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Surface-enhanced Raman scattering (SERS) has been intensively used recently as a highly sensitive, non-
destructive, chemical specific, and label-free technique for a variety of studies. Here, we present a novel
SERS substrate for: (i) the standard ultra-trace analysis, (i) detection of whole microorganisms, and (iii)
spectroelectrochemical measurements. The integration of electrochemistry and SERS spectroscopy is
a powerful approach for in situ investigation of the structural changes of adsorbed molecules, their
redox properties, and for studying the intermediates of the reactions. We have developed a conductive
SERS platform based on photovoltaic materials (PV) covered with a thin layer of silver, especially useful in
electrochemical SERS analysis. These substrates named Ag/PV presented in this study combine crucial
spectroscopic features such as high sensitivity, reproducibility, specificity, and chemical/physical stability.

The designed substrates permit the label-free identification and differentiation of cancer cells (renal
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platform was adopted as the working electrode in an electrochemical SERS approach for p-
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1. Introduction

Surface-enhanced Raman scattering (SERS), due to its high
sensitivity and specificity, is currently widely used as an
important tool for biomedical,’® analytical,”® and environ-
mental analysis.>*°

The SERS effect, in which the scattering cross-sections are
considerably enhanced for molecules upon their adsorption
onto specific metallic nanostructures, relies on the combination
of electromagnetic (EM) and chemical (CT) mechanisms."* The
electromagnetic enhancement is attributed to the amplification
of the electromagnetic field via coupling of the radiation field
with the localized surface plasmon of the metal nanostructures
(LSPR; localized surface plasmon resonance). This mechanism
is closely related to the morphology and dielectric environment
of the plasmonic nanostructures and usually plays a crucial role
in whole SERS enhancement. The localized electromagnetic

“Institute of Physical Chemistry, Polish Academy of Sciences, Kasprzaka 44/52, 01-224
Warsaw, Poland. E-mail: akamin@ichf.edu.pl

*Department of Applied Microbiology, Institute of Microbiology, Faculty of Biology,
University of Warsaw, Miecznikowa 1, 02-096 Warsaw, Poland

‘Department of Molecular Biology, Institute of Biochemistry, Faculty of Biology,
University of Warsaw, Miecznikowa 1, 02-096 Warsaw, Poland

T Electronic  supplementary available. See DOL:
10.1039/c8ra08319¢

information  (ESI)

576 | RSC Adv., 2019, 9, 576-591

spectro-electro-chemically has great potential for broadening the application of SERS.

field can be enhanced by ‘hot spots’, which are usually gener-
ated between the narrow gaps, edges, or clusters of metallic
nanostructures. The chemical enhancement mechanism
involves the photo-induced charge transfer excitation between
the Fermi level of the metal and the molecular orbital of the
adsorbate or vice versa."” These two mechanisms can enhance
the Raman signals of the adsorbed molecule by 5, 6, even 14
orders of magnitude.'>'* As a result SERS ensures the ultra-trace
detection of analytes even down to the single molecule level.™

Apart from its ultrasensitivity and the ability to provide the
chemical fingerprint of molecules, the SERS technique offers
non-destructive, fast, and label-free characterization of
samples. Additionally, due to developments in SERS probes
strategy’®™® (Raman reporter labeled nanostructures) and
recent progress in chemometrics and multivariate methods,
SERS can be widely applied in multiplex analysis of complex
systems such as blood or cerebrospinal fluids. All these features
lead to increasing the potential of the SERS method in practical
applications especially for analysis of biological material, from
single macromolecules to prokaryotic'>*® and eukaryotic
cells*** with both in vitro and ex vitro approaches.

Despite the remarkable advantages, the real-world applica-
tion of SERS technique in point-of-care clinical trials is still
hindered because of the difficulty in preparing ideal SERS-active
substrates. For analytical applications of SERS in a portable
long-term stable, highly sensitive

manner, low-cost,
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nanostructures which additionally generate uniform and
reproducible responses are required.

Nowadays, nanostructured noble metal (Ag, Au, Cu) surfaces
or nanoparticle assemblies are commonly used as a SERS-active
substrate. A remarkable variety of techniques - such as elec-
trochemical methods,” nanosphere lithography,* electron-
beam lithography,*® nanoimprinting lithography,* vapor layer
deposition,” colloidal suspension,® and many other methods -
are currently utilized for the fabrication of well-ordered SERS
nanostructures.”®*?* Generally, SERS-active nanostructures
include: (i) colloidal metal nanoparticles, and (ii) solid support-
based substrates. Colloid-based substrates are easy to fabricate
and exhibit high SERS enhancement efficiency. On the other
hand, the lack of special uniformity and enhancement repeat-
ability are their main drawbacks. Recent progress in nano-
technology has led to rapid development in the fabrication of
novel solid-support based SERS substrates.****° These substrates
have an advantage over colloidal substrates, especially in terms
of stability and reproducibility. The top-down**** and bottom-
up techniques*** and their combination with template-
assisted approaches*>** enable fabrication of relatively
uniform and periodic structures with excellent SERS efficiency.
However, in the case of solid-support-based SERS substrates,
the fabrication processes are rather time-consuming and/or
expensive. Additionally, many of these approaches offer SERS
substrates with excellent enhancement factor values but still
suffer from poor reproducibility of SERS responses.

