presents 

analysis of intensities of peaks for 1072 cm-1. This confirms increasing effect of deposition 

with increase of the applied voltage. Based on obtained results (Figure 3.4), 10 V was 

chosen for further experiments as it allowed to obtain reliable data and at the same time did 

not have drawbacks that characterize utilization of higher voltages, i.e. more complicated 

and expensive equipment and dangerous conditions of work. 

 

Figure 3.4 Dependency of obtained SERS signal after deposition of PMBA (10-6 M) upon application 

of different voltages. Obtained results confirmed that increase of applied voltage improved 

deposition process. Inset presents analyzed intensities of peaks for 1072 cm-1. Grey line indicates 

fitted equation I = AV2+C, where I is intensity, V is applied voltage, whereas A and C are fitted 

parameters. R-squared was 0.984. 

3.2.4. Influence of the electric field on homogeneity of results 

Until this point I proved that application of the electric field can improve intensity of 

obtained signal and significantly shorten the time of deposition. However, developed 

method could also influence homogeneity of obtained signal. In my approach the electric 

field actively dragged molecules down to the SERS surfaces. In contrast, in typical 

procedure molecules get to the SERS substrate through Brownian motion and adsorb on the 

surface reaching the equilibrium. Upon application of voltage the highest electric field 

occurred in spots with high density of sharp edges, i.e. hot spots of SERS surface. Thus, 

utilization of the electric field should provide better coverage of hot spots of SERS 

substrates. This should manifest not only in higher measured intensities of peaks, which was 

already proved in previous sections of this chapter, but also in higher homogeneity of 

collected spectra. In order to verify this, I deposited PMBA (10-6 M) with and without the 

http://rcin.org.pl



Deposition of the analytes in the electric field for SERS technique 

55 

electric field and each time number of spectra were collected. Obtained results presented in 

Figure 3.5 are not shifted in order to present how homogenous data were obtained. I proved 

that application of the electric field increased homogeneity of obtained spectra, as it 

provided higher occupation of hot spots by analyte. In randomly chosen spot for 

measurement, it was much more likely to record the signal from area comprising high and 

similar number of hot spots. 

 

Figure 3.5 Analysis of influence of applied electric field on homogeneity of obtained results. PMBA 

was deposited from 10-6 M solution. It was proved that deposition upon voltage application resulted 

in more homogenous results. It was due to higher coverage of hot spots with analyte and thus 

increased chances of finding occupied hot spot during measurement in randomly chosen place on the 

SERS substrate. The results are not shifted in any axis. 

3.2.5. Influence of the frequency of applied voltage 

Another important parameter of designed procedure was frequency of applied voltage. As 

it was mentioned, application of square voltage waveform allowed to overcome the problem 

of suppression of the electric field in the solution by the electrical double layers. Thus, 

applied frequency should be adjusted according to the time scale of charging of EDLs. In 

literature there are many reported time scales of development of EDLs, as it was discussed 

in first chapter of this thesis. Time constant depends on wide range of parameters such as 

Debye length, present ions, strength of the electric field, geometry of the system, properties 

of the solvent, electrochemical reactions and more. Thus, analytical analysis of this effect 

was difficult in the studied case. Due to low concentrations of all compounds in utilized 

solutions, even small amounts of absorbed impurities from air could both influence the pH 

and introduce uncontrolled amounts of other ions, which changed parameters of solution. 

To prepare all solutions I used deionized water of pH around 7.0. However, due to 

absorption of carbon dioxide and other species from air, pH of final solutions changed to 

6.0. Therefore, in this specific case I decided to apply a range of different frequencies and 

to determine experimentally most optimal values. I deposited the PMBA (10-6 M) in the 

electric field of 10 V and varying frequencies (Figure 3.6). 
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Figure 3.6 Analysis of influence of frequency on efficiency of deposition of PMBA (10-6 M) on 

SERS substrates. 10 kHz was the most optimal frequency that resulted in the highest measured signal. 

In contrast to previously analyzed parameters (voltage and time of deposition) there 

was an optimal value of frequency that ensured efficient deposition. In case of PMBA it 

was 10 kHz. Both higher and lower frequencies resulted in decrease of the signal. Thus, in 

order to provide effective deposition in the electric field, frequency seems to be crucial 

parameter that have to be properly adjusted. Although dependence between most optimal 

frequency and properties of deposited molecules were already shortly discussed in this 

chapter, deeper understanding of this dependency requires additional analysis utilizing 

broader range of deposited analytes. 

3.2.6. Deposition of various analytes 

One of the goals of the research on deposition in the electric field was to create robust and 

versatile method applicable for broad range of analytes. Thus, designed approach should be 

applicable not only to model molecules, such as PMBA, that are known to be easily detected 

and produce strong signal with well-defined peaks in SERS measurements. Therefore, I 

have chosen eight other analytes, which detection with SERS technique is of importance 

and will be beneficial in different branches of industry and science. Structures of all studied 

compounds and biomolecules is shown in Figure 3.7. 
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Figure 3.7 Summary of all analytes deposited in the electric field for SERS analysis (image of 

lysozyme adapted from www.bmrb.wisc.edu). 

First group of compounds, which deposition is relevant in number of cases 

(including biomedical) are proteins. Proteins are backbone of the machinery of every cell. 

They are responsible for vast majority of biological catalytic processes (enzymes), act as 

antigens and antibodies and also as building blocks of cells (structural proteins) [48]. Thus 

studies on proteins are crucial in vast number of possible applications. Proteins can be 

detected as biomarkers of many diseases. They can also act as sensing or catalytic layers. 

Size of proteins makes it challenging to obtain reliable SERS results. As test protein I have 

chosen lysozyme. It has positive charge in wide pH [49] and exhibit catalytic properties. 

DNA is another compound which wide importance is growing constantly since 

discovery of its structure by Watson, Crick, Franklin and Wilkins in 1953 [50]. Although 

detection of DNA is interesting and beneficial in itself [51], deposited layers of DNA can 

also be used as sensing layers [52], [53]. Thus applying the developed method for fast and 

effective deposition of DNA can open new possibilities for further studies. 

To prove versatility of designed method, beside big biomolecules, also smaller 

compounds were studied. Amino acids are perfect for this purpose. They play key role in 

numerous biological processes. Deposition of amino acids is beneficial not only for 

detection of these compounds as biomarkers of diseases [54] but also renders new method 

of surface modification [55]. Amino acids have advantageous physicochemical 

characteristics (charge, functional groups, polarity, etc.), what make them suitable for 
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undertaken studies. Phenylalanine was chosen as it not only possess aromatic ring (which 

gives strong signal in SERS [43]), but also is practical as a marker of the genetic disorder 

called phenylketonuria [56]. 

Another chosen small biomolecule was choline, which is known to be essential 

nutrient for humans [57]. Studies show that choline is important for brain development in 

plenty of body mechanisms [58]. Moreover, it participates in synthesis of acetylcholine – 

messenger involved in neurotransmission. Choline molecule is rather simple, which usually 

makes it challenging to obtain reliable SERS signal. 

Since the deposition method should extend beyond biological applications, another 

type of chosen analyte was substrate for click chemistry. Click chemistry reactions is a 

recent and rapidly developing field with a great potential for chemists, comprising bond-

forming reactions that can be used to connect molecular building blocks via heteroatoms 

[59], [60]. Deposition of alkynes, which are one of the substrates for click reactions, gives 

possibilities for further surface modification via click chemistry. For this purpose I have 

chosen but-3-ynyl-trimethyl-azanium. 

I also studied two types of designer drugs, in Poland known as “dopalacze”. This 

family of synthetic drugs continue to be significant challenge both for the criminal justice 

system and for analytical laboratories. It is especially difficult to detect and identify 

constantly growing number of different compounds, which are being manufactured, 

distributed and consumed [61]. Studied method of deposition can improve currently used 

methods of detection [62]. I have chosen two synthetic drugs: 3',4'-tetramethylene-α-

pyrrolidinovalerophenone (denoted as TH-PVP) and α-pyrrolidinopentiothiophenone 

(known as α-PVT). 

Last chosen analyte was ATTO-647N dye, which is rather big organic molecule 

(size of 1.75 nm). This fluorescent molecule allowed for utilization of confocal microscopy 

as second method to determine efficiency of developed technology. Moreover fast 

deposition of dyes can in future open new possibilities in labeling of biological samples. 

”Proof of concept” experiments showed that the most important parameter 

determining efficient deposition process is frequency. Therefore, in case of listed 

compounds frequency of applied square potential was optimized. Similarly to previous 

experiments, I deposited analytes for 5 min in the electric field of 10 V and different 

frequencies. Then, standard SERS analysis was performed and obtained spectra were 

compared (Figure 3.8). For each deposited compound utilization of the electric field allowed 

for obtaining results similar to standard 20-hour procedure. Moreover, for most compounds, 

such as DNA, but-3-ynyl-trimethyl-azanium, ATTO-647N dye, α-PVT and TH-PVP, signal 

obtained after 5 min deposition in the electric field with proper frequency was more 

intensive than after standard 20-hour protocol. This confirmed that developed method is 

versatile, as it allows for deposition of variety of compounds, differing in sizes, charges and 

structures. In addition, it allowed for deposition of molecules both from water, as well as 

from buffer solution (DNA was deposited from TE buffer). 
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Figure 3.8 (part 1) Deposition of different analytes in the electric field on SERS surfaces. For every 

compound different frequencies were applied. Obtained results confirmed that frequency is crucial 

parameter and the most optimal value can vary between different compounds. 
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Figure 3.8 (part 2) Deposition of different analytes in the electric field on SERS surfaces. For every 

compound different frequencies were applied. Obtained results confirmed that frequency is crucial 

parameter and the most optimal value can vary between different compounds. 
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Obtained results confirmed that for every compound specific frequency had to be 

applied to ensure efficient deposition process. Optimal value of frequency ranged from 100 

Hz for synthetic drugs up to 200 kHz for DNA and ATTO dye. Parameters of applied 

voltage that were effective for each compound are summarized in Table 3.1. For each 

analyte utilized polarization of applied potential was based on the analysis of chemical 

structure of molecule, as described in section 3.2.1 of this chapter. Successful deposition 

confirmed effectiveness of such approach. 

Table 3.1 Summary of all deposited analytes and corresponding parameters of applied voltage which 

provided efficient deposition. 

Compound Type of molecule Charge 
Applied 

potential 

Optimal 

frequency 

para-mercaptobenzoic acid 
model SERS 

molecule 
negative positive 10 kHz 

lysozyme protein positive negative 500 Hz 

α-PVT drug positive negative 100 Hz 

TH-PVP drug positive negative 100 Hz 

ATTO-647N dye positive negative 200 kHz 

DNA nucleic acid negative positive 200 kHz 

phenylalanine amino acid negative positive 10 kHz 

but-3-ynyl-trimethyl-azanium 
click chemistry 

compound 
positive negative 100 kHz 

choline 
nutrient and 

signaling molecule 
positive negative 100 kHz 

 

3.2.7. Electrophoretic mobility of deposited compounds 

Frequency of applied potential determined the length of applied pulses and in consequence 

the time for movement of molecules in the solution. Thus, there should be a dependency 

between frequency and electrophoretic mobility of analyte, as it is discussed in first chapter 

of this thesis. To check whether in case of the studied system these two values were 

correlated, I used capillary electrophoresis to measure electrophoretic mobility of 

compounds used in my research. All measurements were performed in the same pH as in 

case of deposition on SERS substrates to maintain properties (e.g. charge) of the analyte. 

The absolute values of obtained electrophoretic mobilities were compared with optimal 

frequencies (Figure 3.9). Some compounds (e.g. ATTO-647N, choline) could not be 

http://rcin.org.pl



Chapter 3 

62 

measured (due to technical limitations, such as weak absorbance of molecules in UV 

spectra) and were not included in the comparison. 

Obtained results showed logarithmic dependence between electrophoretic 

mobilities and optimal deposition frequencies. As expected, compounds with higher 

mobilities require less time to move in the external electric field and thus higher frequencies 

should be applied. Although such comparison did not provided detailed insight in the 

phenomena, it was nonetheless important from point of view of practical usage. In case of 

other analytes, this dependency allows for estimation of range of frequencies that enable 

successful deposition. Therefore, it is an important addition to the whole developed 

technique. 

  

Figure 3.9 Analysis of dependency between optimal frequency of voltage applied during deposition 

and electrophoretic mobility of deposited compounds. 

3.2.8. Influence of polarization of the applied voltage 

It was mentioned already that proper polarization of applied voltage is of great importance. 

In case of application of wrong sign of charge, particles are repelled, instead of attracted to 

the surface. To ensure effective deposition, proper polarization was estimated based on 

structure and chemical groups of deposited molecules. However, to additionally check and 

prove that only proper polarization guarantee efficient deposition, I deposited both designer 

drugs (TH-PVP and α-PVT) in the same parameters of the electric field except the 

polarization (Figure 3.10). In both cases only proper polarization (negative) enabled 

successful deposition. Thus, it confirmed that correctly adjusted polarization was important 

for deposition process. 
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Figure 3.10 Deposition of (A) TH-PVP and (B) α-PVT on SERS substrate in the electric field with 

the same parameters (time, voltage, frequency) but opposite polarization. 

3.2.9. Confocal microscopy analysis of deposited ATTO-647N 

All results presented so far confirmed that designed process of deposition was successful 

and promising for practical applications. However, only SERS was used. In order to confirm 

effectiveness of my method with another analytical technique, I utilized dye ATTO-647N 

(excitation 646 nm, emission 664 nm). After deposition of this compound with and without 

the electric field, both SERS substrates were analyzed under confocal fluorescence 

microscope and red fluorescence of a dye was compared (during the same experimental 

session and using the same parameters of the microscope). As control, fluorescence from 

pure substrate was recorded. As presented in Figure 3.11, in case of deposition in the electric 

field obtained image was brighter, as more dye molecules were deposited on the surface. 

Thus, confocal imaging confirmed that application of the electric field is effective method 

for deposition of the analyte. 

 

Figure 3.11 Comparison of confocal fluorescence microscopy images of samples with dye ATTO-

647N deposited with and without the electric field. Analysis confirmed that application of alternating 

voltage resulted in effective deposition of the molecules. 

