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Comparison of SERS Effect on Composite Track-Etched Membranes
with Silver Nanostructures Obtained by Vacuum Deposition and Chemical Synthesis

Track-etched membranes (TMs) represent a universal platform for the development of advanced sensor sys-
tems due to their tunable pore architecture, chemical functionalization, and compatibility with different
nanostructures. In particular, their modification with plasmonic silver nanostructures enables the creation of
efficient solid-state substrates for surface-enhanced Raman scattering (SERS), providing high sensitivity and
potential for selective analyte detection. Solid substrates based on TMs can be a good compromise for SERS
systems. This article is devoted to the study of the SERS effect on track-etched membranes with silver
nanostructures. Silver nanostructures on track-etched membranes were obtained by thermal evaporation,
magnetron sputtering think silver film with subsequent annealing. Other samples were received by deposition
of colloidal silver nanoparticles stabilized with sodium citrate and p-cyclodextrin. 4-aminothiophenol was
used as a test substance. All samples exhibited the SERS effect. The intensity of the Raman scattering signal
in the obtained samples was compared and enhancement factors and standard deviations were estimated.
Samples obtained both by deposition of nanoparticles and by sputtering show high values of the enhancement
factors, which will allow them to be used in the future as substrates for biosensors.

Keywords: silver nanoparticles, track-etched membranes, vacuum deposition, surface-enhanced Raman scat-
tering, biosensors, nanostructures, sensor system, composite

Introduction

Track-etched membranes (TMs) are a promising material for the advanced sensors development. TMs
are produced from thin polymer films in which channels are created by irradiating heavy with ions and etch-
ing out destructed regions. Due to the unique technology of TMs production, they have special characteris-
tics compared to other membranes. TMs are characterized by a uniform distribution of pore diameters, tuna-
ble pore geometry and a wide range of pore size (20 nm — 10 um) [1]. In addition, it is possible to change the
shape of pores in TMs and obtain both symmetric and asymmetric channels [2]. In addition to adjusting the
structural properties, the material from which the TMs are made polyethylene terephthalate, polycarbonate,
polyvinylidene fluoride, polyimide can also be selected. TMs have a wide possibility of functionalization, for
example, it is possible to modify TMs with polymers [3], biomolecules [4], low molecular weight com-
pounds [5] using functional groups on the TMs surface. It is possible to sputter metals [6], create nanofiber
coatings on TMs and form metal-organic frameworks [7]. It is also possible to realize the technology of pol-
ymer grafting on TMs due to residual radicals [8]. All the above-mentioned allows to create a large number
of TMs-based sensors: electrochemical sensors for heavy metal ions [9, 10], glucose [11]. In addition, na-
noporous TMs are suitable for the resistive-pulse sensing method [12], to carry out digital loop mediated iso-
thermal amplification [13]. Furthermore, sensors based on TMs with SERS-effect (surface-enhanced Raman
scattering) could be designed after creating of plasmonic structures on the TMs surface [14].

Currently, SERS is a promising tool for analyzing substances, allowing the detection of extremely low
concentrations down to single molecules [15]. Raman signal amplification is possible due to the formation of
plasmon-polariton waves on the surface of a dielectric substrate with nanostructures plasmonic metals, or by
the formation of localized plasmons (“hot spots”) in colloidal solutions containing aggregates of metallic
nanoparticles [16]. The most popular SERS-systems are colloidal solutions of silver nanoparticles. The main
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problem of application of this type of systems is related to instability, tendency to aggregation, influence of
colloidal solutions composition on Raman signal enhancement [17]. The consequence of this is the irrepro-
ducibility of measurement results and the difficulty of using colloidal systems in sensorics. Solid substrates
can be a good compromise for SERS-systems.