The introduction of electrochemistry into the SERS tech-
nique opens a new path for in situ monitoring of the structural
changes of adsorbed molecules, to determine their specific
redox states, and to study reaction intermediates.***® Recently,
Meneghello et al®* have shown that electrochemical SERS
analysis (deconvolution of SERS spectra recorded as a function
of applied-to-electrode potential) can be used as a highly
sensitive technique to measure the redox potential of the anti-
cancer drug mitoxantrone bound to dsDNA. Mahajan et al.*
combined SERS with electrochemistry to analyse the mutations
in DNA sequences. Itoh et al*® applied SERS spectroelec-
trochemistry to studies of oxide chemistry at the interface
between silver and gold electrodes and the selected electrolyte
solution.

To conclude, there is a strong need for cheap, versatile,
durable, stable SERS nanostructures which can easily be intro-
duced to routine trial analysis - especially in portable, point-of-
care applications — and may be also easily applied for SERS
spectroelectrochemical measurements.

The designed SERS nanostructures exhibit the excellent
sensitivity, selectivity, and reproducibility of recorded signals. It
should be highlighted that, for example, for p-ATP the
maximum SERS intensity (150 000 ¢ s~ ') tolerated by a CCD
camera was achieved during 3 s of spectrum accumulation at
1.5 mW power of laser (the enhancement factor (EF) was esti-
mated to be as high as 10°).

These Ag/PV substrates have also been successfully applied
to the SERS-based analysis of prokaryotic and eukaryotic cells:
(i) cancer cells, i.e. renal carcinoma Caki-1 cells, and (ii) path-
ogens i.e. Escherichia coli and Bacillus subtilis. Additionally, the
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Ag/PV possess conductive paths between the array of periodic
cones and can also be used as an electrode in spectroelec-
trochemical setup. We have demonstrated the ability to monitor
the potential-dependent SERS spectra of p-ATP to understand
the SERS features of biofunctional molecules.

2. Materials and methods

2.1. Chemicals and materials

P-aminothiophenol (p-ATP) and phosphate-buffered saline
(PBS) packs (10 mM, pH = 7.2) were obtained from Sigma-
Aldrich (Dorset, UK) and used without further purification.
Water (resistivity over 18 MQ), purified using a Milli-Q plus 185
system was used throughout the process. PV panels were ob-
tained from Bruk-Bet Solar Tarnow, Poland as a post-production
residue. Silver sputtering target was obtained from Mennica
Metale Szlachetne Radzymin, Poland.

2.2. Cell cultivation and preparation

We perform all of our experiments on human cancer cell line
Caki-1 which is commercially available. The cell line is
purchased from the ATCC (https://www.lgcstandards-atcc.or).

The Caki-1 cells were cultured in RPMI-1640 medium, sup-
plemented with 10% FBS, penicillin (100 U ml™"), and strep-
tomycin (100 pg ml™'). The culture was maintained in a 95%
humidified atmosphere of 5% CO, at 37 °C. For the experiments
the cells were cultured in 25 cm? cell culture flasks. After
reaching 80% of confluence, the cells were washed with PBS,
trypsinized (0.05% trypsin, 0.02% EDTA solution), collected,
and centrifuged at 250 x g for 5 min at room temperature. Then
cells were washed with PBS and centrifuged again. After
centrifugation cells were re-suspended in 20 pl of PBS and
stored on ice. All the media and reagents were obtained from
Sigma-Aldrich (St. Louis, MO, USA).

Bacterial species used in the experiment were obtained from
the Department of Bacterial Genetics, University of Warsaw,
Poland. To multiply microbial organisms, we cultivated them in
LB agar (Lysogeny broth agar) at 37 °C for 24 h. After that 3-4
single bacterial colonies of ~2 um in diameter were suspended
in 500 pl of 0.9% NaCl solution (saline solution) and centri-
fuged for 5 min at 4000 rpm. After centrifugation the superna-
tant was discarded and the bacterial cells were re-suspended in
500 pul of saline solution. The centrifugation process in the
saline solution was repeated 4 times to obtain a solution of
clean bacterial cells. In the final step the supernatant was
completely discarded and the bacteria cells were transferred via
pipette and placed onto a SERS substrate (Fig. 2). The SERS
measurements (Fig. 2d) were taken after 10 minutes, to let the
SERS substrate dry.

2.3. Instrumentation

2.3.1. Raman and SERS spectroscopy. Raman and SERS
spectroscopy measurements were carried out with a Renishaw
inVia Raman system equipped with a 785 nm diode laser. The
light from the laser was passed through a line filter and focused
on a sample mounted on an X-Y-Z translation stage with a 50x
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microscope objective, NA = 0.25. The laser beam diameter,
defined as twice the radius of a circle encompassing the area
with 86% of the total power, was about 2.5 pm; approximately
the same values were obtained from the experimentally ob-
tained laser spot image and from the theoretical formula (4Af/
nD). The experiments were performed at ambient conditions
using a back-scattering geometry at 1.5 mW power at the
sample. The microscope was equipped with 1200 grooves
per mm grating, cutoff optical filters, and a 1024 x 256 pixel
Peltier-cooled RenCam CCD detector, which allowed registering
the Stokes part of the Raman spectra with 5-6 cm™ ' spectral
resolution and 2 em™ ' wavenumber accuracy. The experiments
were performed at ambient conditions using a back-scattering
geometry.