3.3. Conclusions 

Cutting-edge methods of analytical chemistry are constantly developed and improved. 

However, it is often ignored that successful detection is usually composed of two distinct 
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processes: analyte reaching sensing surface and generation of signal. The second issue is 

broadly addressed, as many new sensing layers and transducers are created regularly. This 

effort have to be complemented with development of methods that enable effective 

deposition of analyte on the sensing surface, even in unfavorable conditions of low 

concentration of analyte or short times of deposition. Only such connection of efficient 

method of deposition with sensitive and selective sensor guarantee successful detection. 

In this chapter method that fill this gap was developed. Presented technology 

allowed for deposition of broad variety of analytes on SERS substrates in just 5 minutes. 

Created solution enabled obtaining results similar or, in many cases even better, than typical 

20-hour analysis. Deposition was utilized to improve SERS technique, but independent 

from utilized analytical method, the deposition process is universal. The only requirement 

is that surface, on which analyte is deposited should be conductive. 

I proved that the application of the electric field resulted in dragging of the 

molecules towards desired surface. I overcame the problem of creation of electrical double 

layer by application of properly designed alternating voltage. I determined the influence of 

many parameters of the process, such as voltage, time, polarity of applied potential. Finally, 

I proved that for every deposited analyte there is the most optimal frequency and I provided 

dependency that allow for determining its value for new compounds without additional 

optimization. 

In this chapter process of electrophoresis was utilized. However translational 

movement of objects in the electric field is not the only possibility to maneuvering of matter 

and not the only way to improve sensing techniques. In the next chapter the electric field 

will be applied to rotate particles (viruses), which will allow for creation of ordered layers 

that detect bacteria in fast and sensitive way. 

3.4. Materials and methods 

3.4.1. Materials 

Chemicals were purchased from Sigma Aldrich (USA) and were used without further 

purification. DNA was purchased from IBA GmbH (Germany). Designer drugs were 

obtained in form of solution from Research Institute of Central Forensic Laboratory of the 

Police (Warsaw, Poland). Compound but-3-ynyl-trimethyl-azanium was synthetized and 

purified in the Institute of Physical Chemistry of the Polish Academy of Sciences (Warsaw, 

Poland). 

Concentrations of deposited analytes, compositions of solutions and parameters of 

SERS analysis are summarized in Table 3.2. As PMBA, α-PVT and TH-PVP are poorly 

soluble in water, addition of ethanol or methanol allowed for preparation of desired 

concentrations. DNA was deposited from TE buffer of pH 7.0 composed of 10 mM TRIS 

(tris(hydroxymethyl)aminomethane) and 1mM EDTA (ethylenediaminetetraacetic acid). 
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Table 3.2 Summary of deposited molecules and their solvents. 

Compound Concentration Solution 
Parameters of 

SERS analysis 

para-mercaptobenzoic acid 10-6 M 
water with 1% 

of ethanol 
6 s, 19.5 mW 

lysozyme 1 mg/ml water 15 s, 19.5 mW 

α-PVT 10-3 M 
water with 10% 

of methanol 
9 s, 19.5 mW 

TH-PVP 10-3 M 
water with 10% 

of methanol 
9 s, 19.5 mW 

ATTO-647N 10-6 M water 4 s, 19.5 mW 

DNA 5·10-6 M buffer TE  4 s, 19.5 mW 

phenylalanine 10-3 M water 9 s, 30.5 mW 

but-3-ynyl-trimethyl-azanium 10-4 M water 6 s, 19.5 mW 

choline 10-3 M water 9 s, 30.5 mW 

 

SERS substrates were provided by SERSitive (Warsaw, Poland). In short, SERS-

active silver nanoparticles were deposited electrochemically from aqueous solution on glass 

substrate covered with indium tin oxide. Process was performed according to patent 

application no P-408785 [63]. Scanning electron microscope (SEM) images of utilized 

SERS substrates are provided in Figure 3.12. 

 

Figure 3.12 Scanning electron microscope images of utilized SERS substrates. 
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3.4.2. Deposition of analytes in the electric field 

Deposition process consisted of few steps. First, both electrodes were connected to power 

source via copper tape and placed in the deposition cell. If needed, SERS substrate was 

pre-wetted by immersing for few seconds in 1:4 mixture of ethanol and water. Next, 50 μl 

of solution of deposited analyte was placed in the cell between electrodes and voltage of 

desired parameters was applied. If not stated otherwise, square waveform of voltage of 10 

V and different frequencies was applied for 5 min. After deposition, SERS substrate was 

removed from deposition call, dried in open air and standard SERS analysis was performed. 

The deposition cell was connected to the function generator (DG1022, Rigol, 

China) that provided desired voltage waveform. Parallel connected oscilloscope (DS1052E, 

Rigol, China) allowed for precise control of output voltage. 

Standard deposition process was performed by immersion of SERS substrate for 

20 hours in 2 ml of solution of analyte. The following part of the procedure remained the 

same. 

3.4.3. SERS measurement 

In order to perform SERS measurement, i-Raman BWS415 (B&W Tek, USA) system 

equipped with diode laser with wavelength of 785 nm was used. The laser light was focused 

on a sample mounted on an X–Y–Z translation stage with a 50x microscope objective. The 

microscope was equipped with BAC100 Raman trigger probe that allowed for 4.5 cm-1 

spectral resolution and measurement in range of 175-3200 cm-1. The experiments were 

performed under ambient conditions using laser power from 19.5 to 30.5 mW at the sample. 

The SERS spectra were collected immediately after the SERS substrate was 

removed from the solution and dried. The SERS signal was measured in at least 5 different 

randomly chosen spots. The spectra were processed with the BWSpec software provided by 

B&W Tek company. 

3.4.4. Measurement of electrophoretic mobility 

To ensure proper measurement of electrophoretic mobility by capillary electrophoresis, 

excitation wavelength had to be determined for each compound. For this purpose NanoDrop 

spectrometer (Thermo Fisher Scientific, USA) was used to collect absorbance spectra of all 

deposited analytes. Spectra of analytes with clear absorbance peaks, that allowed for 

successful capillary electrophoresis, are presented in Figure 3.13. 
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Figure 3.13 Absorption spectra of deposited analytes. Information about absorption bands was 

necessary to perform capillary electrophoresis. 

To perform capillary electrophoresis Beckman P/ACE MDQ with diode detector 

UV-VIS was used. System was equipped with filters that allowed for excitation with 200, 

214, 254 and 280 nm. For every analyte excitation wavelength was chosen separately, based 

on obtained absorbance spectrum. Utilized capillary had 75 μm in diameter and 60 cm in 

length. Distance from one end of capillary (sample loading) to detector window was 50 cm. 

To induce the electric field in capillary, 20 kV voltage was applied. Sample was loaded into 

capillary with 0.5 psi pressure. 

Before measurements, the capillary was prepared by washing many times with 

different solutions: 15 min of methanol, 5 min of water, 15 min of 1M HCl, 5 min of water, 

15 min of 1M NaOH and 5 min of water. Before first measurement, capillary was 

additionally washed for 15 min with phosphate buffer. After each sample, washing with 

phosphate buffer for 5 min was also performed. To provide sufficient conductivity during 

measurements, capillary was filled with 20 mM phosphate buffer pH 7.0. To determine 

electroosmotic flow (EOF) in the system, mobility of dimethyl sulfoxide (DMSO) was 

measured. DMSO is neutral molecule, thus its mobility in capillary electrophoresis is equal 

to electroosmotic flow. 

In capillary electrophoresis measurement, for every analyzed molecule migration 

time was determined. This was time between sample injection and signal detection in 

detector window. Based on this value and other measurement parameters, apparent mobility 

μa was calculated: 

μ𝑎 =
𝑙𝐿

𝑡𝑉
               (3.2) 

where l is effective capillary length (to the detector), L is total capillary length, t is migration 

time, and V is applied voltage. 

  

http://rcin.org.pl



Chapter 3 

68 

Apparent mobility depends on the effective mobility of molecule μe and 

electroosmotic flow μEOF. Knowing the value of the electroosmotic flow (determined in 

measurement of DMSO), effective mobility was calculated as: 

μ
𝑒

= μ
𝑎

− μ
𝐸𝑂𝐹

              (3.3) 

3.4.5. Additional instrumentation 

Nikon Ti Eclipse with confocal system A1R was used for analysis of deposition of 

ATTO-647N dye. The system included diode laser emitting light of wavelength of 635 nm, 

objective CFI Plan Fluor 40x and NIS-Elements AR 4.13 software. 

Scanning electron microscopy images were made with use of a NovaSEM (FEI, 

USA) scanning electron microscope. 
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4.1. Introduction 

As unobvious as it sounds, the most ubiquitous organisms on Earth are not bacteria, but 

special type of viruses, called bacteriophages. Bacteriophages, or in short: phages, are 

viruses that host organisms are bacteria. Total number of all phages on the Earth is estimated 

to be 1030-1032 (more than all other organisms combined together). These arguably the oldest 

(3 billion years old, by some estimates) organisms on our planet play key role in maintaining 

microbial balance in all ecosystems [1]. Despite having such tremendous impact on life in 

general, they were discovered relatively recently, independently by Frederick Twort and 

Felix d’Herelle in the early years of 20th century [2]. 

Typical sizes of phages ranges from 50 to 200 nm, however the largest can be even 

more than 400 nm in length [3]. Although phages have many different shapes and structures 

(Figure 4.1), vast majority of them (over 95%) belong to the Caudovirales order and share 

a common structure, i.e. icosahedral head which contains genetic information (double 

stranded DNA) with spike-tail having fibers attached [4]. Stiffness and length of the tail of 

head-tail type phages depends on the family; Myoviridae have long and contractile (e.g. 

T4), Siphoviridae – long and noncontractile (e.g. λ), Podoviridae have short tail (e.g. T7). 

Head-tail structure have a substantial negative charge and fibers are strongly positively 

charged. Such asymmetry results in high electric dipole moment, that can be even 20 000 

D, i.e. 10 000 times stronger than in molecule of water [5]–[8]. Much less common 

structures in comparison to Caudovirales order are filamentous (e.g. M13 from Inoviridae 

family) and spherical (e.g. MS2 from Leviviridae family) that can store genetic information 

in form of RNA or single stranded DNA. 

 

Figure 4.1 Typical structures of bacteriophages. Classification of phages is mostly based on their 

structure and type of genetic material. 

Bacteriophages are obligate intracellular parasites. They can only replicate inside 

living cells. Phages, like any living organisms, undergo evolution, thus they are typically 

highly selective for one strain or even species of bacteria. However, there are usually many 

types of phages that share the same host bacteria. For every species of bacteria it is possible 

to find many different yet selective bacteriophages. Only recognition of proper host ensures 

multiplication of genetic material, thus crucial step for phage life cycle is ‘identification’ of 
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bacteria. First stage of identification process is typically driven by electrostatics – positively 

charged fibers of bacteriophages are attracted to the negatively charged surface of the 

bacteria. Second stage is much more selective – receptor binding proteins located at the end 

of the fibers recognize receptors present on the bacteria surface. The nature and location of 

the host cell receptors are significantly different depending on the type of phage and 

bacteria. Receptors can vary from polysaccharide moieties, through peptide sequences, to 

proteins [9]. 

When attached to proper host, phages introduce genetic material inside bacterial 

cells and utilize their intercellular machinery to reproduce (Figure 4.2). Within tens of 

minutes up to several hundreds of new virions (viral particles) are created, folded and 

released from a single bacterium. This path is called lytic cycle. Some phages can enter 

lysogenic cycle, in which genetic material of phage is integrated into nucleic acid of 

bacteria. In this form (called prophage) bacteriophage genetic information can be 

transferred upon cell division to the daughter bacterium. In this condition bacteria continues 

to live and reproduce normally. At the later event (e.g. DNA damage due to UV irradiation) 

prophage can activate and switch to lytic cycle, causing proliferation of progeny phages and 

eventually death of the host cell. Phages undergoing only lytic cycle are called virulent and 

those that can enter both cycles are called temperate [10]. There are also some phages that 

causes continuous secretion of progeny phages from infected cells without lysis of bacterial 

cell (e.g. filamentous M13 phage). These are called chronic phages. 

 

Figure 4.2 Two alternative life cycles of bacteriophage. In lytic cycle phage infects host cell, utilizes 

intercellular machinery to produce its own copies and finally causes lysis of the bacterium and release 

of progeny phages. In lysogenic cycle, after infection, phage integrates its genome into bacterial 

nucleic acid. This hidden form is called prophage. In given conditions phage can switch from one 

type of cycle to another (e.g. breakage of bacterial DNA). 

There are numerous applications of phages in medicine, industry, agriculture and 

many more. Immediately after their discovery in the early 1900s, they were used as a 

medical agents against some bacterial infections [2]. Curing bacterial diseases with phages 

is called phage therapy. Despite early successes, phage therapies were largely abandoned 

when antibiotic came along [11]. Due to unrepeatability of early results, initial lack of 
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knowledge in molecular biology and genetics, and stunning success of antibiotics, until 

recently, phages were used as medical aid only in few countries, such as Georgia, Russia 

and Poland [12]. However, spread of drug-resistant superbugs and lack of new antibiotics 

cause renaissance of phage therapies [13]. They became a new, and often last, hope for 

millions of patients suffering from bacterial diseases, which do not respond to classical 

antibiotics therapies. Phage therapies are commonly used as experimental treatment and 

recently they even reached first attempts of clinical trials [14]. 

Another application of phages is phage display – a technique that allows for 

expression of exogenous (poly)peptide or protein fused with a bacteriophage coat protein 

and display on the surface of the virion [15]. It was first described by George P. Smith in 

1985 [16] and further developed in groups of Greg Winter and John McCafferty. Core 

concept of this technique is to screen a wide diversity of peptides or proteins to find those 

that are the most selective for a given target. Phages are easy to amplify in bacteria in big 

quantities, thus by application of phage display it is possible to produce big amounts of 

different proteins, that can be further use for screening. The most common phage used as a 

vector to create such libraries is filamentous phage M13 [17]. Over the years, developed 

innovations and modifications turned phage display into powerful technique. Phage display 

was used in such applications as selection of inhibitors for the active and allosteric sites of 

the enzymes, receptor agonists and antagonists, and G-protein binding modulatory peptides. 

