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Introduction

A sensor is a device which detects a variable electrical or physical quantity,
usually electronically, and converts it into the signal that can be
acknowledged in form of electrical or optical signal. The most important
aspects of the sensor are sensitivity, selectivity and stability. Sensors can be
classified into the ones that are based on quantity such as thermal, chemical,
optical, humidity, gas and others. In this thesis we are going to discuss about
electrochemical and optical sensors.

Electrochemical sensors are very promising analytical device because
they can be modified to increase their sensitivity and selectivity. Depending
on the purpose of the electrochemical sensor modification procedure and
materials can be adjusted which makes fabrication of such sensors easily
adjustable. Nanocomposites used in the electrode modification such as carbon
nanotubes, metal nanoparticles can increase the surface area for biomolecules
to be immobilized and raises electrodes sensitivity. In order to improve
electrodes selectivity towards the analyte specific molecules or enzymes can
be used for the modification. By optimizing these two parameters the obtained
electrode can be extremely sensitive and selective towards chosen analytes.

Optical sensors on the other hand do not need to be selective.
Methods such as Raman spectroscopy provides information in a shape of
spectra which consist of vibrations of the molecule bonds. These vibrations
have set position and finger prints usually in the visible spectra range. On the
other hand, Raman spectroscopy signal can be relatively low or difficult to
obtain and there are always ongoing researches of how to improve it. Here
comes surface enhanced Raman spectroscopy where for the signal
enhancement plasmon nanoparticles are used such as gold, silver, aluminum
and others. However, the substrates developed for SERS have plasmon
resonance only in the limited range depending on the shape, size and the
nature of the nanocomposites. This by itself limits the use of the substrate for
only for the specific range of the analytes. For this reason, substrates with the
bidirectional plasmon resonance can be used.

The aim of the study:

synthesis of some n-m conjugated compounds and application of n-n
conjugated compounds in the design of electrochemical optical sensors.

The objectives of the study:

1. To investigate green method for the synthesis of m-m conjugated
polymer — polypyrrole — microspheres using two Streptomycess spp.
bacteria MIUG 12p and MIUG 4.88 strains.

2. To investigate the effect of some =m-n conjugated nanomaterials
(namely: graphene oxide, graphene, magnetite, gold-chitosan,
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multiwalled carbon nanotubes) for electrochemical determination of
copper(ll) ions.

To analyze the characteristics of the optimum electrode towards
Cu(ll) ions detection.

To investigate n-n conjugated graphene oxide nanosheets for substrate
treatment for obtaining single cells and the mechanism behind it.

To compare obtained Raman spectra from single yeast cells with the
spectra from aggregated yeast cells.

To investigate the tunability of the localized surface plasmon
resonance of the self-organized gold nanoparticles on the rippled
silicon substrates and its dependence on the substrates position.

To simulate plasmonic hotspots by using exact nanoparticle size,
geometry and configuration obtained from the experimental data.

Scientific novelty:

1.

Streptomyces spp. bacteria showed to be a good synthesis initiator for
obtaining w-n conjugated polymer polypyrrole microspheres in an
environmentally friendly route and free from oxidation byproducts.
Multiwalled carbon nanotubes immobilized on the glassy carbon
electrode before electrochemical modification and reduction of 3-
nitroanline increases sensitivity towards Cu(ll) ions detection.

Single yeast cells deposited on the substrates modified with graphene
oxide nanosheets showed advanced information in Raman spectra
compared to Raman spectra obtained from the yeast cells aggregated
on graphene oxide modified substrate.

Two-step fabrication method using ion-beam and oblique angle
physical vapor deposition is a suitable method for obtaining large
scale self-organized gold nanoparticles with bidirectional plasmon
resonance for SERS application.

Statements for defense:

1.

2.

Polypyrrole microspheres can be synthesized using ‘green method’
based on two different strains of Streptomyces spp. bacteria.

Carbon multiwalled nanotubes enhance sensitivity of glassy carbon
electrode towards Cu(ll) ions when they are deposited before the
electrochemical modification and reduction of 3-nitroanilne.
Graphene oxide nanosheets modified arbitrary substrates can be used
for immobilization of single cells and the enhancement of Raman
signal.

Raman spectra of single cells deposited on the graphene oxide
modified substrates show more information compared to the spectra
of the cell aggregates deposited on the same substrates.
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5. Two-step fabrication method using ion-beam and oblique angle
physical vapor deposition is a suitable method for obtaining large
scale self-organized gold nanoparticles with bidirectional plasmon
resonance for SERS application.

13



1. Literature review
1.1.Sensors
1.1.1. Solid state electrodes

Solid state electrodes, such as gold, platinum or carbon have superior
electrochemical properties, but various carbon forms are preferred because of
being electrochemically inert and having wide potential window suitable for
electrochemical detection, good conductivity and resistance to environmental
and chemical hazards [1]. Due to these facts all carbon based electrodes seem
very promising for electrochemical analytical systems [2]. To enhance and/or
to extend carbon electrode properties some modifications of the surfaces are
applied [3]. Recently, there has been increasing interest in electrodes’ surface
modification with some conductive/non-conductive polymers, organic and
inorganic molecules due to their ability to bind various metal ions [4-9].
Moreover, for certain electroanalytical requirements in order to detect various
analytes as individual, selective or simultaneous detection, the carbon
electrodes have been modified with various nanomaterials (NMs). Main
advantages of the application of a NMs-modified electrode when compared to
others: high effective surface area, mass transport, catalysis and control over
local microenvironment. The electrochemical sensors based on
unmodified/modified nanostructured carbon materials could be applied in
sensors suitable for the detection of chemical and biochemical analytes [10,
11].

1.1.2. Surface enhanced Raman spectroscopy

Raman scattering was discovered in 1928 and named after its discoverer C.V.
Raman. Raman spectroscopy is based on spectral measurements on inelastic
scattering of monochromatic radiation [12].

In comparison with the other methods applied for cell or molecule
analysis Raman vibrational spectroscopy is non-invasive, non-destructive
analysis of microorganisms. It’s easy to apply, doesn’t require any additional
sample preparation or markings. Moreover, it allows analysis of solid, liquid
and gas state materials [13]. Raman spectroscopy is one of the most sensitive
methods for obtaining chemical information and is vastly used [14-20].

Even though Raman spectroscopy is widely used in many
applications, the intensity or Raman signal is 10° weaker than Rayleigh
intensity, which makes it sometimes difficult to obtain. To overcome this
challenge intense light source such as laser is required. But if used in all its
power it can destroy the analyte. Analytes such as cells and biological
materials can undergo degradation which will lead to negative results [21]. To
overcome this several solutions can be addressed: 1) reducing laser intensity
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but increasing acquisition time, 2) choosing laser which is in resonance of the
analyte, 3) using plasmon enhanced Raman spectroscopy methods (surface
enhanced Raman scattering (SERS)), or even tip-enhanced Raman scattering
method (TERS) [22, 23].

SERS effect is Raman signal amplification through the
electromagnetic interaction of light with metals. There electromagnetic field
forms which generally known as plasmons. To obtain Raman enhancement
analyte must be absorbed on the metal surface or near it. Most used metals for
SERS and plasmonics are gold (Au), silver (Ag), copper (Cu) and aluminum
(Al) because they have different optical properties from other dielectrics.
Other needed factor for SERS are the structures with the dimensions in the
sub-wavelength range, which is usually less than 100 nm [24]. However, there
is no limit how small the metallic objects are, even a rough metallic surface
could be a SERS substrate. It is known that the original SERS substrate was
electrochemically roughened metal electrode [25]. While using metal
nanoparticles a strong emphasis is based on the optimization parameters, since
both the frequency and magnitude of the maximum field enhancement are
strongly dependent on the shape, size and arrangement of the metallic
nanofeatures [26]. If all parameters are satisfied such substrate can have SERS
enhancement factor (EF) up to 10" allowing single molecule detection [27].

1.2. =—m conjugated compounds
1.2.1. Polypyrole and polyaniline

Polypyrrole (PPy) was first synthesized using chemical oxidation method
from pyrrole (Py) monomer in 1961. However, various experiments started
1968 when first PPy layer was synthesized using electrochemical oxidation
method. Since then various improvements were made for PPy synthesis and it
has been the most extensively studied conducting polymer mainly because of
its simple synthesis, environmental stability, good redox properties,
biocompatibility and variable electrical conductivity. As a result of its good
intrinsic properties, PPy has proven to be promising for several applications
including biosensors, actuators, batteries, antistatic coatings, tissue
engineering and drug delivery systems [28-32].

Most common methods for pyrrole synthesis are electrochemical and
chemical oxidations. The chemical oxidation is an easy method that involves
the oxidation of pyrrole in aqueous medium, commonly using ferric chloride
or ammonium persulfate as oxidizing agent, resulting in an electrically
conductive black powder. On the other hand, the electrochemical oxidation of
pyrrole is carried out without adding chemical oxidizers, but it is limited to
polypyrrole (PPy) films deposited onto the working electrode.
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Developments in the biological synthesis of nanoparticles and
polymers on a commercial scale are still in their infancy stage but are
attracting attention of many material scientists throughout the world.
Microorganism-assisted biological synthesis is safe and economically viable
prospect for novel material synthesis approach. Bacterial, fungi [33] or other
microorganism-assisted synthesis can be used for polymer, metal nanoparticle
[34, 35] or other diverse material [36] synthesis. Therefore, there is a demand
to develop more “greener” routes for the synthesis of more advanced
polymers such as PPy. Ideal conditions for PPy synthesis would be at neutral
pH and in aqueous environment [37]. In order to fulfill these conditions huge
interest is growing on synthesizing more environmentally friendly polymers.
It has been reported that more environmentally friendly chemical oxidants,
such as hydrogen peroxide (H,O,) could polymerize Py [38]. However, this
polymerization is very fast and results in large quantities of side products.
Other reported polymerization methods for PPy have included using catalytic
amounts of ferric chloride hexahydrate (FeCl; - 6H,0) [39], iron porphyrin
enzyme mimics [40], and the enzymes horseradish peroxidase (HRP), glucose
oxidase, and laccase [41].

Nitroaniline however is not that widely analyzed and used in
electrochemistry. Only recently some of the attention was turned towards
electrochemical investigation of substituted anilines by electrochemical and
spectrochemical techniques [42]. 3-Nitroaniline (3NA) from the isomeric
anilines family differs due to having an electron withdrawing nitro group and
an electron-donating amino group which is positioned in the meta position on
the benzene ring. This gives rise to a somewhat smaller molecular dipole
moment and a lower molecular hyperpolarizability compared to 4-nitroaniline
[43]. 3NA crystallizes in noncentrosymmetric structures and shows large
optical nonlinearity [44, 45], large electro-optic effect [46] and are widely
used in simple nonlinear optical (NLO) materials [47]. Moreover,
piezoelectric [48] and ferroelectric behaviors [49] were noticed in 3NA
compounds. However, so far there are no known use of 3NA for the
electrochemical sensor development.

1.2.2. Graphene oxide and multiwalled carbon nanotubes

Graphene oxide (GO) is a two-dimensional (2D) material with a honeycomb
carbon structure composed of relatively large sp? carbon domains surrounded
by some sp® carbon domains and/or oxygen containing hydrophilic functional
groups such as epoxide, hydroxyl, and carboxyl [50]. Due to its unique
chemical structure, GO shows excellent processability in aqueous
environments, applicability for surface engineering, suitability for surface-
enhanced Raman scattering (SERS) and fluorescence quenching based
technologies [51]. These properties attracted interest in using this material for
biological studies and creation of advanced graphene-based nanomaterials
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[52, 53]. Recently GO received even more attention due to its ability to self-
exfoliate into single sheets by simple incubation in water making the
production of GO films possible straight from a water-based solution. This is
a considerable advantage over the modification by fullerenes that requires
high temperatures or vapor deposition for fullerene-based film formation. Due
to these characteristics GO can be combined with plastics or other materials
that are sensitive to high temperature [54]. Moreover, the functional groups of
GO can be reduced to graphene-like nanosheets by chemical [55] and/or
electrochemical reduction [56], thermal reduction [57], ‘green chemistry’
based reduction by using reducing biological materials [58], or reduction by
applying intense light pulses [59]. The conductivity of reduced GO (rGO) is
increased but it is not as high as exfoliated graphene since rGO has a higher
number of various defects in its structure and not all attached functional
groups are removed. A significant number of sp® hybridization possessing
groups and structures and increased number of lattice defects remains in rGO
induced by oxidation of graphene to GO, which is followed by the GO
reduction process. On the other hand, functional groups that were not reduced
can remain as chemically active defect sites, which can be used for further
chemical modification [55].

Multiwalled carbon nanotubes (MWCNT) are allotropes of sp?
hybridized carbon similar to fullerenes and shaped as cylindrical tubes made
out of six-membered carbon rings similar to graphite which are stacked one in
the other. There might be from 6 to 25 and more of such cylindrical tubes and
due to that the diameter of MWCNT can reach up to 100 nm. MWCNT are
known to be highly conductive, have high aspect ratio, physical properties of
having an excellent tensile strength, thermal stability and high chemical
stability [60]. Due to these properties MWCNT are being employed in many
applications, such as: sensors and instruments, coatings, semiconducting
materials, medical implants [61], etc.

Since the structure of the MWCNT is a nanotube, the whole weight is
concentrated on its surface layers. This feature predetermines their
electrochemical and adsorption properties [62]. High sensitivity of nanotubes
electronic properties to adsorbed molecules and the unique surface unit makes
them a promising material for the development of the superminiaturized
chemical and biological sensors [63, 64]. The principle of these sensors is
based on the V-I curves which depends on the adsorption of the specific
molecules on the MWCNT surface. The use of MWCNT in the sensor design
give the most promising applications in electronics. Moreover, sensors with
MWCNT obtain fast response time and recovery [65].

1.3.Substrate modification for obtaining single cells

Budding yeasts cells (Saccharomyces Cerevisiae) serve as a bio-analytical
target and model system to investigate single cells [66] and the mechanisms of
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their attachment on different substrates. Yeasts are simple single cell
microorganisms that are suitable for various manipulations, chemical
treatment [67, 68], electrochemical, and electromagnetic perturbations [69,
70] and they are well growing in different media and are sticking to various
surfaces. These criteria determined the application of yeast cells as one of the
most extensively used eukaryotic models, which is often used for a better
understanding of biological systems [71]. Yeast cell walls contains specialized
surface proteins called ‘adhesins’ or ‘flocculins’ that are responsible for cell to
cell and cell to surface adhesion. Cell adhesion is one of the most crucial
ability that prevents cells from being washed away when a cell finds
nourishing environment and allows forming biofilms with strong self-
protection abilities [72]. These interactions include van der Waals,
electrostatic, and hydrogen bonds [73] that create up to 25 uN averaged
adhesion force per cell [74]. However not only proteins are known to form
interactions with the specific substrates. The stacking n-7 interaction between
nucleotide bases of DNA can also be formed with the aromatic rings of
graphene as shown in a previous report [75]. All these characteristics make
yeast cells attractive and easy to analyze even immobilized on dry substrates
in air at ambient conditions [76]. However, for better cell adhesion surface
functionalization agents are required.

Cell imaging and investigation started immediately after the invention
of optical microscopy, although mostly bulk samples containing high number
of cells were analyzed. Recently the attention shifted towards the investigation
and manipulation of single cells since it was understood that cells are
individual microorganisms showing variations and distinct behavior with
respect to that of the colony. It has been believed that the information
obtained by analyzing large cell colonies is also representative for the
behavior of individual cells. In the data obtained from bulk cell samples this
phenotype-related information is averaged or even attributed to noise or
statistical variations. However, by exposing genetically identical cells to the
same environmental conditions multiple variations in molecular content and
even phenotype can be observed at the single cell level [77]. In order to avoid
this situation analysis at the single cell level is required.

Nowadays there exist several most frequently used techniques for the
separation and immobilization of single cells. One of the common ways to
immobilize cells is based on the contact trapping method by exploiting the
ability of cells to adhere naturally or artificially after treatment by various
chemicals [78-82]. However, using such technique there is a high chance to
induce unknown phenotype variations. Therefore, it is very important to
minimize these effects and optimal substrates with surfaces most suitable for
cell-immobilization have to be selected carefully [83-85]. Beyond substrate
engineering to investigate single cells, there are non-contact optical methods
based on light trapping, the so-called optical tweezers where Raman spectra is
obtained of the single cell interacting only with liquid environment [86].

18



2. Materials and methods
2.1.Chemicals

All chemicals of analytical grade and deionized water were used. All
materials if not stated otherwise were obtained from Sigma Aldrich
(Germany). Streptomyces spp. strains MIUG 12p and MIUG 4.88 were
provided from the microbial Cultures Collection of the Bioaliment Research
Center, Faculty of Food Science and Engineering of ‘Dunarea de Jos’
University of Galati, Romania (MIUG) [87]. Yeast cell strain Saccharomyces
cerevisiae was obtained from EUROSCAREF (Frankfurt, Germany), solid agar
yeast extract-agar media was purchased from Merck (Germany). Graphene
oxide (GO) was purchased from ACS Materials (USA) and potassium
chloride (KCI) was received from Scharlau Chemie S.A. (Spain).

Nanomaterials that were used for electrochemical Cu(ll) detection (GO,
graphene (G), magnetite (Fes0,), gold-chitosan (AuChts) were synthesized
using the purest available chemicals, which were additionally purified by
procedures described in other references [88-91].

2.2.Experimental part
2.2.1. Polypyrrole synthesis
2.2.1.1.  Green synthesis of polypyrrole

Growth medium was prepared with agar (solid) and without (liquid). Both
growth mediums were sterilized in autoclave for 20 min. at 121°C. The
culture suspension from solid growth medium was transferred with sterile
loop into 250 ml Erlenmeyer flask with 100 ml of liquid growth medium and
for 10 days was placed on the shaker with controlled speed of 150 rpm and
temperature of 25°C. For the estimation of the optimum pyrrole concentration
in the bacteria medium after 6 days of incubation several concentrations: 10,
20, 30, 40, 60 and 80 mM of Py were added leaving one to be control sample.
Bacteria medium with added Py and control sample without Py left on the
shaker for 4 more days. For more information about the experimental details
please check in Stirke, Apetrei, Kirsnyte, Dedelaite, Bondarenka, Jasulaitiene,
Pucetaite, Selskis, Carac and Bahrim [92] page 100.

2.2.1.2.  Electrochemical synthesis of polypyrrole

For comparison with the green synthesized PPy, there were also PPy
synthesized electrochemically using potentiostat PGSTAT 30 Autolab
(Netherlands). For that 3-cell electrode system was used where platinum (Pt)
was working electrode, Ag/AgCl reference electrode and Pt — counter
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electrode. For more information about the experimental details please check in
Stirke, Apetrei, Kirsnyte, Dedelaite, Bondarenka, Jasulaitiene, Pucetaite,
Selskis, Carac and Bahrim [92] page 100-101.

2.2.2. Electrode modification for Cu(ll) detection

In this study, electrode for Cu(ll) ion detection by stripping voltammetry is
suggested and evaluated. Electrochemical measurements were performed
using a Gamry Reference 750 Potentiostat/Galvanostat from Gamry
Instruments (USA) equipped with a C3 cell stand. Glassy carbon electrodes of
0.071 cm? geometric area were used as working electrodes. Pt wire was used
as a counter electrode. Ag/AgCl in saturated KCI (Ag/AgCl/(KCls,)) was
applied as a reference electrode for the experiments, which were performed in
aqueous media; or an Ag/Ag” in 10 mM AgNO; (Ag/AgNO;) was applied for
the experiments, which were performed in non-aqueous media. In order to
renew the surface of glassy carbon (GC) electrode was hand polished as it was
described before [93, 94]. Electrochemical modification of the electrode was
performed with Gamry PCI4/750 potentiostat. Modification protocol was
carried by using 3NA and performed by 100 reversible potential cycles in
acetonitrile  (CHsCN) including tetrabutylammoniumtetrafluoroborate
(TBATFB) solution. The obtained GC/3NA electrode was then used as it is or
electrochemical reduction of nitro groups was then performed. Then bare or
modified electrodes surface was modified with nanomaterials using drop
method before and after 3NA reduction. Stable potential (STB POT) was
applied followed by differential pulse voltammetry (DPV) for the developed
electrodes. Several electrodes were prepared and analyzed. Most optimum
electrode was further evaluated for selectivity to other metal ions, as well as
stability, reproducibility, repeatability and sensibility. More detailed
experimental description is in Dedelaite, Kizilkaya, Incebay, Ciftci, Ersoz,
Yazicigil, Oztekin, Ramanaviciene and Ramanavicius [95] page 280-281.

2.2.3. Substrate preparation for obtaining single yeast cells

GO chemically prepared by the Hummers method [88, 96] with a flake size of
about 0.5 — 5.0 um and dispersed in ethanol at a concentration of 5 g/L. For
surface modification with GO five different samples were chosen: objective
glass slides, polished silicon wafers (100, p-type), highly orientated pyrolytic
graphite (HOPG), mica, and polydimethylsiloxane (PDMS). GO solution was
dropped on the sample and air dried. More detailed experimental description
is in Dedelaite, Rodriguez, Andriukonis, Hietschold, Zahn and Ramanavicius
[97] page 280-281.
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2.2.4. Sample fabrication for SERS substrate

SERS substrates with bidirectional localized surface plasmon resonances
(LSPR) were obtained by two step routine fabrication. First step is ripple
pattern production on silicon substrate by iron irradiation with a Kaufman
type ion-source in a vacuum chamber. After the irradiation process is finished
silicon substrate with surface ripple structures with the periodicity of 50 nm
and low defect density is then obtained [98]. Second step is gold (Au)
deposition done in oblique-angle by electron-beam deposition in a high
vacuum chamber (BesTech, Germany). Additionally, one sample was
annealed in air on a conventional heat plate for 1 h at 400°C. More details
about the experiment is provided in Schreiber, Gkogkou, Dedelaite, Kerbusch,
Hubner, Sheremet, Zahn, Ramanavicius, Facsko and Rodriguez [99] page
22570-22571.

2.2.5. Surface analysis methods
2.2.5.1.  Static contact angle measurements

The static contact angle measurements were carried out using an OCA-20
contact angle meter (Data Physics Instruments GmbH, Filderstadt, Germany)
with the sessile drop method at room temperature and under air atmosphere.
Deionized water was applied for all contact angle measurements.

2.2.6. Optical methods
2.2.6.1.  Optical microscopy

The sample of bacteria with PPy for morphological analysis was prepared by
centrifugation of 1 mL of bacteria medium after 6 and 10 days of incubation
with added pyrrole and the obtained sediment used for optical microscopy.
The analysis was performed using optical microscope OLYMPUS BX51
(Japan).

Yeast cell drying process was observed using digital microscope
Keyence VH-Z100 (USA) at 100x and 1000x magnification.

2.2.6.2.  Scanning electron microscopy

The morphology of PPy microspheres was analyzed using dual beam system
Helios Nanolab 650, (FIB-SEM), FEI. Sample was placed on a gold slide and
covered with platinum foil.

Top view of the ripple pattern on the silicon substrate with the Au
structures was taken by Raith e_Line plus with a Zeiss Gemini optics.
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2.2.6.3.  Transmission electron microscopy

Cross-sectional transmission electron microscopy (TEM) images were taken
by using an image Cs- corrected Titan 80-300 microscope FEI Itd
(Netherlands). More details about the method is in Schreiber, Gkogkou,
Dedelaite, Kerbusch, Hubner, Sheremet, Zahn, Ramanavicius, Facsko and
Rodriguez [99] page 22571.

2.2.6.4.  Atomic force microscopy

The surface of glass modified glass with GO and rGO substrates were imaged
using atomic force microscopy (AFM). An OmegaScope SPM (AIST-NT,
USA) was employed in contact mode with conventional silicon cantilevers.

The topography of the ion-induced ripple pattern was measured by
using AFM in tapping mode (Bruker MM8 AFM with PPL-NCRL tips from
Nanosensors).