2.3.2. Scanning electron microscopy (SEM). Scanning
Electron Microscopy (SEM) observations were performed under
high vacuum using the FEI Nova NanoSEM 450. The acceler-
ating voltage ranged from 2 up to 10 kV. The PV/Ag samples
were observed without any additional layer of gold.

2.3.3. Atomic force microscopy (AFM). Atomic force
microscopy (AFM) imaging was performed by using a Multi-
mode 8 AFM microscope by Bruker (Germany) equipped with
Nanoscope V controller and piezoelectric scanner type E with
a 10 um X 10 um scanning area. The system was controlled by
Multimode 8.15 software from Bruker. All images were collected
in ScanAssyst™ mode using a 650 nm silicon tip on a silicon
nitride cantilever with dimensions 115 x 25 pm (length X
width). Resonant frequency of the cantilever was 70 kHz and its
spring constant was 0.4 N m~'. Raw images were flattened using
1% order procedure. In order to calculate sample roughness,
four images with a 5 x 5 um? area were recorded in different
places on the sample surface. Then the roughness, R,, of each
recorded image was calculated using NanoScope Analysis soft-
ware by Bruker and the average roughness value was obtained.

2.3.4. Collecting of SERS spectra. For the recording of p-
ATP spectra, a 2 ul volume of the analyte solution was applied
with a microliter syringe onto the SERS substrate. The SERS
spectra of cancer cells and pathogens were recorded immedi-
ately after placing the analyzed sample onto the SERS substrate.
All bacteria were at the same growth stage at the time of sample
preparation. The recording of SERS spectra was completed after
~10 minutes from placing the sample on the Ag/PV substrate.

The SERS spectra were recorded from 40-90 different points
in mapping mode from a 20 x 40 pm area of SERS substrate.
The time required for completing a single SERS spectrum was 3
seconds for p-ATP and 6 seconds for bacterial and cancer cells.

The obtained spectra were processed with OPUS software
(Bruker Optic GmbH 2012 version). The spectra were smoothed
with a Savitzky-Golay filter; the background was removed using
baseline correction.

2.3.5. XPS measurement. X-ray photoelectron spectro-
scopic (XPS) measurements were performed using a PHI 5000
VersaProbe (ULVAC-PHI) spectrometer with monochromatic Al
Ko radiation (hv = 1486.6 eV) from an X-ray source operating at
a 100 pm spot size, 25 W and 15 kV. The survey XPS spectra were
collected with a hemispherical analyzer at the pass energy of
117.4 and an energy step size of 0.4 eV. The X-ray beam was
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incident at the sample surface at an angle of 45° with respect to
the surface normal, and the analyzer axis was located at 45° with
respect to the surface. The XPS data were evaluated by MultiPak
v.9 software using the set of sensitivity factors supplied by PHI.

2.3.6. Electrochemical SERS measurements. The electro-
chemical SERS measurements were performed in a home-made
spectroelectrochemical cell integrated with Renishaw inVia
Raman system (Fig. 1). The cell was fabricated from poly-
carbonate with a window for SERS measurements and three-
electrode holders for the electrochemical control. The Ag/PV
SERS-active surface was employed as a working electrode
(WE). A platinum wire and Ag/AgCl electrode were used as the
counter electrode (CE) and the reference electrode (RE)
respectively. The electrode potential is given in reference to the
Ag/AgCl electrode (+45 mV). The laser beam (spot size at 2.5 pm)
was introduced via optical window and focused onto the three-
phase boundary (gas-liquid-solid) formed on the immersed Ag/
PV SERS substrate. The potential of a working electrode (Ag/PV)
was swept at 2 mV s~ ' between —0.1 V and —0.9 in 0.1 M
NaClO,. The electrochemical measurements were carried out
using HAUTOLABIII/FRA2.

2.4. Preparation of the SERS platform and sample
measurement

The general scheme of preparing the SERS-active platform
and measurement of the sample is shown in Fig. 2. Photo-
voltaic sample at 40 x 40 mm was placed in a baker filled
with acetone. The first step was sonication for 10 minutes in
an ultrasonic bath at 50 °C (Fig. 2a). Then the acetone was
exchanged and the step was repeated. After 10 minutes the
baker was filled with isopropyl alcohol and the sample was
sonicated for 10 minutes at temperature 50 °C (Fig. 2b). Then
the sample was sonicated for 10 minutes in distilled water
(Millipore) at ambient temperature (Fig. 2c). The cleaned

Lens
Silver chloride

Reference electrode
Counter electrode

/l n ]W
4

Spectro- Working
electrochemical cell Ag/PV electrode

Fig. 1 Schematic view of the spectroelectrochemical setup used for
analysis. In situ electrochemical SERS spectra were performed in
a microfluidic chamber integrated with three electrodes.
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sputtering of a thin layer of silver (c). Then the bacterial ad cancer cells were deposited on SERS-platform; finally, measurement takes place (d).

photovoltaic device was then dried for 30 minutes at 50 °C
(Fig. 2d) and placed in a sterile Petri dish or immediately
placed in a Physical Vapor Deposition (PVD) device and
sputtered with a layer of silver (Fig. 2d). The prepared SERS
platform is ready for use.