Solid SERS-substrates are commonly based on glass, silicon or metals. The formation of nanostructures
for the SERS-effect is carried out by immobilization of metal nanoparticles from solution or by deposition of
metal films using PVD methods with subsequent treatment [18—-22]. Recently, flexible materials such as pol-
ymer films as SERS-substrates attracted research interest due to a number of advantages. Flexible substrates
are easier to manipulate and can be used with roll-to-roll technology [23, 24].

Composite silver nanoparticles and TMs show significant potential in the development of highly effi-
cient SERS-systems. Of particular importance is the ability of TM not only to act as a flexible substrate for
the preparation of SERS-active nanostructures, but also the ability to concentrate the analyte. Even without
modification, TMs can be used in the design of sensors for filtration of analyte [25, 26]. Numerous works
have been presented on the development of SERS-active structures on TMs. Methods for synthesis, deposi-
tion or immobilization of colloidal nanoparticles of different composition and geometry [27-30]; sputtering
of metal films by PVD methods [31-33], variants of using TMs as templates for the formation of nanostruc-
tures in pores with subsequent membrane etching [34, 35]. TMs with aptamer-modified SERS-surface can
significantly improve the selectivity and efficiency of analysis and create an aptasensor for the virus [36].

Despite the existing studies, there is still a challenge to design robust TM-based SERS systems with
high enhancement factor, signal reproducibility and homogeneity.

The aim of the present paper is to study the features of the formation of the SERS-active silver
nanostructures on the TMs surface using various methods and to compare the performance characteristics for
the design of high-performance analytical systems.

Experimental

Reagents and Materials

The following reagents and materials were used in this work: sodium citrate 5.5-hydrate
Na3;Ce¢Hs07-5.5H,0 (98 %, PanReac); B-cyclodextrin C4H70035 (98 %, Sigma-Aldrich); Branched polyeth-
yleneimine (PEI) (Mn = 60.000, 50 % aqueous solution, Acros Organics); 4-Aminothiophenol (4-ATP)
(97 %, Sigma Aldrich); Ethanol (99.9 %, Merc); AgNO; (99.9 %, LenReaktiv); NaOH (99.9 %, LenReak-
tiv); Deionized water (Milli-Q, Millipore) with a resistivity of 18 MQ-cm at 22 °C; Track-etched membranes
made of polyethylene terephthalate (thickness 19 pm, pore density 2.7-10% cm™, pore diameter 0.4 pm), ob-
tained at the Flerov Laboratory of Nuclear Reactions of the Joint Institute for Nuclear Research.

Formation of Nanostructures from Silver Nanoparticles obtained by Chemical Synthesis

Spherical silver nanoparticles were prepared using the citrate method, based on the procedure [29]. For
this, 50 ml of 10 M sodium citrate solution, heated to 95 °C, was gradually added with 12.5 ml of 10 M
silver nitrate solution. Before the synthesis began, 1 M sodium hydroxide solution was added to the sodium
citrate solution to achieve a pH of 9.8. The resulting mixture was kept at constant stirring and temperature
for one hour.

The synthesis of silver nanoparticles using B-cyclodextrin was carried out as follows [29]. A 10° M
B-cyclodextrin solution was prepared and adjusted to pH 11 using 1 M NaOH. Subsequently, 107 M silver
nitrate solution was gradually added while stirring at 70 °C. The solution was incubated under these condi-
tions for 30 minutes and then left at room temperature for one day.

The TMs were washed in ethanol and water, then immersed in a 0.1 % aqueous solution of PEI and left
on a laboratory shaker for 30 minutes. After modification, the TMs were washed in water for 5 minutes. Sub-
sequently, the silver nanoparticles solution was passed through the modified TMs using an Amicon Stirred
Cells filtration cell (Millipore) [37].

Formation of Silver Nanostructures by Physical Methods

Magnetron sputtering was performed using a Q 150T S (Quorum) setup. A 10 nm silver layer was de-
posited at an argon residual pressure of 10 mbar and a deposition rate of 5 nm/min.