The specific ligands selected in this technique were used in drug delivery, drugs design, 

vaccine development, and validations of therapeutic target [18]. Its importance was recently 

underlined by Nobel Prize in chemistry that Greg and Winter obtained in 2018 for their 

contribution to development of the technique of phage display [19]. 

Phages can be also used to improve food safety. Such approach is called “phage 

biocontrol”. It can be used in three main types of applications: protection of domesticated 

livestock from bacterial infections, decontamination of surfaces in food-processing 

factories, and post-harvest treatment of food (e.g. direct application of phages on food). 

Phage biocontrol is increasingly accepted as green and natural technology for targeting 

specific pathogens in food chains [20]. Among over 50 biggest bacteriophage-based 

companies all over the world, 15 of them are focused on phage biocontrol [21]. There are 

currently more than 10 products approved for food safety applications, distributed in among 

others, Switzerland, USA, Canada and Israel [22]. In the context of food safety, 

bacteriophages address many of the concerns reported by consumers and producers, 

providing safe, selective, environmentally-friendly and noncorrosive methods of bacteria 

eradication from food [23]. For example, diseases such as fire blight in apples or bacterial 

spot of tomato and peaches can be reduced by species-specific phages against Erwinia 

amylovara and Xanthomonas campestris [24], [25], respectively. Phage biocontrol was also 

proved to be useful in control of food related animals diseases, such as salmonellosis in 

chickens, E. coli O157:H7 shedding by beef cattle, and enteropathogenic E. coli infections 

in calves, piglets, and lambs [26], [27]. Moreover, phages can also be applied in processed 
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foods such as poultry, dairy products, red meats, and fruits to reduce growth of such bacteria 

as Listeria monocytogenes, Salmonella, and Campylobacter jejuni [23]. 

Yet another application of phages is broad field of phage-based biosensors for 

bacteria detection. The idea of utilization of phages for sensing is gaining increasing interest 

among scientists [28]–[34] and can be realized in several ways (Figure 4.3). Phages can be 

used to infect target bacteria. This event can be a signal trigger for further detection. In a 

case of phage lysis, number of released progeny phages can be detected and correlated with 

initial bacterial concentration [35], [36]. Alternatively, released cell content can be detected. 

This can be performed by analysis of activity of intracellular enzymes, such as 

β-galactosidase released upon phage-mediated lysis [37], [38] or measurement of resulting 

changes of conductivity [39]. Another approach for bacteria detection is to treat whole 

phages as a part of bioconjugates in a variety of assays. In this approach, virions are attached 

to different micro- or nano-spheres and such prepared bioconjugates are used for targeting 

the bacteria, separation of bacteria from complex samples and/or as a direct tool for bacteria 

detection [40], [41]. This method will be further discussed in chapter 5. 

 

Figure 4.3 Bacteriophage-based methods for detection of bacteria. 

Another approach for phage-based bacteria detection is immobilization of virions 

at a solid substrate. Such prepared phages can be treated as a sensing layer and further 

combined with transducer to obtain classical sensor. Until now, improvements of the phage-

based biosensors were introduced mainly due to increase in number of phages within the 

sensing elements. First, physisorbed layers of phages were used. For example Olsen et al. 

showed the possibility of detection of Salmonella typhimurium with limit of detection of 

around 100 cells/ml [42]. However, authors utilized filamentous phages isolated from phage 

library, which is very difficult, expensive and time-consuming procedure. Another approach 

replaced physisorption with more sophisticated chemical binding of phages on chemically 

modified surfaces. Comparing to bare gold Singh et al. increased a number of deposited T4 
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phages by factor of 5 to 7 using dextrose- and sucrose-covered surfaces, and 37-times due 

to modification of the surface with cysteamine and glutaraldehyde [43]. However, this 

manifested in only 4- and 12-fold increase of the sensitivity of detection of Escherichia coli 

bacteria, respectively. These results indicated significant deviation from the linearity in 

improvement of the sensitivity of phage-based sensors with increase of phage surface 

coverage. This was caused by random orientation of virions at the surface. As receptor 

binding proteins (RBPs) are present only at the end of the tail spike of T4 phage, such 

random orientation of phages resulted in majority of RBPs being unavailable due to steric 

hindrance [44]. Moreover, the horizontal alignment of the virions is favored by entropy. To 

overcome this limit, virions should be positioned in tail-up orientation, i.e. arrangement in 

which majority of receptor binding proteins is involved in detection process. 

The problem of proper orientation of phages was recognized, yet not addressed. For 

instance, Tawil et al. suggested that smaller phages are more likely to attach to a surface by 

its head [45]. No evidence for that was given in the literature. Tolba et al. showed the 

biosensors based on genetically modified T4 phages [46]. Biotin carboxyl carrier protein 

gene was fused with small outer capsid protein gene. Therefore, the heads were tagged with 

ligand, which formed stable complex with streptavidin-coated magnetic beads. This forced 

the orientation of phage with receptors exposed towards the analyte. Anyhow, such method 

required preparation of recombinant phages, which is laborious process that can inactivate 

the phages. Orientation of phages was used also to control the growth of the bacteria in 

ready-to-eat and raw meat. Anany et al. immobilized phages on cellulose membranes, which 

surface was modified to possess a positive surface charge [47]. As a result the negatively 

charged heads of the virions were in proximity of the surface, whereas the positively 

charged tails were pointing upwards. Similar approach was utilized to increase the number 

of phages deposited on the nanostructured interface [48]. This was achieved by 

electrophoretic capture upon application of positive potential to indium thin oxide electrode. 

However, there is no direct comparison of results for ordered and unordered phages in the 

literature and how it improves the characteristics of biosensors for bacteria detection. 

In this chapter I describe layer of phages properly oriented in the electric field for 

bacteria detection (Figure 4.4). Here I provide the evidence that bacteriophages might be 

oriented in the electric field due to non-zero permanent dipole moment of virions. Combined 

effect of increased phage surface coverage and proper orientation of virions in alternating 

external electric field is presented. 
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Figure 4.4 Layers of phages properly oriented in the electric field for bacteria detection. Both 

constant and alternating electric field was exploited. Additionally, in case of alternating electric field, 

to increase phage surface coverage, chemical modification of the surface was applied. 

4.2. Results and discussion 

Main goal was to develop a method, which could be easily adaptable for creating sensors 

based on bacteriophages for detection of any desired strain of bacteria. Therefore, I studied 

T4 bacteriophage together with its host bacteria Escherichia coli as a model system. T4 

phage belongs to Caudovirales order, which contains vast majority of all known 

bacteriophages. Virion of bacteriophage T4 is composed of 110 × 80 nm icosahedral head 

(capsid) and 98 nm contractile tail ended with fibers. dsDNA of length of 168.9 kbp is stored 

in the capsid [49]–[51]. Depending on the conformation of the fibers the measured values 

of permanent dipole moment of T4 bacteriophages varies from 20 000 to 200 000 D [5]–

[8]. Baran and Bloomfield showed that tail fibers are highly positively charged and the head-

tail structure is negatively charged [52]. Such distribution of charges was developed in the 

process of evolution as an improvement facilitating the infection of the host bacteria. 

Positively charged fibers are electrostatically attracted to the bacteria, that have negatively 

charged surface [52]. As a result of such distribution of charges along the virion, phages are 

susceptible to electric field, which allows then to be orientated in the electric field. 

I aimed to develop a method for preparation of chemisorbed ordered layers of 

bacteriophages. The procedure consists of two steps: 1) chemical modification of surface in 

one of two different ways and 2) deposition of phages in alternating electric field. Chemical 

immobilization of bacteriophages allowed obtaining densely packed layers. 

Simultaneously, properly designed alternating electric field enabled effective orientation of 

phages. 

4.2.1. Preparation of the deposition cell 

I used experimental set, which I previously created to obtain results with constant applied 

electric potential. The main concern was to assure repeatability of the obtained results. This 

work was described within my Master thesis. Setup was designed to be robust, easy-to-use 

and to enable convenient exchange of both gold surface and solution of phages. The 

specially designed cell allowed for simple and rapid deposition of phages at the solid 
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substrate. The deposition cell was in fact a capacitor (which plates were gold surface at 

which phages were deposited and copper electrode) filled with solution of bacteriophages 

(Figure 4.5). To minimize negative effects of applied potential on activity of deposited 

phages and morphology of gold surface, copper electrode was isolated with PTFE separator 

of thickness of 200 μm. Such design provided lack of any net Faradaic currents flowing 

through the system and redox reactions during deposition process. Direct current deactivates 

both bacteria and viruses. Drees et al. proved that the effect of the direct current up to 350 

mA is much more pronounced in case of bacteria compared to bacteriophages [53]. 

 

Figure 4.5 (A) Schematic representation of the deposition cell. The cell is a capacitor filled with 

solution of bacteriophages. Plates of capacitor are gold layer and copper electrode; (B) Blueprint of 

developed cell (taken from the Master thesis of the author); (C) Photograph of ready-to use cell with 

three parallel channels for simultaneous deposition of phages on three substrates. In the picture PTFE 

separator was removed, to reveal copper electrodes. 

I analyzed the possibility of occurrence of electrochemically forced redox reactions 

in microenvironment. In such a case separated spots at the gold surface could play a role of 

microelectrodes. This should manifest as changes of morphology of the gold surface after 

the application of the electric potential. Bare gold plate was inserted into the deposition cell, 

the cell was filled with TM buffer and constant voltage of 50 V was applied for 60 min. No 

changes in morphology were observed between tested and reference gold surface. 

Representative scanning electron microscopy pictures are shown in Figure 4.6. 

 

Figure 4.6 SEM images present morphology of gold surfaces of plates. No changes in morphology 

of gold surface were observed between (A) control plate and (B) plate after the experiment in which 

deposition cell was filled with TM buffer and constant voltage of 50 V was applied for 60 min. Scale 

bars correspond to 500 nm. 
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4.2.2. Deposition of phages in the constant electric field 

During research for my Master thesis, it was proven that phage-based sensing layers created 

upon application of constant voltage show four times higher sensitivity in detection of E. 

coli bacteria in comparison to layers of randomly oriented phages (Figure 4.7). In short, 

phages were deposited on gold surface in the described above deposition cell upon 

application of constant voltage of 10 V. Then substrates with phages were placed in the 

solution of casein. Casein covered gold surface between phages and prevented unspecific 

binding of the bacteria to the uncovered gold. To test such prepared samples, they were 

immersed in the solution of bacteria E. coli BL21(DE3) for a given amount of time (15 

minutes). Used bacteria produced green fluorescence protein (GFP). Finally, surface of the 

sensing layers were observed using confocal microscopy and number of caught bacteria per 

1 mm2 was calculated. Estimated limit of detection of such prepared layers was around 103 

CFU/ml. In order to further develop layers of phages deposited in the electric field, deeper 

understanding of the process was needed. Such analysis was the beginning of the work in 

this project within my PhD thesis. 

 

Figure 4.7 Presented results are taken from my Mater thesis and their only purpose here is to 

introduce to the project; (A) Averaged and normalized number of caught bacteria per 1 mm2 of the 

biosensors: without any phages, with phages but without electric field, and with phages deposited 

upon application of the constant voltage; (B) Numbers of caught bacteria per 1 mm2 of two sensors 

with phages deposited upon application of the field, immersed in physiological saline (blank) and 

solution of bacteria of a concentration of 2.60·103 CFU/ml. The sensing elements were prepared as 

sample “T4 in field”; (C) Representative confocal microscopy pictures were analyzed to calculate 

the sensitivity of sensing elements based on disordered and ordered layers of T4 phages. The scale 

bars correspond to 100 μm. 
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In literature, the most common method of increasing sensitivity of phage sensing 

layers was direct increase of number of phages at the surface. Anany et al. showed the 

increase of the number of phages deposited onto positively charged surface when compared 

with neutral surface [47]. Han et al. gave example of electrophoretic deposition of phages 

[48]. To evaluate if such sensitivity to phage coverage relationship is also true in the case 

of my experiments, I performed atomic force microscopy (AFM) and scanning electron 

microscopy (SEM) imaging of prepared layers (Figure 4.8). Quantitative analysis of surface 

coverage was based on AFM imaging as it offered cleared view of phages comparing to 

SEM. I found that around 14.3 phages/μm2 were deposited upon application of the constant 

electric potential. This was only slightly more comparing to 13.4 phages/μm2 in case of 

samples prepared without the applied potential. This proved that the observed effect of 

increased sensitivity originated in more beneficial orientation of phages rather than 

increased phage surface coverage. 

 

Figure 4.8 AFM images show surfaces of the sensors after phage deposition without (A) and with 

(B) electric potential applied. Numbers of deposited phages equal 13.4 phages/μm2 and 14.3 

phages/μm2, respectively. It confirms similar coverage of the sensor surface with bacteriophages in 

both experiments. Scale bars correspond to 500 nm. (C) SEM pictures of sensing layers from phages 

deposited upon constant applied voltage. 

Calculated values were much higher than given in the literature data (less than 2 

phages/μm2) and only slightly smaller than in case of chemically immobilized T4 virions 

(around 18 phages/μm2) [43]. Such high values of surface coverage can be explained by 

possible differences in purities of solutions of phages used by different authors. Naidoo et 

al. proved that the surface coverage might be increased to around 55 phages/μm2 by 

utilization of specially purified T4 suspension combined with chemical immobilization [54]. 

Additionally, the authors claimed that around 19 phages/μm2 gives the highest affinity to 

capture bacteria. Higher surface coverage results in clustering of virions, which ultimately 

limits the ability of immobilized phages to specifically capture its host bacteria. This 
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problem can be overcome by proper alignment of the phages in tail up position. This 

substantially increases the ability to capture bacteria, because (1) all RPBs are involved in 

the process and (2) number of phages per surface unit are limited only by dimensions of 

virions, giving theoretical value for the densest packing of capsids of T4 at the surface of 

around 100 phages/μm2. Surface coverage obtained in my experiments was far from this 

maximum values, both practical, established by Naidoo et al. and theoretical resulting from 

size of phages. Therefore, in case of my sensing layers no clustering of virions was present. 