To measure bacteria, we placed a small amount of bacteria
in an Eppendorf together with saline solution, vortexed and
placed on the platform with a pipette. The cancer cells also in
PBS buffer were deposited onto the SERS substrate and dried.
The SERS measurements were performed up to three hours
after cell preparation to avoid damaging them. The platforms
with bacteria and cancer cells on the surface were placed
under a microscope and subjected to measurement for 15
minutes (Fig. 2).

Table 1 Type and parameters of PV devices used in experiments

3. Results and discussion

3.1. Characterization of PV surfaces

In our experiments we used four different photovoltaic (PV)
systems (see Table 1), made of three main layers® (Fig. 3). The
top layer consists of blue silicon nitride anti-reflection coating
deposited in plasma-enhanced chemical vapor deposition
(PECVD) and silver busbars, which play the role of grid contacts.
The detailed analysis of PV production is presented in ESI
(Chapter 1.1).1 Fig. S17 presents the SEM images of the four
types of analyzed PV devices. We have tested two polycrystalline
silicon devices named 1m and 1-types, and two monocrystalline
silicon systems named 2 and 3-types. According to their
description summarized in Table 1, the devices 1m and 1-types
differ from each other in the method of preparing the silicon

Name of the  Type of Quantity of top silver Thickness range of
sample crystallite ~ busbars/single photo panel =~ PERC Color (visual observation) Thickness of Si antireflection layer
1-Type Poly 4 No Different shades of blue from 200 pm 4+ 20 pum  88.5-98.8 nm
front and side
1m-type Poly 4 No Blue or dark blue from front 200 pm £ 20 pm  88.5-98.8 nm
and dark blue from side
2-Type Mono 3 Yes Dark blue from front 210 pm £ 20 pm  85.9-88.5 nm
3-Type Mono 4 No Black blue from front 210 pm £+ 20 pm  75.6-85.9 nm

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 The general organization of the PV devices.

nitride layer (various chemical vapor deposition processes),
which is reflected in the visual properties of these panels, i.e.
their colors and gloss. Additionally, the SEM images (see Fig. 1)
of 1m and 1-types of devices clearly revealed the difference in
their morphology. The SEM image of 1m sample, shows that the
porous silicon consisted of the network of pores from 200 to
400 nm. The sample named 1 (Fig. S1(B)) reveals micrometer
sized silicon barrels arranged into plait-like structures. The
morphologies of samples named 2 and 3-types (Fig. S1(C and
D)t) are completely different from morphologies of 1 and 1m-
types of analyzed samples but they are very similar to each
other. Both, 2 and 3-types of PV devices exhibit the pyramid-like
micrometer sized silicon structures.

In the next step, PV devices were cleaned and then covered
by a silver layer with different thicknesses using the physical
vapor deposition (PVD) method. Fig. 4 and S21 show the SEM
and AFM pictures at different magnifications of all the PV
systems, respectively. The SEM images at high magnification
exhibit homogeneously distributed silver nanostructures onto
a PV support. Image analysis was performed for each sample to
obtain the size distribution of silver nanostructures. A repre-
sentative image and its histogram for sample “1m-type” is
presented in Fig. 4, whereas histograms for all samples are
presented in Fig. S3.T As can be seen, silver nanostructures are
closely and regularly distributed across the Ag/PV surfaces and
their median size is below 30 nm. Fig. S27 additionally pres-
ents the AFM images at two different magnifications of all
tested Ag/PV SERS-active substrates sputtered with 8 nm layer
of silver. These results confirm that the enveloped method of
fabrication of the SERS-active substrate offers homogeneous
coverage of the PV surface with the layer of silver. The degree
of surface roughness RMS (root mean square) of all tested PV
samples was determined using AFM (Fig. S21) and is
summarized in Table 3. It should be highlighted, that all
samples have over 20 times higher value of RMS than ion-
etched silicon. For PV based surfaces RMS varies from 120 +
6 nm to 364 £ 58 nm, where etched silicon possesses rough-
ness at a level of 6.6 &+ 0.6 nm (see Fig. S4 in ESIT). The effect of
surface roughness on plasmonic structures determinates the
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SERS efficiency.** The observed higher SERS activity for
rougher surfaces is related to the generation of a larger
amount of “hot-spots”,*® which determine the localized plas-
mon effect and SERS intensity.

3.2. XPS analysis of Ag/PV SERS substrates

The surface compositions of PV based SERS substrates were
investigated using X-ray photoelectron spectroscopy (XPS).
Fig. S51 depicts the full spectra from XPS analysis on four
different PV-based SERS substrates before (yellow rows) and
after (blue rows) coating with 8 nm of silver.

All XPS results were summarized in Table 2, which presents
the surface concentrations of detected elements. As can be seen,
for Ag coated PV substrates the major component detected
through XPS corresponds to pure silver. The additional pres-
ence of oxygen- and carbon-related XPS peaks can be associated
with some sample contamination,® which probably arises
during the PVD procedure (deposition of silver). In the case of
samples 1m, 2, and 3 (see Fig. S51), very weak peaks at 155 eV
appear, which are attributed to Si (2s) crystalline Si bonding®
(crystalline silicon is the main compound of photovoltaic
arrays). In the case of “raw” photovoltaic samples (named 1, 1m,
2, and 3) the observed peaks correspond to the surface
composition of PV samples described in Paragraph 3.1.