2.2.6.5.  Fourier transform infrared spectroscopy

The samples for Fourier transform infrared spectroscopy (FTIR) were
prepared using two different method. KBr pellet method prepared samples for
obtaining spectra “BRUKER VERTEX70” FTIR (USA) was used with globar
IR emitter, liquid nitrogen cooling mercury cadmium telluride sensor and KBr
ray divider. Whereas samples prepared using attenuated total reflection (ATR)
method were analyzed using “BRUKER ALPHA” FTIR (USA)
spectrophotometer that uses global IR emitter, DTGS sensor and KBr ray
divider. More details about the measurements are in Stirke, Apetrei, Kirsnyte,
Dedelaite, Bondarenka, Jasulaitiene, Pucetaite, Selskis, Carac and Bahrim
[92] page 101.

2.2.6.6.  X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS) for the characterization of surface
composition of microspheres was performed with a spectrometer ‘““ESCALAB
MK II”’ VG Scientific (Great Britain). For that pure Py, electrochemically
synthesized polypyrrole (EPPy) and bacterial synthesized polypyrrole (BPPy)
(microspheres) samples were prepared by spreading PPy as thin layer on gold
covered chip and placing the chip in incubator (+25°C) for 30-60 min to dry.
More details about the measurements are in Stirke, Apetrei, Kirsnyte,
Dedelaite, Bondarenka, Jasulaitiene, Pucetaite, Selskis, Carac and Bahrim
[92] page 101.
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2.2.6.7.  Ellipsometer and reflectance measurements

Spectroscopic ellipsometry of the rippled silicon substrate was performed with
a J.A. Woollam M-2000FI ellipsometer under ambient conditions. Angle of
incident was set to 75° and measurement was done 100 times per spectra.

2.2.6.8.  Raman Spectroscopy

Raman spectroscopy experiments for obtaining signal from yeast cells and
CoPc were performed with a micro-Raman spectrometer LabRam HR800
(HORIBA, France) and XploRA (HORIBA, France). Several excitation laser
lines were used: 514.7 nm, 632.8 nm, 532.0 nm, 638 nm and 785 nm. The
laser intensity measured at the sample was set to 1 mW and 105 uW for the
514.7 nm and 532.0 nm, respectively. For obtaining spectra of yeast cells a
100x objective (numerical aperture, N.A. = 0.9), whereas for CoPc — 50x
LWD objective (N.A. = 0.5) with laser power on a sample of 1 mW.

2.2.6.9.  Static contact angle measurements

The static contact angle measurements were carried out using an OCA-20
contact angle meter (Data Physics Instruments GmbH, Filderstadt, Germany)
with the sessile drop method at room temperature and under air atmosphere.
Deionized water was applied for all contact angle measurements.

2.2.3. Finite Element Method Calculations

For FEM wave optics module in COMSOL Multiphysics 4.4 was used. Using
Gryddion the particle geometry was extracted by masking then and saved as
.dxf files (by Python 2.7 and OpenCV). More information is in the Schreiber,
Gkogkou, Dedelaite, Kerbusch, Hubner, Sheremet, Zahn, Ramanavicius,
Facsko and Rodriguez [99] page 22571.
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3. Results and discussion
3.1.Polypyrrole synthesis using Streptomycess spp. bacteria
3.1.1. Polymer formation

Optimum concentration for the PPy synthesis was analyzed by adding
different concentrations to the bacterial medium after 6 days of incubation and
observing changes in the medium. After 10 days of incubation flasks became
darker with the concentration of 30 mM and higher. For further synthesis
30 mM pyrrole concentration was used.

oWy Wy . Bl

Figure 1. Optical microscopy images of PPy microspheres synthesized by
Streptomyces spp.: (a) MIUG 12p strain; (b) MIUG 4.88 strain.

OM was used to investigate black formations and strain viability. The
bacterial strains increased development was observed on the 4™ day and on
the 8" day it became stationary even with the pyrrole monomer present in the
medium. The added monomer shows no effect on the strain growth.

The black formations in the bacterial medium was noticed 2 days after
the monomer addition. In the Figure 1 black 10-20 um diameter microspheres
are visible around the bacteria colonies. The size of the microspheres depends
on the bacteria strain. In the MIUG 12p strain medium microspheres appear
around 20 um, whereas in the MIUG 4.88 — only around 10 um. Furthermore,
the concentration of the PPy microspheres obtained in MIUG 12p medium
was 8 times lower compared with the concentration in MIUG 4.88 medium.
This could be attributed to earlier PPy microsphere formation in MIUG 12p
medium which gave time to aggregate. Depending on the synthesis method
PPy particle sizes can vary [100-102].

3.1.2. FIB-SEM PPy microsphere imaging

The PPy microspheres were analyzed using FIB-SEM technology. Top view
and cross-section images are presented in Figure 2. From the FIB-SEM
images it’s visible that microspheres obtained with MIUG 4.88 bacteria strain
is not as resistant and bends under the vacuum. Moreover, cross-section of the
microspheres showed that formations with MIUG 12p strain are denser
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compared to the ones obtained with MIUG 4.88. This could be since synthesis
of PPy in MIUG 12p medium starts earlier, which leads to microspheres being
bigger and denser than the ones obtained in MIUG 4.88 medium. Also, FIB-
SEM analysis showed that PPy microspheres are hollow unlike PPy particles
obtained by other synthesis methods. Obtaining hollow PPy microspheres
throughout biocatalytic synthesis is a feature attractive to many applications
[103-108].

i D TR
Figure 2. FIB-SEM images of PPy microspheres obtained by incubation
Streptomyces spp. based medium: (A, B) MIUG 12p strain;O(C, D) MIUG 4.88
strain. A, C — top view; B, D — cross section, view angle 53 .

3.1.3. FTIR spectra

FTIR was used to identify chemical bonds in microspheres by producing an
infrared absorption spectrum [109]. Spectra of pure Py, bacterial synthesized
PPy (BPPy) and electrochemically synthesized PPy (EPPy) were obtained and
presented in Figure 3. Both spectra of BPPy and EPPy exhibits characteristic
peaks of polypyrrole. The peak shift in BPPy microsphere spectra could be
due to additional products in synthesis solution, such as starch, and/or
presence of bacterial bioproducts.
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Figure 3. FTIR spectrum of PPy synthesized: (a) electrochemicaly; (b) MIUG
12p strain; (c) MIUG 4.88 strain; (d) Py with marked peaks that are
characteristic to PPy.

3.14. X-ray photoelectron spectroscopy

XPS spectrum of BPPy was taken and was compared with EPPy and Py
(Figure 4). The carbon region binding energies corresponds to the ones found
in PPy except the one at ~286 eV which corresponds carbon in hydroxyl
group (C-OH) [110]. Such group could be found if some PPy derivatives such
as furan, furfural, N-methylpyrrole, porphobilinogen, pyrrole-3-carboxylic
acid, and so on has formed [111-113]. The groups fitted in the oxygen region
are the same groups that could be found in the PPy derivatives mentioned
before, such as carbonyl, carboxynil/N [114]. Water in the samples could
appear from the atmosphere or during synthesis and highest amount of water
content is found in EPPy. The nitrogen region could be deconvoluted into
three peaks that corresponds to nitrogen in imine state (—NH =), amine
nitrogen (— NH ) [110], and imidogen cation (— NH*-) [115, 116]. From
XPS fitting the relative concentrations of carbon, nitrogen, and oxygen ions,
which are involved in various chemical bonds, are shown in Figure 4d,e,f.
From these images we can conclude that the total content of the nitrogen is
highest for the Py. Moreover, in Figure 4d the content of the Py can be
calculated for all the samples. Since the concentration of C-N bonds is lower
than the sum of C-C/C-H and C-OH bonds it can be concluded that
concentration of pure Py is lower than the concentration of its’ derivatives.
High carbon concentration in the samples can be explained by the carbon
absorption from the environment. However, after analyzing all spectra it may
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be concluded that XPS obtained from BPPy is similar and practically don’t
differ from the XPS obtained from EPPy [117].
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Figure 4. XPS spectra of BPPy of (a) C 1s; (b) O 1s; (¢) N 1s; histograms of
relative concentration of (d) carbon ions in various chemical bonds (BPPy,
Py, EPPYy); (e) oxygen ions in various chemical bonds (BPPy, Py, EPPY); (f)
nitrogen ions in various chemical bonds (BPPy, Py, EPPYy).

Figure 5 depicts the concentrations of C, O and N in all the
compounds and from that chemical formulas could be written for BPPy as
Co617N0.0430034, fOr Py - Cog18No.10700275, and EPPy - Cg363No.06900 568
However, water content plays high role and should be added into the formulas
simultaneously decreasing the content of oxygen. Then the general formulas
of BPPy, Py, and EPPy must be written as C0_617N0_04300.31'0.03H20,
C0.518N0.10700_256'0.019H20, and C0_353N0.05900.236'0.282H20 reSpeCtively. From
these formulas oxygen content in all the compounds is approximately equal to
0.3, which means that the quantity of PPy derivatives is the same for all the
investigated samples and pyrrole is a hydrated compound.

27



Ho0 - 28.2%]

60

50

40

30

C, (%)

20

10} |

0
BPPy Py EPPy

Figure 5. Histogram of carbon, nitrogen, and oxygen concentrations in
investigated compounds (H,O — X % - relative concentration of water
molecules).

3.2.3-nitroaniline and multiwalled carbon nanotubes modified
electrode for Cu(ll) ions detection

3.2.1. Electrode modification with 3NA and GO for Cu(ll)
detection

Adsorption and electrochemical deposition followed by reduction of
functional groups on the modified GC electrodes’ surface were combined for
electrochemical detection of Cu(ll) ion. The interaction mechanism of the
Cu(Il) ions and the amino groups can be explained by interaction of amino
groups and Cu(ll) ions and formation of chelate complex (Figure 6), which is
taking place on modified electrode surface. On the other hand, the efficiency
of 3NA modified surfaces was enhanced by nanomaterials, which were
applied in this research.

MWCNTs 3NA

Step 1 Step 2 Step 3

Figure 6. Reaction scheme of (1) 3NA electrochemical modification on
MWCNT, (2) nitro group electrochemical reduction to amino groups and (3)
Cu(Il) reduction.

For this aim, number of differently modified electrodes was prepared
by the deposition of NMs before or after electrochemical modification with
3NA; the electrodes were classified into several groups: (1) bare GC; (1) GC
modified with 3NA (GC/3NA); (I1l) GC modified with electrochemically
reduced 3NA (GC/3NA(red)); (IV) GC/3NA additionally modified with
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nanomaterial (GC/3NA/NMs); (V) GC/3NA(red) additionally modified with
nanomaterial (GC/3NA(red)/NMs), (VI) GC/NMs modified with 3NA
(GC/NMs/3NA); (VII) GC/NMs modified with electrochemically reduced
3NA (GC/NMs/3NA(red)). Then these electrodes were applied for the
electrochemical determination of Cu(ll) ions. Firstly, GO modified electrodes
were evaluated. DPV results, which are shown in Figure 7, illustrate that the
highest DPV peak was observed at -0.06 V towards Cu(ll) ions with
GC/NMs/3NA(red) electrode. GC/GO/3NA(red) electrode is 6 times more
sensitive towards Cu(ll) ions compared to bare GC electrode. The reason of
this advanced sensitivity is related to larger electrochemically active surface,
which has been increased by GO. Other researches also noticed some
advantages of electrodes modified by carbon nanomaterials [118, 119].

0,000 A

5,000 uA

=10,00 uA

1dif (A)

15,00 uA

'20'00-‘%,0 mv -200,0 mV 0.000 V 200,0 mV 400,0mV

Viwd (V)
Figure 7. Differential pulse voltammograms of copper at Bare GC (a);
GC/3NA (b); GC/3NA(red) (c); GC/3NA/GO (d); GC/3NA(red)/GO (e);
GCI/GO/3NA (f); GC/GO/3NA(red) (g) electrodes recorded in BR buffer

solution, pH 5.0 vs Ag/AgCI/KCl.

3.2.2. Optimization of the nanomaterials for electrode modification

As it is seen in Figure 7, the modification of GC by GO before
electrochemical modification procedures enhances current responses
compared with that of GC/3NA and GC/3NA(red) electrodes. Therefore,
another step of this research was to determine nanomaterials which are the
most efficient in electrochemical determination of Cu(ll) ion. Five different
nanomaterials were chosen for this aim: GO, G, Fe;0,, AuChts and MWCNT
and five different electrodes were prepared for this part of research and their
electrochemical responses towards Cu(ll) ions were compared with bare GC
and GC/3NA(red) electrodes.
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Figure 8. Differential pulse voltammograms of copper at GC/NPs/3NA(red)
electrodes: Bare GC (a); GC/3NA(red) (b); GC/Fe;O4/3NA(red) (c);
GC/AuChts/3NA(red) (d); GC/Graphene/3NA(red) (e); GC/GO/3NA(red) (f);
GC/MWCNTs/3NA(red) (g) recorded in BR buffer solution, pH 5.0 vs
AgQ/AQCI/KClgt.

DPV results (Figure 8) showed that analytical signal registered by
GC/MWCNT/3NA(red) at +0.05 V electrode increases twice when compared
with that registered with GC/GO/3NA(red). This effect is related to properties
of MWCNT. Since the MWCNT can adsorb ions and molecules, exhibit
strong adsorptive ability towards other species and increase their surface
concentration [120]. Therefore, further experiments were carried using
GC/MWCNT/3NA(red) electrode.

3.2.3. Characterization of the electrode

The characteristics of the sensing systems such as selectivity, repeatability,
reproducibility and stability are important as much as sensitivity. For this
reason, all further experiments were performed, and the results were evaluated
while applying statistical analysis. The investigation of sensitivity of the
GC/MWCNT/3NA(red) electrode towards binding of Cu(ll) ions was carried
out in the presence of other interfering metal ions (Zn(ll), Cd(Il), Pb(ll),
Mn(ll), Co(ll), Fe(lll)). When other ions were presented at the same
concentration as Cu(ll) ions, their interfering effect decreased in following
order: Co(ID>Mn(ID>Fe(IIN>Cd(IN>Pb(1)>Zn(Il). When all these metal
ions at 1 mM concentrations were applied simultaneously with Cu(ll) ions,
the interference towards Cu(ll) ions determination increased up to 40%. Also,
no additional peaks were visible in related potential range. In order to perform
exact determination of interfering metals that are present in the sample
together with Cu(ll) ions it is essential to know the potentials of current peaks
of interfering ions (Table 1).
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Table 1. Interference of various metal ions to DPV-based analytical signal of
GC/MWCNT/3NA electrode registered in BR buffer, pH 5.0 wvs
Ag/AgCl/Kclsa[.

Relative

lons Concentration Dcl:::lrrzﬁk difference

(mM) (HA) from 1 mM
l'l cu2+

Cu®* 1 4212 0

All metals 1 -25.38 40%
Co** 1 -26.63 37%
Mn2* 1 -27.71 34%
Fe¥* 1 -31.50 25%
Cd%* 1 -33.60 20%
Pb2* 1 -32.22 27%
Zn* 1 -36.13 14%

During the investigation of the stability of GC/MWCNTSs/3NA(red),
electrode was kept at +4°C temperature for 0, 1, 5 and 14 days in closed
vessel with Ar gas and their sensitivity towards Cu(ll) ions has been
investigated using DPV. It has been noticed that the stability of analytical
signal of electrode was decreasing gradually and after 5 days it became stable.
After 14 days of incubation GC/MWCNTSs/3NA(red) remained at 50% level

of its’ original electrochemical response towards Cu(ll) ions (Figure 9).
0 2 4 6 8 10 12 14
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Figure 9. Stability of DPV-based analytical signal of GC/MWCNTSs/3NA(red)
electrode in BR buffer solution, pH 5.0 vs Ag/AgCI/KClg,.

Repeatability of differently modified electrodes in Cu(ll) ion
detection was tested using three similar electrodes prepared at same
conditions. Relative standard variation (R.S.V.) of this test was 6.4%, and
R.S.V. of the reproducibility test was 1.4%. After the evaluation of
repeatability and reproducibility results obtained by various electrodes applied
in Cu(ll) detection, which have been reported in some other researches and
comparing them with the obtained in the frame of this article, it was
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determined that here reported GC/MWCNT/3NA(red) electrode can compete
in the determination of Cu(ll) ions with other electrodes [121, 122].

3.2.4. Limit of detection of developed electrode towards Cu(ll)
ions

Finally, the GC/MWCNT/3NA(red) electrode was evaluated for the
limit of detection (LOD) value towards Cu(ll) ions. The determination of
Cu(Il) ions was performed for three times and standard deviation values were
calculated. LOD of the GC/MWCNT/3NA(red) electrode was 0.5x10° M
Cu(Il) ions concentration. Sensitivity of the electrode manufactured in this
experiment is as sensitive as other electrodes that are presented in other
publications [123-125].

3.3.0Dbtaining single cell and its Raman analysis
3.3.1. Yeast cell solution drying observation

Five different materials: glass, silicon, HOPG, PDMS, and mica were chosen
as substrates for single cell immobilization. The drying process was observed
in ambient conditions and the results are presented in Figure 10. It was
observed that on the pristine substrates, during water evaporation, cells that
are immersed in the droplet due to water surface tension were swept across the
surface and formed aggregates at the end of drying.

m Glass si HOPG PDMS Mica

0 min
Drop

+5 min
Drying

+10 min
Dried

. S 100pmJ 100um_
Figure 10. Drylng process of yeast cell suspension, which was prepared by
dispersion of yeast cells in water and then drop coated on clean substrates
such as: glass, silicon, HOPG, PDMS, and mica. Pictures were taken before
and after water evaporation proceeded at ambient conditions over 5-10 min.

As can be seen from Figure 10 intricate yeast cell agglomerates are
formed on all substrates. GO was chosen for the modification of the
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mentioned substrates due to its unique chemical properties and
biocompatibility [126]. The drying process of the yeast cell suspension on the
modified with GO surfaces was observed (Figure 11). Unlike pristine
substrates, the GO modified surfaces remarkably reduced the cell aggregation
and increased the regions containing separated single cells. This is an
indication of the enhanced cell adhesion on GO-based surfaces and form
singlets and small colonies allowing to perform analysis at the single cell
level.

E‘!EE@ Glass si HOPG PDMS Mica

Figure 11. Visualization of the drylng process of yeast cell suspenS|ons drop
coated on the surfaces of GO modified substrates. Pictures were taken before
and after water evaporation proceeded at ambient conditions over 5-10 min.

The mechanisms behind such improved single cell addition were
investigated and some most plausible reasons was identified: 1) increased
mechanical friction between cells and GO-modified surfaces due to roughness
of GO films, 2) changes in hydrophobicity of the substrates which alters the
drying process of the solvent, 3) increased electrostatic interaction between
charged parts of yeast cell walls and carboxyl, carbonyl, and hydroxyl groups
of GO, and 4) possible chemical interaction between carbonyl and hydroxyl
groups of GO and the cell surface. In order to investigate these mechanisms in
more detail we performed AFM, contact angle measurements, and studied a
GO-coated surface after thermal reduction.

3.3.2. Increase in surface roughness

The surface roughness can increase or decrease the contact area between a cell
and the substrate surface, which is proportional to the solid-liquid interfacial
adhesive force [127]. Therefore, for surface roughness measurements contact
mode AFM imaging was performed on pristine glass and glass coated with
GO. Images of GO coated glass showed a heterogeneous surface with planar
and wrinkled surface areas (Figure 12b). The cross section of a graphene
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oxide nanosheet proved that the thickness of GO is around (1.7 +0.1) nm.
Even though, due to natural stacking into multiple layers and formation of
wrinkles and folds the root mean square roughness is only (1.5+0.2) nm
compared to the clean glass surface with a roughness of (0.4 £0.2) nm. In
comparison with the micrometer range cell size (ca. 4 um), the nanometer
roughness difference between reduced and pristine GO can be expected to be
insignificant to mechanically immobilize cells.
SRTFIZEIEI IR

—— Cross-section
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Figure 12. AFM images of glass (a) and glass modified with GO (b) surface
roughness and cross section (c) of the GO — substrate.

3.3.3. GO hydrophilicity

GO is known to be a hydrophilic material due to the presence of oxygen
groups on its basal plane and edges, hence we can expect that it changes the
hydrophilic properties of the substrate that could be the origin of the
difference in cell adhesion. For this reason, water contact angle measurements
were performed. This analysis revealed that the layer of graphene oxide
increases the substrate hydrophilicity by 14 — 69%, (Figure 13). However, we
cannot conclude that the surface hydrophilicity is the parameter that defines
isolation of cells since GO-coated samples do not display a unique value but
show different contact angles in the range of 12.6° +0.6° to 41.3°+0.4°
which also partly overlap with the contact angle of the surfaces before the GO
modification.
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Figure 13. Water contact angle measurements on pristine substrates (1* line)
and modified with GO surfaces (2™ line).

3.34. Chemical functionality of GO

The yeast cell surface contains proteins that can create attractive interactions
with functional groups present at the substrate, in this case — the basal plane of
GO. In order to test this assumption, we compared the aggregation of yeast
cells on both GO and thermally reduced GO (rGO), which contains a much
lower concentration of functional groups on its surface. AFM images and

Raman spectra before and after reduction of GO were taken under excitation
by a 514.7 nm laser.
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Figure 14. Raman spectra analysis of the GO film before and after thermal
reduction at 400°C for 30 min. The bands D* and D”, upshift and downshift,
respectively, with the reduction level.
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The Raman spectra of GO and rGO presented in Figure 14 show
characteristic D and G bands, which arise from sp? and sp® vibrations, and
some other peaks that arise due to defects in the carbon-based structure. In
this study, both Raman bands were fitted using a total of 5 peaks (mixed
Gaussian/Lorentzian fit) which were marked to allow differences to be
tracked. D* and D” after GO thermal reduction into rGO shift towards higher
and lower wavelength numbers, respectively, which indicates the decrease of
oxygen content [128]. G shift towards higher wave numbers can be explained
due to amorphisation of the graphite structure. Additional D’ peak rises from
structural variety of the sample sp® hybridization [129]. Moreover, band
related to amorphous phase marked as D” intensity decreases 10 time due to
increased crystallinity [128, 130]. The AFM image in Figure 15 shows that
GO nanosheets were significantly reduced during thermal annealing although
some structural changes in the form of newly formed rods and particles were
also observed. These results confirm that the reduction of GO was successful
and that most of the functlonal groups were reduced.

Flgure 15 AFM |mages of a) graphene OXIde and b) thermally reduced
graphene oxide.

Yeast cell adhesion on rGO-modified surfaces was tested. It was
observed that on the rGO-modified surface, yeast cells behave the same way
as on the pristine glass substrate (Figure 16). Given that the roughness
increased from 1.6 nm to 4.5 nm after the thermal reduction of GO was
performed (as deduced from AFM), and that such increased roughness
resulted in poorer cell adhesion, then we can conclude that the roughness
effects are too small to play a significant role in our case. These results on
rGO thus provide essential evidence to support our hypothesis that the
functional groups on GO are responsible for the stronger interaction between
cell wall and GO-coated surfaces. This can be explained by chemical
heterogeneities between the cell wall and the GO-modified surface, which
creates localized sites where interaction energies at the interfacial area are
higher making adhesion more efficient [131].
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Figure 16. Visualization of drying process of yeast cell suspension drop
coated on GO and rGO modified substrates. Pictures were taken before and
after water evaporation proceeded at ambient conditions over 5-10 min.

3.3.5. Evaluation of the Raman spectra of single yeast cells
immobilized on GO-modified surfaces

Raman spectra of single and aggregated cells immobilized on glass and GO-
modified glass surfaces were registered under 532.0 nm laser excitation and
are presented in Figure 17. While comparing the yeast spectrum obtained for
yeast cells immobilized on glass with that obtained for yeast cells
immobilized on a GO-modified glass substrate it was observed that the GO
modification improves the Raman signal by 100%. This increase in intensity
is likely due to the enhancing properties of GO-based layers [132]. Moreover,
these Raman spectra prove that the spectrum registered from a single cell
provides more information than the one from aggregated cells. In the spectra
registered from single and aggregated yeast cells immobilized on GO-
modified glass substrates there are obvious differences in peak positions and
intensities. In the spectrum of a single yeast cell immobilized on a GO-
modified glass substrate the low intensity peaks at 1260 cm™ and 1294 cm™
are observed. These peaks are attributed to C-H deformation in proteins and
lipids which are likely to be sensitive to the cell-cell interaction. The peaks at
1548 cm™ and 1601 cm™ are also visible only in the spectra registered from
single cells. These peaks are attributed to nucleic acids and lipids, respectively
[133]. Moreover, the peak at 1601 cm™ reflects the respiratory activity of
mitochondria and can be associated with cell viability [134].
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Figure 17. Raman spectra of yeast cells immobilized on a) bare glass and b)
GO-modified glass with part of spectra zoomed in’ in the range from 950 cm’
! to 1750 cm™. Peaks that are visible only in the spectrum of a single yeast
cell modified surface are marked by grey color. The baseline is corrected, and
the Raman signal of GO-modified glass was subtracted.