Thermal evaporation was performed using a thin film deposition system Nano 38 (Kurt J. Lesker Com-
pany, Jefferson Hills, Pennsylvania, USA). A 10 nm silver layer was deposited at a pressure of 8:10~" Torr
and a deposition rate of 2.4 nm/min.
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The formation of nanostructures was achieved through annealing in a muffle furnace (Bender) at
120 °C for 10 minutes.

The deposition of silver nanoparticles on TMs was monitored spectrophotometrically using a double-
beam spectrophotometer (Evolution 600, Thermo Scientific). Spectra of colloidal solutions were recorded
after filtration against deionized water. Measurements were conducted at room temperature with an optical
path length of 1 cm and a slit width of 2 nm.

The zeta potential of silver nanoparticles was measured using laser Doppler microelectrophoresis
(Zetasizer Nano ZSP, Malvern). A U-shaped cuvette with built-in gold electrodes was used for measure-
ments.

Scanning electron microscopy (SEM) was performed using a microscope (SU 8020, HITACHI) with a
cold field emission cathode. Cross-sectional were obtained by irradiating the TMs samples with ultraviolet
light until they became brittle. To improve resolution and contrast, a 5 nm-thick layer of platinum-palladium
alloy was deposited on the samples by magnetron sputtering.

The geometric parameters (diameter, shape) of nanoparticles were studied using transmission electron
microscopy (TEM). TEM was performed using a microscope (Talos F200iS/TEM, Thermo Scientific). Cop-
per grid with a thin film of amorphous carbon (SPI supplies) were used as the supporting substrate. To pre-
cipitate the nanoparticles, the grid was immersed in the solution, taken out and dried. Nanoparticle sizes were
calculated from the micrographs using JMicroVision 1.3.4 software.

Raman spectroscopy was used as an additional confirmation of silver nanoparticles deposition on TMs
and to evaluate the possibility of using the obtained substrates for detection of the test substance. Raman
spectroscopy was performed on a spectrometer R532 (Enspectr). The excitation laser wavelength was
532 nm, the spot diameter of the focused beam was 4 um. The test substance used was 4-ATP at a concentra-
tion of 10~ M in ethanol. One drop of 2 ul was applied to the membrane for measurement and left to dry
completely. The enhancement factor (K>) was calculated from a comparative experiment in which the ratio of
the Raman line intensities of 4-ATP on commercially produced Enspectr substrates (with a known enhance-
ment factor, K; = 7-10°) was determined. For this purpose, measurements were performed under the same
laser operating conditions (radiation power density 20 mV, exposure time 300 msec, number of scans 10) on
the Enspectr substrate and TMs. The intensity values of the 1435 cm™! band were averaged over 5 measure-
ments on 5 replicate samples. K> calculated according to the formula:

K>=Ki'N,
where N — is the coefficient showing how many times the values of the obtained band intensities at

1435 cm™! differ from each other. The standard deviation and relative standard deviation were calculated for
the measured enhancement factors using the formulas:

where X — denotes the sample mean, and » — represents the sample size.
Results and Discussion

The study investigated two principal approaches to obtaining SERS-active surfaces on TMs. The first
approach involves the forming of nanoparticles from thin silver films through their aggregation upon heating.
The second approach comprises the deposition of chemically synthesized colloidal silver nanoparticles onto
the TMs surface via filtration.

Silver Nanoparticle Formation via Sputtering

Thin silver films were produced using thermal and magnetron sputtering techniques. Thermal evapora-
tion was selected due to its ease of implementation and widespread use. A viable alternative to thermal evap-
oration is magnetron sputtering, which yields films with improved adhesion, greater uniformity, thickness
consistency, and reduced roughness [38]. An important advantage of magnetron sputtering is lower substrate
heating and the absence of droplet phase and microparticles in the deposited material flux, unlike thermal
sputtering [39]. Previous research was conducted to optimize film thickness and annealing conditions for
thermally deposited films [40]. It was determined that the optimal conditions for nanoparticle formation were
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a film thickness of 10 nm and annealing at 120 °C. Similar studies were performed for magnetron-deposited
films. The findings revealed that the optimal conditions for nanoparticle formation were identical to those of
thermally deposited films, with a film thickness of 10 nm and annealing at 120 °C. Figure 1 presents micro-
graphs of the original and annealed silver films with a thickness of 10 nm.