3.3. SERS investigations

The SERS properties of all fabricated Ag/PV substrates (sensi-
tivity, selectivity, and reproducibility) were tested using p-ami-
nothiophenol (p-ATP) as a standard probe molecule. The
intensities of p-ATP SERS signals depend on the plasmonic
features of the SERS substrate and the conditions of measure-
ment.*®** The p-ATP molecules efficiently bind through its thiol
groups to the silver layer of the SERS-active surface and thus
give a strong SERS response. As was mentioned above, the PV
arrays were coated with noble metal through a PVD process to
gain the SERS activity. It was found that the thickness of the
deposited metal film determines both the size and density of
the formed metal nanostructures.* Fig. 5 depicts the relation

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 SEM images at different magnifications of Ag/PV SERS-active substrates sputtered with 8 nm layer of silver via PVD technique.
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Table 2 XPS measured surface elements concentrations

Atomic concentration (at%)

Sample label O Si C N F Sb Pb Na Ag

1 29.0 25.6 235 21.0 0.5 0.2 0.1 <0.1 0.0
1m 29.6 34.8 12.8 222 <0.1 0.4 0.1 0.2 0.0
2 33.7 317 112 220 01 0.1 0.6 0.5 0.0
3 48.0 27.8 114 11.7 <0.1 0.6 0.3 0.3 0.0
1(Ag) 12.6 0.0 25.9 0.0 0.0 00 0.0 0.0 615
1m(Ag) 15.7 2.8 29.7 0.0 0.0 00 0.0 0.0 518
2(Ag) 15.2 2.8 22.6 0.0 0.0 00 0.1 20 574
3(Ag) 16.8 3.4 399 0.0 0.0 0.0 <0.1 0.0 39.8

Table 3 The RMS and EF factors for four morphologically different
surfaces presented in Fig. 4 and S2

Enhancement
Number RMS/nm factor (EF) Figure
1m-type 120 &+ 6 nm 2.1 x 10° 4A and S2Af
1-Type 239 + 21 nm 8 x 10° 4B and S2Bf
2-Type 364 £ 58 nm 1.47 x 10* 4C and S2Ct
3-Type 213 + 5 nm 3 x 10° 4D and S2Dt

between the intensity of the 1078 cm ™" band of p-ATP and the
thickness of the silver film. As can be seen (Fig. 5), for sample
1m increasing the thickness of the silver layer from 5 to 8 nm
also increases the intensity of the marker band at 1078 cm ™,
however further increase in the thickness (from 10 nm to 20
nm) of the silver leads to noticeably decrease the intensity of
this band. Therefore, an 8 nm thick silver layer appears as the
most optimal to generate appropriate silver nanostructure size
and distribution for effective plasmon resonance effect. More-
over, thick (>10 nm) silver layer placed on the photovoltaic
support, do not replicate nanostructured morphology, which is
crucial to obtain high EF (thick, continuous silver film which
does not possess SERS activity). In the case of samples named 1
and 3 increasing the thickness of the silver layer from 5 to
20 nm leads to a slight variety in the intensity of the marker
band. For sample 2 the SERS enhancement has been observed
only for 8 nm of deposited Ag. The sample exhibited very low
SERS activity due to its morphology: RMS value of 365 nm +
58 nm is the highest for the all of the examined samples. As we
can see from SEM image (Fig. 4C), the surface of this SERS
platform is non-uniform and is composed of different ‘islands’
of size from hundreds of nm up to five um. Taking this into
account, the number of possible hot-spots is very low, therefore
for 8 nm thick silver layer the low enhancement has been
observed. After we increased the thickness of the deposited
silver, we totally cover the roughness responsible for the SERS
enhancement, therefore we do not record any reasonable SERS
response.

Common metal nanostructures applied as SERS active
substrate are silver and gold.®* In our studies, we also tested the
SERS efficiency of ‘1m type’ of PV system covered with a gold
layer at different thicknesses. As we can see from Fig. S61 the
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most intensive marker band at 1078 cm ™! appeared at 5 nm of
Au thickness but it is still 20 times lower that the intensity of
this band recorded for the Ag layer. To conclude: (i) the PV type
1m (Table 1, Fig. 4) and (ii) 8 nm thickness of the Ag metal film
lead to the optimal morphology for the most efficient SERS
response. This particular structure has been applied to our
further studies.

The SERS spectra of p-ATP recorded from four different SERS
substrates (1m, 1, 2, and 3) coated with selected 8 nm thickness
are recorded and presented in Fig. 6.