 
Figure 4.9 Two possible cases of influence of the electric field on phages upon application of the 

constant electric potential: (left) When Debye length κ−1 is larger than size of the phage (denoted as 

L) virions align along the lines of the electric field; (right) For κ−1 smaller than L the electrostatic 

interactions favor attachment with only one end of virion to the surface. 

To understand the improved sensitivity of layers of phages deposited upon 

application of constant voltage, I analyzed presence of the electric field in the created 

system. As in cases described in previous chapters, also this system was a capacitor filled 

with the electrolyte and again creation of electrical double layer had crucial impact of 

behavior of the whole process. In my experiments phages were immersed in buffer TM, 

which is water solution with many different types of ions (e.g. magnesium, sulphate, 

hydrogen, hydroxide, TRIS). Such conditions were chosen to control pH and ionic strength 

– parameters crucial for phage survival. In such case, immediately after turning on the 

voltage, the electric field is created. Then, the ions move due to the electric field and create 

the electrical double layer (EDL) in the proximity of the gold surface. It resulted in fast 

decrease of the intensity of the electric field inside the solution. Therefore, after a short 

period of time the effective electric field is present only within thin electrical double layer. 

This suggested that overall orientation of phages could be possible only if length of virions 

(L) would be smaller than thickness of electrical double layer, which is comparable with 

Debye length (κ−1). In such case virions align along the lines of the electric field only in the 

proximity of the gold surface, in the volume limited by the surface and the κ−1 (Figure 

4.9(left)). However, the Debye length calculated for the studied system was few 

nanometers, i.e. much smaller than the size of the T4 phages (200 nm). Therefore, in my 
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case capsids (bearing negative partial charge) were much more energetically favored to 

attach to the gold surface (i.e. positively charged surface) resulting in more phages deposited 

in tail up orientation (Figure 4.9(right)). Orientation was possible not because of the virus 

rotation and alignment but due the local attraction and repulsion of head and fibers. 

4.2.3. Deposition of phages in the alternating applied voltage 

The aim was to further increase the sensitivity of phage-based biosensors. I wanted to 

facilitate the process of orientation of virions by limiting the screening of the applied field. 

There was only very limited possibility to increase the Debye length of studied system, as 

virions are unstable in low osmotic strength solutions [55]. Therefore, I decided to utilize 

alternating electric field, which allowed the EDL to spread during inter-pulse periods. 

For my experiments the square alternating voltage was chosen. In case of such 

waveform in my setup at the beginning of each pulse the field spread across the whole 

suspension. Then the electrical double layer was formed and screened the external field. 

The specific time constant, which described the process of formation of electrical double 

layer and screening of the electric field by ions, is comparable with time in which ions travel 

through Debye length driven by electrophoretic forces. In my case the estimated time 

constant was 2.6 μs. This prediction was in a good agreement with other published results 

[56]. After this time the external electric field was screened and remained effective only 

within Debye length, which in studied system was few nanometers. 

To be sure that the system relaxed completely (i.e. EDL spread) I assumed that the 

time between pulses (i.e. with applied 0 V) should be comparable with time of formation of 

EDL. On the other hand, the inter-pulses time cannot be too long as it should be much 

shorter than time constant of rotational diffusion of virions in order to avoid defocusing of 

phages. Rotational diffusion coefficient of T4 phages varies from 273 to 453 s-1, depending 

on the conformation of the fibers of the virions. These values correspond to rotational time 

constant (i.e. time of defocusing) between 1.1 ms and 1.8 ms [57]. 

Higher frequencies (shorter pulses and less time between pulses) corresponded to 

more events of active orientation of phages by effective field and limited defocusing of 

phages. Lower frequencies allowed for exploitation of the whole length of each pulse in the 

most effective way to focus phages along the lines of the field but increased defocusing of 

phages. These contradicting time scales should be balanced. I judiciously chose 20 μs as 

duration time of each pulse as well as time between pulses, as it constituted good 

compromise between all the crucial factors. 

In case of square voltage waveform, at the beginning of each pulse there was 

electric field spreading across the solution. However, the drop of the applied potential to 

zero at the end of the pulse also generated electric field, but directed oppositely (Figure 

4.11). In contrast to analytes deposited on the SERS surface, described in chapter 3, in this 

case movement of particles (i.e. rotation of phages) was totally reversible. Thus, this 

symmetrical effect resulted in zero net virion rotation. To overcome this I designed voltage 
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waveform that allowed creating non-zero effect of orientation of phages. I exploited 

nonlinear electrophoretic effect, that was proved for number of different particles, e.g. 

polystyrene latex and aluminum oxide particles and even yeast cells [58]. This phenomenon 

was previously described in first chapter of this thesis. Due to isolation of one of the 

electrodes, the process is similar, as in case of application of asymmetrical AC 

electrophoretic deposition without net DC. When electric field is strong enough, i.e. 100 

V/cm and higher, which was the case in my system, the dependence between electrophoretic 

velocity and applied electric field is non-linear [58]: 

𝜈𝑒𝑝ℎ = μ𝑒𝑝ℎ𝐸 + μ𝑒𝑝ℎ
(3)

𝐸3             (4.1) 

where νeph is electrophoretic velocity, μeph is field-independent electrophoretic mobility 

coefficient, μ(3)
eph is non-linear electrophoretic mobility coefficient and E is strength of the 

electric field. I designed trapezoidal voltage waveform, which allowed obtaining substantial 

difference between values of effective electric field between sharp increase and slow drop 

of the applied potential at the beginning and at the end of the pulse, respectively (Figure 

4.11). Due to the non-linear electrophoretic effect, phages were oriented at the desired 

position along the lines of the electric field. To ensure proper difference in electric fields, I 

decided that slow drop of the potential at the end of the pulse should last 20 μs. Together 

with 20 μs of pulse of maximal applied potential and 20 μs without any applied potential 

this resulted in 60 μs period, which corresponded to frequency of 16.67 kHz. All exploited 

voltage waveforms and resulting electric fields are presented in Figure 4.11. 

To produce and validate sensitivity of sensing layers I used procedure consisted of 

three steps. First clean glass plates with size 1 mm × 8 mm × 25 mm covered with gold 

layer were placed in the deposition cell. Then 160 μl of phage solution of concentration of 

around 2·1011 PFU/ml in TM buffer were applied into the deposition cell, the cell was closed 

and a given voltage was applied over the distance between electrodes of 1 mm. Positive 

potential was applied to the gold surface. Deposition of phages lasted for 30 min. Afterwards 

plates were removed from the deposition cell and excess of phages was rinsed. To avoid 

nonspecific binding of bacteria, the uncovered gold surface was blocked with 1% solution 

of skimmed milk powder in TM buffer for 1 hour. Casein, which was present in blocking 

solution, covered the gold surface unoccupied by bacteriophages. Afterwards, plates were 

rinsed once again. Figure 4.10 shows scheme of the procedure. 

 

Figure 4.10 Procedure of creating biosensor: (1) deposition of phages on the gold surface upon 

application of voltage; (2) blockage of the uncovered surface of sensor with casein from skimmed 

milk. 
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To analyze sensitivity of prepared layers, they were immersed in bacteria solution 

for a given amount of time. As a final step, surface of the sensing layers were observed 

using confocal microscopy and number of caught bacteria ((E. coli BL21(DE3) expressing 

GFP) per 1 mm2 were determined and compared with control measurements. 

 

Figure 4.11 Comparison of sensitivity (normalized number of caught bacteria) of phage-based 

sensing layers prepared using various sets of parameters of the electric field. In all cases maximum 

applied voltage was 10 V. Upper panels present all the applied voltages and the resulting electric 

fields. 

To check validity of my hypothesis I first prepared a set of sensing layers consisting 

of phages deposited with use of rectangular pulses of electric field (10 V, various 

frequencies) (Figure 4.12). I proved that utilization of square waveform didn’t improve 

efficiency of bacteria capturing in comparison to constant voltage. The effect again was 

only due to electrostatic interactions with the surface. As another control I also tested 

trapezoidal waveform of frequency of 1 Hz, which allowed phages to defocus by rotational 

diffusion during inter-pulses periods (Figure 4.11). Again, no differences were observed in 

comparison to square waveform and constant voltage proving that mainly electrostatic 

interactions between surface (polarized positively) and capsids (negative pole of the dipole) 
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played role, when net focusing of phages in bulk was negligible. Utilization of designed (10 

V, 16.67 kHz) trapezoidal voltage waveform resulted in 2.5-fold increase of sensitivity in 

comparison to square waveform and constant voltage applied. When compared to randomly 

oriented phages the increase upon application of trapezoidal waveform of properly adjusted 

frequency was around 10-fold (Figure 4.11). 

 
Figure 4.12 Sensitivity (normalized number of caught bacteria) of sensing layer prepared with 

application of the square voltage waveform (10 V) of different frequencies. 

I also proved that 10 V was the most effective applied voltage for orientation of 

phages (Figure 4.13). This value seemed to balance the electrophoretic force, which oriented 

phages (higher potential was more favored), against unwanted phenomenon like 

deactivation of phages and increase of charge density of electrical double layer (higher 

potential was less favored). 

 
Figure 4.13 Normalized number of caught bacteria with sensing layers composed of phages 

deposited in different voltage waveforms. Different voltages applied in trapezoidal waveforms were 

compared with randomly oriented phages (“no field”) and phages oriented in constant field (“10 V 

(constant)”). 

4.2.4. Preparation of the phage-based layers by combining chemical 

modification and the alternating electric field 

In order to further increase sensitivity of prepared sensing layers, I combined chemical 

immobilization of phages with orientation using the electric field. For this purpose, I 

followed two protocols of surface modification. Singh et al. developed the method, in which 
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the gold surface is covered with cysteamine and then glutaraldehyde [43]. Arya et al. utilized 

self-assembly monolayers of dithiobis(succinimidyl propionate) (DTSP) [59]. The reported 

most effective surface coverages of T4 bacteriophages reached 18 phages/µm2 (method of 

Singh et al.) and around 20 phages/µm2 (method of Arya et al.; based on Figure 3c in ref. 

[59]). It should be noted that in case of DTSP less T4 phages (20 phages/µm2) performed 

better in capturing bacteria comparing to maximal obtained surface coverage of around 30 

phages/µm2 (based on Figure 3d in ref. [59]). This confirmed a jamming due to clustering 

of the virions at high surface coverage. 

 
Figure 4.14 Scheme for fabricating dense sensing layers of ordered phages. At first gold surface was 

modified with (A) dithiobis(succinimidyl propionate) (DTSP) or (B) cysteamine and subsequently 

glutaraldehyde. Second step consisted of deposition of phages in the alternating electric field. As the 

third step of sensing element preparation protocol (not shown) the surface between virions was 

covered with inert protein, casein, to prevent unspecific binding of bacteria to the surface. 

I expected to obtain synergistic effect of both procedures and thus to create densely 

packed layers of properly ordered phages, which were not sterically restricted. First I 

modified surfaces with (A) DTSP or (B) cysteamine and glutaraldehyde (CA+GA). Then I 

deposited phages in the alternating electric field of trapezoidal voltage waveform (10 V and 

16.67 kHz). Finally the remaining uncovered surface of gold was blocked with casein 

(Figure 4.14). If not stated otherwise, all experimental details was the same as in case of 

deposition of phages in the alternating electric field. To check the effect of chemical 

modification itself, I also deposited phages on chemically modified surfaces without the 

applied voltage. As it is shown in Figure 4.15, I obtained 64-fold and 50-fold increase in 

number of captured bacteria (i.e. sensitivity) due to combination of alternating electric field 

(trapezoidal, 10 V and 16.67 kHz) and DTSP or CA+GA, respectively, when compared to 

randomly oriented phages on bare gold surface. Application of alternating electric potential 

alone resulted in around 10-fold increase (for both bare gold and chemically modified 

surfaces), whereas chemical immobilizations alone increased number of caught bacteria 4 

to 5 times. 
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Figure 4.15 Sensitivity (normalized number of caught bacteria) of phage-based sensor prepared with 

chemical modifications of the surfaces and applied trapezoidal voltage waveform. Combined effect 

of both methods resulted in up to 64-fold increase in sensitivity. 

To further investigate the combined effect of both studied factors I used atomic 

force microscopy (AFM) to analyze layers of phages after deposition process in various 

conditions. I also calculated surface coverage of phages within each layer (Figure 4.16). 

Both methods of chemical modifications significantly increased surface coverages of 

phages. Similarly as in case of constant voltage, the electric field caused only slight change 

in phage coverage. This proved that chemical modifications increased number of phages on 

surface and therefore increased number of caught bacteria, whereas the electric field 

increased number of caught bacteria only by proper orientation of phages. For comparison 

I showed representative images acquired by means of confocal microscopy of sensor surface 

with caught bacteria. 
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Figure 4.16 Schematic illustrations and corresponding atomic force microscopy (AFM) images of 

layers of phages deposited on (A) bare gold, or in various conditions: (B) with chemical 

modifications of the surface (with cysteamine and glutaraldehyde (CA+GA) or 

dithiobis(succinimidyl propionate) (DTSP)), (C) in electric field from trapezoidal voltage (16.67 

kHz, 10 V) and (D) combination of thereof. Numbers on AFM images correspond to surface coverage 

of phages in each layer in phages/µm2. The presented values are means obtained from analysis of at 

least three samples. Corresponding confocal microscopy images show surface of sensing layers with 

caught bacteria. Each green spot depicts single bacteria. Scale bars on AFM and confocal microscopy 

pictures correspond to 1 µm and 50 µm, respectively. 