From these results, we conclude that by analyzing single cells
immobilized on GO-modified substrates in comparison to the analysis of large

cell aggregates it is possible to gather additional information, which otherwise
would be not noticed.

3.4.Self-organized Au nanostructures with bidirectional plasmon
resonance for SERS

34.1. Morphological characterization of ripple pattern with
gold nanostructures

Figure 18a illustrates the two step fabrication routine of SERS substrates with
bidirectional plasmon resonance. For the template ion-beam induced ripple
patterned silicon substrate was used with the periodicity of (49.9 + 2.5) nm.
Depending on the Au thickness different morphology is observed (Figure
18b,c,d,e). Starting with 30 nm thickness, clear nanoparticle self-organization
along the ripple pattern is visible. After increasing the thickness particle
elongation is observed which starts forming wire-like nanostructures. By
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further increasing Au thickness particles form more intricate nanostructures
without forming continuous Au layer. Particles that form on the ripple pattern
are rough with less defined shapes [135, 136]. Additional post thermal
annealing of the deposited Au particles reshaped them into more smooth and
spherical shape (Figure 18f,g). This is comparable to the known silver particle
chains on ripple pattern [137, 138].

(a) Step 1: Step 2:
lon beam irradiation Metal deposition
Ar ions . 3
ot Nanoparticle : Au atoms
Silicon Rippled silicon
(b) 30 nm (c) 60 nm x =
= —
1
‘—'II -
(d) 90 nm ~ d(e) 120 nm
g
- - ~ ~
| .
(f) 30nm (@) 30nm
+400°C = + 400°C

— ]

Figure 18. Morphology of self-organized gold nanostructures on rippled
templates. (a) Illustration of two-step fabrication routine. (b-f) top-view SEM
images for different gold thicknesses from 30 nm to 120 nm and (f) 30 nm with
post-annealing at 400°C. The insets show the corresponding 2D
autocorrelations. (g) cross-sectional bright-field TEM image of (f). Scale bars
(b-f): 200 nm (insets 50 nm), (g) 50 nm.

2D autocorrelation and particle analysis allowed to deduce the details
on particle geometry. For the 30 nm and 60 nm Au thickness a clear
separation of the particles is visible, whereas for larger thicknesses of 90 nm
and 120 nm the separation is lost, and particles coalescence takes place.

Table 2 summarizes the Au particle dimensions for samples of 30 nm,
60 nm nominal Au thickness and 30 nm after additional thermal annealing.
From 2D autocorrelation the average center-to-center particle distances for the
parallel (II) and perpendicular (1) directions with respect to the pattern axis
was derived. The nanoparticles follow the periodicity along the ripple pattern
with the maximum particle diameter orientated along (Il direction) and the
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minimum diameter across (L direction) the ripples. However, no isolated
structures were formed for 90 nm and 120 nm Au deposition thicknesses.

Table 2. Summarized dimensions of self-organized Au nanoparticles by
annealing.

1 center-

min. max. particle || center-
Sample . ) ) to-
diameter® | diameter® | height to-center .
center
(hm) (nm) (nm) (nm) (nm)
30 nm
24.4+0.3 36.5t1.4 18.1+2.9 | 30.3t94 46.618.7
30 nm,
23.1+0.2 29.8+0.4 17.6+3.5 | 40.2+12.8 | 46.9+8.4
annealed
60 nm

40.0+£0.6 53.1+£7.4> | - 49.1+£8.3 | 49.1+8.3

max. dlameter

2, LED -
L B

" center-to-center

center-to-
center

%excluding the particles with diameter <10 nm; "excluding the particles grown
together over grooves

3.4.2. Optical properties of the nanostructures

In Figure 19 imaginary part of the effective pseudo dielectric function () is
plotted which was measured by spectroscopic ellipsometry (SE) and is
associated with the absorption position of Au and indicates the position of
LSPR. In the range between 400 and 500 nm is the interband transition of Au
and starting from 600 nm is the plasmon resonance which depending on the
gold layer thickness shifts towards the mid-infrared range. The LSPR can be
excited at different spectral positions for polarizations across (E.) and along
(Ey) the ripple axis. For E. polarization the LSPRs are observed in the spectra
region from ~600 nm red-shifting with increased Au thickness. For E; the
LSPR starts at ~800 nm and red-shifts and broadens with increased Au layer
thickness. This indicates that LSPR across (E.) and along (E;) the templates
can be selectively excited due to the anisotropic particle shape and coupling in
the same directions. Raman spectroscopy using 632.8 nm laser excitation was
performed on the substrates having CoPc as a Raman analyte (Figure 19b). By
changing polarization Raman signal changes. Aq vibrational Raman mode of
CoPc which is at 687 cm™ was analyzed [139]. The enhancement factor (EF)
of CoPc was calculated by the intensity ratio of the plasmonic structures with
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respect to the Raman signal of the molecule on flat silicon (100) surface
which was used as a reference and was from ~150 up to ~1200.
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Figure 19. Development of bidirectional LSPR through the gold deposition
process. (a) Spectroscopic ellipsometry (SE) of the imaginary part of the

effective dielectric function (=) for polarization parallel (E,, red) and

perpendicular (El, blue) to the nanoparticle chains. Solid and dashed lines
for spectra with and without deposited CoPc molecules as Raman probe. The
Raman excitation laser line of 632.8 nm is indicated. (b) Raman spectra at the
same thicknesses corresponding to SE spectra in each column. Raman signal

for different laser polarization E (red) and E. (blue) are shown.

From the Table 3 it is observed that the highest enhancement is
obtained for E, which means that the signal is dominated by the area between
the gold chains. For the gold thickness of 60 nm and 90 nm clear anisotropic
Raman signal is visible, whereas for 30 nm and 120 nm anisotropy is less
pronounced. The results agree with the ones deduced from the SE
measurements same as SERS anisotropy is in agreement with the square of
ratio of the pseudo-dielectric function at this spectra position. However, the
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amplitude values of the imaginary part of the pseudo dielectric function does
not represent the plasmonic excitation strength. This is because local
plasmonic field enhancement also depends on the local geometry of the
particles. For example, strong off-plasmon resonance SERS effect was
observed on the 120 nm Au nanostructures which could be due to the strong
electromagnetic field enhancement inside the narrow voids (Figure 18).

Table 3. Summarized Raman enhancement factor EF and pseudo dielectric

functions (&z) for E. and E, polarizations at excitation wavelength at
632.8 nm.

Sample EF, EF, (e2)y | (e2). | EF,/EF, <€2)]2. /(Ez)ﬁ

30 nm 289 313 16.2 20.2 1.1 1.1
60 nm 385 1135 12.1 17.8 2.9 3.0
90 nm 144 314 8.5 11.1 2.2 2.0
120 nm 837 1032 5.2 7.0 1.2 1.8

Since the most pronounced geometry and bidirectional LSPR was for
30 nm Au substrates, these substrates were additionally annealed. After
annealing the substrates nanoparticles became more spherical and defined and
the center-to-center distance was reduced as well as particle diameter ||
direction (Table 2). The LSPR shift and effect on SERS by post deposition
annealing was observed in Figure 20 by three different excitation laser lines:
532 nm, 638 nm and 785 nm.

With 532 nm no clear anisotropic effect is visible for both annealed
and non-annealed samples. This is due to the off-LSPR excitation and thus
Raman excitation is low. With 638 nm excitation clear anisotropic SERS
effect on the annealed sample and high enhancement for the E; polarization is
visible. For the non-annealed, high SERS response is obtained for E,
polarization. However, for the 785 nm this is reversed.

This is a good example of the sample that supports LSPR under two
different laser lines which can be selected by the polarization. SERS results
are in good agreement with the SE results. In Figure 20b the difference of (&,)
is shown where values below zero represents increased LSPR for E, and
above zero for E;. Non-annealed sample shows highest LSPR excitation for E,
with peak at around 650 nm whereas annealed sample has 2 LSPRs at 638 nm
and 785 nm wavelength, depending on the excitation polarization.
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Figure 20. Polarization dependent VIS-NIR Raman responses for 30 nm gold
thickness with and without annealing. (a) Raman spectra of 1 nm CoPc
probed by three different laser lines (top: 532 nm, middle: 638 nm, and
bottom: 785 nm) for parallel (Eﬂh red) and perpendicular (Eﬂ, blue)
polarizations. (b) Difference of the imaginary parts of the pseudo-dielectric
function for parallel and perpendicular excitation measured for 30 nm gold
thickness without (solid) and with annealing (dashed). Difference below or

above zero means that Raman is enhanced for E. or §|| polarization.
3.4.3. Finite element method calculations

In Figure 21 the spatial distribution of hotspots calculated using finite element
method for annealed and non-annealed samples are presented. For the
annealed sample under 638 nm excitation plasmonic hotspots can be observed
along the particle chains even if the particles are not fully aligned. For the E,
a lower field enhancement is visible across the ripple pattern. In the cross-
section view of the simulation (Figure 21c¢) it’s observed that a big portion of
the electric field is trapped under the particle in the native oxide layer [140].
Moreover, the distance between the particles is higher which adds up to the
plasmon coupling between the nanoparticles being weak for E;.
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Figure 21. FEM calculation results of the near-field enhancement of electric
|E|/|E,| based on SEM images. The systems modeled correspond to (a)
annealed and (b) non-annealed gold samples for two different directions of
the incident electric field (top) E, and (bottom) E.. Scale bars: 100 nm. The
particle cross-section visualization of the annealed (c) and not annealed (d)
sample is shown below (scale 30 nm). Simulated spectra of average SERS
enhancement (o avrg. |E|*/|E,|*) for annealed and not annealed particle
geometries for E, and E| polarizations.

Situation for the non-annealed scenario becomes more complicated
due to the oval particle shape. Moreover, broad particle size, aspect ratio and
shape distribution contribute to the LSPR being excited in the wide spectra
range. The chain structure made out of interconnected oval-shape particles can
also attribute to the coupling of hotspots in the E; direction at 785 nm [141].
However, from SE and Raman results the E; 785 nm excitation does not
match the LSPR and no hotspots are visible only weak plasmon coupling
along the particle rows due to inhomogeneity of the particles. In Figure 21e,f
spectra of average SERS enhancement |E|*/|E,|* for both particle shapes are
presented. These simulations agree with the measured (&) and anisotropic
Raman signal ratios for E, and E;. Furthermore, the calculated enhancements
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are 1-3 times weaker than obtained from Raman measurements. This is
because signal amplification is coming from few, but very strong hotspots,
preferably from between rough particles, and therefore the samples cannot be
fully represented by the FEM calculations.
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General conclusions

Polypyrrole microspheres were successfully synthesized through green
method using 2 different strains of Streptomyces spp. bacteria.
Microspheres obtained using Streptomyces spp. MIUG 12p strain were
~25 um diameter, denser and lower in concentration compared to the ones
obtained using MIUG 4.88 which were ~10 um in diameter, higher in
concentration and were completely hollow.

Several nanomaterials were used for GC electrode modification before
and after electrochemical modification with 3NA: GO, G, Fe;0,, AuChts
and MWCNT towards Cu(ll) ions detection. Electrode, which was
modified with MWCNT and then modified with 3NA which was then
reduced, showed 16 times increased signal towards Cu(ll) ions compared
to the bare GC.

Since GC/MWCNT/3NA(red) showed the best response towards Cu(ll)
detection selectivity, repeatability, reproducibility and stability was
investigated. Selectivity investigation showed that this electrode is
selective towards Cu(ll) ions. R.V.S. of repeatability and reproducibility
tests were 6.4% and 1.4% respectively, and after storing electrode for 5
days it’s signal reduced down to 50% and became stable. LOD for the
GC/MWCNT/3NA(red) was 0.5x10"° M Cu(ll) ions concentration.

The method for obtaining single yeast cells using substrates modified with
GO nanosheets proved that cell immobilization on the GO-modified
surfaces is possible due to presence of proteins on the cell surface, which
bonds with the functional groups of GO.

Raman signal of yeast cells on GO-modified glass substrates was
enhanced by 100% compared with the signal of yeast cells obtained on the
glass. In Raman spectra obtained from single cell peaks at 1260 cm™,
1294 cm™, 1548 cm™ and 1601 cm™ are observed, they are attributed to
proteins, lipids, nucleic acids and even “cell life” respectively, but are
absent in Raman spectra obtained from the aggregated cells.

SERS substrates that were produced by two-step fabrication method
showed EF up to ~1200 times. Moreover, by changing the gold thickness
and position of the substrate it’s possible to tune in LSPR with different
wavelengths.

FEM calculations showed that for 30 nm Au thickness annealed sample
under 638 nm plasmonic hotspots were observed along the particle chains.
For non-annealed 30 nm Au thickness plasmon hotspots can be observed
in the E; direction under 785 nm excitation, but the hotspots are localized
on single nanoparticles mostly with an elongated shape.
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Summary

These days development of various sensors became one of the most important
study topics. The focus on developing sensors is on the sensibility, selectivity
and stability. In this dissertation polypyrrole environmentally friendly
synthesis method is presented using two different strains of Streptomyces spp.
bacteria: MIUG 12p and MIUG 4.88. SEM and optical microscope images
showed that PPy hollow microspheres were obtained during the synthesis with
the size varying from 10 to 25 um depending on the strain. FTIR and XPS
analysis of bacterial PPy was consistent with that of electrochemically
synthesized PPy and pyrrole monomer with presence of derivatives which is
equal in all the compounds. These microspheres could be adapted for the drug
delivery and something else.

Electrochemical sensor for Cu(ll) ions was developed using glassy
carbon electrode modified with MWCNT and then reduced 3-nitroaniline.
Such electrode showed selectivity towards Cu(ll) ions in the presence of other
metals. Moreover, R.S.V of reproducibility and repeatability tests were 6.4%
and 1.4% respectively. After storing the electrode for 5 days signal reduced by
50% and stayed stable for up to 14 days. Limit of detection tested towards
Cu(ll) ions was 0.5x10° M. Such electrode performed better than glassy
carbon electrode modified with reduced 4-nitroaniline produced by the same
group. This is due to the MWCNT which increased working electrodes
surface area.

Raman spectroscopy is one of the vastly used analytical devices,
which are easy to use, non-destructive and reliable. However, Raman signal is
relatively low and requires additional substrate modification in order to
enhance it. Moreover, when analyzing cell colony, the signal is averaged, and
part of information is lost. For that graphene oxide modified substrates were
used to enhance the signal and obtain single yeast cells which were further
analyzed using Raman spectroscopy. It was discovered that GO enhances
single yeast cell signal by 100 times and shows additional peaks in spectra,
which corresponds to important compounds and even “cell life” that otherwise
are or ignored when analyzing the cell colony.

As it was mentioned before Raman spectroscopy signal is relatively
low and here surface enhanced Raman spectroscopy can be applied, where
metal plasmon nanocomposites are used to enhance the signal. However, such
substrates have plasmon resonance only in certain range, depending on the
metal, shape or size of the nanocomposites. In this thesis a two-step method
was suggested for obtaining bidirectional plasmon resonance by inducing
ripple pattern on the silicon substrate and then depositing gold nanoparticle.

47



Depending on the substrate orientation it’s possible to obtain plasmon
resonance in different spectra ranges.
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Santrauka

Ivadas

Jutiklis - jtaisas, aptinkantis analitg ir paver¢iantis cheminj jos signala
registruojamu elektriniu signalu. Svarbiausios jutiklio savybés — tai jautrumas,
selektyvumas ir stabilumas, o klasifikuojami jie j terminius, cheminius,
optinius, drégnumo, dujy ir kitus.

Elektrocheminis jutiklis tai perspektyvus analizinis prietaisas,
kuriame naudojami modifikuoti elektrodai siekiant padidinti jy jautrumag ir
atrankumg. Atsizvelgiant | elektrocheminio jutiklio paskirtj, galima keisti
modifikavimo procesg ir medziagas, todél jie yra lengvai pritaikomi jvairiems
tyrimams.  Elektrody modifikavimui naudojamos nanokompozitinés
medziagos, tokios kaip anglies nanovamzdeliai, metaly nanodalelés ir kt.,
kurios didina elektrody plota ir jautruma. Norint pagerinti elektrody
selektyvumg analitei, modifikavimui gali biiti naudojamos specifinés
medziagos arba fermentai. Optimizuojant Siuos du parametrus, gautas
elektrodas biina labai jautrus ir selektyvus pasirinktos analités atzvilgiu.

Ramano spektroskopijos metodas, pateikia informacijg spektry forma,
kurig sudaro molekuliniy rySiy virpesiai, kurie atitinka tam tikra spektro
pozicija. Taciau Ramano signalas gali biiti neintensyvus arba sunkiai
registruojamas, todél siekiama jj padidinti. Siam tikslui naudojama pavirsiaus
sustiprinta Ramano spektroskopija (SERS) kurioje pritaikomos plazmony
rezonansu pasizymincios nanodalelés, tokios kaip aukso, sidabro ar kitos.
Taciau kai kuriose SERS tyrimams tinkamose medziagose, plazmonai
rezonuoja tik siaurame spektro ruoze, priklausomai nuo nanokompozity
formos, dydzio ir prigimties. Tai riboja tokiomis dalelémis modifikuoty
pagrindy panaudojimg tik tam tikroms analitéms nustatyti. Todél siekiant
iSplésti SERS analizés galimybés, yra kuriami ir panaudojami SERS-pavirsiai,
pasizymintys dvikryp¢iu plazmony rezonansu.

Darbo tikslas:

n-n konjuguoty junginiy sintezé ir jy pritaikymas elektrocheminiuose ir
optiniuose jutikliuose.

Darbo uZdaviniai:

1. Ekologiska n-n polimero — polipirolo sintez¢ pritaikyti polipirolo
mikrosfery gamybai, panaudojant Streptomyces spp. bakterijy Stamus
MIUG 12p ir MIUG 4.88.

2. Istirti grafeno oksido, grafeno, magnetito, aukso chitsano ir
daugiasluoksniy anglies vamzdeliy panaudojimg stikliSkosios anglies
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elektrodo modifikavimui, siekiant jj pritaikyti elektrocheminiam
vario(ll) aptikimui.

Istirti optimaliausio elektrodo, pritaikyto vario(II) jony aptikimui,
charakteristikas.

IStirti pavirSius, modifikuotus =m-m junginiu — grafeno oksido
nanolakstais, pavieniy lasteliy gavimui.

Palyginti vienos Iastelés Ramano spektra su agregavusiy lasteliy
Ramano spektru.

IStirti ant banguoto silikono pavirSiaus tvarkingai i$sidésciusiy aukso
nanodaleliy lokalizuoto pavirSiaus plazmony rezonanso signalo
priklausomybe nuo pagrindo orientacijos.

Modeliuoti plazmony ,karStus taskus® (angl. hotspots) naudojant
tiksly nanodaleliy dydj, jy forma bei iSsidéstyma.

Mokslinis naujumas:

Streptomyces spp. bakterijos inicijuoja polipirolo mikrosfery
susidaryma.

Daugiasluoksniai  anglies  nanovamzdeliai, imobilizuoti  ant
stikliSkosios anglies elektrodo, prie§ elektrocheminj 3-nitroanilino
modifikavimg ir redukavima, padidina elektrodo jautruma vario(Il)
jonams.

Pavienés mieliy lgstelés buvo imobilizuotos ant pagrindy,
modifikuoty su grafeno oksido nano-plokstelémis bei jy Ramano
spektras pasizyméjo didesniu informacijos kiekiu nei agreguoty
lasteliy Ramano spektras.

Dviejy zingsniy gamybos metodas, panaudojant jony spinduliuote ir
istrizo kampo metalo nusodinimg, yra tinkamas norint gauti didelés
apimties, tvarkingai i$sidés¢iusiosiomis aukso nanodalelémis
modifikuotus pagrindus, kurie pasizymi dvikrypéiu plazmony
resonansu. Tokiu biidu modifikuoti pavirSiai yra tinkami SERS
analizei.

Ginamieji teiginiai:
Polipirolo mikrosferos gali biiti susintetintos naudojant Streptomyces
spp bakterijy Stamus.
Modifikavimas anglies daugiasluoksniais nanovamzdeliais ir

redukuotu 3-nitroanilinu padidina stikliSkosios anglies jautruma
Cu(ll) jonams.
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3. Grafeno oksido nanoplokstelémis modifikuoti pagrindai gali biti
naudojami pavieniy lasteliy imobilizavimui bei Ramano signalo
padidinimui.

4. Lyginant agreguoty lasteliy ir pavieniy Iasteliy, jmobilizuoty ant
grafeno oksidu modifikuoty pagrindy, Ramano spektrus, pastarasis
pasizyméjo didesniu informacijos kiekiu.

5. Paprastas dviejy zingsniy gamybos metodas yra tinkamas norint gauti
didelés apimties, tvarkingai iSsidésCiusiomis aukso nanodalelémis
modifikuotus pagrindus, tinkamus SERS analizei.

1. Polipirolo sintezé naudojant Streptomyces spp bakterijas

Yra zinoma, kad bakterijos iSskiria oksidatorius, kurie gali inicijuoti
polipirolo sinteze. Siame darbe polipirpolo (PPy) sintezei buvo pasirinkti
dveji Streptomyces spp. bakterijy $tamai: MIUG 12p ir MIUG 4.88. Pirma
bakterijos buvo kultivuotos 1 parg Petri 1ékstelése, tada perkeltos i
Elerméjerio kolbas ir détos i maiSykle esant 25°C. Po 6 dieny inkubacijos i
bakterijy augimo terpe jdéta 30 mM pirolo (Py). Pragéjus 4 inkubacijos
dienoms stebétas terpés patamséjimas dél susidariusio polipirolo. Tiriant
optiniu mikroskopu, (OM) rasti juodi dariniai aplink bakterijy kolonijas.
Nustatyta, kad naudojant MIUG 12p Igsteliy Stamus, susidare PPy dariniai
buvo ~20 um dydzio ir mazesnés koncentracijos, tuo tarpu naudojant MIUG
4.88 lasteliy Stamus susidare PPy dariniai buvo tik ~10 um. Tai gali buti
paaiskinta tuo, kad terpéje su MIUG 12p bakterijy Stamu sintezé prasidéjo
anksciau nei terpéje su MIUG 4.88. IStyrus susidariusiy dariniy skerspjiivi su
skanuojanciu elektroniniu mikroskopu (SEM), pastebéta, kad susidare dariniai
yra tus¢iavidurés sferos formos. Taciau mikrosferos, gautos naudojant MIUG
4.88, turi plonesnj kiauta lyginant su mikrosferomis, gautomis naudojant
MIUG 12p bakterijy Stama.

Furjé transformacijos infraraudonyjy spinduliy spektroskopijos
(FTIR) metodu palygintos bakteriskai gautos PPy (BPPy) mikrosferos su
elektrochemiskai (EPPy) sintetintu PPy bei Py monomeru. Nustatyta, kad
skirtingais biidais gauto polipirolo spektrai pasizymi jiems charakteringomis
smailémis, ta¢iau BPPy spektruose matomas smailiy pasislinkimas yra dél
bakterijy augimo terpéje esanciy pasaliniy medziagy.