Insert in Fig. 6 shows the normal Raman spectrum of solid p-
ATP deposited on a glass slide. The spectrum was dominated by
a prominent band at 1090 cm ™" which was assigned to the C-S
stretching vibration. A medium band at 1597 cm ™" is attributed
to C-C stretching modes. The normal Raman spectrum also
reveals three very weak peaks at 1007, 1172, and 1481 cm
assigned to C-C and C-C-C bending, C-H bending, and
a combination of C-C stretching and C-H bending, respectively.
It is well known®*3*¢*% that all these recorded bands are
assignable to the totally symmetric a, vibrational modes® (in
plane, in phase modes) of p-ATP, as presented in Table S1.} For
comparison, the SERS spectral features of p-ATP adsorbed from
10~® M ethanol solution onto four obtained Ag/PV surfaces were
recorded and presented in Fig. 6a-d. The two a;-type bands at
1078 and 1593 cm ™' appear also in the SERS spectra. The weak
band observed in normal Raman spectrum at 1172 cm
appears also in the SERS spectrum at 1180 cm . But, in
contrast to a normal Raman spectrum, the intensive b,-type
bands (out of plane vibrational modes) at 1370, 1145, have been
observed. The appearing of b,-type bands is related to the
contribution of CT mechanism (metal-molecule charge transfer
process) to total SERS enhancement.®**® Moreover, the strong
enhancement of these bands indicate the perpendicular orien-
tation of p-ATP molecules onto the Ag/PV surfaces.®” A detailed
examination of recorded SERS spectra onto four different Ag/PV
surfaces revealed the higher total intensity of p-ATP for 1m
surface. Additionally, the SERS efficiency of all obtained types of
surfaces (1m, 1, 2, 3) has been quantified by the calculated
enhancement factor (EF) using eqn (1).

EF = (Isgrs/Nsers)/(INr/NNr) (1)

where Nyr and Ngggrs describe the number of molecules probed
by regular Raman spectroscopy and the number of molecules
adsorbed on the SERS probe within the laser spot area,
respectively. Iyg and Iggrs correspond to the normal Raman
scattering intensity of p-ATP in the bulk and the SERS intensity
of p-ATP adsorbed onto the surface. Iyg and Isgrs were
measured for one of the most intense bands at 1078 cm ™. Table
3 presents the obtained results.

The data summarized in Table 3 clearly indicate that the
optimal morphology (Fig. 4 and S2t) corresponds to the 120 +
6 nm roughness of the surface (RMS value in Table 3). As was
mentioned above, the SERS activity is related to the surface
roughness of plasmonic nanostructures. The value of rough-
ness (120 + 6 nm) which corresponds to the most efficient SERS
properties is the lowest among all the tested PV surfaces, but is

This journal is © The Royal Society of Chemistry 2019
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surfaces (named 1m, 1, 2, and 3-type, respectively). (B) The intensity of the band at 1078 cm™* for the most sensitive Im-type SERS substrate.

still even 100 times higher in comparison to the standard
etched silicon (6.6 + 0.6 nm) commonly used as a SERS
substrate.

It should be noticed, that sample 1m exhibits completely
different morphology than the rest of the studied samples (the
porous silicon consisted of the network of pores), whereas the
rest of the analyzed sampled do not possess any porous struc-
ture and exhibits the pyramid/barrel-like micrometer-sized

This journal is © The Royal Society of Chemistry 2019

structures (see Fig. S1t and 4). For sample 1, 2, and 3, both
the island-like morphology instead of a homogeneous film and
high roughness shows complex relations, which as a result do
not provide high SERS enhancement. The SERS activity of
morphology presented in Fig. 4A is widely recognized in the
literature.®®*”* This rougher surface generates the appropriate
amount of “hot-spots”, which most efficiently support the
localized plasmon resonance response. Our experiments
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demonstrate that, in addition to thickness, also the roughness
of the metallic layer is a crucial parameter in SERS enhance-
ment. However, there are no consistent studies in literature,
which intended to understanding the influence of thickness of
the metal film and the roughness of the substrate on the SERS
efficiency.

It should be highlighted that the developed SERS-active
surface achieved excellent sensitivities for p-ATP also at
concentrations as low as 10~° M with an enhancement factor of
1.3 x 10 (Fig. S67).

3.4. Biomedical applications of a Ag/PV substrate.
Comparison of prokaryotic and eukaryotic cells

Rapid, cost-effective, and sensitive identification of cancer cells
or pathogens is a challenging task crucial in both research and
clinical areas. For example, the detection and monitoring of
circulating tumor cells (CTCs) in blood is an important strategy
for early cancer detection, monitoring of therapeutic response
and cancer therapy treatments. Rapid and early detection of
bacterial pathogens is critical in bacteremia and sepsis diag-
nosis. Surface-enhanced Raman spectroscopy is a highly
sensitive and specific method that allows detection and char-
acterization of various molecules through the capability to
generate their molecular fingerprint signals. Therefore, SERS
may be applied to differentiate bacterial strains or cancer from
normal cells based on changes in their biomolecular signatures
revealed by the SERS response.

584 | RSC Adv., 2019, 9, 576-591

In order to validate the performance of our SERS surface in
terms of analytical application, we collected SERS spectra of
renal cell carcinoma (Caki-1) and Bacillus subtilis and Escher-
ichia coli as examples of cancer and bacterial species,
respectively.