Figure 1. Micrographs obtained by SEM of a TMs with a 10 nm silver layer: Magnetron-sputtered before annealing (A4)
and after annealing (C); Thermal evaporation before annealing (B) and after annealing (D)

It can be observed that the initial films do not contain nanoparticles, yet a noticeable difference in mor-
phology exists between the films produced by magnetron sputtering (Figure 14) and thermal evaporation
methods (Figure 1B8). The films obtained via magnetron sputtering exhibit a smoother surface, while those
produced by thermal evaporation show the presence of islands. These differences are inherent to the deposi-
tion methods and are typical of them.

The formation of nanostructures from thin films was achieved through heating to 120 °C, after which
the film aggregated into silver nanoparticles. The nanoparticle size for films produced by magnetron sputter-
ing (TM-Ag-M) was 21 £ 6 nm (Figure 1C), whereas for films obtained by thermal evaporation (TM-Ag-T)
was 28 = 7 nm (Figure 1D).

Silver Nanoparticle Deposition from Solution onto Track-Etched Membrane

The second approach to forming silver nanostructures on a TMs involved filtering a solution of nano-
particles through a PEI-modified TMs. During filtration, silver nanoparticles deposit onto the TMs surface
via electrostatic and donor-acceptor interactions with PEIL

This study examined two types of silver nanoparticles. The first were nanoparticles stabilized with so-
dium citrate, and the second were nanoparticles stabilized with B-cyclodextrin. Both types of nanoparticles
had negatively charged surfaces to prevent electrostatic repulsion from the PEI-modified TMs. The zeta po-
tential of citrate nanoparticles was —51 £ 5 mV (pH = 10), while that of cyclodextrin nanoparticles was
-35+£8mV (pH=11).

The citrate synthesis method was chosen for its simplicity, allowing for the production of nanoparticles
of a specific size without the use of toxic reagents. A drawback of this method is the presence of other nano-
particle shapes, such as nanorods and triangular nanoprisms. As an alternative, the synthesis of silver nano-
particles using B-cyclodextrin as a stabilizer and reducing agent was selected. This method also avoids the
use of toxic reagents and produces particles with good stability and spherical shape.

A notable feature of this method is the presence of a hydrophobic cavity in the B-cyclodextrin molecule,
which can accommodate various molecules for applications in drug delivery systems and biosensing [41,
42]. Figure 2 presents micrographs of silver nanoparticles produced using sodium citrate (AgNPs-Cit) (Fig-
ure 24) and B-cyclodextrin (AgNPs-CD) (Figure 2B).
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Figure 2. Micrographs of AgNPs-Cit (4) and AgNPs-CD (B) obtained by TEM

According to TEM data, the size of AgNPs-Cit and AgNPs-CD was 24 + 10 nm and 28 + 4 nm, respec-

tively.

The UV-visible absorption spectra of the AgNPs-Cit and AgNPs-CD are presented in Figure 3. The

characteristic plasmon resonance for silver nanoparticles was observed in the region of 400 nm.
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Figure 3. UV-visible absorption spectra of silver nanoparticles before and after filtration through TMs

Figure 4. Micrographs of AgNPs-Cit (A, B) and AgNPs-CD (C, D) obtained by SEM
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The concentration of nanoparticles was equalised by dilution based on the intensity of the plasmon res-
onance peak. Also, the change in intensity peak of the plasmon resonance was used to evaluate the com-
pleteness of deposition. The deposition efficiency was 90 % and 95 % for AgNPs-Cit and AgNPs-CD, re-
spectively.