I$sami polipirolo mikrosfery analizé buvo atlikta naudojant rentgeno
fotoelektroning spektroskopija (XPS), kurios metu BPPy spektrai lyginti su
EPPy spektrais bei Py monomero spektru. Svarbu atkreipti démesj, kad
anglies regione ties ~286 eV atsiranda smailé, kuri atitinka hidroksilo grupe
(C-OH). Pastaroji aptinkama polipirolo dariniuose, tokiuose kaip furanas,
furfuralas, N-metilpyrolas, forfobilinogenas, o tiriamuose méginiuose galéjo
atsirasti deguoniui prisijungiant i§ atmosferos arba sintezés metu. XPS tyrimas
taip pat rodo, kad méginiuose yra vandens molekulé, o didZiausia jos
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koncentracija nustatyta EPPy. Azoto regionas iSskaidytas ] tris grupes: azoto
imino (-NH=), antrinio amino (-NH-), ir imidogeno katijonas (-NH"-). I3
XPS rezultaty apskaiCiuotos santykinés anglies, azoto bei deguonies
koncentracijos PPy ir Py molekulése. Kadangi C-N jungties koncentracija yra
mazesné uz sumine C-C/C-H ir C-OH, galima teigti, kad gryno Py
koncentracija yra mazesné¢ nei jo dariniy, o didelé anglies koncentracija
dariniuose galéjo susidaryti dél i§ atmosferos prisijungusios anglies.
ISanalizavus XPS spektrus galima teigti, kad bakteriskai sintetintas PPy mazai
kuo skiriasi ar net yra identiskas elektrochemiskai sintetinam PPy, o i§ gauty
atomy koncentracijy, jvertinus vandens kiekj, junginiy molekuling formule
galima uiraéyti taip: BPPy - C0_617N0_04300_3]_'0.0SHZO, Py -
Co.618N0.10700.256:0.019H,0, ir EPPy - Co363N0.06000.286°0.282H,0. Visose Siose
formulése deguonies kiekis yra ~0.3, o tai zymi, kad PPy dariniy kiekis yra
vienodas.

2. 3-nitroanilinu ir daugiasluoksniais anglies vamzdeliais modifikuotas
elektrodas Cu(Il) jonuy aptikimui

Nanodaleliy adsorbcija ir elektrocheminis nusodinimas, po kurio seké
funkciniy grupiy redukcija, buvo pritaikyta elektrocheminiam vario(Il) jony
aptikimui. Saveika tarp Cu(Il) jony ir amino grupiy gali biiti paaiSkinta
chelato komplekso formavimusi. Norint istirti, kuris modifikavimo eiliskumas
yra pats efektyviausias, buvo pagaminta keletas skirtingy stikliSkosios anglies
(GC) elektrody, kurie buvo pritaikyti Cu(Il) jony aptikimui: (1) tik GC; (I1)
GC modifikuotas su 3NA (GC/3NA); (III) GC modifikuotas su
elektrochemiskai redukuotu 3NA (GC/3NA(red)); (IV) GC/3NA papildomai
modifikuotu su nanomeziagomis (GC/3NA/NMs); (V) GC/3NA(red)
papildomai modifikuotu su nanomedziagomis (GC/3NA(red)/NMs), (VI)
GC/NMs modifikuotas su 3NA (GC/NMs/3NA); (VII) GC/NMs modifikuotas
su elektrochemiskai redukuotu 3NA (GC/NMs/3NA(red)). Pirmiausia iStirta
grafeno oksido (GO) jtaka elektrodo jautrumui. Nustatyta, kad stikliskosios
anglies elektrodas, modifikuotas GO, tada elektrochemiskai modifikuotas ir
redukuotas 3NA, padidina elektrodo jautruma 6 kartus lyginant tik su GC.
Taip yra todél, kad GO padidina elektrochemiskai aktyvy pavirSiaus plota.

Toliau buvo pasirenkamos nanomedziagos, kurios labiausiai padidinty
elektrodo jautruma Cu(Il) jonams. Tam pasirinktas grafeno oksidas (GO),
grafenas (G), magnetitas (FezO4), aukso chitosanas (AuChts) ir
daugiasluoksniai anglies nano-vamzdeliai (MWCNT) ir atitinkamai pagaminti
5 skirtingi elektrodai. Jy elektrocheminis atsakas j Cu(Il) jonus buvo
palygintas su GC ir GC/3NA(red). Nustatyta, kad GC/MWCNT/3NA(red)
padidino elektrodo jautrumg 2 kartus, lyginant su GC/GO/3NA(red), o
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lyginant su GC - iki 16 karty. Tolimesni tyrimai atlikti naudojant
GC/MWCNT/3NA(red) elektroda.

Toliau  buvo  tiriamos  GC/MWCNT/3NA(red)  elektrodo
charakteristikos, tokios kaip atrankumas, atsikartojamumas, atkuriamumas,
pastovumas bei jautrumas. Nustatyta, kad kity metaly jonai turi mazai jtakos
vario jony generuojamam signalui, kuomet buvo naudojami tokiomis
paciomis koncentracijomis kaip ir varis. Jy jtaka vario elektrocheminio
signalo sumazgjimui, nuo didziausios iki maziausios, galima uZzrasyti taip:
Co(ID)>Mn(IT)>Fe(IT1)>Cd(I)>Pb(I1)>Zn(II). Tiriant elektrodo stabiluma, jis
buvo laikomas Saldytuve +4°C temperatiiroje, 14 pary. lki 5 pary elektrodo
jautrumas sumazéjo 50% ir iSliko stabilus likusj laika. Atkartojamumo
tyrimui, pagaminti 3 elektrodai ir pritaikyti Cu(II) aptikimui. Apskaiciuotas
reliatyvus standartinis nuokrypis (R.S.V) lygus 6.4%, o atkuriamumo R.S.V.
lygus 1.4%. Elektrodo Cu(Il) jony aptikimo riba yra lygi 0.5x10° M.
GC/MWCNT/3NA(red) elektrodas gali biiti lyginamas su kitais elektrodais
aptariamais-publikacijose.

3. Pavienés lastelés gavimas ir Ramano analizé

Ankséiau manyta, kad visos lastelés pasizymi tomis paciomis
charakteristikomis ir tiriant jas dauguma spektruose registruojamos
informacijos biidavo ignoruojama. Kadangi kiekviena lastelé yra unikali, jos
spektras gali suteikti daugiau informacijos, kai ji yra tiriama atskirai.
Pirmiausia pavieniy lgsteliy imobilizavimui panaudojome GO modifikuotus
pagrindus. Buvo pastebéta, kad uzlasinus mieliy lasteliy vandeninj tirpalg ant
stiklo,  silikono  (Si), orientuoto  pirolizinio  grafito (HOPG),
polidimetilsiloksano (PDMS), ar zérucio, lastelés, veikiamos vandens
judéjimo garavimo procese, agreguojasi. Tac¢iau padengus pagrindy pavirsius
GO nanoplokselémis, mieliy lastelés jsitvirtina pavirSiuje ir susidaro mazi
agregatai bei pavienés lastelés. Norint paaiSkinti tokj reiskinj, iSkeltos kelios
hipotezés, kurios atliktais tolimesniais eksperimentais arba paneigtos arba
patvirtintos.

Pirma hipotezé - lasteléms agreguotis neleidzia padidéjes pavirSiaus
SiurkStumas, kuriam iStirti buvo pritaikytas atominiy jégy mikroskopas
(AFM). Nustatyta, kad GO nanoplokstelés skerspjtvis yra apie (1.7 £ 0.1) nm,
o pavir$iaus SiurkStumo Saknies vidurkio kvadratas (Rq) yra (1.5 £0.2) nm.
Lyginant su stiklo (0.4 +0.2) nm Siurk$tumu, Rq matmuo yra gana didelis,
taCiau lyginant su mielés Igstele (~4 pm), toks SiurkStumas yra nereikSmingas.
Todél $i hipotezé yra paneigiama.

Kita hipotezé - GO nanoplokstelés padidina pavirSiaus
hidrofiliskuma. Siam tyrimui atlikti vandens laSo kampo matavimai ant visy
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pagrindy prie§ ir po modifikavimo GO nanoplokstelémis. Nors ir
hidrofiliSkumas padidéjo nuo 14% iki 69%, taciau negalima teigti, kad tai yra
tokio reiSkinio priezastis, nes vandens laso kampo matavimy rezultatai, gauti
po pavirSiaus modifikavimo su GO, dalinai sutampa su matavimy rezultatais,
atliktais prie§ modifikavima.

Trec¢ia hipotezé¢ - tarp baltymy, esanciy mieliy pavirSiuje, bei
funkciniy grupy, esanciy ant GO pavirsiaus, susidaro cheminiai rysiai ir taip
traukiantis lasui dzitivimo procese lgstelés issilaiko pagrindo pavirSiuje. Tam
patikrinti buvo atlikta terminé¢ GO redukcija, kurios metu dauguma funkciniy
grupiy pasalintos. PokyCiy tyrimams panaudota Ramano spektroskopijos
metodas naudojant 514.7 nm lazerj. Spektre matomi GO charakteringi D ir G
ry§iai, kurie atsiranda dél sp® ir sp? vibracijy, bei kitos smailés kurios atsiranda
dél defekty esanciy ar atsiradusiy anglies struktiiroje. D ir G Ramano rysiai
buvo iSskaidyti j dar 5, siekiant tiksliau iStirti medziagos poky¢ius. Rysiai D*
ir D” po terminés redukcijos atitinkamai pasislinko link ilgesniy ir trumpesniy
bangy ilgiy, kas rodo deguonies kiekio mazéjimg. G rySio poslinkj link
ilgesniy bangos ilgiy paaiskina grafito struktiiros amorfizacija. IStyrus
pagrindus pries ir po terminés redukcijos naudojant AFM matoma, kad GO
nanoplokstelés yra zymiai sumaZzéjusios ir atsirado papildomos
nanostruktiiros, o pavirSiaus Siurk§tumas padidéjo nuo 1.6 nm iki 4.5 nm.
Taciau stebint mieliy tirpalo laso dzitivimo procesg, pastebéta, kad mielés
agreguojasi ant redukuoto GO pavirSiaus taip pat kaip ir ant pavirSiy kurie
nebuvo modifikuoti. Tai patvirtina hipoteze, kad mielés jsitvirtina ant GO dél
susidariusio cheminio rySio tarp baltymy esanciy ant mieliy lastelés pavirSiaus
ir GO funkciniy grupiy.

Palyginus Ramano mieliy spektrus registruotus mieliy lasteles
imobilizavus ant stiklo su spektrais mieliy lasteles imobilizavus ant GO
modifikuoto stiklo, pastebéta, kad GO padidina signalg 100%. Palyginus
pavieniy mieliy lasteliy spektrus su agreguoty mieliy lgsteliy spektrais,
pastebétos baltymy ir lipidy smailés, kurios zymi lastelés saveika su lastele.
Sios smailés agreguotos lastelés spektre dingo arba buvo Zenkliai
sumazéjusios normalizuojant spektra.

4. Tvarkingai organizuotos aukso nanostruktiiros su dvikryp¢iu
plazmony rezonansu

Dviejy zingsniy gamybos metodas buvo pritaikytas formuojant SERS
pagrinda pasizymintj dvikrypciu plazmony rezonansu. Pirmiausia naudojant
jony spinduliuote silikono pagrindo pavirSiuje yra iSgaunamos lygiagreciy
bangy rastas, tada tarp bangy nusodinamas auksas. Keic¢iant nusodinamo Au
storj, gaunamos skirtingos formos Au nanostrukttiros. Pradedant nuo 30 nm
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storio sluoksnio aiskiai matosi tvarkingai i§sidés¢iusios Au nanodalelés palei
silikono pavirSiuje esancias bangeles. Didinant storj, forma pradeda kisti, bet
vientisas aukso sluoksnis nesusidaro. Papildomai atlikus méginio kaitinimg su
30 nm storio Au, nanodalelés pakito i§ ovalios formos i sfering.

Adsorbciné spektroskopiné elipsometrija (SE) atlikta ant Au
nanodalelémis padengty pagrindy parodé, kad lokalizuoto pavirSiaus
plazmony rezonansas (LSPR) gali buti suzadintas skirtinguose bangy
ruozuose priklausomai nuo statmenos (E,) ar lygiagrecios (E;) poliarizacijos
pavirSiaus bangavimui. E; LSPR yra pastebima ties ~600 nm ir slenka link
ilgesniy bangos ilgiy kartu su didéjanciu Au sluoksnio storiu, kuomet E; - nuo
~800 nm ir platéja. Ramano spektroskopija, naudojant 632.8 nm lazerio
apSvietima, buvo atlikta ant méginiy, padengty kobalto ftalocianinu (CoPc).
Kei¢iant poliarizacija, molekulés Ramano signalas keiciasi. Buvo
analizuojamas CoPc A4 vibracinis Ramano rezimas, kuris yra ties 687 cm™,
bei apskaiciuotas signalo stiprinimo faktorius (EF) CoPc kuris lygus ~150 -
~1200. Didziausias signalo sustiprinimas buvo pastebétas E,, kas reiskia, kad
signalg dominuoja sritys, esancios tarp Au grandiniy.

Kadangi labiausiai iSreiksta nanodaleliy geometrija buvo ant pavirsiy,
padengty 30 nm Au storiu, Sie méginiai kaitinti papildomai. Po kaitinimo
dalelés tapo tikslesnés sferinés formos. LSPR poslinkis ir jtaka SERS istirta
atlikus Ramano spektroskopijg, kurios metu buvo pritaikyti trijy bangos ilgiy
(532 nm, 638 nm ir 785 nm) lazeriai.

Naudojant 532 nm monochromatinj $viesos S$altini anizotropija
nebuvo stebéta ant kaitinto ir nekaitinto meéginio. Taip yra todél, kad LSPR
neatitinka molekulés plazmony rezonanso ir dél to Ramano suzadinimas yra
zemas. Naudojant 638 nm lazerio suzadinimg ant kaitinto méginio su 30 nm
Au storiu, aiSkiai matomas anizotropiSkas SERS efektas bei pastebimas
didelis signalo sustiprinimas Ej, tuo tarpu nekaitintame méginyje stebimas
didelis SERS atsakas E.. Naudojant 785 nm bangy ilgio lazerj Sis reiskinys
yra atvirk$cias. Tai patvirtina ir SE rezultatai.

Skaiciavimai baigtiniy elementy metodu (BEM) buvo atlikti norint
nustatyti ,.karsty taSky* pasiskirstyma kaitintuose ir nekaitintuose méginiuose.
Kaitintame méginyje po 638 nm lazerio suzadinimo, plazmoniniai ,karsti
taskai yra matomi iSilgai daleliy grandinés. E; mazesnis lauko sustiprinimas
yra matomas statmenai bangy rastui. Skerspjiivio modelyje pastebéta, kad
didelé elektrinio lauko dalis yra susikoncentravusi vietinio oksido sluoksnyje
po Au nanodalele. Situacija nekaitintame méginyje yra Siek tiek sudétingesné,
nes dalelés yra ovalios formos. Taip pat nehomogeniskas daleliy dydis,
proporcijy santykis ir formy pasiskirstymas salygoja LSPR suzadinimag
placioje spektro dalyje. Grandinés struktiira, sudaryta i§ tarpusavyje sujungty
ovalios formos daleliy, taip pat gali biiti susijusi su ,karStais taskais®,
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esanciais E; kryptyje kuomet yra naudojamas 785 nm lazerio suzadinimas.
Taciau SE ir Ramano spektroskopijos rezultatai rodo, kad E, kryptimi 785 nm
monochromatinés Sviesos Saltiniu suzadinimas nesutampa su LSPR, ir ,karsty
tasky* nesimato, tik silpnas plazmony jungimasis iSilgai daleliy grandiniy.
Taip pat svarbu paminéti, kad modelyje apskaiciuotas signalo sustiprinimas
yra 1-3 kartus mazesnis nei gautas eksperimentiniu btidu. Taip yra todél, kad
signalo sustiprinimas kyla i§ keliy, bet labai stipriy ,karSty tasky®, esanciu
tarp dviejy ,,$iurks¢iy* daleliy, ir dél Sios priezasties toks méginys negali buti
visiSkai apraSomas BEM skai¢iavimais.

Bendrosios iSvados

1. Polipirolo mikrosferos gali buti sékmingai susintetintos naudojant 2
skirtingus Streptomyces spp. MIUG 12p bei MIUG 4.88 bakterijy Stamus.
Mikrosferos, gautos naudojant Streptomyces spp. MIUG 12p Stama, buvo
~20 um skersmens ir mazesnés koncentracijos, nei gautos naudojant
MIUG 4.88, kurios buvo ~10 um skersmens bei tus¢iavidurés.

2. Stikliskosios anglies elektrodas, kuris buvo modifikuotas
daugiasluoksniais anglies nano-vamzdeliais ir véliau modifikuotas
redukuotu 3-nitroanilinu, 16 karty padidino jautrumg Cu(Il) jonams,
lyginant su nemodifikuotu stikliSkosios anglies elektrodu.

3. GC/MWCNT/3NA(red) elektrodo atrankumo tyrimas parodé, kad Sis
elektrodas selektyvus Cu (II) jonams. Stabilumo tyrimas parodé, kad
GC/MWCNT/3NA(red) elektrodo signalas vario (II) jonams po 5 dieny
sumazegjo 50% ir iSliko stabilus iki 14 dieny. Elektrodas gali bti
naudojamas aptikti iki 0.5x10°° M Cu(II) jony.

4. Pavienés mieliy lgstelés ant pagrindy, modifikuoty grafeno oksido
nanoplokstelémis, prisitvirtina baltymy esanciy ant lasteliy pavirSiaus
kurie jungiasi su grafeno oksido funkcinémis grupémis pagalba.

5. Mieliy lasteliy, jmobilizuoty ant grafeno oksidu modifikuoto stiklo,
Ramano signalas padidéjo 100%, lyginant su mieliy lasteliy, jmobilizuoty
ant stiklo, Ramano signalu. Ramano spektruose, gautuose i§ pavieniy
lasteliy, matomos smailés, kurios priskiriamos baltymams, lipidams,
braduolio riigStims, taciau jy néra agreguoty lasteliy, imobilizuoty ant GO
modifikuoto pavir§iaus, Ramano spektruose.

6. SERS pagrindy, pagaminty naudojant dviejy pakopy metoda, stiprinimo
faktorius yra iki ~1200 karty lyginant su ant silikono pagrindo molekulés
Ramano signalu. Kei¢iant aukso sluoksnio storj ir méginio orientacija,
galima suderinti lokalizuota pavirSiaus plazmony rezonansg su skirtingais
lazeriy bangos ilgiais.

67



Naudojant baigtiniy elementy modelj nustatyta, kad elektromagnetinis
laukas kaitintame banguoto silikono pagrinde su 30 nm aukso sluoksniu,
apSvietus 638 nm monochromatinés Sviesos Saltiniu, yra iSilgai
nanodaleliy grandiniy. Kuomet nekaitintame analogiSkame méginyje
suzadinus 785 nm monochromatinés S§viesos Saltinu - statmenai
nanodaleliy grandiniy. Keiciant pagrindo orientacija, lokalizuotas
pavirSiaus plazmony rezonansas tokiame méginyje yra suzadinamas
skirtinguose bangy ilgiuose.
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The present paper shows a green method for the formation of polypyrrole by two different MIUG 12p
and MIUG 4.88 strains of Streptomyces spp. bacteria. According to our knowledge, such method has never
been proposed before for pyrrole oxidation. For this experiment pyrrole monomer was added into
bacterial medium after 6 days of incubation and after 4 days polypyrrole (PPy) based 10—-25 pm mi-
crospheres has been observed in the medium around living cells, The microsphere diameter dependence

on the bacterial strains was observed. The morphological characterization of the PPy microspheres was

Keywords:
Polypyrrole
Streptomyces

Hollow microspheres

subsequently performed by optical microscopy (OM), scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy. The characterization of
formed hollow microspheres confirmed that they consist of polypyrrole.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The field of conducting polymers has attracted a lot of interest
because conducting polymers have shown tremendous scientific
and technological advantages. The possibility of combining in these
materials the properties of organic polymers and the electronic
properties of semiconductors has been the driving force for various
applications [1].

Polypyrrole or black pyrrole is known since 1961 when it was
first synthesized in chemical oxidation method using pyrrole
monomer. This insoluble monomer was not analyzed in detail at
that time. Various experiments started 1968 when first PPy layer

Abbreviations: ATR, attenuated total reflection; BPPy, bacterial synthesized
polypyrrole; EPPy, electrochemical synthesized polypyrrole; FIB-SEM, focused ion
beam-scanning electron microscope; MIUG, Microbial Cultures Collection of the
Bioaliment Research Center, Faculty of Food Science and Engineering of ‘Dunarea de
Jos’ University of Galati, Romania; OM, optical microscopy; PPy, polypyrrole; Py,
pyrrole; XPS, X-ray photoelectron spectroscopy.

* This article is dedicated to Professor V. Bondarenka, co-author, who died
recently.
* Corresponding author. Center for Physical Sciences and Technology, A. Gostauto
11, Vilnius LT-01108, Lithuania.
E-mail address: arunas.stirke@ftmc.lt (A. Stirke).

http://dx.doi.org/10.1016/j.polymer.2015.12.029
0032-3861/© 2015 Elsevier Ltd. All rights reserved.

Reprinted with permission from ELSEVIER

was synthesized using electrochemical oxidation method. Since
then various improvements were made for polypyrrole synthesis.
Over the past twenty years, the PPy stands out to be the most
extensively studied conducting polymer mainly because of its
simple synthesis, environmental stability, good redox properties,
biocompatibility and variable electrical conductivity. As a result of
its good intrinsic properties, PPy has proven to be promising for
several applications including biosensors, actuators, batteries,
antistatic coatings, tissue engineering [2]| and drug delivery sys-
tems [3].

Most common methods for pyrrole synthesis are electro-
chemical and chemical oxidations. The chemical oxidation is an
easy method that involves the oxidation of pyrrole in aqueous
medium, commonly using ferric chloride or ammonium persulfate
as oxidizing agent, resulting in an electrically conductive black
powder. On the other hand, the electrochemical oxidation of pyr-
role is carried out without adding chemical oxidizers, but it is
limited to deposit polypyrrole (PPy) films onto the electrically
conducting substrate used as working electrode. Other methods,
such as vapour-phase [4] induced polymerization generate PPy
without using solvent; nevertheless the synthesized polymer
contains a significant amount of oxidation by-products.
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However, despite the amount of work already done in poly-
pyrrole polymerization, there has been a special attention given to
the mechanism of PPy synthesis (Scheme 1). There is growing in-
terest to an enzymatic method that is more efficient and environ-
mentally friendly at the same time. Since usual chemical methods
for the production of PPy were based on application of strong ox-
idants and mostly were performed in strongly acidic media,
therefore the biomedical application of such polypyrrole has been
problematic, due to traces of toxic materials present in the formed
polymer, which become entrapped during the course of polymer-
ization [5].

Developments in the biological synthesis of nanoparticles and
polymers on a commercial scale are still in their infancy stage, but are
attracting attention of many material scientists throughout the
world. Microorganism-assisted biological synthesis is safe and
economically viable prospect for novel material synthesis approach.
Bacterial, fungi [6] or other microorganism-assisted synthesis can be
used for polymer, metal nanoparticle [ 7] or other diverse material [8]
synthesis. Therefore there is demand to develop more “greener”
routes for the synthesis of more advanced polymers such as PPy.
Ideal conditions for PPy synthesis would be at neutral pH and in
aqueous environment [9]. In order to fulfill these conditions huge
interest is growing on synthesizing more environmentally friendly
polymers. It has been reported that more environmentally friendly
chemical oxidants, such as hydrogen peroxide (H,0) could poly-
merize pyrrole [10]. However this polymerization is very fast and
results in large quantities of side products. Other reported poly-
merization methods for PPy have included using catalytic amounts of
ferric chloride hexahydrate (FeCl3-6H,0) [11], iron porphyrin
enzyme mimics [ 12], and the enzymes horseradish peroxidase (HRP),
glucose oxidas, and laccase [13].

In order to develop a ‘green’ PPy synthesis method in this report
Streptomyces sp. bacteria was applied as potential initiator of PPy
synthesis. It is Gram positive bacteria involved in the formation
and/or degradation of complex biopolymers like lignin, melanin
and humic substances [14]. Streptomyces spp was deeply studied
because of their capacity to produce antibiotics and enzymes of
industrial importance, such as glucose isomerase, protease,
amylase, xylanase, laccase and tyrosinase, which are synthesized
intracellular and then transported into the growth medium [15]. In
this way it is possible to synthesize polymers using synthetic routes
that can be carried out in mild environments and even around
living cells. The general aim of this study was to investigate the
possibility to synthesize polypyrrole using two bacterial strains of
Streptomyces spp. In this research proposed method to polymerize
pyrrole is an environmentally friendly route, carried out in mild
aqueous media and free of oxidation by-products. Further
morphologic characterization of polypyrrole was performed using
different spectroscopy techniques.