As a next step the selectivity of prepared phage-based sensing elements was 

analyzed. I prepared real sample contaminated with two different species of bacteria. Tap 

water was spiked with similar concentrations of Escherichia coli BL21(DE3) (host bacteria) 

and Enterobacter aerogenes PCM 1832 (non-specific bacteria). E. aerogenes bacterium 

was judiciously chosen for comparison, as it belongs to the same Enterobacteriaceae family 

as E. coli. To be able to distinguish signals coming from two different species, I stained 

bacteria E. aerogenes with red fluorescent dye SYTO RED 62. For experiments, layers with 

T4 phages deposited in the electric field generated by trapezoidal voltage waveform 

combined with chemical modifications of the surface were used. Concentration of E. coli 

was around 4·105 CFU/ml, whereas E. aerogenes was around 5·105 CFU/ml. High 

selectivity of phage-based biosensors and their usefulness in testing real samples was 

proved, what is in good agreement with other published studies (Figure 4.17A) [59]. 

Comparison of confocal microscopy images of prepared spiked tap water and representative 

images of sensing layer with caught bacteria are provided in Figure 4.17B. 

http://rcin.org.pl



Layers of phages ordered in the electric field for bacteria detection 

91 

 

Figure 4.17 (A) Number of bacteria caught from tap water spiked with two species of bacteria: E. 

coli and E. aerogenes. Concentrations of bacteria were 4·105 CFU/ml and 5·105 CFU/ml, 

respectively. Great selectivity was assured by the natural properties of bacteriophages; (B) top – 

confocal microscopy images of prepared sample, i.e. tap water spiked with E. coli BL21(DE3) (green 

objects) and E. aerogenes PCM 1832 stained with SYTO RED 62 (red objects), bottom – 

representative confocal microscopy images of sensing layers with caught bacteria after detection 

from spiked tap water sample. Absence of red objects confirms high selectivity of prepared layers. 

For evaluation of limit of detection I used only sensing layers with the highest 

sensitivity, i.e. phages chemically immobilized on DTSP-modified surface in trapezoidal 

electric field (10 V, 16.67 kHz). Number of bacteria caught from samples with different 

bacteria concentrations was analyzed. Obtained data are presented in Figure 4.18. Estimated 

limit of detection was around 100 CFU/ml. 

 

Figure 4.18 Analysis of limit of detection of prepared layers with the highest sensitivity, i.e. phages 

chemically immobilized on the DTSP modified surface in the trapezoidal electric field (10 V, 

16.67 kHz). Estimated limit of detection was around 100 CFU/ml. 
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The number of reports on the effect of the electric field on activity of viruses is 

limited. Majority of recent reviews and books refer to work by Khadre and Yousef who 

showed that pulsed electric field has only marginal effect on the viral load of Rhinoviruses 

(Wa strain) [60]. However, there are some works indicating that the electric field might 

influence viruses. Therefore, I checked if experimental conditions utilized by me for 

orientation of the phages had impact on the virulence of T4 bacteriophages and if decrease 

of number of phages in the suspension was solely due to deposition of phages on solid 

substrate. I excluded possibility of deactivation of phages through faradaic currents by 

proper design of the deposition cell (PTFE separator of thickness of 200 µm), however the 

effect of the electric field still had to be checked. Thus, I estimated number of active 

bacteriophages in suspension before and after deposition process in different conditions 

(Figure 4.19). It was proved that application of the alternating electric field or utilization of 

the protocol of surface modification did not deactivate bacteriophages. The number of 

phages, which was present in the suspension after deposition process, was about 90% of 

initial value. This corresponded to around 1.76·109 ± 0.40·109 phages loss during deposition 

and it was observed in case of all samples, i.e. prepared with and without electric field, 

surface modification and combination of them. AFM imaging indicated that there were 

around 2.4·109 ± 0.8·109 virions in each sensing layer, which was estimated by 

multiplication of phage surface coverage and surface area of the sample. This proved that 

the decrease of number of phages in the suspension was solely due to deposition of phages 

and not deactivation. 

 

Figure 4.19 Number of phages in 160 μL (volume of phage suspension used for preparation of each 

sample) before and after deposition processes in different conditions. The decrease corresponded 

solely to phage deposition and not to deactivation of phages by the electric field. 
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4.3. Conclusions 

Bacteriophages might supplement antibodies in the field of bioanalysis as phages are stable 

and resistant to external conditions. Up until now the research efforts were directed to 

increase of the number of virions at the surface of the sensing elements. This resulted in 

statistically higher number of receptors available for analyte. High surface coverage might 

be achieved by chemical immobilization of phages over physisorption [43] combined with 

proper adjustment of ionic strength and Debye radius [61], [62] and utilization of well 

purified phage suspensions [54]. In this chapter new approach for increasing the sensitivity 

of the phage-based sensors for bacteria detection was demonstrated. The increase in number 

of available receptors was achieved by the proper geometrical orientation of the virions. 

Ordering of phages at the surface of the sensors should also solve the problem of 

inactivation of phages upon increase of surface coverage [54]. 

I demonstrated the combined effect of increase in the number of T4 bacteriophages 

and their proper geometrical orientation on the sensitivity of the model sensing element for 

E. coli bacteria detection. Activation of the surface by utilization of CA+GA or DTSP 

resulted in 4-fold and 5-fold improvement of sensitivity, respectively. Separate experiments 

proved that proper arrangement of phages obtained by orientation of virions in properly 

designed alternating electric field gave 10-fold increase. Combined together these two 

approaches allowed for around 50- to 64-fold increase in number of captured E. coli cells 

by T4 bacteriophage-based sensing element depending on the method of surface 

modification. This synergetic effect arose from the fact, that ordering of phages at the 

chemically modified surface enabled to obtain dense layers of advantageously oriented 

phages. Introduced improvements resulted in 15 min detection with limit of detection of 

around 100 CFU/ml, i.e. in a range of best phage-based surface sensors described to time. 

This method can be used for preparation of phage-based biosensors for detection of almost 

every strain of bacteria, as T4 has the general structure that is common for majority of 

bacteriophages. The proposed procedure can be also exploited to form ordered structures of 

other colloidal particles, molecules, proteins or organisms with non-zero dipole moment. 

4.4. Materials and methods 

4.4.1. Materials 

All chemicals were purchased from Sigma Aldrich (USA) and were used without further 

purification. Lysogeny broth (LB) medium and LB-agar medium were bought from Carl 

Roth (Germany) as an instant mixes ready to dissolve in deionized water. LB medium 

consisted of 10 g/l of tryptone, 5 g/l of yeast extract and 10 g/l of NaCl. LB-agar additionally 

contained 15 g/l of agar. Physiological saline was prepared by dissolving 9 g NaCl in 1 l of 

deionized water. TM buffer consisted of 10 mM TRIS (tris(hydroxymethyl)aminomethane) 

and 10 mM MgSO4 dissolved in deionized water. pH of TM buffer was adjusted to 7.4 using 

hydrochloric acid. 5 μM CaCl2 was added in order to allow activity of DNase I. 
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LB media, TM buffer and physiological saline were sterilized prior to use by autoclaving at 

121 °C for 15 minutes. 

4.4.2. Phage preparation and bacteria culturing 

Phages were prepared according to Sambrook et al. [63]: T4 phage lysate was prepared by 

infection of early logarithmic culture of Escherichia coli MG1655. After lysis phages were 

precipitated by polyethylene glycol. After centrifugation of precipitate and resuspension in 

TM buffer with 1 M NaCl, phages were purified by ultracentrifugation in step CsCl gradient 

in Ti50 rotor using Beckman Optima XL70 ultracentrifuge. Phages formed a band, which 

was collected by aspiration using syringe and then phage solution was dialyzed against TM 

buffer. After completion of dialysis 0.2 μg/ml of DNase I was added in order to digest DNA 

released from capsids, which were damaged during dialysis. Number of viable phages was 

estimated by titration on bacteria E. coli BL21(DE3), i.e. the same strain, which was used 

as target analyte for phage-based sensing layers. I used plaque count method for 

determination of bacteriophage viability. Plaque forming units (PFU) can be directly 

correlated with number of active virions within the sample. 

Escherichia coli BL21(DE3) (obtained from the Institute of Biochemistry and 

Biophysics in Warsaw, Poland) was used as a target analyte for T4 phages. The strain 

harbored a plasmids coding green fluorescence protein (GFP) and providing resistance to 

chloramphenicol and kanamycin. Bacteria were prepared according to the standard 

procedures. 25 mg of chloramphenicol and 50 mg of kanamycin were added to 1 L of LB 

media. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to LB media to final 

concentration of 1 mM to induce the production of the GFP protein. At the beginning, the 

single colony from agar plate was inoculated into LB medium for overnight culturing (37 

°C, 200 rpm). Next day the bacteria were diluted in fresh LB medium and cultured to obtain 

suspensions of OD600 = 0.40. The culture was then centrifuged (4000 rpm, 4 min) and 

resuspended in greater amount of physiological saline. Dilutions ranged from 4 to 1000 

times. 

Enterobacter aerogenes PCM 1832 (purchased from Polish Collection of 

Microorganisms, Wroclaw, Poland) was used as non-specific strain for T4 phage to evaluate 

selectivity of prepared sensing layers. First, the single colony from agar plate was inoculated 

into LB medium for culturing (37 °C, 200 rpm) to obtain suspensions of OD600=0.40. The 

culture was then centrifuged (4000 rpm, 4 min), resuspended in equal amount of 

physiological saline. Next SYTO RED 62 (Thermo Fisher Scientific, USA) was added to 

bacteria solution to final concentration 20 μM. Bacteria were stained for 30 minutes (37 °C, 

200 rpm), centrifuged (4000 rpm, 4 min) and resuspended in the same amount of 

physiological saline. Then solution was again centrifuged and again resuspended in 

physiological saline. 
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To determine exact value of bacteria concentrations colony count method was used. 

Colony forming units (CFU) can be directly correlated with number of bacteria within the 

sample. 

To prepare spiked tap water, tap water was first filtered through filter with 0.22 μm 

pores. Then bacteria E. aerogenes PCM 1832 stained with SYTO RED 62 and bacteria E. 

coli BL21(DE3) was added to water to obtain final concentrations of bacteria around 5·105 

CFU/ml. 

4.4.3. Setup for deposition of phages in the electric field 

The deposition cell consisted of two components: base and cover. The main part of the base 

consisted of three chambers, in which gold plates for phage deposition were placed. Above 

the deposition chambers the comb-shaped element was placed. It had two functions: 1) it 

pushed down and immobilized the plates on which phages were deposited and 2) its 

thickness determined volume of phage suspension, which could be applied into the 

chamber. In my design the comb-shape element could be easily replaced on demand. Two 

bolts on both sides of the base element provided proper alignment of cover and base. In the 

cover the electrical contacts were mounted. Three pins were pushed down by springs. This 

ensured electrical contact with the gold surfaces placed in the base of the cell. Three copper 

electrodes were covered with 200 µm PTFE separator. The whole cell was attached to heavy 

plate made of metal to assure stability. 

The deposition cell was connected with voltage generation setup composed of 

function generator (DG1022, Rigol, China) and voltage amplifier (2210, Trek, USA). Signal 

provided by function generator was amplified by the factor of 100. Parallel connected 

oscilloscope (DS1052E, Rigol, China) with two probes for low (up to 250 V) and high (up 

to 1000 V) voltage enabled precise control of output voltage signal. The generated signal 

was applied to the deposition cell. Because of the PTFE separator, no electric current 

(measured with accuracy of nanoampers) flowed through the system and thus no 

electrochemical reactions occurred. 

The cell and voltage generation setup were connected with the distribution box that 

enabled full control over the setup, e.g. polarization of electrodes or even detaching channels 

(gold surface – copper electrode pair) in order to conduct control experiments (without 

electric field) in exactly the same geometrical configuration. 

4.4.4. Solid substrates for sensing layers 

1 × 8 × 25 mm glass plates covered first with 5 nm layer of titanium and subsequently with 

150 nm layer of gold were used. The gold layer was hardened using argon canon. Substrates 

were obtained from the Institute of Electronic Materials Technology (Warsaw, Poland). 

Prior to use, substrates were gently wiped and washed thoroughly with water and ethanol. 

Afterwards the plates were sonicated sequentially in acetone, ethanol, isopropanol, and 
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twice in deionized water for 5 minutes in each solvent. Such substrates were used as support 

for T4 layers or were further subjected to chemical modifications. 

4.4.5. Modifications with DTSP or with cysteamine and glutaraldehyde 

Dithiobis(succinimidyl propionate) (DTSP) modification procedure was adapted from 

research of Arya et al. [59]. Clean solid substrates were immersed in 2 mg/ml solution of 

DTSP in acetone for 20 h at room temperature. Then modified substrates were washed with 

acetone and rocked for 15 min in acetone to get rid of unreacted substrate. Such modified 

plates were used for phage deposition within 1 h after modification (samples denoted as 

“DTSP”). 

Second utilized procedure was inspired by Singh et al. [43]. Clean plates were 

exposed to 50 mM solution of cysteamine hydrochloride for 20 h at 40 °C. Afterwards 

substrates were rinsed thoroughly with acetone and water and activated by incubating in 2% 

(v/v) solution of glutaraldehyde in water for 1 h at room temperature. The substrates were 

then washed with large amount of water and used for phage deposition within 1 h afterwards 

(samples denoted as “CA+GA”). 

4.4.6. Protocol for preparation of biosensors 

Clean plates were placed in the deposition cell. 160 μl of phage solution in TM buffer were 

applied into the chamber of the deposition cell and onto the plate. Concentration of phages 

was around 2·1011 PFU/ml. The cell was closed and voltage was applied over the distance 

between electrodes of 1 mm. Positive potential was applied to the gold surface of the glass 

plate. Deposition of phages lasted for 30 minutes. Afterwards plates were removed from the 

deposition cell. Excess of phages was rinsed from the surface of the plates with a large 

amount of TM buffer. 

To avoid nonspecific binding of bacteria, the uncovered gold surface was blocked. 

1% solution of skimmed milk powder in TM buffer was used as blocking agent. The sensing 

plates with deposited phages were immersed in saturated solution of milk for 1 hour. Casein, 

which was present in blocking solution, covered the gold surface unoccupied by 

bacteriophages. Afterwards, plates were rinsed with large amount of TM buffer. 