Figure 4 shows SEM of the surface of TMs after deposition AgNPs-Cit (Fig. 4 4, B) u AgNPs-CD
(Fig. 4 C, D).

In the micrographs of the TMs surfaces after silver nanoparticle deposition, it can be observed that both
AgNPs-Cit (Fig. 4 4, B) and AgNPs-CD (Fig. 4 C, D) are deposited uniformly across the entire surface.
However, almost all nanoparticles stabilized with B-cyclodextrin are present as agglomerates on the TMs
surface, while those stabilized with sodium citrate predominantly appear as single particles with lesser ag-
gregation. In the AgNPs-Cit samples, particles of not only spherical shape but also in the form of rods, cu-
bes, and triangular nanoprisms can be discerned.

Comparison of Chemical and Physical Approaches in the Formation of Silver Nanostructures on
Track-Etched Membranes

When comparing the approaches to the formation of silver nanostructures on track-etched membranes,
the depth of nanoparticle deposition in the pores, the intensity of the giant Raman scattering signal, and the
relative standard deviation of the amplification coefficient were assessed. Micrographs of TMs cross-sections
at angles of 90° and 70° are presented in figure 5.

The fundamental difference in the coatings can be observed in the cross-sections of TMs with silver na-
noparticles obtained via physical and chemical methods. When nanoparticles are produced from sputtered
films, predominantly only the frontal surface of the TMs is filled. Within the pores, a small number of nano-
particles are observed from one edge, with deposition depths of approximately 1 pm for TM-AgNPs-T
(Fig. 54, B) and 0.5 pm for TM-AgNPs-M (Fig. 5C, D).

Figure 5. Micrographs of TMs cross-sectional by SEM: TM-AgNPs-T (4, B), TM-AgNPs-M (C, D)

The location of nanoparticle formation can be associated with different positions of the silver target
when obtaining films relative to different sections of the membrane. The depth of nanoparticle location is
also affected by different slopes of the pore channels of the TMs. With distance from the front surface, the
thickness of the deposited film decreases, and as a consequence, the size and density of the particle distribu-
tion decrease. Nanoparticles are present, as a rule, at one edge of the pore, and at different depths. Part of the
pore channel is inaccessible for filling with nanoparticles. The filling of membrane surface areas is schemati-
cally shown in Figure 6 (4).
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Figure 6. Schematic representation of the process of deposition of silver films (4)
and the process of filtration of silver nanoparticles through a TMs (B)

Formation of a nanoparticle layer by precipitation from a solution differs fundamentally from the meth-
od of formation from thin films. The presence of silver nanoparticles both on the front surface and in the
pores of the track-etched membranes, down to a depth of 3 um, is observed on the cross-sectional of the TM-
AgNPs-Cit (Fig. 7 4, B) and TM-AgNPs-CD (Fig. 7 C, D) samples.

Figure 7. Micrographs of TMs cross-sectional by SEM: TM-AgNPs-Cit (4, B), TM-AgNPs-CD (C, D)

The density of the nanoparticles layer in the pore is comparable to the density of nanoparticles on the
front surface of the TMs. This behavior of the nanoparticles can be associated with the fact that during filtra-
tion, the nanoparticles carried away by the flow move along the pore channel for a significant distance. At
the same time, the amount of nanoparticles in the solution is sufficient to densely fill the front surface of the
TMs and the pore channels (Fig. 6 B).

SERS Effect on Track-Etched Membranes with Silver Nanostructures

The SERS effect was studied on the composite TMs with silver nanostructures. The polymer material of
the track membrane does not interfere with analyte detection due to the layer of silver nanoparticles on the
surface. 4-ATP with a concentration of 105 M was used as a test substance. Due to the presence of a thiol
group, 4-ATP is well adsorbed on the surface of silver nanoparticles. The presence of a benzene ring increas-
es the SERS activity of the substance. These factors make 4-ATP a common standard for measuring the
SERS signal [43].