A. Stirke et al. / Polymer 84 (2016) 99—106

2. Experimental section
2.1. Bacterial growth conditions and PPy polymerization

Two different Streptomyces spp. strains MIUG 12p and MIUG
4.88 were provided from the Microbial Cultures Collection of the
Bioaliment Research Center, Faculty of Food Science and Engi-
neering of ‘Dunarea de Jos’ University of Galati, Romania (MIUG)
[16]. Microorganisms have been cultivated from pure cultures in
Petri dishes using Gause medium No.1 (GMA) and incubated for 6
days at 25 °C.

The composition of solid growth medium was as following: 2.5%
agar, 2% potato flakes, 0.05% K;HPOg4, 0.05% MgS0O4 x 7H,0, 0.1%
KNOs3, 0.05% NaCl, 0.001% FeSO4 x 7H,0 (Sigma Aldrich) dissolved
in 1000 mL distilled water. The liquid medium had the same
components except agar. Mediums have been sterilized in an
autoclave at 121 °C for 20 min. All used chemicals and solvents
were obtained from various commercial suppliers and were of the
highest purity available.

The biosynthesis of the enzymes entails a submerged fermen-
tation system for the selected strains of Streptomyces spp., in liquid
composition, providing intense aeration and mixing of the
fermentation broth so that the cells have equal access to nutrients
and oxygen during the fermentation.

The culture suspension of 5 mL with sterile distilled water was
transferred aseptically into 250 mL Erlenmeyer flasks containing
100 mL of liquid growth medium. After inoculation, the flasks were
placed on the shaker with controlled speed of 150 rpm and tem-
perature of 25 °C for 10 days. The microorganisms have been
multiplying increasing the turbidity of the culture medium in the
specified conditions. After six days of inoculation pyrrole monomer,
which was purchased from Sigma Aldrich, was added.

In order to estimate the optimum pyrrole concentration used for
synthesis seven 250 mL Erlenmeyer flasks with 100 mL bacterium
medium were prepared as described above. After 6 days of inocu-
lation different pyrrole concentrations 10, 20, 30, 40, 60, 80 mM
were added into 6 flasks and left in the shaker for 4 more days. In
same conditions one flask without pyrrole was also analyzed as
control example. The bacteria vitality and PPy morphological
properties were analyzed using optical microscope.

For comparison electrochemical polypyrrole was synthesized.
For this synthesis special electrochemical grating (500 pl volume)
and potentiostat PGSTAT 30 Autolab (Netherland) were used.
Electrochemical grating consists of three electrodes — platinum (Pt)
working electrode on which PPy layer is synthesized, Ag/AgCl
reference electrode and Pt counter electrode. Reference and
counter electrodes are placed on the bottom of grating and working
electrode on top. In order to synthesize PPy 0.05 mol/L phosphate
buffer (pH 6.0) with 500 mM pyrrole was used. Few methods were
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Scheme 1. Oxidative polymerization of pyrrole.
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applied for electrochemical synthesis — cyclic voltammetry (30
cycles from 0 to 1 V) and pulsed amperometric (10 pulses — the first
pulse of 1.0 V, the second pulse of 0 V, the pulse of the third 1.0V,
the fourth pulse of 0V, etc.).

2.2. Characterization

The sample for morphological analysis was prepared by
centrifugation of 1 mL of bacteria medium after 6 and 10 days of
incubation with added pyrrole and the obtained sediment used
for optical microscopy. The analysis was performed using optical
microscope OLYMPUS BX51 (Japan). Additionally the
morphology of microspheres were analyzed using dual beam
system Helios Nanolab 650, (FIB-SEM), FEI. Cross-sections of
microspheres were prepared using Ga* ion beam. The analysis
protocol entails the centrifugation and washing of the sample,
subsequently placed on a gold slide and covered with platinum
foil in order to provide a conductive surface for the microscope
image.

The samples for Fourier transform infrared spectroscopy (FTIR)
were prepared using two different methods:

1. KBr pellet method. FTIR spectrums of sample were obtained
by preparing a KBr pellets. About 2 mg sample was mixed
with 200 mg KBr powder and pressed under hydraulic
“Specac” press using 10 t weight pressure into thin 13 nm
diameter KBr pellets that were used for registering spectrum
transmittance.

. Attenuated total reflection (ATR) method. Dry sample was
placed directly on diamond ATR “prism” and spectrums were
obtained.

Using KBr pellets spectrums were obtained using “BRUKER
VERTEX70” FTIR (USA) Spectrophotometer, which uses globar IR
emitter, liquid nitrogen cooling mercury cadmium telluride sensor
and KBr ray divider. Spectrums were obtained at a nominal reso-
lution of 4 cm~! at 4000—600 cm ' ranges.

ATR method spectrums were registered using “BRUKER ALPHA”
FTIR (USA) spectrophotometer that uses global IR emitter, DTGS
sensor and KBr ray divider. Other spectrum registration parameters
are as described previously.

For the characterization of the surface composition of micro-
spheres the X-ray Photoelectron Spectroscopy (XPS) was used for
the pure pyrrole (Py), electrochemically synthesized polypyrrole
(EPPy) and bacterial synthesized polypyrrole (BPPy) (micro-
spheres). Samples were prepared by centrifuging the bacterial
medium and spreading PPy as thin layer on gold covered chip that
was washed with distilled water and placing the chip in incubator
(+25 °C) for 30—60 min to dry.

X-ray photoelectron spectra were recorded with a spectrometer
“ESCALAB MK II” (VG Scientific, Great Britain). The photoelectrons
were excited using a non-monochromatized MgKa radiation
(1253.6 eV). The working pressure in the analysis chamber was
5 x 108 Torr during the spectrum analysis. The photoemission
data of C 1s, O 1s, and N 1s regions has been collected and pro-
cessed. After the MgKa source satellites and background deduction
the multiple photoelectron spectra were separated into several
peaks setting the peak position: binding energy (BE), area (A),
width (FWHM), and Gaussian/Lorentzian (G/L) ratio. The accuracy
of the relative intensities and BE of the measured lines were about
10% and 0.1 eV respectively. The random C 1s line BE which should
have been equal to 284.6 eV was used for the correction of the
charging effects. After Shirley background subtraction, a non-linear
least squares curve fitting routine with a Gaussian/Lorentzian
product function was used for the analysis of XPS spectra.
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3. Results and discussion
3.1. Formation of PPy microspheres

After 10 days of inoculation of the bacterial medium with pyr-
role monomer, changes in flasks were noticed. Flasks that con-
tained 30, 60, 80 mmol/L pyrrole were darker than flasks with 10,
20 mmol/L pyrrole. After optical microscopy analysis in samples
with 30, 60, 80 mM pyrrole dark round microspheres around vital
bacterial colonies were visible at x40 magnification. For further
experiments 30 mM pyrrole concentration was chosen.

Optical microscopy was used in order to provide evidence of the
polypyrrole microspheres formed in the bacterial medium. The
images depicted in Fig. 1 shows the black compact microspheres
from 10 to 25 um in diameter.

The monomer was added into the bacterial medium after six
days since the inoculation. The optical analysis was performed after
two days when polymerization product appears visible by optical
microscope. In each of the samples, optical images revealed black
PPy microspheres. However, while the PPy microspheres were
formed in the MIUG 12p (Fig. 1a) based medium they appeared at
around 20 pm diameter, the ones formed in MIUG 4.88 based
medium (Fig. 1b) were being smaller in size. Additionally, the
concentration of PPy microspheres formed in MIUG 12p medium is
8 times lower with average of 24 microspheres in 1 pl in contrast to
the microspheres in MIUG 4.88 medium with average of 188 pcs./pl.

Optical microscopy (OM) was the primary analysis tool in the
morphological investigations of our samples. Initially, it was used to
determine the size, shape and vitality of the bacterial colonies
formed in the fermentation medium of Streptomyces spp. strains.
Subsequently, after the addition of pyrrole monomer, the
morphological characteristics of PPy microspheres were also
analyzed. Optical density measurements have been used in order to
asess the biomass development during the experiment. Samples
have been collected at every 48 h for 10 days considering the
addition of pyrrole in the 6th day and the evaluation of the poly-
merization starting 10th day. The bacterial strains show increased
development starting with day 4 until the 8th day when becomes
stationary. The pyrrole does not prove to induce any growth inhi-
bition for this microorganisms.

Furthermore, coupling of FIB-SEM analysis was used to obtain
topographical, morphological and compositional information about
the PPy microspheres formed in the fermentation medium. The
SEM microscope uses focused beams of electrons to magnify and
obtain two-dimensional images of the PPy microspheres.

OM and SEM imaging revealed black, globular-shaped micro-
spheres of PPy with 10—20 um diameters. The PPy microspheres
obtained in MIUG 12p based fermentation medium are about
20 pum, which is bigger as the one in MIUG 4.88 based medium, but
the concentration of them is 8 times lower in MIUG 12p medium.
This may be attributed to the slower polymerization in the MIUG
4.88 based medium. The PPy microspheres were formed earlier in
MIUG 12p medium and they got the time to aggregate. Usually
using other methods of PPy synthesis particle size can vary. Kim
and et. has fabricated PPy nanospheres by chemical reaction using
ferric chloride (FeCls3) as an oxidant in various continuous phases
such as octanol, benzene and ethyl acetate. The average size of the
spheres were around 600 nm, though images shown that they were
consist of 40 nm PPy particles, moreover altering water and octanol
volume ratios size got reduced to 60 nm and lower [17]. However,
smaller PPy nanoparticles changed their morphology from nano-
spheres into shell-like morphology. Other researchers Liu and et
has analyzed alcohol influence to PPy particle formation. In their
research transmission electron microscopy (TEM) and SEM images
confirmed that the diameter of spherical shape PPy particles,
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Fig. 1. Optical microscopy images of PPy microspheres obtained by Streptomyces spp.: (a) MIUG 12p strain; (b) MIUG 4.88 strain.

without using alcohol in the synthesis process, varied from 50 to
70 nm. After adding n-amyl alcohol the diameter reduced to 30 nm
and obtained particles were monodispersed, differently from syn-
thesis without alcohol where particles were conglutinated [18].
Using Hy0, in PPy synthesis, particle diameter was about
28—30 nm, in comparison with glucose oxidase initiated PPy syn-
thesis precipitate appeared in ~50 nm diameter particles which
formed clusters of micrometer-size PPy nanoparticles that were
visible by immersing optical microscope [19]. Compared with
chemically synthesized PPy, biocatalytical PPy appears in bigger
sizes if it is synthesized using enzyme.

3.2. FIB-SEM imaging of PPy microspheres

The FIB-SEM technology was used to increase the accuracy of the
analysis, because it allows a better resolution and an improved
perspective of the cross-section interior of the PPy microspheres.
Scanning electron micrographs of the PPy samples are depicted in Fig. 2.

The PPy microspheres obtained in the fermentation medium of
the strain MIUG 12p are about 20 um in size and prove a dense
structure. The concentration of PPy microspheres obtained in the
fermentation medium of strain MIUG 4.88 twice higher but smaller
in size what is in agreement with previously presented SEM

images. Their structure is not as resistant as the one of micro-
spheres formed in MIUG 12p medium, their top bends under the
action of vacuum used in the SEM analysis. The inside view though,
indicates some sort of substance trapped in the middle of the PPy
microspheres.

FIB-SEM microscopy has provided interesting information giv-
ing further insight into the morphological and compositional
properties of the PPy microspheres. This device represents a com-
bination of SEM and FIB systems, a high-resolution field emission
scanning electron microscope and a scanning ion-beam micro-
scope. This microscope has a dual beam that was used to scan the
area of interest at low magnification and subsequently zoom in, for
further analysis on an ultrastructural level, rendering valuable and
detailed three-dimensional information of the PPy microspheres.
Moreover, the ion beam has the ability to cross-section the poly-
pyrrole microspheres and it revealed that the resistance of the PPy
microspheres is better if they are formed in MIUG 12p than in MIUG
4.88 fermentation medium being that they have a more compact
and dense structure. The reason of that could be the possibility that
polymerization of pyrrole starts earlier and more intense with
MIUG 12p bacteria, which gives time for polymer to grow more
dense. Also FIB-SEM analysis showed that PPy microspheres are
hollow unlike PPy particles obtained by many other synthesis

Fig. 2. FIB-SEM images of PPy microspheres obtained by incubation Streptomyces spp. based medium: (A,B) MIUG 12p strain; (C, D) MIUG 4.88 strain. A, C — top view; B, D — cross

section, view angle 53°.
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methods. Obtaining hollow PPy microspheres throughout bio-
catalytic synthesis is a feature attractive to develop drug delivery
systems [20], since it provides an option to entrap desired materials
into the microspheres in order to form microspheres suitable for
delivery of entrapped materials. The hollow structures of Ppy,
especially conducting it's strains, was investigated as potential
material for the artificial muscle [21], conductive wires [22],
improving the properties of Li-lon batteries [23] and shielding from
electromagnetic interference (EMI) [24].

3.3. FTIR spectrums

FTIR spectrums of pure pyrrole (Py), bacterial synthesized pol-
ypyrrole (BPPy) and electrochemically-synthesized polypyrrole
(EPPy) were obtained. Wet samples for analysis were lyophilized
and FTIR spectrums were obtained. The FTIR absorption spectrums
of Py, BPPY and EPPy shown in Fig. 3 exhibited characteristic vi-
bration bands at 1530 cm™! for pyrrole ring stretching at C=C band.
Wide peaks at 3300 cm~! and 3400 cm™! is attributed to pyrrole
ring N—H stretch vibrations. Intense peak at 1678 cm ™! is assigned
for the stretching vibration of the acetate C=0 group which could
occur due to enzymes. Peaks between 1450 and 1300 cm ™! occurs
due to C—C and C—N conjugated stretching. Other peak, which is
common for polypyrrole spectrums at 1236 cm™, is attributed to
C—N in plane deformation [21]. Furthermore peaks at 1035 cm™!
and 726 cm™! are due to N—H wagging vibrations.

FTIR was used to identify of chemical bonds in microspheres by
producing an infrared absorption spectrum [25]. Both spectrums of
PPy that were obtained from biocatalytic synthesis using Strepto-
myces spp. and spectrum that was obtained from electrochemically
synthesized PPy exhibited characteristic peaks of polypyrrole. The
shift of peaks in spectrums from PPy microspheres that was syn-
thesized using bacteria could be because of additional products in
the synthesis solution, such as starch, and/or presence of bacterial
byproducts. This fact is concerning and further use of polymer will
demand extra steps of PPy microspheres purification.

3.4. Photoelectron spectra

Measured survey XPS spectra for all investigated compounds are
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similar and practically don't differ from the spectra of electro-
deposited films of polypyrrole [26]. The energy loss regions of
major elements in spectrum: carbon, nitrogen and oxygen peaks
were analyzed.

3.5. Carbon region

For all investigated compounds C 1s peak consists of three
components with binding energies 284.6 eV, ~286 eV, and ~288 eV
that corresponds to carbon — carbon and carbon — hydrogen (C— C/
C — H), carbon in hydroxyl group (C — OH), and carbon — proton-
ated nitrogen (C — N*) [27] chemical bond. As example, Fig. 4a
presents more detailed C 1s peak fitting results for bacterial syn-
thesized polypyrrole.

3.6. Oxygen region

Fig. 4b presents deconvolution of O 1s peak for BPPy compound.
Similar fitting results were obtained for Py and EPPy samples. In all
cases O 1s peak consists from three components with binding en-
ergies ~531 eV, ~532 eV, and ~533 eV. The interpretation of given
experimental results become complicated because oxygen ions are
not involved into the structure of pyrrole. But its derivatives (such
as furan, furfural, N-methylpyrrole, porphobilinogen, pyrrole-3-
carboxylic acid, and so on) comprised of carbonyl, carboxyl
groups, and also N — C/N — C — O bindings [28]. Thus fitting
component with binding energy ~531 eV can be attributed to
carbonyl group [29]. Then component with binding energy ~532 eV
may be accredited as carboxyl groups (because the difference be-
tween oxygen ions in oxide (0?7) and hydroxyl (OH") states
binding energies is ~1 eV) and bindings between oxygen, carbon
and nitrogen [30] (carboxyl/N component in Fig. 4b). The last fitting
component with binding energy ~533 eV corresponds to oxygen
ions in water molecules [31] (Fig. 4b). It must be pointed that
similar approach was applied in Ref. [32] setting up the chemical
bonds of O 1s peak components.

3.7. Nitrogen region

For BPPy (see Fig. 4c) as well as for Py and EPPy compounds, N 1s

Absorbance —

3500 3000 2500

2000 1500 1000

Wavenumber, cm™

Fig. 3. FTIR spectrum of polypyrrole synthesized: (a) electrochemicaly; (b) MIUG 12p strain; (c) MIUG 4.88 strain; (d) pyrrole.
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Fig. 4. XPS spectra of bacterial synthesized polypyrrole (BBPy) of (a) C 1s; (b) O 1s; (c) N 1s; histograms of relative concentration of (d) carbon ions in various chemical bonds (BPPy,
Py, EPPy); (e) oxygen ions in various chemical bonds (BPPy, Py, EPPy); (f) nitrogen ions in various chemical bonds (BPPy, Py, EPPy).

peak was deconvoluted in three components with binding
energies ~ 398 eV, ~400 eV, and ~401 eV that corresponds to ni-
trogen in imine state (—NH—), amine nitrogen (—NH—) [27], and
protonated nitrogen (—NH'—) [33].

The relative concentrations of carbon, nitrogen, and oxygen
ions, which are involved in various chemical bonds, are shown in
Fig. 4d, e, and f.

The total content of nitrogen in investigated samples is highest
for pure pyrrole (Fig. 5, Column N) when the distribution of ni-
trogen ions under their chemical binding is similar for all samples
(Fig. 4f) — highest concentration of amine group then follows
protonated amine and least — for nitrogen ions in imine group. It
means that in pure pyrrole (sample Py) the concentration of pyrrole
is the highest between all used Py samples. From results presented
in Fig. 4d follows that the concentration of real pyrrole in all
investigated samples is smaller than the concentration of de-
rivatives of pyrrole, because the concentration of C—N bonds is
lower then the sum of concentrations of C — C/C — H and C — OH
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bonds. The total carbon concentration (Fig. 5) is fairly large (61.7%,
61.8% and 36.3% for BPPy, Py and EPPy respectively). It may be
explain by carbon absorption from environment.

The concentrations of carbon, nitrogen, and oxygen ions for all
investigated compounds are shown in Fig. 5. The results, which are
shown in Fig. 4a—f and Fig. 5 are calculated from experimentally
registered XPS spectra for C 1s, O 1s, and N 1s peaks, and their
deconvolution into separate components.

As follows from Fig. 5 results, the chemical formulas of inves-
tigated samples may be written as: Cog17N0.0430034,
Co.618N0.10700.275, and Co:363No.0690056s for BPPy, Py, and EPPy
respectively. The highest concentration of oxygen ions (Fig. 5, O
column) is observed for EPPy sample. This fact related with highest
concentration of water in EPPy compound (Fig. 4e, H,0 columns).
The appearance of water can be explained in two ways. First —
absorption of water molecules from environment and second —
infiltration of water into structure of the samples during synthesis
process. The amounts of oxygen ions in water molecules in BPPy, Py,
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Hp0 - 28.2%

C, (%)

Fig. 5. Histogram of carbon, nitrogen, and oxygen concentrations in investigated
compounds (BPPy — bacterial synthesized polypyrrole, Py — pure pyrrole, and EPPy —
electrochemically synthesized polypyrrole; H,O — X % — relative concentration of
water molecules).

and EPPy samples are equal to 8.8%, 7.1%, and 49.7% (Fig. 4e, H,0
columns) of total oxygen quantity (total oxygen quantity — 34%,
27.5%, and 56.8% for BPPy, Py, and EPPy samples (Fig. 5). Then the
general formulas of BPPy, Py, and EPPy must be written as
Co.617N0.04300.31-0.03H20, Co.618N0.10700.256-0.019H,0, and
Co.363N0.06900.286- 0.282H,0 respectively. In this case the amount of
oxygen (marked as bold in last formulas) is approximately equal to
0.3 for all samples. It means that the quantity of pyrrole derivatives
is the same for all investigated compounds. In this way, we have to
speak about pyrrole as a hydrated compound, which consists of
several pyrrole derivatives.

4. Conclusions

Streptomyces spp. bacteria synthesized novel type of hollow
polypyrrole microspheres. The observation by optical microscopy
revealed that microspheres formed in the bacterial medium was
from 10 to 25 um in diameter. It was found that diameter and
interior cross-section of microspheres depending from the strain of
bacteria. Microspheres obtained by strain MIUG 4.88 was smaller in
size and not as resistant as the one of microspheres formed by
MIUG 12p, their top bends under the action of vacuum used in the
SEM analysis. Moreover, the quantity of pyrrole derivatives is the
same for all investigated variant of pyrrole polymerization.
Concluding, in this article we presented innovative biocatalytic
synthesis for hollow PPy microspheres, which could be applied in
bio-mimetic materials, molecular electronics, shielding applica-
tions, nanomedicine and bioremediation.
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ABSTRACT

The aim of this research was to investigate the effect of the several nanomaterials in electrochemical
determination of Cu(lI) ions. For this aim, firstly the deposition of graphene oxide (GO), graphene, mag-
netite (Fe304), gold-chitosan (AuChts) or multilayer carbon nanotubes (MWCNTSs) on the glassy carbon
(GC) electrode surface was performed. Then the electrochemical modification of electrode by poly-3-
nitroaniline (poly-3NA) was performed by 100 potential cycles in the range between +0.9V and +1.4 V
vs. Ag/AgNOs at the sweep rate of 100 mV/s. For electrochemical reduction of nitro groups present on
modified GCelectrode surface, potential cycling was performed in 100 mM HCl between —0.1Vand —0.8 V
vs. Ag/AgCl/(KCls,. ) at the sweep rate of 100 mV/s. Nanomaterial and poly-3NA modified electrodes were
applied in the determination of Cu(ll) ions by differential pulse voltammetry. It was determined that GC

Nitroaniline
Polyaniline electrodes consecutively modified with MWCNTSs, poly-3NA and then by electrochemical reduction of
Graphene nitro groups were the most sensitive towards Cu(Il) ions with detection limit of 0.5 x 10~ M.

Graphene oxide
Nanomaterials
Cu(1l) ion determination
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1. Introduction

Some heavy metals at particular concentrations are known
to be essential for human metabolism due to formation of
metallo-proteins and metallo-enzymes and their importance in
transcriptional events [1,2]. Copper in the form of Cu(Il) ions is one
of the most important heavy metal for living species and according
to distribution in human organism among the other heavy metals
it takes the third place after iron and zinc ions [3]. However with
the increasing human activities such as metal plating, application
of fertilizers, mining, development and usage of electrical devices,
laptops, mobile phones, batteries and pesticides, large quantities of
copper is released into the environment [4-6]. Aqueous solutions
containing Cu(Il) ions are used and/or produced and they are poten-
tial pollutants. In many industrial countries, soil contaminated by a
variety of heavy metals such as copper is found in hazardous waste
sites, which could be a result of illegal or inappropriate drainage
of waste water. Copper compounds tends to accumulate in the
living organisms and through edible plants and animals, copper
compounds can enter into human food chain or into beverages [7].
Long-term exposure to excess of Cu(ll) ions can increase the risk
of many diseases including gastrointestinal disturbance, liver or
kidney damage, neurodegenerative diseases, amyotrophic lateral
sclerosis, cancer, Alzheimer's disease, etc [8,9]. Cu(Il) ions are espe-
cially toxic for microorganisms, such as algae, fungi, bacteria and
viruses [10]. Based on above mentioned facts there has been always
huge interest in the development of simple and fast methods suit-
able for Cu(Il) ion determination [11-13].

In the most natural samples the amount and/or concentration
of Cu(ll) ion is relatively low, therefore, effective measurements
for the determination of Cu(ll) ion traces are highly desired. Most
of the copper analysis have been performed by conventional
methods such as atomic absorption/emission spectroscopy [14],
graphite furnace atomic absorption spectroscopy [15], inductively
coupled plasma mass spectrometry [11,16], inductively coupled
plasma optical emission spectroscopy with solid phase extrac-
tion [17,18], X-ray fluorescence [19,20], colorimetric analysis [21],
chemiluminescence based detection [22,23] and neutron activation
analysis [12]. Each of the mentioned analysis has its own distinct
advantages, but also there are some limitations related to practical
application of these techniques, including inconvenient and time-
consuming procedures, requirement of expensive equipment and
sophisticated maintenance, etc. As a consequence, there is a grow-
ing interest in the development of electrochemical sensors, which
would be suitable for the determination of Cu(Il) ion concentration.
Such sensors should be robust, sensitive, compact, simple, low cost,
reliable, easily adaptable and selective [13,24-28].