As can be seen in Fig. 7, the SERS spectrum of B. subtilis
(recorded at 70 points across the surface) shows major bands at
around 652, 725, 957, 1093, 1275, 1334, 1382, 1450 and
15 880 cm ™ '. Some weak bands at around 560, 780, 850, 1002,
1030, 1212 cm™* can also be observed. The band at 560 cm™*
may be assigned to C-O-C ring deformation” or C-C skeletal
vibration,” whereas the one at 652 cm ™' - to C-S stretching in
methionine™ and/or C-C twisting in tyrosine.”” The most
prominent band in the SERS spectrum of bacterial cells, located
at ca. 725 cm ™', comes from adenine derivatives,” while the
band at 780 cm ™ is assigned to breathing modes in the DNA/
RNA bases (uracil, thymine and cytosine).”” The SERS signal at
850 cm ' and 960 cm ™' originate probably from asymmetric
O-P-O stretching” and from C-N stretching,” respectively. The
band at 1093 em ™" is assigned to phosphodioxy group (PO, ") in
nucleic acids,®* while the amide III and CH, wagging vibrations
from the glycine backbone and proline sidechains can be
observed in the spectrum in the form of 1275 cm™".** The SERS
signatures at 1333, 1382, 1450, and 1588 em™! originate from
adenine,® COO stretching,*® CH, bending’ and C=C olefinic
stretching,” respectively. Fig. S7 in ESIt shows the SERS spectra
of E. coli recorded from 70 different points in mapping mode (20

This journal is © The Royal Society of Chemistry 2019
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(A) The SERS spectra of B. subtilis and (B) Caki-1 recorded on Ag/PV substrate in mapping mode from 40 different points in mapping mode

(10 x 20 pum). For all spectra, excitation wavelength was at 785 nm, laser power was 1.5 mW, and acquisition time was only 3 seconds.

X 40 um). As can be seen, the SERS spectra of E. coli and B.
subtilis show many similar bands, but there still can be noticed
bands due to which the obtained spectra can be easily distin-
guished. The bands at 622, 1265 and 1535 cm™ " can be seen
only in the spectrum of the E. coli, whereas the bands located at
1032, 1208 and 1245 cm™ " - only in the spectrum of B. subtilis.
Additionally, the intensities of some bands are different for E.
coli and B. subtilis. These results clearly indicate that Ag/PV
SERS substrates can serve as SERS platform for bacteria iden-
tification, detection and differentiation.

The SERS spectra of Caki-1 (renal carcinoma cells) depict the
spectroscopic features characteristic to the main component of
eukaryotic cells® like lipids, nucleic acid, and proteins. The

This journal is © The Royal Society of Chemistry 2019

bands around 1245 cm ™ and 1660 cm ™" are assigned to amide I
and amide III bands, respectively. Aromatic amino acid
contributions appeared around 652 cm™ " (C-C twist of tyro-
sine);* 726 ecm ™' (C-S in protein, CH, rocking, adenine);*
1004 cm ™" (C-C of phenylalanine);*” 1170 em ™" (C-H in a plane
of tyrosine or nucleic acid);** 1618 cm " (¥(C=C), tryptophan,
tyrosine.* The vibrational modes of nucleic acid are revealed at
783 and 1094 cm™ ', 1325 cm™ ', and 1458 cm™ " (modes of
nucleic acid nucleotides).®® The band at 1032 cm ™' (CH,CH;
bending modes of lipids)®* and 1452 ¢cm ™" contribute to the
structural protein modes of tumors).” Phospholipids, elastin,
and collagen were also recognized to have a peak in this
region.”® Table S21 presents the band assignments for Caki-1
(cancer cells) and B. subtilis (Gram-positive bacteria).

RSC Adv., 2019, 9, 576-591 | 585
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Moreover, the presence of cancer cells and pathogens onto
the Ag-coated PV was examined by the SEM images and depic-
ted in Fig. 8. The image in Fig. 8A shows E. coli cells, approxi-
mately 2-2.5 um in diameter and the much bigger cell depicted
in Fig. 8B reveals a Caki-1 cell, approximately 23-27 um in
diameter.

3.5. Uniformity of the SERS substrate

From the applications point of view, the reproducibility of SERS
signals is one of the most important parameter. Fig. S8+ pres-
ents the reproducibility of SERS spectra of p-ATP molecules
(107° M) adsorbed onto four tested PV/Ag substrates. The SERS
responses from the chosen 1m-type of PV/Ag devices for p-ATP
molecules (10~ ° M), B. subtilis, E. coli, and Caki-1 are depicted in
Fig. 9. As can be seen, at each acquisition point the SERS spectra
of p-ATP, cancer, and bacterial cells are enhanced very strongly
with repeatable band intensity and position. To obtain the
statistical data, the relative standard deviation (RSD) was esti-
mated for the most intense marker bands (1078 cm ™ for p-ATP,
725 cm™ ' for B. subtilis and E. coli, and 1452 cm ™" for Caki-1)
and equals 4.5, 3.4, 2.8, and 3.1%, respectively. The reproduc-
ibility of the SERS signals recorded from different samples
prepared using the same method was also tested. Fig. S9f
presents the reproducibility of SERS signal for 10~ ° M of p-ATP
recorded from five separately prepared PV/SERS substrates. The
achieved RSD was 6.4%, which clearly indicates that the
prepared SERS substrate can be considered as a highly repro-
ducible SERS platform. The achieved values are considered
suitable for both qualitative and quantitative analysis®* and
confirm that the designed PV/Ag fulfills all requirements for an
ideal SERS-active substrate.