4.4.7. Analysis of number of deposited phages and phage deactivation 

To investigate the influence of the electric field and surface modification on activity of 

studied T4 bacteriophages plaque counting method was used. The concentration of phages 

before the experiment was 1.11·1011 ± 0.15·1011 PFU/ml. 160 μl of suspension was placed 

in the deposition cell. The only difference between samples was whether electric field and/or 

surface modification were utilized. Influence on the phages of trapezoidal waveform of the 

electric field (10 V, 16.67 kHz) and chemical modification was evaluated. After deposition 

process, the phage suspension was carefully retrieved from the deposition cell. The 

concentration of phages for different samples was evaluated by plaque count method and 
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obtained results varied only in range from 0.95·1011 ± 0.09·1011 PFU/ml to 

1.03·1011 ± 0.11·1011 PFU/ml. Taking into account volume of sample used for deposition it 

corresponded to around 1.76·109 ± 0.40·109 phages deposited on the surface. 

4.4.8. Protocol for analysis of sensitivity of studied biosensors 

Prepared biosensors were immersed and gently mixed in the 4 ml of bacteria solution for 

15 min. Afterwards sensors were rinsed thoroughly in TM buffer to remove unbounded 

bacteria from the surface. Surface of the sensors were then observed using confocal 

microscopy. Obtained images were analyzed and number of bacteria per 1 mm2 were 

determined. 

For each set of phage deposition conditions were performed at least three 

independent experimental runs. In many cases precise determination of value of 

concentration of bacteria in prepared solution was not necessary. As control were always 

prepared two types of plates covered with: 1) randomly oriented phages and 2) only casein 

(to check the possibility of non-selective deposition of bacteria on casein). Corresponding 

error bars were provided. The results were normalized in respect to randomly oriented 

phages. 

When I referred to limit of detection (LOD), LOD was considered as the lowest 

concentration of the analyte in the sample that generates response of the sensor equals three 

times the variability in the background signal added to the background signal [64]. 

4.4.9. Calculations of time constant τ in the system 

Many specific time-scales of development of the electrical double layer were reported in 

the literature, as discussed in the first chapter of this thesis. Typically reported time 

constants spread from 𝜆𝐷
2 /𝐷, through 𝜆𝐷𝐿/𝐷, to 𝐿2/𝐷, where λD is Debye length, L is half 

of distance between electrodes, and D is diffusion coefficient of ions [65], [66], [67]. In the 

case presented here, consideration of different above-mentioned time scales resulted in 

values that vary from nanoseconds, through milliseconds, up to even hours. Thus, to better 

estimate dynamics of my system, I used another approach. Specific time constant is also 

comparable with time in which ions travel through Debye length driven by electrophoretic 

forces. This can be calculated as follows: 

𝐼 =
1

2
∑𝑐𝑖𝑧𝑖

2               (4.2) 

I – ionic strength, ci – concentration of ion, zi – charge of ion 

𝜆2 =
𝜀𝑅𝑇

2𝐹2𝐼
               (4.3) 

λ – Debye length, ε – dielectric constant, R – gas constant, T – temperature, F – Faraday 

constant 

λ = 1.43 nm 
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𝜇𝑖 =
𝑧𝑖𝐹

𝑅𝑇
𝐷𝑖               (4.4) 

μi – electrical mobility, Di – diffusion coefficient of ion 

εwater = 6.9·10-10 F/m 

R = 8.314 J/mol·K 

T = 298.15 K 

F = 9.648·104 C/mol 

Table 4.1. Detailed information about all ions in TM buffer. 

Type of ion 

 

Concentration 

[M] 

Charge 

[–] 

Diffusion coefficient 

[10-9 m2/s] 

Electrophoretical mobility 

[10-8 m2/s·V] 

TRIS+ 10-2 +1 0.90 3.5 

Mg2+ 10-2 +2 0.71 5.5 

SO4
2- 10-2 -2 1.06 8.3 

H+ 10-7.4 +1 9.31 36.2 

OH- 10-6.6 -1 5.28 20.6 

Ca2+ 5·10-6 +2 0.79 6.1 

Cl- 5·10-6 -1 2.03 7.9 

 

For further calculations I chose magnesium ions, as they were present at high 

concentration and have moderate mobility. All of the most common ions had similar 

mobility, so it is reasonable to consider mobility of magnesium ions. 

𝜏 =
𝜆

𝜇𝐸
                (4.5) 

E – strength of the electric field 

E = 104 V/m 

τ = 2.6 μs 

Obtained result of few microseconds is in agreement with other reported values. In 

very similar system time-dependent development of electrical double layer was calculated 

numerically [56]. All applied parameters were similar as in case of my system: voltage of 

10 mV was applied over 1 μm distance, thus effective electric field was 104 V/m; molarity 

of the solution was 10 mM, i.e. in range of TM buffer; considered ions Na+ and Cl- had 

mobility of 7.9·10-8 m2/sV and 5.19·10-8 m2/sV, respectively, which were similar to mobility 
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of magnesium ions. Time calculated numerically was 1.43 μs and thus it confirmed that my 

estimation is reasonable and can be used for subsequent analysis. 

4.4.10. Additional instrumentation 

Nikon Ti Eclipse with confocal system A1R was used for evaluation of sensitivity of 

prepared sensors. The system included ion laser IMA101040AL5 (Melles Griot, USA) 

emitting light of wavelength of 488 nm, objective CFI Plan Fluor 40x and NIS-Elements 

AR 4.13 software. 

Atomic force microscopy (AFM) imaging was performed with a MultiMode 

Scanning Probe Microscope (Bruker, USA). 

Scanning electron microscopy (SEM) images were taken with use of a NovaSEM 

(FEI, USA) scanning electron microscope. 
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5.1. Introduction 

Previous chapters describe the utilization of the electric field in sensing and biosensing. 

However, the electrostatic field is not the only possibility to manipulate particles in order to 

improve detection methods. In this chapter the method of detection of bacteria based on the 

magnetic field is described. Plenty of applications of the magnetic field in bacteria detection 

have been widely described over last 20 years [1]–[3]. Magnetic properties have been 

mostly used to separate and concentrate detected particles or organisms. Utilization of 

magnetic properties was combined with surface enhanced Raman spectroscopy (SERS) [4], 

matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) [5], 

electrochemical impedance spectroscopy [6], and polymerase chain reaction (PCR) [7]. 

Also magnetic resonance was utilized for this purpose [8]. One of the most promising 

recently developed application seems to be combination of the magnetic field and phage-

based methods for bacteria detection. Phages are cheaper and more robust that antibodies. 

Large quantities of phages can be easily obtained by amplification inside bacteria. 

Moreover, for every species of bacteria there is specific type of phage. In fact, there are 

plenty of different bacteriophages that share the same host. Thus, it is possible to tailor 

developed method to detect desired species of bacteria. 

One of the first reported attempt of using phages and magnetism for bacteria 

detection was described by Goodridge et al. [9]. They used fluorescently labeled phages to 

capture and provide bacteria fluorescent “halolike” appearance, which was visible in 

epifluorescent microscopy. Flow cytometry was applied to quantify the results. In this 

research immunomagnetic particles (magnetic beads modified with specific antibodies) 

were used for bacteria separation. It was later proved that phages can also serve as such 

capturing element bonding bacteria and magnetic particles. 

Phagomagnetic separation utilizes phages as sensing elements to capture bacteria, 

whereas magnetic particles enable fast and simple separation of bacteria even from complex 

samples (Figure 5.1). Phagomagnetic separation does not require additional filtration or 

centrifugation, which can disrupt bacterial cells. There are number of approaches allowing 

for realization of phagomagnetic separation. One possibility to combine phages with 

magnetic particles is utilization of genetic modifications. For instance, Chen et al. 

biotinylated T7 bacteriophages in vivo [10]. Such modified phages were further conjugated 

with streptavidin-coated magnetic particles. Utilization of phage-coated magnetic 

nanoparticles resulted in capture efficiency of E. coli cells ranging from 50% to 90%. 

Concentration of detected bacteria ranged from 102 to 107 CFU/ml. Later that year the same 

research group showed that similarly prepared bioconjugates can be combined with phage-

mediated lysis. Again, the first step was capturing and separation of bacteria with 

bacteriophage-conjugated magnetic beads. Then, phages caused lysis of captured cells and 

release of endemic β-galactosidase was detected in colorimetric assay [11]. Another 

example of such approach was proposed by He et al. [12]. In this work authors also 
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combined phagomagnetic separation with phage-mediated release of bacterial content. 

However, this time released adenosine triphosphate was detected. 

 

Figure 5.1 (A) Phagomagnetic separation is based on bioconjugates composed of bacteriophages 

attached to a magnetic particles. Steps of separation procedure: (B) bioconjugates are added to 

analyzed sample, (C) bioconjugates capture target bacteria, (D) upon application of the external 

magnetic field created bioconjugates-bacteria complexes are dragged down, (E) remaining solution 

is removed and replaced. 

Another technique that can be coupled with magnetic separation is PCR. Wang et 

al. prepared bioconjugates composed of biotinylated phages and streptavidin-coated 

magnetic particles and used them to capture 86.2% of E. coli cells from broth within 20 

min. PCR amplification performed on captured cells enabled detection of 102 CFU/ml 

within 3 h without any pre-enrichment step [13]. The same group combined PCR and yet 

another type of bioconjugates. Carboxylic acid-functionalized magnetic beads were 

conjugated with phages and used to separate and concentrate E. coli bacteria. Resulting 

bioconjugate-bacteria complexes were then detected by real-time quantitative PCR [14]. 

Phage-based magnetoseparation was also combined with electrochemical magneto-

genosensing [15]. Combining this two approaches allowed for limit of detection as low as 

3 CFU/ml for 3 hour-long analysis. However, this approach was very complicated and 

required many laborious steps, such as magnetic bacteria separation, PCR, enzymatic 

labeling of DNA and electrochemical measurement. Much simpler electrochemical 

approach was proposed by Shabani et al [16]. The authors coated both carbon-based 

impedimetric sensor and magnetic beads with phages. Such prepared magnetically-assisted 

impedimetric method enabled to detect 103 CFU/ml of E. coli. Phages and magnetic field 

were also coupled with immunoassays. Laube et al. used for that purpose two types of 

magnetic carriers: carboxyl-activated magnetic nanoparticles and tosyl-activated magnetic 

microparticles [17]. Bacteria were captured and detected by antibodies conjugated to 

horseradish peroxidase as an optical reporter. Similar approach was proposed by Yan et al. 

[18]. Authors covered magnetic beads with lytic phages P-S.aureus-9 via EDC-NHS 

reaction. Bacteria Staphylococcus aureus captured with these bioconjugates were then 

detected by horseradish peroxidase-labeled immunoglobulin (IgG) antibodies. 

Immunoassay can be also combined with the utilization of bacteriophages in 

different way. Recently, it was proved that immunomagnetic separation coupled with phage 

amplification can be an useful method for bacteria detection. In approach proposed by 
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Martelet et al. T4 phages amplified in detected bacteria were first separated on 

immunobeads and then detected by liquid chromatography coupled to targeted mass 

spectrometry [19]. Similar approach was proposed by Mido et al. In their research phage 

MS2 amplification-coupled immunoassay on the Luminex® MAGPIX instrument was 

performed for detection of bacteria E. coli [20]. In very recent work, unusual combination 

of magnetic separation and reporter phages was described. First, bacteria were captured by 

magnetic beads covered with cell wall-binding phage domains and then detection by the 

bioluminescent reporter phage assay was performed [21].  

Despite many examples of the utilization of different phage-based bioconjugates, 

there are hardly any reports of easy and simple protocols to prepare them. Additionally, in 

most cases phages have to be genetically or chemically modified, which introduces costs 

and laborious procedures. The aim of study presented in this chapter was to create cheap 

and simple method for both separation and fast detection of bacteria. For this purpose 

bioconjugates composed of magneto-fluorescent particles and bacteriophages were 

prepared. Flow cytometry was used as a detection technique. Flow cytometry is widely 

available in bioanalytical laboratories (also in hospitals) and routinely used in molecular 

biology, medicine and pathology. The goal was to create the method that can be easily 

introduced in such facilities and that can broaden the range of possible microbiological tests. 

For this purpose, native phages which can be isolated from the environment and do not 

require expensive and laborious genetic modifications, were used. As a second component, 

commercially available sub-micron particles, that are both fluorescent and magnetic, were 

utilized. T4 phages were attached to the surface of the particles and allowed for specific 

capture of E. coli bacteria. Magnetic core of particles enabled separation of created 

bioconjugates-bacteria complexes and fluorescent properties were crucial for flow 

cytometry detection. The proposed design of the phage-based probes is advantageous, as it 

combines cheap and accessible components, simple method of preparation and easy but 

efficient method of bacteria detection that can be performed with commonly available 

equipment. 

5.2. Results and discussion 

Most phage types belong to Myovirdae, Siphovirdae, or Podovirdae family [22]. They share 

a common design of icosahedral head in which genetic information is stored and tail ended 

with fibers which is responsible for detection and attachment to the host bacteria. As in 

previously described methods, well-studied model pair T4 bacteriophage and its host 

bacteria Escherichia coli was used. 

5.2.1. Preparation and characterization of phage-based bioconjugates 

Bacteriophages T4 were covalently attached to magnetic-fluorescent particles (with size of 

~0.5 μm in diameter) to create multifunctional probes for separation and detection of 

bacteria. Scheme of synthesis of bioconjugates is provided in Figure 5.2. Used particles had 
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maghemite core and silica shell terminated with carboxylic groups. Size of the particles was 

carefully adjusted. Particles should be small enough to detect significant shift in size upon 

binding between bioconjugates and bacterium. On the other hand too small size of magnetic 

core would cause too weak magnetic drag force, which could prevent effective separation. 

 

Figure 5.2 Schematic presentation of preparation of phage-based bioconjugates. First, carboxylic 

groups on the surface of beads are activated with EDC. Then, phages are added and bind covalently 

to activated beads. 

Procedure of preparation of phage-based bioconjugates was performed in room 

temperature and took 2.5 h. Carboxylic groups on the surface of beads was first activated 

with EDC (1-ethyl-3-(-3-dimethylaminopropyl)carbodiimide) and then conjugated with 

amine groups on the surface of bacteriophages. Phages are composed of proteins, thus 

primary amines are common groups at the virion surface. Important aspect was to use beads 

coated with carboxylic groups and not primary amines (which are more common and more 

straightforward to prepare). In case of beads coated with primary amines, there would be a 

need to activate carboxylic groups on the surface of phages, which immediately would react 

with amine groups of other phages. As a result phages would aggregate and sediment. Effect 

of other parameters of the procedure, such as time, phages to beads ratio and type of mixing, 

was analyzed. All used sets of parameters are presented in Table 5.1. 