Solid state electrodes, such as gold, platinum or carbon have
superior electrochemical properties, but various carbon forms
are preferred because of being electrochemically inert and hav-
ing wide potential window suitable for electrochemical detection,
good conductivity and resistance to environmental and chemi-
cal hazards [29]. Due to these facts all carbon based electrodes
seem very promising for electrochemical analytical systems [30].
To enhance and/or to extend carbon electrode properties some
modifications of the surfaces are applied [31]. Recently, there
has been increasing interest in electrodes’ surface modification
with some conductive/non-conductive polymers, organic and inor-
ganic molecules due to their ability to bind various metal ions
[9,13,27,28,32,33]. Moreover, for certain electroanalytical require-
ments in order to detect various analytes as individual, selective
or simultaneous detection, the carbon electrodes have been mod-
ified with various nanomaterials (NMs). Main advantages of the
application of a NMs-modified electrode when compared to others:
high effective surface area, mass transport, catalysis and control
over local microenvironment. The electrochemical sensors based
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on unmodified/modified nanostructured carbon materials could
be applied in sensors suitable for the detection of chemical and
biochemical analytes [34,35].

In this study new electrode for Cu(II) ion detection by stripping
voltammetry is suggested and evaluated. In order to increase ana-
lytical characteristics of this electrode glassy carbon electrode was
modified with graphene oxide (GO), graphene, magnetite (Fe30y4),
gold-chitosan (AuChts) or multilayer carbon nanotubes (MWC-
NTs) in order to increase electrochemically active surface and then
electrodes were modified with electrochemically reduced 3NA to
obtain electrochemically active area for Cu(Il) ion detection.

2. Experimental

All chemicals used in this study were of analytical grade and
were purchased from Merck, Riedel and Sigma-Aldrich compa-
nies. All NMs except MWCNTSs were synthesized using the purest
available chemicals, which were additionally purified by proce-
dures described in other references [36-39], while MWCNTs was
purchased from Sigma-Aldrich.

Electrochemical measurements were performed using a Gamry
Reference 750 Potentiostat/Galvanostat from Gamry Instruments
(PA, USA) equipped with a C3 cell stand. Glassy carbon electrodes
0f 0.071 cm? geometric area were used as working electrodes. Plat-
inum wire was used as a counter electrode. Ag/AgCl in saturated
KCl (Ag/AgCl/(KClsat.)) was applied as a reference electrode for the
experiments, which were performed in aqueous media; or a Ag/Ag*
in 10mM AgNO3 (Ag/AgNO3) was applied for the experiments,
which were performed in non-aqueous media. All experiments
were carried out inside a Faraday cage at a room temperature.
In order to avoid contamination and to obtain a clean renewed
electrode surface: the surface of the bare GC electrode was hand-
polished as described before [40,41].

Electrochemical modification of GC electrode surface was per-
formed with Gamry PCI4/750 potentiostat controlled by PHE 200
software. Modification protocol was carried by using 3NA and
performed by 100 reversible potential cycles between +0.9V and
+1.4V in acetonitrile (CH3CN) including 100 mM tetrabutylammo-
niumtetrafluoroborate (TBATFB). After the modification of the GC
electrode, the surface of obtained GC/3NA electrode was carefully
washed with pure water. Electrochemical reduction of nitro groups
on the GC/3NA surface to amino groups was performed by 100
potential cycles in 100mM HCI solution in the potential range
between —0.1V and —0.8V at scan rate of 100 mV/s [28]. Deposi-
tion of nanomaterials on bare, modified and/or reduced electrodes’
surfaces was performed by dropping twice 5 L drops of NMs pre-
pared in pure water as 1 mg/mL solution. Subsequently, it was dried
in the air. Modification procedures are schematically depicted in
Scheme 1.

In order to investigate the effect of selected nanomaterials to
the electrochemical determination of copper (II) ions by modi-
fied GC electrode surfaces previously described by our research
group [28], in this study, several different types of electrodes were
designed and evaluated: (I) bare GC; (1I) GC/3NA; (11I) GC/3NA(red);
(IV) several GC electrodes differently modified with selected nano-
materials and 3NA. For copper determination all electrodes were
immersed in aqueous 1 mM Cu(Il) ions containing solutions pre-
pared in Britton-Robinson (BR) buffer solution, pH 5.0, for five
minutes. After immersion electrode was carefully washed with
pure water and stable potential (STB POT) was applied for Cu(Il) ions
reduction into metallic copper (1). This process then was followed
by differential pulse voltammetry (DPV), which was performed in
the range of —0.3 V to +0.3 V vs. Ag/AgCl/KCls,; with a pulse ampli-
tude of 50 mV, pulse time of 0.1 s, pulse period (interval) of 1s and
a voltage step of 2mV in BR buffer solution, pH 5.0. During this
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Scheme 1. Schematic presentation of electrode modification and evaluation procedure.

stage copper is being oxidized back to its preliminary state (2). All
results were compared with that obtained using bare GC electrode,
GC/3NA and GC/3NA(red) electrodes.

Cu*t +2e~ — Cu

1M
(2)

In order to investigate proposed electrodes’ selectivity for Cu(II)
ions test was performed in the presence of the 1 mM interfering
Zn(1I), Cd(11), Pb(1I), Mn(1I), Co(II), Fe(1ll) metal ions together with
1 mM Cu(Il) ions in BR buffer solution, pH 5.0. Stability test was per-
formed by storing prepared electrode in argon (Ar) atmosphere at
+4°C in refrigerator for 0, 1, 4 and 14 days. Reproducibility test
was performed using three different GC electrodes, which were
prepared in exact same conditions. Moreover, repeatability test
was performed using same electrode for copper detection multiple
times. Between detections, electrode was washed with pure water
and ethylenediamine tetraacetic acid (EDTA). For all experiments
STB POT and DPV analysis were applied.

Cu—2e~ — Cu?t

3. Results and discussion

Adsorption and electrochemical deposition followed by reduc-
tion of functional groups on the modified GC electrodes’ surface
were combined for electrochemical detection of Cu(Il) ion. The
interaction mechanism of the Cu(Il) ions and the amino groups can
be explained by interaction of amino groups and Cu(ll) ions and
formation chelate complex (Fig. 1), which is taking place on mod-
ified electrode surface. On the other hand, the efficiency of 3NA

MWCNTs

Step 1

Step 2

modified surfaces was enhanced by nanomaterials, which were
applied in this research. For this aim, number of differently mod-
ified electrodes was prepared by the deposition of NMs before
or after electrochemical modification with 3NA; the electrodes
were classified into several groups: (I) bare GC; (II) GC modi-
fied with 3NA (GC/3NA); (III) GC modified with electrochemically
reduced 3NA (GC/3NA(red)); (IV) GC/3NA additionally modified
with nanomaterial (GC/3NA/NMs); (V) 3NA(red)/GC additionally
modified with nanomaterial (GC/3NA(red)/NMs), (VI) GC modi-
fied with nanomaterial (GC/NMs) and then modified with 3NA
(GC/NMs/3NA); (VII) GC modified with nanomaterial and then
modified with electrochemically reduced 3NA (GC/NMs/3NA(red)).
Then these electrodes were applied for the electrochemical deter-
mination of Cu(Il) ions. Firstly GO and 3NA/GO modified electrodes
were evaluated. DPV results, which are shown in Fig. 2, illustrate
that the highest DPV peak was observed at —0.06 V towards Cu(II)
ions with GC/NMs/3NA(red) electrode.

Dependently on oxidation reduction process and oxidation state
copper ions have several reduction potentials for various reduction
processes Cu?* +2e~ — Cuof+0.34V, Cu2* +e~ — Cu* +0.15V, Cu* +
e~ — Cu+0.52V vs. hydrogen electrode at standard conditions (at
partial pressure of 1 atmosphere and at 25°C (298 K) temperature
when concentrations of initial Cu-ion solutions are 1 M). However,
under different experimental conditions (e.g., ion concentration,
electrode material, reference electrode, etc.) this potential can vary
[42,43]. GC electrode modified by electrochemically reduced poly-
4NA (GC/4NA(red)) has been already investigated by Oztekin et al.
[28] and this electrode has been found suitable for Cu(Il) determi-
nation. But differently from the previous article present research

+ cu' =

Step 3

Fig. 1. Reaction scheme of (1) 3NA electrochemical modification on MWCNTs, (2) nitro group electrochemical reduction to amino groups and (3) Cu(Il) reduction.
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Fig. 2. Differential pulse voltammograms of copper at Bare GC (a); GC/3NA
(b); GC/3NA(red) (c); GC/3NA/GO (d); GC/3NA(red)/GO (e); GC/GO/3NA (f);
GC/GO/3NA(red) (g) electrodes recorded in BR buffer solution, pH 5.0 vs.
Ag/AgCI/KCley.

showed that GC/GO/3NA(red) electrode is 5 times more sensitive
compared to GC/3NA(red) electrode. The reason of this advanced
sensitivity is related to larger electrochemically active surface,
which has been increased by GO. Other researches also noticed
some advantages of electrodes modified by carbon nanomaterials
[44,45].

As it is understood from Fig. 2, the modification of GC by GO
before electrochemical modification procedures enhances current
responses compared with that of GC/3NA and GC/3NA(red)/ elec-
trodes. Therefore, another step of this research was to determine
nanomaterials which are the most efficient in electrochemi-
cal determination of Cu(ll) ion. Five different nanomaterials
were chosen for this aim: GO, graphene, Fe304, AuChts and
MWCNTs and five different electrodes (GC/Fe;03/3NA(red),
GC/AuChts/3NA(red), GC/Graphene/3NA(red), GC/GO/3NA(red)
and GC/MWCNTs/3NA(red)) were prepared for this part of
research and their electrochemical responses towards Cu(Il) ions
were compared with bare GC and GC/3NA(red) electrodes.

DPV results (Fig. 3) showed that analytical signal registered
by GC/MWCNTSs/3NA(red) at +0.05V electrode increases twice
when compared with that registered with GC/GO/3NA(red). This
effect is related to properties of MWCNTs. Since the MWCNTs
can adsorb ions and molecules, exhibit strong adsorptive ability
towards other species and increase their surface concentration
[46]. In this way, it can provide large area for electrochemical
modification by poly-3NA, which leads to significantly larger elec-
trochemically active surface available for Cu(Il) ion binding [47].
On the basis of above-mentioned factors Cu(ll) ion binding effi-
ciency on the GC/MWCNTs/3NA(red) electrode is much higher in
comparison with that of electrodes, which are modified by the other
nanomaterials used in this research. Therefore further experiments
were carried using GC/MWCNTs/3NA(red) electrode.

The characteristics of the sensing systems such as selectivity,
repeatability, reproducibility and stability are important as much as

Table 1

L. Dedelaite et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 483 (2015) 279-284

0,000 A n
e —————
:
410,00 uA
L
-20,00 vA
- 8
s
5
-30,00 uA
-40,00 uA
-50,00
J'&.n mv -200,0 mV 0.000 V 200,0 mvV 400,0mVv
Viwd (V)

Fig. 3. Differential pulse voltammograms of copper at GC/NPs/3NA(red) elec-
trodes: Bare GC (a); GC/3NA(red) (b); GC/Fe,03/3NA(red) (c); GC/AuChts/3NA(red)
(d); GC/Graphene/3NA(red) (e); GC/GO/3NA(red) (f); GC/MWCNTs/3NA(red) (g)
recorded in BR buffer solution, pH 5.0 vs Ag/AgCl/KClsy.

sensitivity. For this reason all further experiments were performed
and the results were evaluated while applying statistical analysis.
The investigation of sensitivity of the GC/MWCNTSs/3NA(red) elec-
trode towards binding of Cu(Il) ions was carried out in the presence
of other interfering metal ions (Zn(II), Cd(II), Pb(II), Mn(II), Co(II),
Fe(IlI)). When other ions were presented at the same concentration
as Cu(Il) ions, their interfering effect decreased in following order:
Co(II)>Mn(II) > Fe(III) > Cd(II) > Pb(II) > Zn(II). Here presented inter-
fering metal ions at 1 mM concentration reduced the current peak
from 14 to 37%. When all these metal ions at 1mM concentra-
tions were applied simultaneously and together with Cu(Il) ions the
interference towards Cu(Il) ions determination increased up to 40%.
Also no additional peaks were visible in related potential range,
which would clearly indicate interfering effect. Takeuchi et al. have
published research based on DPV results of Cu(Il) detection, which
are consistent with the results presented here. Addition of interfer-
ing metal ions reduces Cu(lIl) ion peak current and no other peaks
have been observed in potential range between —0.3 V and +0.3 V.
However in that research authors have also expanded the poten-
tial range and interfering metal peaks appeared outside —0.3 V and
+0.3 V potential range [48]. In order to perform exact determination
of interfering metals that are present in the sample together with
Cu(ll) ions it is essential to know the potentials of current peaks of
interfering ions (Table 1).

During the investigation of the stability of GC/MWCNTs/
3NA(red), electrode was kept at +4°C temperature for 0, 1, 5 and
14 days in closed vessel with Ar gas and their sensitivity towards
Cu(Il) ions has been investigated using DPV. It has been noticed
that the stability of analytical signal of electrode was decreasing
gradually and after 5 days it became stable. After 14 days of incu-
bation GC/MWCNTs/3NA(red) remained at 50% level of its’ original
electrochemical response towards Cu(Il) ions (Fig. 4). In our previ-
ous research the stability of GC electrode modified with poly-4NA
for Cu(ll) ion determination has been analyzed within 4 days and

Interference of various metal ions to DPV-based analytical signal of GC/MWCNTs/3NA electrode registered in BR buffer, pH 5.0 vs. Ag/AgCl/KClsat.

lons Concentration (mM)

DPV peak curent (pA)

Relative difference from 1 mM Cu?*

Cu2~

All metals
Co?*

Mn?*

Fe3*

cd2+

Pb2*

Zn**

—42.12 0

—25.38 40%
—26.63 37%
-27.71 34%
-31.50 25%
—33.60 20%
-32.22 27%
—36.13 14%
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Fig. 4. Stability of DPV-based analytical signal of GC/MWCNTs/3NA(red) electrode
in BR buffer solution, pH 5.0 vs. Ag/AgCl/KClsy.

the results of this test have demonstrated that analyzed electrode
remained stable after mentioned period [28]. In other research
by Fu et al. glassy carbon electrode, which was dedicated for
copper determination, was modified with single-walled carbon
nanotubes, gold nanoparticles and immobilized with L-cysteine
self-assembled monolayers after 30 days still retained 82% of their
initial analytical signal [49].

Compared to the electrodes analyzed in other researches,
GC/MWCNTs/3NA(red) electrode showed relatively good storage
stability, because after 5 days of incubation still 50% of initial ana-
lytical signal remains and later no decrease of analytical signal
was observed, when the last stability test was performed after
14 days. Repeatability of differently modified electrodes in Cu(ll)
ion detection was tested using three similar electrodes prepared at
same conditions. Relative standard variation (R.S.V.) of this test was
6.4%. R.S.V. of the reproducibility test was 1.4%. Between measure-
ments for reproducibility electrode was regenerated using EDTA,
which is known to be able to form complexes with heavy metals
including Cu(ll) ions. Zhuang et al. have analyzed the applica-
bility of gold microelectrode for Cu(ll) detection and their R.S.V.
of reproducibility and repeatability is 5.1% and 3.2%, respectively
[50]. In other research, which has been performed by Mohadesi
et al,, platinum electrode modified with overoxidized polypyr-
role doped with Nitroso-R, which was applied for Cu(Il) detection,
their repeatability R.S.V. test results were in the range of 1.1-1.8%
depending on Cu(Il) concentration [51]. Another electrode, which
has been analyzed for Cu(Il) detection by Wang et al., was glassy
carbon electrode modified with graphene and gold nanoparticles.
R.S.V. for this electrode was calculated as 5.8% [42]. After the
evaluation of repeatability and reproducibility results obtained by
various electrodes applied in Cu(ll) detection, which have been
reported in some other researches and comparing them with the
results of repeatability and reproducibility that were obtained in
the frame of this article, it was determined that here reported
GC/MWCNTs/3NA(red) electrode can compete in the determina-
tion of Cu(II) ions with other electrodes, which were reported to be
suitable for Cu(Il) determination [50,51].

Finally, only the GC/MWCNTs/3NA(red) electrode was evalu-
ated for the limit of detection (LOD) value towards Cu(Il) ions. The
determination of Cu(ll) ions was performed for three times and
standard deviation values were calculated for all of the concentra-
tion values and for each differently modified electrode. Although
the GC/MWCNTSs/3NA(red) was the most sensitive (0.5 x 1072 M)
electrode for Cu(ll) ions out of all electrodes, which were eval-
uated in this study, however it is still not the best sensitivity
because the LOD value reported for the NTA/Reduced-P4NA/GC
electrode was 0.5 x 10712 M [28]. Another electrochemical Cu(lIl)
ion sensor, which showed better sensitivity than our electrode, has
been developed by Yang et al. and its detection limit was below
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0.2 x 1012 M. In this sensor analyte-recognizing element has been
formed by a covalent attachment of the tripeptide Gly-Gly-His
to self assembled monolayer of 3-mercaptopropionic acid formed
on the gold electrode [52]. There are some more reports, which
showed similar results with sensor presented in recent research,
e.g.: Niu et al. have studied the electrochemical Cu(Il) determi-
nation with a self-assembled monolayer of penicillamine formed
on gold electrode that has limit of detection at 4.0 x 10~7 M [9];
Zeng et al. have reported the electrochemical determination of
Cu(Il) on gold electrode surface by stripping techniques with LOD
at 1.0 x 1019 M [53]; Betelu et al. have reported Cu(ll) determi-
nation on 4-carboxyphenyl-grafted screen printed electrode with
the limit of detection at 5.0 x 10-9 M by using square wave voltam-
metry [54]; Bai et al. have reported cysteine-modified mercury
film electrode suitable for the Cu(Il) determination at 5.0 x 10-10 M
level by using stripping potentiometry [55].

4. Conclusions

In this research we have presented improved, low cost, easy
fabrication, low-time consuming and sensitive method for Cu(II)
by electrode based on MWCNTs deposited on GC electrode
and then electrochemically modified with 3NA. The result-
ing GC/MWCNTs/3NA(red) electrode demonstrated that accurate
determination of copper by DPV method is possible even in the
presence of some interfering metal ions. Advanced analytical char-
acteristics of here evaluated electrode shows great potential for the
construction of electrochemical Cu(Il) ion sensors and they open a
new avenue for the development of sensing systems suitable for
industrial application.
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In this research development of sensor suitable for single cell investigation is reported. To achieve this goal
biocompatible graphene oxide (GO) nanosheets were applied as substrates for separated cell immobiliza-
tion. GO nanosheets are particularly interesting due to their biocompatibility, scalability, and possibility
to be deposited via simple surface functionalization protocols. In this context, we rise the hypothesis that

GO nanosheets can be used to treat substrates for single cell studies. We investigated this hypothesis

Keywords:

Substrate modification
Graphene oxide
Raman spectroscopy
Cell immobilization
Yeast cell

Single cell

using several pristine and GO-modified highly oriented pyrolytic graphite, objective glass slides, pol-
ished silicon wafers, polydimethylsiloxane and mica substrates. A significantly larger frequency of single
cell deposition events was observed on all substrates modified by GO. We exploited the GO function-
alization to advance the Raman spectroscopy based analysis of the chemical composition of individual
cells gathering different Raman spectra with respect to that collected from yeast cell colonies.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Cell imaging and investigation started immediately after the
invention of optical microscopy, although mostly bulk samples con-
taining high number of cells were analyzed. Recently the attention
shifted towards the investigation and manipulation of single cells
since it was understood that cells are individual microorganisms
showing variations and distinct behavior with respect to that of
the colony. It has been believed that the information obtained by
analyzing large cell colonies is also representative for the behavior
of individual cells. However, this is not always the case since indi-
vidual cells can show different characteristics if they are separated
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istry and Geosciences, Vilnius University, Naugarduko 24, LT-03225 Vilnius,
Lithuania.

** Corresponding author at: Laser and Light Technology, Tomsk Polytechnic Uni-
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E-mail addresses: raulmet@gmail.com (R.D. Rodriguez),
arunas.ramanavicius@chf.vu.lt (A. Ramanavicius).
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0925-4005/© 2017 Elsevier B.V. All rights reserved.

from the cell colony. Most of the methods adapted to separate cells
from a colony and to immobilize on an arbitrary surface, which is
suitable for analytical purposes, demand sophisticated equipment
and procedures. By exposing genetically identical cells to the same
environmental conditions multiple variations in molecular content
and even phenotype can be observed at the single cell level [1]. In
the data obtained from bulk cell samples this phenotype-related
information is averaged or even attributed to noise or statistical
variations. In order to avoid this situation analysis at the single cell
level is required. Analysis of single cells provides more realistic data
about cell viability, aging, their biochemical properties, mutations,
and many other characteristics. The demand to gather information
from individual cells facilitates the development of novel methods
for the immobilization of single cells on arbitrary substrates.
Nowadays there exist several most frequently used techniques
for the separation and immobilization of single cells. One of the
common ways to immobilize cells is based on the contact trap-
ping method by exploiting the ability of cells to adhere naturally
or artificially after treatment by various chemicals. This method
involves the application of microwells [2], microchambers [3], cell

Please cite this article in press as: L. Dedelaite, et al., Surfaces functionalized by graphene oxide nanosheets for single cell investigations,
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valve traps [4], or functionalized micro-pattered substrates [5,6].
The contact-based method is easy in application, inexpensive, does
not require intricate devices or invasive techniques, moreover it
allows high-throughput studies to be performed. However, using
this technique there is a high chance to induce unknown pheno-
type variations. Therefore, it is very important to minimize these
effects and optimal substrates with surfaces most suitable for
cell-immobilization have to be selected carefully [7-9]. Beyond
substrate engineering to investigate single cells, there are non-
contact optical methods based on light trapping, the so-called
optical tweezers. It is particularly interesting the case of laser
tweezer Raman spectroscopy (LTRS) because it allows to manip-
ulate single cells and simultaneously obtain the Raman spectra of
cells interacting only with a liquid environment [10].

Budding yeasts cells (Saccharomyces Cerevisiae) serve as a bio-
analytical target and model system to investigate single cells [11]
and the mechanisms of their attachment on different substrates.
Yeasts are simple single cell microorganisms, characterized by long
shelf life, rapid growth, superior tolerance towards extreme pH,
temperature, osmotic pressure, and ionic strength. Yeast cells are
suitable for various manipulations, chemical treatment [12,13],
electrochemical, and electromagnetic perturbations [14,15] and
they are well growing in different media and are sticking to var-
ious surfaces. These criteria determined the application of yeast
cells as one of the most extensively used eukaryotic models, which
is often used for a better understanding of biological systems
[16]. Yeast cell walls contains specialized surface proteins called
‘adhesins’ or ‘flocculins’ that are responsible for cell to cell and cell
to surface adhesion. Cell adhesion is one of the most crucial abil-
ity that prevents cells from being washed away when a cell finds
nourishing environment and allows forming biofilms with strong
self-protection abilities [17]. These interactions include van der
Waals, electrostatic, and hydrogen bonds [ 18] that create up to 25
mN averaged adhesion force per cell [19]. However not only pro-
teins are known to form interactions with GO. The stacking -1
interaction between nucleotide bases of DNA can also be formed
with the aromatic rings of graphene as shown in a previous report
[20]. All these characteristics make yeast cells attractive and easy
to analyse even immobilized on dry substrates in air at ambient
conditions [21]. However, for better cell adhesion surface function-
alization agents are required.

