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INTRODUCTION

Material and photonic sciences are actively introduced into modern
biomedicine, contributing to the improvement of human well-being, and
making a significant investment to the sustainable development of mankind.
Within the framework of interdisciplinary research and industry, they offer
new classes of materials with unique properties aimed at performing various
tasks, including the creation of biosensor systems for monitoring of the
functional state of individual cells, determination of the concentrations of
drugs, viruses, and bacteria, development of scaffolds, artificial tissues, and
even whole organs.

Generally, the concept of "biosensor" combines (i) a sensing element
for specific capturing of the analyte or determining physical value of interest;
(i) an interface for providing an appropriate working environment for sensing
elements; (iii) a transducer for converting one type of information into another
one (for example, converting chemical bonding of analyte molecule with the
receptor into electric current); and (iv) system for signal readout,
amplification, processing, and analysis. The physical principles underlying the
mechanism of signal conversion serve as the basis for dividing biosensors into
the following types: electrochemical, piezoelectric, calorimetric, thermal, and
optical ones [1]. The latter type has several advantages over the rest. The
optical approach allows for remote, predominantly non-invasive, and non-
destructive data acquisition, leaving it possible to use, for example, the
electrical capabilities of the sensor to determine additional characteristics of
the analyzed system or to control measurement parameters such as
temperature.

Surface-enhanced Raman scattering spectroscopy ensures this
capability and is, by now, a reliable sensing technique suitable for detecting
low concentrations of molecules [2], e.g., pesticides [3] and poisons [4],
studying the interaction between molecules [5] and/or between molecules and
interfaces [6]. Recently, the application of SERS has been extended from
fundamental research to everyday use, penetrating deeper into such applied
areas as biomedicine [7], forensics [8], environment [9], and food safety [10].
SERS provides specific information about the analyte, including its structure,
changes associated with the environment, purity, etc. Fundamental physical
principles underlying the SERS phenomena predict its significant efficiency
and sensitivity down to single-molecule level, but in practice, theoretical
predictions fail because of specific obstacles, which are related to the
fabrication of the platforms aimed at boosting the Raman intensity. Colloids
of noble metal nanoparticles, specifically silver (Ag), indeed, provide



exceptional Raman signal enhancement when forming aggregates of metal
nanoparticle and molecules of analyte caged in between, surpassing many
other analogues, and allowing research at a single-molecule level. However,
stability, reproducibility, and ease of routine use [11] are sacrificed to an
exceptional signal enhancement: colloidal solutions are unstable [12], and
very sensitive to storage conditions [13] (temperature, inorganic salt
impurities, shaking, direct light, etc.).

The other general approach of SERS substrates fabrication bases on the
use of nanostructured surfaces covered with plasmonic nanoparticles (either
immobilized from colloid solutions [14] or created on top by noble metal
sputtering, evaporation or chemical deposition). This allows achieving high
uniformity, large useful areas, controlling the density of hot spots, but losing
in cost and highest limit of Raman signal enhancement. Thus, the design and
fabrication of SERS substrates, required to boost the Raman intensity, is often
a trade-off between stability, cost, reliability, homogeneity, and scalability
from one side and efficiency and Raman signal enhancement from the other
side.

Materials for biosensors meet a range of performance and safety
requirements [ 1]. No matter what the final goal is (either biosensing system or
scaffold implanted in the human body), bio-implied materials are claimed to
possess controllable (i) interface morphology, (ii) physical properties
(viscoelasticity, stiffness, porosity, etc.) [15], and (iii) biochemical
characteristics (chemical stability, biocompatibility, affinity, etc.) [16] to
address high sensing performance and the possibility of integrating this
material into more complex devices. Due to the dominance of silicon
microelectronics, compatibility with silicon photonics is highly welcomed
from a technological point of view [17].

Silicon is the most obvious candidate to serve as an interface of a
biosensor. It has already been employed as a supporting substrate for
plasmonic noble metal nanoparticles [18]. The micro-structuring of a silicon
surface can endow the material with new optical properties, such as increased
absorbance and suppressed reflectance, which, in their turn, can benefit nano-
plasmonic applications, including SERS. Silicon with developed surface
comprising pyramids, needles, cones, holes, pillars, columns, etc., is
collectively referred to as "black silicon". Besides increased absorbance,
specific surface morphology of black silicon can contribute to a directional
growth of cells in vitro by analogy with patterned surfaces [19], a significant
increase in effective surface area suitable for hot spots formation in case of
SERS, and, thus, can support the appearance of many sites available for the
binding of analyte molecules. Over the past decades, several attempts have



been made to adapt black silicon as a biosensor for SERS, but its use has faced
some obstacles. Firstly, black silicon was demonstrated to be non-
biocompatible and showed antibacterial properties [20]. Secondly, the layers
of noble metals, the thickness of which ranged from 100 [21] to more than
1000 nm [22], hardly allow considering the obtained substrates as cheap and
affordable biosensors for widespread use. Despite this, black silicon is still of
great interest for biosensing, since the full potential of this material has not yet
been fully exploited.