Table 5.1 Sets of parameters used in preparation of phage-based bioconjugates. 

No Phages to beads ratio Time of incubation Mixing Additional data 

1 80x 4 h Intensive  

2 80x 3 h Intensive  

3 80x 2 h Intensive  

4 20x 3 h Intensive  

5 20x 2 h Intensive  

6 20x 2 h Intensive Reaction solution diluted twice 

7 20x 2 h Gentle  

 

http://rcin.org.pl



Chapter 5 

110 

In order to evaluate effectiveness of the procedure and quality of created 

bioconjugates, phages labeled with green fluorescent dye were used. Confocal microscopy 

images of beads and dyed phages as well as bioconjugates prepared according to all sets of 

parameters are presented in Figure 5.3. Beads are visible as red objects, whereas phages are 

represented by small green dots. Results from different sets of parameters showed that only 

5th set resulted in obtaining desired product. In all other cases phages and beads merged in 

big aggregates. Thus, in all further experiments, bioconjugates were synthetized with 

parameters described in set number 5. Expected bioconjugates should be composed of single 

bead and few attached virions. As presented in Figure 5.4B, confocal microscope analysis 

confirmed that at least one virion is attached in case of vast majority of particles. 

 

Figure 5.3 Confocal microscopy images of (A) magneto-fluorescent beads; (B) bacteriophages T4 

stained with SYBR Green dye and (1-7) bioconjugates prepared in different sets of parameters 

described in Table 5.1. 

Although successful binding of phages to beads was confirmed by confocal 

microscopy, there was still a need to check if phages remained infective and were able to 

capture bacteria. Covalent attachment of phages could create a risk of losing infectivity due 

to unfavorable orientation of virions on the surface of the particles (tail oriented towards the 

bead) or loss of activity of structural proteins of bacteriophage. For evaluation of infectivity 
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of phage-based bioconjugates, the plaque count method was used, similarly to typical phage 

viability test. However, in this case, every single plaque that is visible on layer of bacteria 

corresponds to single active bioconjugate, no matter how many phages are attached to the 

particle. As presented in Figure 5.4C, prepared bioconjugates were able to capture and infect 

bacteria and created plaques similar to pristine T4 phage. Estimated concentration of 

bioconjugates was around 108 PFU/ml. This value was confirmed by measurement with 

flow cytometer, where measured concentration was 3.33·107 bioconjugates/ml. Confocal 

microscopy showed that every particle had at least one phage attached to it. Therefore, 

obtained values suggested that the protocol of preparation did not affect infectivity of 

phages and that number of free phages remained in the solution was negligible. 

 

Figure 5.4 (A) Schematic representation of desired bioconjugate. Bacteriophages T4 were covalently 

attached to the surface of magnetic-fluorescence particle. To check effectiveness of immobilization, 

phages were stained with SYBR Green; (B) Confocal microscope images presenting bioconjugates 

composed of beads (red fluorescence) and attached phages (green fluorescence); (C) Images of layers 

of bacteria grown on agar plates after titration of the bioconjugates by the plaque count method. The 

numbers corresponded to consecutive 10-fold dilutions. Presence of typical for T4 bacteriophage 

plaques confirmed that bacteriophages coupled with beads were infective and active. The estimated 

concentration of bioconjugates was around 108 PFU/ml. 
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5.2.2. Analysis of capture efficiency of prepared bioconjugates 

To analyze the efficiency of magnetic separation, bioconjugates prepared from non-stained 

phages were incubated in solutions of target E. coli bacteria of concentrations ranging from 

33 to 3.3·105 CFU/ml. Time of incubation was 15 min. This value was judiciously chosen. 

Too short time could result in not efficient capture of bacteria, but too long time could cause 

lysis of captured and infected bacterial cells. After incubation, bacteria-bioconjugates 

complexes were separated with a magnet and the amount of bacteria remained in the 

supernatant was evaluated by colony count method (Figure 5.5). The capture efficiency 

(CE) was calculated according to the equation: 

𝐶𝐸(%) = (1 −
𝑁1

𝑁0
) × 100%             (5.1) 

where N0 is the number of bacteria in the initial sample (CFU/ml), N1 is the amount of 

remained unbound bacteria after capturing procedure (CFU/ml). 

 

Figure 5.5 Schematic representation of sample preparation for capture efficiency measurement and 

flow cytometry. Bioconjugates were incubated for 15 min with bacteria and then bacteria-

bioconjugates complexes were separated with a magnet. Supernatant was removed and replaced with 

fresh TM buffer. Such prepared solution was analyzed by means of flow cytometry to evaluate 

number of target bacteria in the sample. Number of bacteria remained in the removed supernatant 

was determined by colony count method. 
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Prepared bioconjugates were able to capture more than 90% of bacteria in wide 

range of initial bacterial concentrations (Figure 5.6A). For the most diluted samples number 

of caught bacteria reached almost 100%. For higher concentrations of bacteria (around 

3.3·105 CFU/ml) capture efficiency decreased, which is typical for magnetic separation due 

to decrease of number of bioconjugates per bacterium [10], [13]. In comparison with 

previously reported methods, prepared bioconjugates showed very high capture efficiency, 

especially in higher concentrations of bacteria [10], [16]. 

Additionally, I performed experiment in which E. coli bacteria stained with blue 

fluorescent dye was captured with bioconjugates consisted of magnetic-fluorescent beads 

and phages stained with green fluorescent dye. As usual, after incubation for 15 min 

bacteria-bioconjugates complexes were separated with magnet and resuspended in fresh TM 

buffer. Such prepared samples were analyzed with confocal microscope (Figure 5.6B). I 

observed expected complexes and proved additionally that bioconjugates are attached to the 

bacteria via bacteriophages (green dots), as it was designed and expected. 

 

Figure 5.6 Utilization of phage-based bioconjugates to separate bacteria. (A) Analysis of efficiency 

of bacteria capturing for different initial concentrations of bacteria. High efficiency (over 90%) was 

obtained even for concentrated samples (104-105 CFU/ml); (B) Confocal microscopy images of 

bacteria-bioconjugate complexes. Bacteria (blue fluorescence) are captured by bioconjugates 

composed of magnetic bead (red fluorescence) and bacteriophage (green fluorescence). 

5.2.3. Detection of bacteria E. coli with phage-based bioconjugates 

As a method for detection of target bacteria flow cytometry was chosen. This technique is 

routinely used in medial and biochemical analyses, thus is very good choice for further 
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practical implementations. Samples were prepared similarly as for the capture efficiency 

analysis. Immediately after resuspension in fresh TM buffer, they were analyzed in 

triplicates in flow cytometer (Figure 5.5). As control sample, the bioconjugates were 

incubated with physiological saline without any bacteria. The rest of the procedure remained 

the same. Measured values were: side scattering (which can be correlated with size of the 

objects) and red fluorescence (coming from particles within bioconjugates). The obtained 

results were organized as two-parameter dot plots showing both analyzed values. 

Bioconjugates were small and had red fluorescence, therefore in prepared plots they should 

create population of fluorescent, weakly scattering objects (Figure 5.7A). This result 

allowed for determining the gate in the region of higher fluorescence and side scattering 

where complexes of bacteria and bioconjugates were expected and where signal coming 

from single bioconjugates was negligible. 

 

Figure 5.7 Flow cytometry measurements of bacteria detection. Two-parameter dot plots of red 

fluorescence and side scattering present the results obtained for (A) bioconjugates without any 

bacteria; (B) bioconjugates with target bacteria E. coli and (C) bioconjugates with nonspecific 

bacteria S. epidermidis. The red gate border was judiciously chosen to detect signal coming only 

from bacteria with attached bioconjugates. Three repetitions represented by black, red and blue dots 

were plotted on each graph. (D) Analysis of sensitivity of bacteria detection. Results from chosen 

gate obtained for different initial concentrations of target bacteria E. coli are shown. (E) Selectivity 

evaluation of bioconjugate-based method was performed by comparison of results from target (E. 

coli) and nonspecific bacteria (S. epidermidis). In both cases the initial concentration of bacteria was 

105 CFU/ml. 

For analysis of sensitivity, samples with concentration of bacteria ranging from 104 

to 106 CFU/ml were analyzed with developed protocol of magnetic separation followed by 
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subsequent flow cytometry analysis. As presented in Figure 5.7B increased number of 

events in selected gate indicated the presence of big objects with high red fluorescence. This 

was expected result since bacteria-bioconjugates complexes usually consist of single 

bacterium (which size was bigger than single bioconjugate) and many bioconjugates (which 

combined fluorescence is higher than in case of one particle). Moreover, strong signal in 

region of single bioconjugates suggested that many bioconjugates remained free and didn’t 

attached to any bacteria. Results obtained for different concentrations of bacteria were 

summarized in Figure 5.7D. The signal from 104 CFU/ml of E. coli was still distinguishable, 

however for lower concentrations signal was comparable with blank measurement. Possible 

explanation can be weak initial monodispersity of used magnetic-fluorescent particles. As 

presented in Figure 5.7A, both signals (fluorescence and scattering) from bioconjugates 

spread over order of magnitude. Thus, in case of bioconjugates with smaller size and 

resultant weaker fluorescence, attachment to the bacteria might cause change of signal that 

was insufficient to be included in analytical gate. In fact, in Figure 5.7B it is visible that 

there was additional population located between chosen gate and initial position of 

bioconjugates on the plot. 

For further analysis the specificity test was performed. Two measurements with (a) 

target bacteria E. coli and (b) nonspecific bacteria S. epidermidis in similar concentrations 

of 105 CFU/ml were performed. In Figure 5.7C the two-parameter dot plot for nonspecific 

bacteria is presented. Only few additional events were recorded in designed gate. 

Quantitative comparison is provided in Figure 5.7E. The signal obtained for S. epidermidis 

bacteria was similar to the negative control and significantly lower than the result for E. 

coli. Such result was expected, due to the fact that utilized phages T4 ensure high selectivity 

against E. coli bacteria. 

5.3. Conclusions 

Number of reports describing methods based on bacteriophages for bacteria detection can 

be found in the literature [23], [24]. However, there are many issues that still need to be 

addressed: (1) simple preparation process, (2) lack of expensive and complicated genetic 

modifications, (3) single-step detection method and (4) available and cheap probes. Within 

this chapter, a method that meets all this requirement was described. Protocol for 

preparation of multifunctional bioconjugates for bacteria detection was designed and 

optimized. Bacteriophages were used as highly specific and selective bioreceptors. Phages 

were attached via EDC reaction to the surface of magnetic-fluorescent beads. All used 

components were inexpensive and easily accessible. Additionally, developed protocol of 

bacteria detection using prepared bioconjugates as flow cytometry probes was 

straightforward and at the same time efficient, specific and selective. All of these features 

enables utilization of developed technique in all facilities using flow cytometry on a daily 

basis. Developed procedures are easily adaptable to all bacteriophages, and thus can be 

adjusted to any target bacteria. The method does not require any genetic or chemical 

http://rcin.org.pl



Chapter 5 

116 

modification of phages, therefore wild types or even libraries of phages can be used as 

sensing elements. 

Bioconjugates that offer capture efficiency close to 100% in wide range of bacteria 

concentrations spreading from 101 up to 105 CFU/ml were developed. Resulting limit of 

detection in case of flow cytometry detection was in range of 104 CFU/ml and was mostly 

limited by broad distribution of sizes of used magnetic-fluorescent particles. Nonetheless, 

prepared bioconjugates can be useful in screening test for fast (15 min) determination of 

bacterial species in samples that are already heavily infected. Additionally, to improve limit 

of detection even more, created method can be further combined with preincubation step. 

In such approach, the time of assay and limit of detection can be balanced depending on the 

specific need. 

Within this chapter it was proved that not only electric field can aid detection 

methods. Magnetic field also greatly improves detection techniques and can be used for 

easy and simple separation and concentration of captured bacteria from the complex sample. 

5.4. Materials and methods 

5.4.1. Materials 

Carboxyl-terminated superparamagnetic-fluorescent particles were purchased from the 

Chemicell (Germany). Hydrodynamic size of particles was 0.5 μm and they were saturated 

with red fluorescent dye (maximum excitation in 633 nm and maximum emission in 672 

nm). All chemicals were purchased from Sigma-Aldrich (USA). Instant mixes of LB 

medium and LB-agar were purchased from Carl Roth (Germany). LB medium was 

composed of 10 g/l of NaCl, 10 g/l of tryptone and 5 g/l of yeast extract. LB-agar 

additionally contained 15 g/l of agar. Top LB-agar contained 5 g/l of agar. TM buffer 

consisted of 10 mM TRIS (tris(hydroxymethyl)aminomethane), 10 mM MgSO4, 5 μM 

CaCl2. pH of the TM buffer was adjusted at 7.4. Buffer MES consisted of 0.1 M of 2-(N-

morpholino)ethanesulfonic acid. pH of the buffer MES was adjusted at 4.5. 

LB media, buffers and all other solutions were autoclaved prior to use. 

5.4.2. Phage preparation and bacteria culturing 

Preparation of lysate of T4 phages was already described in chapter 4. Briefly, phages were 

amplified inside bacteria Escherichia coli MG1655. Then, the phages were precipitated and 

purified by ultracentrifugation. Finally, bacteriophages were dialyzed against TM buffer 

and 0.2 μg/ml of DNase I was added to the solution. 

The standard protocol was used to culture the bacteria. As target (specific) bacterial 

cells E. coli MG1655 were used. Bacteria Staphylococcus epidermidis WT (received from 

the Faculty of Biology, Warsaw University, Poland) were used as non-specific control. At 

the beginning, a single colony from agar plate was inoculated and incubated overnight into 
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LB medium (37 °C, 200 rpm). Then, small volume of overnight culture was diluted into 

new portion of LB medium and cultured to obtain suspension with given OD600. 