Graphene oxide (GO) is a two-dimensional (2D) material with
a honeycomb carbon structure composed of relatively large sp?
carbon domains surrounded by some sp> carbon domains and/or
oxygen containing hydrophilic functional groups such as epoxide,
hydroxyl, and carboxyl [22]. Due to its unique chemical structure,
GO shows excellent processability in aqueous environments, appli-
cability for surface engineering, suitability for surface-enhanced
Raman scattering (SERS) and fluorescence quenching based tech-
nologies [23]. These properties attracted interest in using this
material for biological studies and creation of advanced graphene-
based nanomaterials [24,25]. Recently GO received even more
attention due to its ability to self-exfoliate into single sheets by
simple incubation in water making the production of GO films pos-
sible straight from a water-based solution. This is a considerable
advantage over the modification by fullerenes that requires high
temperatures or vapor deposition for fullerene-based film forma-
tion. Due to these characteristics GO can be combined with plastics
or other materials that are sensitive to high temperature [26].
Moreover, the functional groups of GO can be reduced to graphene-
like nanosheets by chemical [27] and/or electrochemical reduction
[28], thermal reduction [29], ‘green chemistry’ based reduction by
using reducing biological materials [30], or reduction by applying
intense light pulses [31]. The conductivity of reduced GO (rGO) is
increased but it is not as high as exfoliated graphene since rGO
has a higher number of various defects in its structure and not all

L. Dedelaite et al. / Sensors and Actuators B xxx (2017) XxXx—Xxx

attached functional groups are removed. A significant number of
sp> hybridization possessing groups and structures and increased
number of lattice defects remains in rGO induced by oxidation of
graphene to GO, which is followed by the GO reduction process.
On the other hand, functional groups that were not reduced can
remain as chemically active defect sites, which can be used for
further chemical modification [27].

Vibrational spectroscopy offers non-invasive, non-destructive
analysis of microorganisms. Raman spectroscopy is one of the most
sensitive methods for obtaining chemical information and vastly
used for biomedical research and materials science [32,33]. For
biomolecules, such as proteins, lipids, carbohydrates, and nucleic
acids, functional groups e.g., C—C, C—H, and C=0 stretching bonds
as well as H—-C—H bending bonds, can be detected as well-defined
bands in the Raman spectra [34,35]. Usually the whole spectra
of cells are presented as fingerprints of molecules and functional
groups that can be used for microorganism identification and/or
analysis of the chemical composition of their surface structures.

In this work, we aimed to demonstrate the possibility to use
GO as a modification agent, which allows single cells to be immo-
bilized on the surface of various arbitrary substrates. The simple
modification of several substrates, namely glass, silicon, graphite,
polydimethylsiloxane, and mica with graphene oxide is presented
and their applicability for single cell immobilization is proven. The
mechanism for cell adhesion on GO-modified surfaces is domi-
nated by chemical interactions due to the presence of carboxylic
and epoxy groups in the GO structure. The nature of adhesion phe-
nomena is analyzed and a Raman spectroscopy based analysis of
single cells immobilized on GO-modified substrates is performed.

2. Experimental
2.1. Materials

GO was purchased from ACS Materials (USA) dispersed in
ethanol ata concentration of 5 g/L. The GO was chemically prepared
by the Hummers method [36] with a flake size of about 0.5-5 pm.
About 60% of the flakes have a thickness of one atomic layer. For
surface modification with GO five different samples were chosen:
objective glass slides from VWR, (USA), polished silicon wafers
(100, p-type) from LG Siltron Inc. (South Korea), highly orientated
pyrolytic graphite (HOPG) from NT-MDT (Moscow, Russia), poly-
dimethylsiloxane (PDMS), and mica from Sigma Aldrich (Germany).
Glass and silicon were cleaned sequentially in an ultrasonic bath in
acetone, ethanol, and deionized ultra-pure water (Milli-Q) for 5 min
in each solvent and then dried under nitrogen flow. HOPG and mica
were cleaved with scotch tape right before cell deposition. PDMS
was mixed by combining 10:1 mass equivalents of Silicone Elas-
tomer (SYLGARD 184 silicone elastomer base) in a petri dish or
container with cross-linker/curing agent (Dow Corning) for 5 min
and kept inside a desiccator in vacuum for 4 h to remove air bub-
bles. The obtained substrate was cured by heating at 100 °C for one
hour.

Yeast Saccharomyces cerevisiae cell strain YO0000 (BY4741
Mato his3A1; leu2 AO; met15A0; ura3A0) was obtained from
EUROSCARF (Frankfurt, Germany). The cells (3-4 um size) were
cultivated in solid agar yeast extract-agar media (1% yeast extract,
2% peptone, 2% glucose, 2% agar) plates in ambient atmosphere at
25°C for 2 days and then stored at 4 °C. Cell cultures were renewed
every 2 weeks. For Raman spectroscopy measurements only fresh
yeast cell cultures were used. Some cells were grabbed with sterile
loop and stirred in distilled water. A drop of the suspension was
placed on the substrate and let dry at room temperature for 30 min
before the Raman spectroscopy analysis was performed.
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2.2. Procedures

The static contact angle measurements were carried out using
an OCA-20 contact angle meter (Data Physics Instruments GmbH,
Filderstadt, Germany) with the sessile drop method at room tem-
perature and under air atmosphere. Deionized water (Millipore,
18.2 M2 cm~1)was applied for all contact angle measurements and
for the preparation of all aqueous solutions.

The surface of glass, modified glass with GO and rGO substrates
were imaged using atomic force microscopy (AFM). An OmegaS-
cope SPM (AIST-NT, USA) was employed in contact mode with
conventional silicon cantilevers.

Raman spectroscopy experiments were performed with a
micro-Raman spectrometer LabRam HR800 (HORIBA, France) and
XploRA (HORIBA, France). Two excitation laser lines were used:
514.7 nm solid state laser (Coherent, USA) and 532.0 nm. The laser
intensity measured at the sample was set to 1 mW and 105 wW for
the 514.7 nm and 532.0 nm, respectively. The laser light filtered by
a plasma filter was focused onto the sample with a 100x objective
(numerical aperture, N.A.=0.9). The laser spot size obtained with
the same objective is about 721 nm for the 532 nm wavelength.
While all comparisons were made under the same conditions of
laser wavelength and power, we resorted to use one or the other
of the two Raman spectrometers according to the availability of
the instrument. The scattered Raman signal was collected with the
same objective in the backscattering geometry and detected by
a charge coupled device (CCD) detector. Statistical averages were
obtained from at least 5 spectra for an exposition time of 10 s each.

3. Results and discussion
3.1. Yeast cell solution drying observation

Five different materials: glass, silicon, HOPG, PDMS, and mica
were chosen as substrates for further immobilization single cells.
The substrates were freshly prepared before analysis and 3 L of
yeast cell in water solution was evenly deposited on the surface of
the materials mentioned above. The drying process was observed
inambient conditions under a digital microscope Keyence VH-Z100
(USA) at 100x and 1000x magnification, the results are presented
in Fig. 1. It was observed that on the pristine substrates, dur-

BISEEY Glass Si
o] :
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+5 min
Drying

+10 min
Dried

ing water evaporation, the diameter of water droplets decreases
depending on surface morphology defects. Cells that are immersed
in the droplet due to water surface tension were swept across the
surface and formed aggregates at the end of drying.

As can be seen from Fig. 1 intricate yeast cell agglomerates are
formed on all substrates. GO was chosen for the modification of
the mentioned substrates due to its unique chemical properties
and biocompatibility [37]. A simple sample preparation method
was used to obtain GO-based layers on glass substrates by the drop
coating 5 pL on selected 10mm? areas of the substrates and let-
ting it dry in air. The layer of GO formed a slight brownish colored
layer on the glass substrate as observed by simple visual inspection
(Fig.S1). The drying process of the yeast cell suspension, which was
prepared by dispersion of yeast cells in water-based solution and
then drop coated on the modified with GO surfaces of all substrates,
was observed through a digitalized microscope (videos, which are
showing the process in real time, are included in the supporting
information). The images of the cell suspension drying process are
presented in Fig. 2. Unlike pristine substrates, the GO modified sur-
faces remarkably reduced the cell aggregation and increased the
regions containing separated single cells. This is an indication of the
enhanced cell adhesion on GO-based surfaces that is strong enough
to withstand the water flow that was applied after deposition of
yeast suspension on used substrates (before the drying process).
Cell adhesion occurs in all substrates resulting in the formation of
large agglomerates (see Fig. 1); however, this situation is drastically
different for surfaces coated with GO where the cells distributing
in singlets and small colonies (see Fig. 2) allow to perform analysis
at the single cell level.

We investigated the mechanism behind such improved sin-
gle cell addition and identified some most plausible reasons: 1)
increased mechanical friction between cells and GO-modified sur-
faces due to larger roughness of GO films in comparison with
pristine substrates, 2) changes in hydrophobicity of the substrates
as determined by contact angle measurements, the increased
hydrophobicity alters the drying process of the solvent, 3) increased
electrostatic interaction between charged parts of yeast cell walls
and carboxyl, carbonyl, and hydroxyl groups of GO, and 4) possi-
ble chemical interaction between carbonyl and hydroxyl groups of
GO and the cell surface. In order to investigate these mechanisms
in more detail we performed atomic force microscopy, contact

HOPG

PDMS Mica

Fig. 1. Drying process of yeast cell suspension, which was prepared by dispersion of yeast cells in water and then drop coated on clean substrates such as: glass, silicon,
HOPG, PDMS, and mica. Pictures were taken before and after water evaporation proceeded at ambient conditions over 5-10 min.
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HOPG PDMS

Mica

Fig. 2. Visualization of the drying process of yeast cell suspensions drop coated on the surfaces of GO modified substrates. Pictures were taken before and after water

evaporation proceeded at ambient conditions over 5-10 min.

angle measurements, and studied a GO-coated surface after ther-
mal reduction.

3.2. Increase in surface roughness

Theoretically there is a correlation between surface roughness
and cell adhesion, which can be related to the interface energy.
The surface roughness can increase or decrease the contact area
between a cell and the substrate surface, which is proportional
to the solid-liquid interfacial adhesive force [38]. Therefore, for

5 8 &8 8

Raman intensity / ats-s™-mW!
S

1000 1250 1500

Raman shift / cm™

1750

surface roughness measurements contact mode AFM imaging was
performed on pristine glass and glass coated with GO. Images of
GO coated glass showed a heterogeneous surface with planar and
wrinkled surface areas (Fig. S2b). The cross section of a graphene
oxide nanosheet and surface proved that the thickness of GO is
around (1.740.1)nm, which is in the same order of the thick-
ness of single layer 2D nanosheets. It should be noted that the
thickness of pure graphene layer is 0.34nm, and the GO thick-
ness, due to the presence of functional groups, structural defects
and adsorbed water molecules, increases up to 1 nm [39], and the

Height/Nalul

1000

1250 1500
Raman shift / cm’!

1750

Fig. 3. AFM images and Raman spectra of a) graphene oxide and b) thermally reduced graphene oxide.
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Glass

+10 min
Dried
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Fig. 4. Visualization of drying process of yeast cell suspension drop coated on GO- and rGO-modified substrates. Pictures were taken before and after water evaporation

proceeded at ambient conditions over 5-10 min.

difference in tip-sample interaction between tip on glass and on
GO can give rise to uncertainty in thickness. Even though, due
to natural stacking into multiple layers and formation of wrin-
kles and folds the root mean square roughness increases up to
(1.5+0.2) nm compared to the clean glass surface with a roughness
of (0.4 + 0.2) nm. In comparison with the micrometer range cell size
(ca. 4 wm), the nanometer roughness difference between reduced
and pristine GO can be expected to be insignificant to mechanically
immobilize cells. This is in contrast to a recent report by Mikoli-
unaite, Rodriguez, Sheremet, Kolchuzhin, Mehner, Ramanavicius
and Zahn [40] where large submicrometer silver particles on the
surface resulted in cell anchoring and efficient immobilization.

3.3. GO hydrophilicity

Graphene oxide is known to be a hydrophilic material due to the
presence of oxygen groups on its basal plane and edges, hence we
can expect that it changes the hydrophilic properties of the sub-
strate that could be the origin of the difference in cell adhesion. For
this reason, water contact angle measurements were performed
in order to evaluate the change of surface hydrophilicity before
and after modification with GO, the results are shown in Fig. S3.
This analysis revealed that the layer of graphene oxide increases
the substrate hydrophilicity by 14-69%, with the smallest change
for the glass substrate and highest for PDMS. However, we can-
not conclude that the surface hydrophilicity is the parameter that
defines isolation of cells since GO-coated samples do not display
a unique value but show different contact angles in the range of
12.6° +0.6° to 41.3° + 0.4° (Fig. S3). These values also partly overlap
with the contact angle of the surfaces before the GO modification.
However, in the report of Kang and Choi [41] the adhesion of S. cere-
visiae cells on surfaces coated with poly(styrene-ran-sulfonic acid)

random copolymer (PS-x-SA) decreased while increasing surface
hydrophilicity. This effect was not observed in our work.

3.4. Chemical functionality of GO

As already mentioned above, the yeast cell surface contains
proteins that can create attractive interactions due to H-bonding,
electrostatic interactions, including dipole-dipole interactions and
van der Waals interactions, in contact with functional groups
present at the substrate, in this case — the basal plane of GO. In order
to test this assumption, we compared the aggregation of yeast cells
on both GO and reduced GO, which contains a much lower con-
centration of functional groups on its surface. In order to covert GO
into rGO a thermal reduction at 400 °C for 30 min was applied for
the glass substrate, which was modified with GO. AFM images and
Raman spectra before and after reduction of GO were taken under
excitation by a 514.7 nm laser and are shown in Fig. 3.

The Raman spectra of GO and rGO presented in Fig. 3 show char-
acteristic D and G bands, which arise from sp? and sp3 vibrations,
and some other peaks that arise due to defects in the carbon-based
structure. In this study, both Raman bands were fitted using a total
of 5 peaks (mixed Gaussian/Lorentzian fit) which are marked by
D* (1201 cm~1!), D (1354cm~'), D” (1521cm~'), G (1592cm™')
and D’ (1618 cm~1) to allow differences in the spectra of GO and
rGO to be tracked (Fig. S4). D* and D” after GO thermal reduction
into rGO shift towards higher (1234 cm~1) and lower (1492 cm~')
wavelength numbers, respectively, which indicates the decrease
of oxygen content [42]. G shift towards higher wave numbers
(1601 cm~') can be explained due to amorphisation of the graphite
structure. Additional D’ peak rises from structural variety of the
sample sp? hybridization [43]. Moreover, band marked as D” inten-
sity decreases 10 times after reduction compared with its’ intensity
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before the reduction. This band is related to amorphous phase since
its intensity decreases with the increase of the crystallinity [42]. In
addition to that, the intensity of these bands and the intensity ratio
between D and G bands decreased after the thermal treatment in
agreement with previous results [44]. The AFM image shows that
GO nanosheets were significantly reduced during thermal anneal-
ing although some structural changes in the form of newly formed
rods and particles were also observed. These results confirm that
the reduction of GO was successful and that most of the functional
groups were reduced.

Yeast cell adhesion on rGO-modified surfaces was tested. It was
observed that on the rGO-modified surface, yeast cells behave the
same way as on the pristine glass substrate not modified by GO
(Fig. 4). Given that the roughness increased from 1.6 nm to 4.5 nm
after the thermal reduction of GO was performed (as deduced from
AFM), and that such increased roughness resulted in poorer cell
adhesion, then we can conclude that the roughness effects are too
small to play a significant role in our case. This observation comes
intuitively considering that this roughness is way too small to act
as a mechanical roadblock capable of anchoring the cells that have
a size three orders of magnitude larger. These results on rGO thus
provide essential evidence to support our hypothesis that the func-
tional groups on GO are responsible for the stronger interaction
between cell wall and GO-coated surfaces. This can be explained
by chemical heterogeneities between the cell wall and the GO-
modified surface, which creates localized sites where interaction
energies at the interfacial area are higher making adhesion more
efficient [41].

3.5. Evaluation of the Raman spectra of single yeast cells
immobilized on GO-modified surfaces

All five GO-modified substrates (glass, Si, HOPG, PDMS, and
mica) showed similar efficiency for yeast cell immobilization.
However, for Raman spectroscopy investigations those substrates
present intrinsic Raman features in the range from 700cm~! to
3000 cm~!, which overlap with the Raman features from yeast cells.
The only exception is the glass substrate that shows a rather flat
spectrum in that fingerprint range, therefore, glass is the substrate
we have chosen to perform the detailed Raman analysis presented
below. Raman spectra of single and aggregated cells immobilized
on glass and GO-modified glass surfaces were registered under
532.0 nm laser excitation. The average of 5 spectra from single cell
and aggregates were registered, the results are presented in Fig. 5.
In all four spectra the yeast cell characteristic peaks are visible. One
of them is the high intensity, broad band at 2929 cm~!, which is
attributed to C—H stretch vibrations and is one of markers charac-
teristic for organic matter [45]. The intensity of this peak indicates
yeast cell thickness and can be attributed to its viability. The next
peak is at 1654 cm~1, which is attributed to C=C stretching mode,
and the third one is at 1443 cm~!, which is attributed to C—H defor-
mation mode and is also called as ‘mitochondria band’ [46], that all
are visible in the spectra presented in Fig. 5. They mark the ratio of
unsaturated and saturated C—C bonds of fatty acids in lipids [47].
Another peak at 1572 cm~!, which is also visible in all spectra [35]
is attributed to nucleic acids (adenine and guanine). While com-
paring the yeast spectrum obtained for yeast cells immobilized
on glass with that obtained for yeast cells immobilized on a GO-
modified glass substrate it was observed that the GO-modification
improves the Raman signals, because the intensity of the peaks
in the range of 1000 cm~! and 1750 cm~! increased by 100%. This
increase in intensity is likely due to the enhancing properties of GO-
based layers as it was previously reported in applications of GO for
surface-enhanced Raman scattering [48]. Moreover, these Raman
spectra prove that the spectrum registered from a single cell modi-
fied surface provides more information than the one from surfaces

7

modified by aggregated cells. No significant difference other than
the peak intensity was observed in the spectra of single and aggre-
gated yeast cellsimmobilized on pristine glass substrates. However,
in the spectra registered from single and aggregated yeast cells
immobilized on GO-modified glass substrates there are obvious
differences in peak positions and intensities. In the spectrum of
a single yeast cell immobilized on a GO-modified glass substrate
the low intensity peaks at 1260 cm~! and 1294 cm~! are observed.
These peaks are attributed to C—H deformation in proteins and
lipids, although these peaks are absent in the spectrum registered
from aggregated yeast cells. Therefore, the intensity of these vibra-
tions is likely to be sensitive to the cell-cell interaction. This opens
an exciting possibility to identify from the Raman spectra the cell-
cell interaction affected by the presence of GO, for example, by
comparing the spectra of optically trapped cells with that of cells
immobilized on GO. The peaks at 1548cm~! and 1601 cm~! are
also visible only in the spectra registered from single cells. These
peaks are attributed to nucleic acids and lipids, respectively [49].
Moreover, the peak at 1601 cm~! reflects the respiratory activity of
mitochondria and can be associated with cell viability [50]. From
these results, we conclude that by analyzing single cells immobi-
lized on GO-modified substrates in comparison to the analysis of
large cell aggregates it is possible to gather additional information,
which otherwise would be not noticed. Furthermore, an additional
GO-modification amplifies the Raman signal registered from cells
immobilized on molecular layers on mildly reduced GO in a similar
way as it has been reported before [51]. Although the main Raman
features discussed here are all observed above the noise level, we
must notice that the spectra shown (like in Fig. 5) appear with a
relatively low signal to noise ratio (s/n). We found that increasing
the laser power in order to increase the spectral quality resulted in
the irreversible modification of graphene oxide as shown in Fig. S5
in the supporting information. In order to increase the s/n one can
also simply increase the acquisition time and the number of aver-
aged spectra; however, this comes at the price of averaging out the
non-stop changes ongoing in the cell, and that those changes could
mask the small differences arising from the different environment
around the cells (arising from the interaction with GO and other
cells). Moreover, the dark spectrum obtained with the laser turned
off shows a rather flat signal with an instrumental noise level well
below the intensity of the Raman features from the cells. Therefore,
considering these limitations in laser power and acquisition time,
we compromised the s/n in order to make sure that the spectra
obtained resulted from the pristine samples while keeping the s/n
slightly above the noise level.

4. Conclusion

In this work, we demonstrated a simple and fast method for
the deposition of single yeast cells on several arbitrary substrates
functionalized with graphene oxide. Glass slides, PDMS, silicon,
graphite, and mica substrates were investigated in parallel to show
the generality of the method proposed here. After analyzing the
cell immobilization mechanism, contributions from surface rough-
ness and hydrophilicity were ruled out. We proved that single
cell immobilization on GO-modified substrates is possible due to
the presence of proteins on the cell surface, which bonds with
epoxy, hydroxyl, and carboxyl functional groups of GO. These cell-
surface interactions are strong enough to hold cells immobilized
and well dispersed throughout the surface allowing the immobi-
lization of single cells. Samples prepared in such way can be used
for microscopic investigations at the single-cell level. The presence
of graphene oxide on the substrate not only increases the density of
isolated single cell events, but it also decreases the cell colony size
as can be observed from Figs. 2 and 5c after drying. This opens the
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possibility to investigate the effect of colony size on the cell prop-
erties. We expect that by changing the degree of graphene oxide
reduction upon thermal annealing, the density of isolated single
cells and colony size could be controlled.
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Efficient substrates for surface-enhanced Raman spectroscopy (SERS) are under constant development,

since time-consuming and costly fabrication

routines are often an issue for high-throughput

spectroscopy applications. In this research, we use a two-step fabrication method to produce self-

organized parallel-oriented plasmonic gold nanostructures. The fabrication routine is ready for wafer-

scale production involving only low-energy ion beam irradiation and metal deposition. The optical

spectroscopy features of the resulting structures show a successful bidirectional plasmonic response.

The localized surface plasmon resonances (LSPRs) of each direction are independent from each other
and can be tuned by the fabrication parameters. This ability to tune the LSPR characteristics allows the
development of optimized plasmonic nanostructures to match different laser excitations and optical

transitions for any arbitrary analyte. Moreover, in this study, we probe the polarization and wavelength
dependence of such bidirectional plasmonic nanostructures by a complementary spectroscopic
ellipsometry and Raman spectroscopy analysis. We observe a significant signal amplification by the SERS
substrates and determine enhancement factors of over a thousand times. We also perform finite element
method-based calculations of the electromagnetic enhancement for the SERS signal provided by the
plasmonic nanostructures. The calculations are based on realistic models constructed using the same

particle sizes and shapes experimentally determined by scanning electron microscopy. The spatial
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distribution of electric field enhancement shows some dispersion in the LSPR, which is a direct

consequence of the semi-random distribution of hotspots. The signal enhancement is highly efficient,
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1 Introduction

Raman spectroscopy is a well-established method in a wide-
field of chemical sensing applications." For the detection of
low concentration of molecules, Raman spectroscopy (RS) rea-
ches its limit, because of the rather low Raman scattering cross-
section of most samples. The most efficient approach to
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making our SERS substrates attractive candidates for high-throughput chemical sensing applications in
which directionality, chemical stability, and large-scale fabrication are essential requirements.

overcome this problem is the application of surface-enhanced
Raman spectroscopy (SERS).> SERS exploits the strong electro-
magnetic amplifying properties of plasmonic nanostructures.
Particularly interesting are plasmonic surfaces with more than
one localized plasmon resonance (LSPR) that provide a broad
range of applicability.* With such nanostructures, it is possible
to employ simultaneously complementary vibrational spec-
troscopy methods ranging from SERS, surface-enhanced reso-
nant Raman spectroscopy (SERRS), and surface-enhanced
infrared absorption using the same sample.” However, the
applicability of this kind of samples is undermined by the
fabrication complexity that involves multiple steps and lithog-
raphy processes.