The averaged Raman spectra of 4-ATP on samples SERS-substrates are shown in Figure 8.
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Figure 8. Raman spectra of 4-ATP (10°M): TM-Ag-T, TM-Ag-M (A); TM-AgNPs-Cit, TM- AgNPs-CD (B)

All samples of TMs exhibit vibrational bands corresponding to 4-ATP in the regions of 1145, 1390,
1435, 1575 cm™!, which are consistent with similar bands from the literature data obtained on silver nanopar-
ticles upon excitation by a laser with a wavelength of 532 nm [44]. The intensities of the Raman scattering
signals were comparable. The maximum signal intensity was observed on the TM-Ag-T sample obtained by
thermal evaporation, and the minimum Raman signal intensity was recorded for the TM-AgNPs-CD sample.
Higher signal intensities on TMs with nanoparticles obtained from thin films can be explained by a denser
arrangement of silver nanoparticles. For TM-Ag-T, the average density of nanoparticles on the front surface
was = 700 pcs/um?, for TM-AgNPs-CD = 600 pcs/um?.

Based on the averaged Raman spectra, the enhancement factors and their relative standard deviations
were calculated, the values of which are presented in Figure 9.
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Figure 9. Histogram of the enhancement factors values
on the samples TM-Ag-T, TM-Ag-M, TM-AgNPs-Cit, TM-AgNPs-CD

The enhancement factors on TMs were determined to be 2.3:10° £ 30 %, 4.9-10° £+ 41 %, 9.0-10° +
56 %, and 1.1-10° + 45 % for TM-Ag M, TM-Ag T, TM-AgNPs-Cit, and TM-AgNPs-CD, respectively.

It can be observed that TMs with silver nanoparticles produced by physical methods exhibited lower
relative standard deviations compared to samples containing nanoparticles produced by chemical methods.
The lowest relative standard deviation was achieved with magnetron sputtering samples, which can be at-
tributed to the more homogeneous structure and uniform thickness distribution of the initial films.

The highest standard deviation was observed for TMs with silver nanoparticles synthesized using sodi-
um citrate. This phenomenon can be explained by the greater polydispersity and presence of non-spherical
shapes in citrate-stabilized silver nanoparticles.

For TM-AgNPs-Cit and TM-AgNPs-CD, there are fewer nanoparticles on the surface, but particles
within the pores also contribute to the signal enhancement, which results in a higher relative standard devia-
tion of the enhancement factor.
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It can be noted that the enhancement factors of all samples are comparable in magnitude and are con-
sistent with the enhancement values observed on other non-porous SERS substrates with silver nanostruc-
tures [45, 46].

Conclusions

Creation of a composite material based on TMs and silver NPs with the SERS effect was carried out us-
ing thermal evaporation, magnetron sputtering and deposition from solution. It was demonstrated that physi-
cal deposition methods (magnetron sputtering and thermal evaporation) enable the creation of a homogene-
ous coating of the frontal surface with silver nanoparticles, wherein the particles are in close contact with
each other. However, within the pores, the nanoparticles formed unevenly, with the filling dependent on the
position of the target relative to the examined track-etched membranes region.

Comparison of thermal evaporation and magnetron sputtering methods shows that silver nanostructures
capable of exhibiting the SERS effect are formed in both cases. However, magnetron sputtering demon-
strates better reproducibility of the analytical signal.

Filtration of the solution containing chemically synthesized nanoparticles through the porous material
allows covering the surface with a complex relief with a sufficiently dense layer of nanoparticles and depos-
iting the nanoparticles into the pores. The filling of the pore channels with nanoparticles occurs uniformly
and to a greater depth compared to sputtering.

The highest enhancement factor of 4.9-10° + 41 % was achieved with the sample featuring thermal
evaporation of a silver film followed by annealing. Track-etched membranes with citrate silver nanoparticles
had the highest value of the relative standard deviation of the enhancement factor, 9.0-10° + 56 %. The ob-
tained enhancement factors were comparable to those of other substrates.
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