3.6. Spectroelectrochemical analysis of p-aminothiophenol

It was highlighted in Chapter 3.2,T that p-aminothiophenol (p-
ATP) is one of the most important molecules for SERS

Paper

investigations. It adsorbs onto Ag and Au surfaces through
a sulfur atom of the thiol group, and gives very strong SERS
signals.® Therefore it is widely used as a standard probe analyte
for the investigation of SERS properties (enhancement factor
(EF), reproducibility, and stability) for newly developed SERS
substrates®®**'** and as a model molecule for single molecule
SERS studies.®*1%>1¢

On the other hand, as our developed substrate possesses
built-in pathways for conducting the electrical current, it allows
very efficient conjunction with electrochemistry to obtain the
chemical and vibrational information in real-time.

Due to the presence of a CT (charge-transfer) SERS mecha-
nism in p-ATP adsorbed onto Ag and Au substrates, p-ATP is an
ideal molecule to study the contribution of EM (electro-
chemical) and CT to the total SERS enhancement.'””*** It is
shown that spectral features of p-ATP originate from chemical
(oxidative) transformation of p-ATP to 4,4’- dimercaptoazo-
benzene (DMAB, an compound) during SERS
measurements.'*?

To illustrate the potential of our developed Ag/PV SERS
substrate for spectroelectrochemical analysis, the electro-
chemical SERS spectra of p-ATP have been recoded.

Fig. 10A presents the in situ SERS spectra of the SERS surface
(working electrode) adsorbed onto Ag/PV in a 0.1 M NaClO,
aqueous solution. We have performed potential-depended SERS
experiments in the potential region from —0.1 V to —1.0 V (see
voltammogram presented in Fig. 10B). According to the CT
mechanism, by changing the potential of the SERS-active metal
surface, the intensity of some modes can be significantly
enhanced by generation of resonance-like Raman scattering.®
As was depicted in Fig. 10A, at potential —0.5 V, the p-ATP
started the transformation (oxidation) of p-ATP to 4,4’-dimer-
captoazobenzene (DMAB), which is confirmed by the increasing
of “b,-type” modes intensity."** These bands appeared at 1145,
1393, and 1435 cm ™' and achieved the maximum intensity at

azo

Fig. 8 SEM images of (A) E. coli and (B) Caki-1 placed onto 1m-type Ag/PV surfaces.
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Fig.9 The representative SERS spectra of (A and B) p-ATP of concentration 10~° M, (C) E. coli, and (D) B. subtilis recorded from 40 different spots

on the SERS surface (type 1m) using mapping mode.

—0.4 V. When the potential is moved to more negative values
(see the range from - —0.6 V to —0.8 V) the recorded spectral
features correspond to p-ATP with characteristic bands at 1078,
1180, 1490 and 1593 cm ™. These results correspond with the
reduction peak observed on the presented voltammogram
(Fig. 10B) at —0.7 V. The intensity of these “a;-type” modes is
insensitive to the variation of electrode potential in comparison
to the “b,-type” modes, which is similar to data presented in
literature.®

This journal is © The Royal Society of Chemistry 2019

To summarize, changes in the SERS spectra were observed by
adjustment of the potential applied to a SERS-active platform.
Our experimental results demonstrate the potential of our
developed SERS-active substrate for in situ SERS spectroelec-
trochemical studies of intermediate species in a reacting
system. Potential-dependent SERS studies can be extended to
a wider range of analyzed molecules (e.g. metalloporphyrin,
DNA, proteins) and a wider range of applications.
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situ” measurements. (B) Cyclic voltammogram recorded during spectroelectrochemical measurements.

4. Conclusions

In this paper, we present a new type of SERS platform based on
photovoltaic devices with high potential for SERS spectroelec-
trochemical measurements. This approach allows simulta-
neous electrochemical-characteristic and very sensitive
vibrational investigation of electrochemical processes in real-
time.

The spectroscopic properties of fabricated SERS surfaces
have been optimized in terms of PV arrays morphology,
roughness, and thickness of the deposited metal. As a result, an
easy, simple, and low-cost procedure for reproducible large
scale fabrication of new conducive SERS substrates has been

588 | RSC Adv., 2019, 9, 576-591

established. The applied PV material mainly consists of silicon
and an anti-reflective layer of silicon nitride which gives the
periodical structure. What is more, the PV cells used in the
research described below were supplied as post-production
residue; therefore, the total cost of this substrate is associated
only with transport.

Our experimental results demonstrate that this SERS-active
substrate with its strong surface-enhancement factor, high
stability, and reproducibility can be used for detection of
organic and biological species. For p-aminothiophenol the
enhancement factor (EF) of the Raman signal on a Ag/PV
surface 1m-type was estimated as high as 10°. The SERS
measurement reflects the excellent reproducibility of these

This journal is © The Royal Society of Chemistry 2019
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substrates both across one single substrate and among
substrates prepared in a repeatable procedure. In addition, the
developed SERS substrate also allows the detection of cancer
cells and bacterial pathogens as well as differentiation between
Gram-positive and Gram-negative bacterial species in a label-
free manner, based on their high-quality spectral features.
These results are promising for the extension of the SERS
application range also into the study of the chemical reactions
in the solid-liquid interface and/or controlling their dynamics.
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