Self-assembled SERS systems with bidirectionally excitable
LSPRs offer a strategy to overcome this limitation. SERS
substrates with bidirectionally excitable LSPRs supporting
spectrally separated LSPRs which can be selectively triggered by
polarization of the used light source. This allows broadband
excitable SERS while spectral dependent Raman responses can
be selectively switched on and off at the same substrate location
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and molecule concentration. A particularly interesting
approach is the application of surface structures as a template
for the self-organized alignment of molecules,® colloidal nano-
particles,® or vapour deposited nanoparticles.”® Template
candidates are atomic terraces,'”"* epitaxially grown ridge-valley
structures,"** and low-energy ion-induced ripple patterns on
solid surfaces.'* These ripple structures are especially inter-
esting, because they allow both wafer-scale fabrication on most
solid surfaces and flexible ripple periodicities of several tens to
hundreds of nanometers that can be controlled by the ion
irradiation parameters.'*™® The substrates are ideal for the self-
organization of plasmonic nanostructures with strong aniso-
tropic optical properties.*** The polarization-dependent SERS
response of such structures was reported for parallel gold
nanowires (NWs)*2¢ and silver nanoparticle (NP) chains.*”?®
For gold NWs, the SERS enhancement is dominant across the
ripple pattern. Along continuous metallic nanowires, a Drude-
like behaviour is observed undermining the potential for
surface enhancement. In contrast, noble metal nanoparticle
chains on rippled templates have the potential for SERS with
bidirectional independent tuneable LSPRs.'****° It is under-
standable that SERS substrates that are plasmonically active
under multiple excitation wavelengths have significant poten-
tial for multipurpose chemical and biochemical sensing appli-
cations. This kind of SERS structures can be produced at a large-
scale with a two-step fabrication routine. Since, the SERS
enhancement effect of anisotropically aligned silver nano-
particles on rippled patterns is well studied,>**”** it is time to
investigate the plasmonic responses of anisotropically aligned
gold nanoparticle systems for SERS applications. Gold nano-
structures are known for their chemical stability,* bio-
compatibility, and strong plasmonic responses in red and
near-infrared spectral regions*** and thus gold is a popular
material choice for SERS substrates.**

Here we present gold nanoparticle structures that are self-
organized along rippled templates. We generate these nano-
structures with a two-step fabrication routine including low-
energy ion beam irradiation and oblique-angle physical
vapour deposition. We show that the position of the localized
surface plasmon resonance (LSPR) depends on the gold nano-
particle geometry, which allows tuning the LSPRs from the
visible (VIS) to the near-infrared (NIR) spectral range. The
different LSPRs can be excited selectively by setting the excita-
tion light polarization along or across the rippled structures. We
study the particle growth and alignment process along the
rippled template by scanning electron microscopy (SEM) and
cross-sectional transmission electron microscopy (TEM). The
anisotropic spectral properties are evaluated by spectroscopic
ellipsometry (SE) and probed by Raman spectroscopy for three
different laser lines within the VIS-NIR range. We use a 1 nm
ultra-thin homogenous film of cobalt phthalocyanine (CoPc) as
the Raman probe deposited simultaneously on all sample
surfaces. With an ultra-homogeneous film as a SERS probe the
number of molecules on a SERS substrate and reference can be
directly compared. This approach allows us to make a proper
evaluation of the SERS enhancement without the need of
additional assumptions to estimate the number of molecules in
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the SERS substrates.*> We visualize the plasmonic hotspots by
the finite element method (FEM) simulations using the exact
nanoparticle size, geometry, and configuration experimentally
determined from the SEM and TEM analysis.

2 Experimental
2.1 Sample fabrication

First step. Ripple patterns are produced by ion irradiation
with a Kaufman type ion-source in a vacuum chamber. The
sample was transferred into the chamber and tilted until the
surface normal is oriented 67° of with respect to the ion source.
Once a base pressure of ~10~° mbar was reached, argon gas was
inserted into the chamber with a pressure of ~10~* mbar. Ton-
beam irradiation is performed at room temperature with
a broad argon ion-beam (acceleration voltage 800 V, ion flux
~2.5 x 10" em™? s7"). The irradiation process was finished
when a total ion dose of 10'® cm™? was reached. These process
parameters led to surface ripple structures on silicon with a low
defect density and a periodicity of 50 nm.*

Second Step. Oblique-angle gold deposition was performed
by electron-beam deposition in a high vacuum chamber (Bes-
Tech, Germany) at ~10~® mbar working pressure and a deposi-
tion angle of 80° with respect to the surface normal and facing
the long flanks of the ripple pattern. The deposition rate of
~0.01 nm s~ was controlled by a quartz micro balance (QCM).
The sample thicknesses are given by the QCM recorded gold
thickness. Since the QCM is calibrated for the deposition on
surfaces under normal incidence angle, we checked the gold
deposition with Rutherford backscattering spectrometry (RBS).
For RBS, the 1.7 MeV helium ion-beam at the Helmholtz-
Zentrum Dresden-Rossendorf was used. The data were ana-
lysed by the software SIMNRA.*® The film thicknesses of the Au
nanostructures are calculated by the areal density divided by the
product of surface occupation and the atomic density of gold
(see ESI Fig. S11). The average effective deposition rate for the
tilted samples is (1.2 + 0.1) pm s~ *. The ratio of QCM and RBS
measured film thicknesses are ~cos(80°). This is in agreement
with by the projected area caused by oblique deposition angle.
For additional post-deposition annealing in air a conventional
heating plate was used.

2.2 Morphological characterization

The topography of the ion-induced surface ripple pattern was
measured by atomic force microscopy (AFM) in tapping mode
(Bruker MM8 AFM with PPP-NCRL tips from Nanosensors). Top
view images of deposited Au structures were taken by scanning
electron microscopy (SEM) using a Raith e_LiNE plus with
a Zeiss Gemini optics. Cross-sectional transmission electron
microscopy (TEM) images were taken using an image Cg-cor-
rected Titan 80-300 microscope FEI ltd (Eindhoven, The Neth-
erlands). TEM lamella preparation was performed by a Zeiss
Crossbeam NVision 40 system and a Kleindiek micromanipu-
lator. To protect the Au nanoparticles from being damaged by
the focused Ga ion beam, the sample surface was initially
covered by depositing a carbon-based cap layer. Prior to each
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TEM analysis, the specimen mounted in a double-tilt analytical
holder was placed for 10 seconds into a plasma Model 1020
cleaner (Fischione) to remove contaminations.

2.3 Optical characterization and Raman spectroscopy

We performed spectroscopic ellipsometry (SE) with a J. A.
Woollam M-2000FI device (angle of incidence = 75°, 100 repe-
titions per spectra) to measure the change of the phase and
polarization ration of the light reflected from the sample.?” The
plotted imaginary part of the pseudo-dielectric function, (e,)
provides the indication of light absorption.*** In our plasmonic
systems, gold nanostructures are formed on a silicon surface.
Light absorption above 550 nm is directly connected to excita-
tion of surface plasmons. A peak in the (¢,) spectra indicates the
LSPR position.” The rotation of the sample allowed the
measurement of both optical axes of sample parallel (EH) and
perpendicular. (£ ) to the ripple patterns.

For Raman Spectroscopy (RS) a LabRam HR800 from Horiba
Scientific equipped in back-scattering geometry was used. A
HeNe Laser (632.8 nm, laser power at the sample 1 mW) was
focused and the signal collected with a 50x LWD objective
(numerical aperture of 0.5). The Raman signal was diffracted by
a 600 lines per mm diffraction grating and recorded by an
EMCCD. A 1 nm thick cobalt phthalocyanine (CoPc) film was
used as a well-defined Raman probe. CoPc has an absorption
maximum at 650 nm.*»** Thus the molecules are resonantly
excited at 632.8 nm. The samples were covered with CoPc by
molecular beam evaporation in a vacuum chamber (working
pressure 10~ ° mbar). The film thickness was determined by
QCM-based measurement. On SERS and reference substrates
(REF) the number of CoPc molecules (N) was considered iden-
tical because all substrates were simultaneously covered under
the same conditions of deposition (Nggr = Nsggs)- This allows
us to calculate the SERS enhancement factor directly from the
Raman intensities EFsgrs = (Isers/Irer)/(Nsers/Nrer) = Isers/
Ixgr. All shown Raman spectra are averages of 16 individual
Raman spectra registered at different measuring points (in an
80 um x 80 um grid). Each single point was averaged for 10
times with 1 second acquisition time. In the ESI Fig. S41 an
example of Raman signal acquisition at different locations on
a sample and under different polarizations is shown. Perform-
ing SERS with an ultra-thin film of CoPc simultaneously
deposited on all substrates, and with the time and spatial
averages of the Raman signal it was possible to evaluate the
SERS enhancement factors without minimal assumptions and
statistical uncertainties.*

2.4 Finite element method calculations (FEM)

We used the wave optics module in COMSOL Multiphysics 4.4.
From SEM images, we extracted the particle geometry by
masking the particles greater than 5 nm (using Gwyddion*).
The masks were contoured and saved as .dxf files (by Python 2.7
and OpenCV) to import into COMSOL. We used dielectric
functions for gold,* silicon,* and silicon dioxide.”” For 2D
“bird-view” calculations the gold particles were embedded in an
effective medium (82.5% air and 17.5% silicon). The excitation
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field is implemented as an incoming wave in the model plane.
For cross-section simulations we used an excitation port and
continuous periodic boundary conditions. A maximum mesh
size of 1 nm and 5 nm were used for the boundaries and
domains, respectively. The mean field enhancement was
calculated by the area mean value of |E/E,|* over the whole
nanostructure surface where |E,| is the mean electric field
surrounding the particle ensemble.

3 Results

Fig. 1 shows the morphology development of the plasmonic
gold nanostructures during the metal deposition process. As
templates, we used ion-beam induced ripple-patterned silicon
surfaces with a ripple periodicity of (49.9 &+ 2.5) nm (for more
details see Methods Section and ESI Fig. S1t). The two-step
fabrication routine of SERS substrates with bidirectional plas-
mon resonances is illustrated in Fig. 1(a). Different morpho-
logical steps are observed depending on the gold thickness.
Starting with 30 nm, the nanoparticle self-organization with

(a) Step 1:
lon beam irradiation

Ar ions :

Step 2:
Metal deposition

Nanoparticle ! AU atoms
/ :80°

Silicon Rippled silicon
(b) 30 nm (c) 60 nm =
— r " =3
= -—
l : g
L." k .
(d) 90 nm [} = l(e) 120 nm }= C
& S
=t | A ~ (ON
- ¥
() 30 nm (g9 30nm
+400°C — + 400°C

— ]

Fig. 1 Morphology of self-organized gold nanostructures on rippled
templates. (a) Illustration of two-step fabrication routine. (b—f) Top-
view SEM images for different gold thicknesses from 30 nm to 120 nm
and (f) 30 nm with post-annealing at 400 °C. The insets show the
corresponding 2D autocorrelations. (g) Cross-sectional bright-field
TEM image of (f). Scale bars (b—f): 200 nm (insets 50 nm), (g) 50 nm.
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a preferred in-plane orientation along the ripples is clearly
observable. By increasing the gold film thickness, the nano-
particles start to elongate and form wire-like nanostructures.
With a further increase of the gold thickness, coarser and more
complex structures are formed, without the formation of
a continuous gold layer. By further increasing the gold thick-
ness, the gold films formed voids reaching a maximum surface
coverage of ~80% (see ESI Fig. S11). With an additional post-
deposition annealing at 400 °C (for 1 hour), we re-shaped the
rough and less spherical gold particles into more smooth and
spherical ones (f and g). The morphology obtained for annealed
gold particles is comparable to the known silver particle chains
on rippled templates.”®

Without annealing, rougher particles with less defined
shapes are observable.*®* From the 2D autocorrelation and
particle analysis, we deduce details on the particle geometry.
For gold depositions of 30 nm and 60 nm nominal thicknesses,
a clear separation of the structures on the rippled templates is
observable. For larger thicknesses of 90 nm and 120 nm this
separation is lost, and particle coalescence takes place.

From the 2D autocorrelation, we derived the average center-
to-center particle distances for the parallel (||) and perpendic-
ular (L) directions with respect to the pattern axis. The gold
nanoparticles follow the periodicity of the template with the
maximum particle diameter orientated along (|| direction) and
the minimum diameter across (L direction) the ripples. Table 1
summarizes the particle dimensions for samples with gold
thicknesses of 30 nm, 60 nm and for 30 nm Au additionally
annealed at 400 °C for 60 minutes. For 90 nm and 120 nm gold
deposition thicknesses no isolated structures are formed.

In Fig. 2, we show the optical properties of the nano-
structures for different gold thicknesses. We plot the imaginary
part of the effective pseudo dielectric function (¢,) measured by
spectroscopic ellipsometry. (e,) is associated with the absorp-
tion of the Au layer and gives us an indication for the position of
the LSPR. The area between 400 to 500 nm is the interband
transition of gold, while the plasmon resonance starts in the
range of 600 nm and red-shifts for increasing deposition
thickness, moving to the mid-infrared range. The LSPR can be
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Fig.2 Development of bidirectional LSPR through the gold deposition
process. (a) Spectroscopic ellipsometry (SE) of the imaginary part of
the effective dielectric function () for polarization parallel (), red)
and perpendicular (E,, blue) to the nanoparticle chains. Solid and
dashed lines for spectra with and without deposited CoPc molecules
as Raman probe. The Raman excitation laser line of 632.8 nm is indi-
cated. (b) Raman spectra at the same thicknesses corresponding to SE
spectra \nfach column. Raman signal for different laser polarization EH
(red) and E, (blue) are shown.

excited at different spectral positions for polarizations across
(£.) and along (E)) the ripple axis. The LSPRs for £, polariza-
tion are observed in the spectral region from ~600 nm to
~1000 nm, red-shifting with increasing gold thickness. For EH
polarization, the LSPR for 30 nm gold thickness sample starts at
~800 nm near infrared spectral region and then it red-shifts
with increasing gold deposition where the LSPR peak gets
broader becoming Drude-like. The results for polarizations

Table 1 Summarized dimensions of self-organized gold nanoparticles by annealing

Sample Min. diameter” (nm) ~ Max. diameter® (nm)  Particle height (nm) || center-to-center (nm) L center-to-center (nm)
30 nm 24.4 1+ 0.3 36.5 = 1.4 18.1 £ 2.9 30.3 £9.4 46.6 + 8.7
30 nm, annealed 23.14+0.2 29.8 & 0.4 17.6 £ 3.5 40.2 = 12.8 46.9 + 8.4
60 nm 40.0 £ 0.6 53.1 + 7.4° 49.1 £ 8.3 49.1 £ 8.3
max. diameter
min. £ : :
diameter -7
center-to-
- _. center

L I || center-to-center
“ Excluding the particles with diameter < 10 nm. ? Excluding the particles grown together over grooves.
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across (£, ) and along (E)) the template show that the LSPRs at
different spectral positions can be selectively excited. Evidently,
this selectivity is defined by the anisotropic particle shape and
coupling along or across the templates. We have probed the
plasmonic resonances by Raman spectroscopy with a laser
excitation at 632.8 nm, as shown in Fig. 2(b). Using different
polarisations Raman signals changes. We analysed the
687 cm ! Ayq vibrational mode of CoPc.*® The A;; mode has
a signal strength of 0.46 intensity counts mW ' s™' on
unmodified silicon (see ESI Fig. S2t). As discussed before, the
Raman enhancement is given by the intensity ratio of the
plasmonic structures with respect to the Raman signal of the
molecule on a flat (100) silicon surface used as reference.
Enhancement factors from ~150 up to ~1200 are observed from
the gold nanostructures. SERS enhancement factors (EF) of 10°
to 10" are reported for silver nanostructures deposited on
rippled silicon templates.>”*® Silver nanostructures are well
known for their strong plasmon resonances. The benefits of
gold nanostructures are the biological and chemical stability
and bio-compatibility.

On the first view, our shown SERS effects are comparably low
to other SERS substrates and colloidal particle systems.*>*'>* In
the other hand, SERS enhancement factors are typically given by
comparing the ratios of Raman intensities and number of
molecules of the SERS substrate and a reference substrate. In
the scenario when molecules are diluted in a liquid, the surface
affinity of molecules can greatly differ between the reference
substrates and the plasmonic nanostructures; this often leads
to SERS EF overestimation.” The benefit of the used method in
this study is that the SERS enhancement factors can be deter-
mined without the need to make assumptions about the
molecule concentration.?® In this way we can directly probe the
plasmonic field enhancement via the Raman enhancement
factors. This allows the possibility for direct comparison of
SERS EFs between different substrates. In comparison to
similar self-assembled gold nanostructures our reported SERS
EFs are higher or comparable.**>¢ Further, since we can
measure and compare the SERS EFs on different substrates, we
can directly connect spectroscopic measurements with the
Raman field enhancement factors to probe the plasmonic
effects on the substrate.

Table 2 summarizes the values for (¢,) and SERS enhance-
ment for 632.8 nm excitation wavelength. The highest
enhancement is obtained for £ | This means that the signal is
dominated by the area between the gold chains since the plas-
monic resonance of that direction is excited at this wavelength.

Table 2 Summarized Raman enhancement factor EF and pseudo
dielectric functions (e;) for £, and E; polarizations at excitation
wavelength at 632.8 nm

Sample  EF; EF, (&) (e).  EF,/EF| (&), */(er))”
30 nm 289 313 162 202 1.1 1.1
60nm 38 1135 121  17.8 2.9 3.0
90 nm 144 314 85 111 2.2 2.0
120nm 837 1032 5.2 7.0 12 1.8
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For gold thicknesses of 60 nm and 90 nm, a clear anisotropic
Raman signal is observed, while for the 30 nm and 120 nm gold
thicknesses, the Raman signal anisotropy is less pronounced.
These results are in agreement with the absorption due to LSPR
deduced from the SE results. We have registered the largest
Raman signal amplification for the excitation with 632.8 nm
and E, polarization. The SERS anisotropy EF | /EF is in good
agreement with the square of ratio of the pseudo-dielectric
function (e,) , */{e,);” at this spectral position. The amplitude
values of the imaginary part of pseudo dielectric function at the
excitation wavelengths are not directly representing the plas-
monic excitation strengths. The reason is, that the local plas-
monic field enhancement also depends on local geometry of the
plasmonic particle. For example, we also observe a strong off-
plasmon resonance SERS effect on 120 nm gold structures.
This is reasoned by strong electromagnetic field enhancement
inside narrow voids (see Fig. 1).

Until know we presented the development of LSPR and SERS
enhancement for different gold thicknesses deposited on
rippled templates. The structures with the most defined
geometry and bidirectional LSPRs are the 30 nm gold
substrates. By additional post deposition annealing, the gold
nanoparticles become more spherical and defined. This reduces
the particle center-to-center distances and particle diameter in ||
direction (see Table 1.). We want to observe the LSPR shift and
the effect on SERS by post deposition annealing. In Fig. 3, we
compare the anisotropic SERS effect of annealed and non-
annealed samples probed by the excitation with three laser
lines (532 nm, 638 nm, and 785 nm). With 532 nm, no clear
anisotropic effect is observable for both samples. The reason is
the off-LSPR excitation, and thus the Raman enhancement is
rather low.

For 638 nm excitation, we see a clear anisotropic SERS effect
on the annealed sample and a high enhancement for the E
polarization. For the non-annealed sample, a high SERS
response for E, is obtained. This situation reverses for the
785 nm excitation. Here, for the non-annealed sample, a very
high SERS enhancement is obtained for the E direction.

This is a good example for a sample that supports LSPRs
excited under two different laser lines which that can be
selected by polarization. The 785 nm excitation does not match
a LSPR peak of the annealed sample and thus the observed non-
resonant SERS enhancement is low and in good agreement with
the SE results. The difference of (¢,) is shown in Fig. 3(b). Values
below zero show an increased LSPR excitation in E, and above
zero in the E|| direction. The spectral anisotropy shows that the
annealed sample supports an LSPR for E‘H excitation with a peak
around 650 nm. The annealed sample carries two LSPRs
matching the 638 nm and 785 nm excitation wavelength, each
one individually accessible by controlling the excitation
polarization.

Until now, we experimentally characterized the bidirectional
optical properties of the self-organized substrates and probed
the signal amplification with SERS. In Fig. 4, we show the spatial
distribution of hotspots obtained by finite element method
results for the annealed and non-annealed samples. For the
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Fig. 3 Polarization dependent VIS-NIR Raman responses for 30 nm
gold thickness with and without annealing. (a) Raman spectra of 1 nm
CoPc probed by three different laser lines (top: 532 nm, middle:
638 nm, and bottom: 785 nm) for parallel (E}, red) and perpendicular
(E,, blue) polarizations. (b) Difference of the imaginary parts of the
pseudo-dielectric function for parallel and perpendicular excitation
measured for 30 nm gold thickness without (dashed) and with
annealing (solid). Difference below or above zero means that Raman is
enhanced for E | or E; polarization.

annealed sample under 638 nm EH excitation, we can visualize
the plasmonic hotspots along the particle chains.

The LSPR coupling between the particles forces the hotspots
to follow the particles on the ripple structure, even if the
particles are not fully in line with the excitation field. For E,,
alower field enhancement with a weak “far”-coupling across the
ripples is visible. In the simulation of the cross-section view in
Fig. 4(c), it can be seen that a big portion of the electric field is
caged in the native silicon oxide layer between the nanoparticles
and the silicon substrate.* Thus for E | the plasmonic coupling
between the nanoparticles is weak and also because of the large
separation distance between particles by the ripple structure in
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Fig. 4 FEM calculation results of the near-field enhancement of
electric |E/Eq| based on SEM images. The systems modeled corre-
spond to (a) annealed and (b) non-annealed gold samples for two
different directions of the incident electric field (top) FH and (bottom)
E . Scale bars: 100 nm. The particle cross-section visualization of the
annealed (c) and not annealed (d) sample is shown below (scale 30
nm). Simulated spectra of average SERS enhancement (e avrg. |E/Eq|%)
for annealed (e) and not annealed (f) particle geometries for E, and EH
polarizations. Simulated spectra of average SERS enhancement («
avrg. |E/Eo|*) for annealed and not annealed particle geometries for E |
and E; polarizations.

the L direction. Interestingly, even if the particles are tilted
because of the ripple pattern, the weak plasmonic interaction
follows the shortest distance between the nanoparticles and the
dipole-like LSPR field extends into the native oxide layer.

For the non-annealed scenario, the situation becomes more
complicated. For the excitation direction Ej at 785 nm, strong
plasmon hotspots appear especially on particles with an elon-
gated shape. The broad particle size, aspect ratio, and shape
distribution result in LSPRs that can be excited in a wide
spectral range. The chain structure made by interconnected
oval-shaped particles can also contribute to the coupling of
hotspots among particles with different shapes.” As we know
from the experimental ellipsometry and Raman results, the E |
785 nm excitation does not match the LSPRs and thus no active
hotspots are visible. Interestingly, because of the high aspect
ratio of non-annealed particles, a weak plasmonic coupling can
also be seen along the particle rows. We summarize in Fig. 4(e
and f) the geometry average |E/E,|* spectra for both particle
geometries. Since we used a homogenous film of molecules to
probe the SERS effect, the amplification of Raman intensity is
directly predictable by the EFggrs « |E/E,|* averaged over the
whole sample geometry. Our simulated enhancement spectra

This journal is © The Royal Soc Chemistry 2018
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are in good agreement with the measured (¢,) (see ESI Fig. S37)
and anisotropic Raman signal ratios for £, and Ej. The calcu-
lated enhancements are ~1-3 times weaker than the experi-
mentally observed signal enhancements (compared to Table 2).
This is caused by the fact that most of the signal amplification
arises from just a few but very strong hotspots, preferable
between very rough particles, therefore the samples cannot be
fully represented by the FEM calculations.

4 Conclusions

We show a two-step fabrication process to generate gold nano-
structures aligned along rippled templates. These structures
show localized surface plasmon resonances that can be bidi-
rectionally excited. These LSPRs are tuneable by controlling the
fabrication parameters. We demonstrated substrates with
LSPRs fitting laser lines from visible to near-infrared spectral
regions matching the most conventional excitations used in
Raman spectroscopy. We report SERS enhancement of up to
~1200 times. This SERS signal enhancement is comparatively
high for a large-scale self-organized gold films reported in
literature.****¢ Finite element method calculations showed the
polarization and wavelength dependent hotspot distributions
of gold nanoparticle systems for well-ordered annealed particle
films and less well-shaped gold particles deposited at room
temperature are observed.

The biocompatible and chemically stable gold nano-
structures here reported support strong plasmonic signal
enhancement for multiple excitation wavelengths. Because of
the time and cost-effective fabrication routine we report, the
structures are suitable for mass-fabrication and only a physical
vapor deposition system and a low-energy ion beam source are
needed. These two requirements are well-established and
widely used in research and industry laboratories. We believe
that the large-scale self-organized gold nanostructures with
bidirectional plasmonic responses have enormous potential for
chemical and biological sensing applications where a large
number of substrates are needed.
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