5.4.3. Determination of number of active phages and bacteria 

To determine number of active phages, the plaque count method was used. Plaque forming 

units (PFU) can be directly correlated with a number of active phages in the sample. In this 

approach, 20 ml LB-agar medium was poured into Petri dish. Then 4 ml of top LB-agar 

mixed with 0.2 ml of overnight culture of E. coli MG1655 and poured onto agar plate. 

Tenfold dilutions of phages were prepared and droplets (5 μl each) of every dilution were 

spotted on prepared Petri dish with bacteria. Plates were then incubated at 37 °C overnight. 

Finally, created plaques were counted. 

To evaluate viability of bacteria, the colony count method was applied. Colony 

forming units (CFU) can be directly correlated with number of viable bacteria. In this 

method, series of tenfold dilutions of bacteria solution were prepared. Then, 25 μl of every 

dilution was spread over separate agar plate (i.e. Petri dish with 20 ml of LB-agar). Next, 

agar plates were incubated overnight at 37 °C. Finally, grown colonies were counted. 

5.4.4. Preparation of fluorescently labeled phages and bacteria 

Bacteria and phages were stained with fluorescent dyes to observe and adjust the processes 

of bioconjugation and attachment to the bacteria. 

The purified phages T4 were labeled with SYBR Green dye (ThermoFisher 

Scientific, USA, excitation max 497 nm, emission max 520 nm) at 4 °C for 24 h. 

Concentration of phages was 5·1011 PFU/ml. Stock solution of SYBR Green was diluted 

1000 times. The stained phages were purified from remained dye by dialysis against TM 

buffer at 4 °C for 48 h. The plaque count method was applied to assess activity of phages. 

The bacteria E. coli MG1655 were labeled with SYTO Blue dye (ThermoFisher 

Scientific, USA, excitation max 420 nm, emission max 441 nm). For this purpose, overnight 

culture was diluted to obtain OD600=0.4, then centrifuged (5000 rpm, 5 min) and 

resuspended in physiological saline (0.9% NaCl). Next, 500 μl of bacteria suspension was 

mixed and incubated with 5 μl of stock solution of SYTO Blue dye for 80 min at 37 °C with 

rotation 250 rpm. To remove free dye, stained bacteria were centrifuged (5000 rpm, 5 min) 

and resuspended in fresh physiological saline. 

5.4.5. Preparation of phage-based bioconjugates 

Carboxyl-terminated magnetic-fluorescent beads were coated with T4 bacteriophages by 

EDC (1-ethyl-3-(-3-dimethylaminopropyl)carbodiimide) reaction. The solution of the 

magnetic beads (66.7 μl, 7.5·109 particles/ml) was washed two times with MES buffer on 

the hand-made separator with neodymium magnet. The particles were resuspended in 5 mM 

ECD solution in MES buffer and were mixed 300 rpm on the orbital shaker at 25 °C for 10 

min to activate carboxyl groups. Then, the particles were again washed two times with MES 
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buffer and once with TM buffer. Next, the phage T4 solution (200 μl, 5·1011 PFU/ml) was 

added to the beads and incubated with mixing at 25 °C for 2 h in the dark. During that time 

amide bonds between carboxyl groups presented on magnetic particles and amine groups of 

bacteriophages were created. The phage-based bioconjugates were washed three times with 

TM buffer and resuspended in 100 μl of storage solution (0.1% of bovine serum albumin in 

buffer TM). The bioconjugates were stored at 4 °C in the dark. 

The bioconjugates were prepared in two versions: with non-stained and with labeled 

bacteriophages. SYBR Green-stained phages were used to assess effectiveness of synthesis. 

The non-stained phages were used to prepare proper bioconjugates used for final detection 

of bacteria with flow cytometry. A number of active bioconjugates were evaluated by 

applying plaque count method described in previous section. 

5.4.6. Efficiency of bacteria capture 

Overnight culture of bacteria E. coli MG1655 was centrifuged (5000 rpm, 5 min) and pellet 

was resuspended in physiological saline. Tenfold dilutions of bacteria solution were 

prepared to obtain concentrations from 3.3·101 to 3.3·105 CFU/ml. Exact values of 

concentrations were analyzed by the colony count method. The bacteria solutions were then 

mixed with solution of phage-based bioconjugates (108 PFU/ml) in the ratio 5:1 and 

incubated at 25 °C for 15 min. Next, the bacteria-bioconjugates complexes were separated 

by hand-made separator with neodymium magnet and the supernatant was collected. A 

number of bacteria remaining in the solution was determined by the colony count method. 

5.4.7. Flow cytometry 

The bioconjugates with non-labeled phages were mixed with bacteria solution in volume 

ratio 2:1 and incubated at 25 °C for 15 min. Concentrations of prepared solutions of E. coli 

ranged from 104 to 106 CFU/ml. Concentration of solution of S. epidermidis was 105 

CFU/ml. After incubation, bacteria-bioconjugates complexes were separated on hand-made 

separator with neodymium magnet and resuspended in 50 times bigger volume of fresh TM 

buffer. Finally, the solution was analyzed with flow cytometry in three separate 

measurements. As control measurement, solution of bacteria was replaced with 

physiological saline without bacteria. The rest of the procedure remained the same. 

5.4.8. Additional instrumentation 

Nikon Ti Eclipse with confocal system A1R was applied for analysis of quality of prepared 

bioconjugates and for evaluation of bacteria catching process. The system included lasers 

488nm, 405 nm, 635 nm, objective CFI Plan Fluor 40× and NIS-Elements AR 4.13 

software. 

Detection of bacteria was performed by using Becton Dickinson FACS CantoII 

cytometer (Becton Dickinson, USA) equipped with argon, red and violet laser and Diva 

software.  
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6.1. Summary 

The electric and magnetic fields are phenomena that intrigued and inspired scientific 

community for many centuries. Their utilization initiated and accelerated wide range of 

applications in both science and industry. Main goal of this work is to make a contribution 

in this field and create important solutions that aid sensing and biosensing. Moreover, to 

increase the comprehensiveness of prepared thesis, practical applications are supplemented 

with fundamental research that aim to expand understanding of electrokinetic phenomena. 

First chapter consists of general introduction to electrokinetics. At the beginning, 

core concept of classical theory of the electrical double layer and its characterization are 

described. Then, to fully present potential of the field, most commonly utilized 

electrophoretic phenomena are discussed. Second part of this chapter summarizes two 

applications of the electric field, which are relevant in context of research described in this 

thesis: 1) improvement of biodetection methods and 2) deposition of objects in the electric 

field. 

Although theoretical and experimental analysis of electrokinetics creates complete 

and comprehensive picture, it is still dynamically developing field and unexpected 

phenomena are constantly reported [1]–[3]. Second chapter of this thesis provides insight 

into novel electrokinetic phenomenon of non-trivial characteristics. Namely, long-range 

repulsion between oppositely charged surfaces is described. Studied surface forces 

apparatus (SFA) setup was in fact a capacitor filled with the electrolyte consisting of ions 

of unequal electrophoretic mobilities. Range, strength, and time scale of the observed effect 

exceeded all previously reported electrokinetic phenomena [4]–[6]. Detailed analysis of 

influence of numerous parameters was performed. As a result, explanation that matches 

observed relationships and measured values was proposed. 

Third chapter focuses on first practical utilization of the electric field described in 

this thesis. Deposition of analyte on solid substrates in the alternating electric field was 

developed to improve surface-enhancement Raman spectroscopy (SERS). Such 

electrokinetic preconcentration was previously reported in the literature [7]–[9]. However, 

technology described in this chapter omits many drawbacks that hindered broad 

implementation of this approach. Created deposition step was independent from final SERS 

analysis, which increased flexibility of prepared design. Moreover, isolation of one 

electrode was combined with application of the alternating electric field. This enabled to 

avoid destructive Faradaic currents, redox reactions and at the same time omitted the 

problem of screening of the electric field with the electrical double layers. Time of 

deposition was shortened from 20 hours to 5 min. At the same time, needed volume of tested 

sample was reduced roughly 40 times. Also homogeneity of recorded SERS spectra was 

improved, due to more dense occupation of hot spots by deposited molecules. Wide range 

of analytes was successfully deposited in the electric field, which confirmed robustness of 

developed technology. Frequency was identified as crucial parameter that had to be adjusted 
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separately for each compound to be deposited. Above all, to increase usefulness of 

developed method, dependency between applied frequency and electrophoretic mobility of 

deposited molecule was determined. 

Also detection of bigger objects, such us bacteria was improved by methods 

developed within this thesis. Fourth chapter describes utilization of alternating electric 

field to create layers of properly oriented phages for fast and sensitive bacteria detection. In 

typical layers of randomly orientated phages, receptor binding proteins are sterically 

blocked and thus sensitivity of such layers is drastically decreased. Application of the 

alternating electric field enables favorable orientation of phages. Although similar 

approaches were utilized in the past [10], [11], to the best of my knowledge this was the 

first time that provided direct comparison of ordered and unordered layers of 

bacteriophages. Moreover, additional combination of such prepared layers with chemical 

modification of the surfaces resulted in densely packed layers of properly ordered phages. 

Sensitivity increased 50 to 64 times compared to randomly oriented phages deposited on 

bare gold. Detection step took only 15 min and resulting limit of detection was lower than 

100 CFU/ml, which was in range of the best-performing phage-based sensors described so 

far. 

During development of phage-based method for bacteria detection, it turned out 

that also magnetic field is a powerful tool to improve techniques of biodetection. Thus, fifth 

chapter presents development of phage-based bioconjugates for bacteria detection. Created 

bioconjugates consisted of fluorescent and magnetic sub-micron particles coated with 

bacteriophages. Magnetic properties allowed for effective separation and concentration of 

detected bacteria from the sample. Fluorescent properties enabled simple detection. Finally, 

bacteriophages ensured proper selectivity of given bacteria species. In the literature, similar 

approaches can be found, however all of them require complicated and expensive 

preparation [12], [13] or specialized method of detection, rarely available in hospitals and 

diagnostic laboratories [14]–[16]. Main goal of this project was to create method that would 

be easily accessible not only in highly-equipped research laboratories. Thus, utilized 

compounds were accessible and inexpensive. Moreover, selected method of detection (flow 

cytometer) is commonly used in hospitals and bioanalytical laboratories, which additionally 

increased versatility of developed solution. 

Sixth chapter is the summary of all described advances and discoveries. This part 

puts them in perspective of present and future research, and allow to understand their input 

in the field of practical applications. 

6.2. Future perspectives 

Each part of this thesis contains research that can be further utilized in broader context for 

improvement of detection methods and utilization of electric and magnetic fields in sensing 

and biosensing. 
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Research presented in chapter two resulted in discovery of intriguing electrokinetic 

phenomena. Although influence of various parameters on studied effect was measured and 

well characterized, additional calculations would be beneficial for further in-depth 

quantitative analysis. In fact, as a follow up studies, cooperation with mathematicians and 

theoretical physicists has been already established. Discoveries and experiments performed 

using surface forces apparatus will be complemented with analytical calculations of 

observed effect. This will provide deeper understanding of the electrokinetic processes 

involved in the observed phenomenon and enable even better control over designed system. 

Moreover, reported effect can potentially open new paths in numerous applications based 

on controlled movement of ions and surfaces, such as desalination of water, permselective 

channels, ionic valves, macroscopic separation of charges and tunable capacitors. 

Also developed method of deposition of analytes on solid surfaces has a great 

potential for further development. Although developed method was proven to be effective 

in SERS improvement, practical application can be hindered by laborious preparation of 

some components (wires, counterelectrode, deposition cell) and utilization of external 

power source. Thus, next step should be development of prototype of the device that would 

combine improved deposition cell and miniaturized system generating desired voltage. First 

step towards this goal was already made. Together with researchers that developed 

SERSitive substrates, I have already started working on the prototype of commercial device 

for deposition of analytes on SERS substrates in the electric field. 

Moreover, described method was independent from final SERS analysis and the 

only limitation was that solid surface, on which analyte was deposited, needs to be 

conductive. Research presented in this thesis already showed, that deposition of analytes 

can improve also fluorescence signal. Thus, developed solution can potentially aid also 

other analytical techniques that require presence of detected molecules at the sensing layer. 

Few examples of such technologies are surface plasmon resonance [17], optical fiber 

sensors [18], electrochemistry [19], and surface enhanced luminescence [20]. 

Different approach should be applied for further development of phage-based 

sensing layers. One of the biggest drawbacks of currently developed sensors for bacteria 

detection that hinders their wide practical implementation is poor sensitivity. Typically 

applied microbiological and biochemical tests can detect few CFU/l, which is regime 

inaccessible for phage-based sensing layers developed to this day [21]. Proposed solution 

of improving sensitivity of sensing layers for bacteria detection is a step towards removing 

these limitations. Therefore, further studies should focus on combination of oriented sensing 

layers with proper transducers. Moreover, obtained technology can be applied to improve 

sensitivity of already developed phage-based biosensors. Wide range of such sensors, 

utilizing various transducers, such as surface plasmon resonance [22], long-period fiber 

gratings [23], and electrochemical impedance spectroscopy [24], was reported in the 

literature. Proper orientation of phages will increase their sensitivity and bring them one 

step closer to real-world implementation. 
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In case of development of created bioconjugates, further advancement should be 

divided into two aspects. First one is improvement of the provided technology. To upgrade 

performance of bioconjugates, experiments with more homogenous particles and other 

types of phages should be performed. Also, particles with fluorescence of other wavelengths 

should be utilized to allow for simultaneous detection of many bacteria species. Second 

aspect is implementation of developed solution in real process of diagnosis. Disease that 

seems to be ideal for this case is sepsis. In many cases of heavily infected patients, number 

of bacteria in body fluids is very high [25] and rapid identification of infecting pathogens is 

required. This seems to be proper application for phage-based bioconjugates. Detection 

procedure takes only few tens of minutes and the flow cytometer used in this approach is 

common equipment is hospitals and diagnostic laboratories. 

As it was evidenced with this thesis, the electric and magnetic fields are useful tools 

for improvement of sensing and biosensing methods. I am looking forward to witness 

further development of this field and observe the breakthrough research it will bring in the 

future. 
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