Biosensing is inspired by the demands of human health and wellbeing.
According to the World Health Organization, cancer is one of the leading
causes of human death worldwide, counting one in six deaths over the last
years [23]. Theranostics is one of the most promising approaches for cancer
treatment. It combines both diagnostic and therapeutic modalities in one
specific nano-agent [24] capable both of visualizing the tumor and its
destruction. The latter occurs when the agent is activated by some specific
internal chemical (e.g., pH of the cancer cell cytoplasm [25]) or external
physical (ultrasound, irradiation, etc. [26]) stimuli. These nanoagents must be
efficient and safe and solve the everlasting problem of their biodegradation
and further elimination from the body. The development of effective
theranostic methods based on the use of such safe nanoagents supported by
the established mechanisms of their biodegradation, will ensure the
generalization of theranostic approach.

At this stage, affordable, diversiform, and reliable biosensing
components, based on black silicon and relied on SERS, can be successfully
introduced to practical biomedicine, and span their application from accurate
and probe-specific detection of low concentrations of analytes to the analysis
of living cell functions and generalization of therapeutic approaches.

Goals of the research work

The goal of the Thesis is to develop a biocompatible, low-cost, stable, reliable,
uniform, and scalable black silicon-based substrate suitable for SERS of
nanomaterials, biomolecules and living cells by varying surface geometry of
substrate, thickness, and integrity of gold plasmonic layer.



Tasks of the research work

To achieve the goals set above, the following tasks were formulated and solved
within the framework of the Thesis:

1. To demonstrate how the micro- and nano-structuring of a silicon
substrate modified by changing the etching conditions and combined with a
cover of various graphene-based 2D structures affect the cell growth and
adhesion, preserve cell viability.

2. To utilize the biocompatible black silicon covered with a thin gold
pseudo-layer, as a substrate for SERS analysis of small organic molecules and
living cell; estimate specific characteristics of black silicon-based SERS
substrate, such as enhancement factor, uniformity, and sensitivity, provide
specific information about the biochemical composition of glioma cells.

3. To perform numerical simulations and suggest most possible
mechanism of electric filed enhancement provided by the fabricated black
silicon sputtered with 50 nm-thick gold pseudo-layers aiming to explain the
measured enhancement factor (EF) and predict the influence of the
morphology of the black silicon surface and the gold layer thickness on SERS
efficiency; to fabricate and analyze black silicon-based substrates with surface
geometry and gold pseudo-layer of thicknesses estimated in numerical
simulations.

4. To investigate the mechanisms of interaction of carbon-based
nanomaterials with cancer and immune cells, and establish the mechanism of
biodegradation of these nanomaterials after their release from damaged cells
by applying black silicon-based SERS substrate.

Statements of the Thesis

1. Surface micro-structuring, nano- and micro-roughness of black
silicon is tuned by the fabrication procedure and results in: (i) hydrophilic
biocompatible interfaces with cone-like silicon structures for living cell
analysis when produced by cryogenic ICP-RIE technique, (ii) robust
hydrophobic surfaces with dense lace-like silicon structures, suitable for
analytical applications, when produced by RT ICP-RIE.

2. Cone-like black silicon fabricated by cryogenic reactive ion etching
and sputtered with 50 nm gold pseudo-layer, exhibits an enhancement factor
of 108, is uniform at a macroscale and is suitable for a living cell investigation.

3. Silicon core of the black silicon/gold structures and 3D spatial
organization of gold nanostructures endows the black silicon-based SERS
substrate with a pronounced optical resonance in the spectral range 700-800
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nm, which can be further red shifted by the thinning of gold pseudo-layer
down to about ten nanometers.

4. Cancer cells can be destroyed by a photoacoustic mechanism guided
by the interaction of picosecond laser pulses and agglomerates of carbon
nanomaterials, which subsequently, upon neutrophil activation, are
biodegraded by a hypochlorite-mediated mechanism disclosed using a SERS-
active black silicon/gold substrate.

Novelty and relevance

During the Thesis implementation, the biocompatible black silicon substrate
was fabricated and applied for SERS analysis of living (not fixed) cells for the
first time, expanding the application of black silicon to bio-sensing
applications. Such an expansion of the black silicon usage in the field of bio-
sensing was supported by results of numerical simulations, which predicted
that black silicon covered with ultrathin gold layer should perform well in
SERS. The black silicon substrates covered by 10 nm thick gold layer
drastically reduce fabrication cost, while the presence of silicon/gold core-
shell nanostructures shifts the plasmon resonance to NIR and provides signal
enhancement sufficient to outperform conventional SERS substrates (EF 10°-
10%). We performed a proof-of-the-concept experimental study of cold photo-
thermo-acoustic destruction of cancer cells through photo-activation of
acoustic waves generated by agglomerates of SWCNTs, supporting the
theoretical predictions made in [27] by another research group. These findings
push forward the creation of the additional branch in theranostics associated
with the development of nanoagents whose properties are regulated and
largely determined by the microenvironment of the cancer cell, which are
activated by accessible NIR light and are capable of effectively destroying a
tumor without causing unwanted hyperthermia of neighboring normal tissues.
By applying the developed black silicon-based SERS substrate, we disclosed
the structural changes occurring in carbon-based nanomaterials during their
interaction with immune system cells and suggested the mechanism of
hypochlorous acid-guided biodegradation of carbon nanomaterials,
demonstrating their suitability for cancer theranostics. The obtained results
pave the way for the transition from complex and expensive laboratory
research to a wide and affordable application of the SERS method in practice
due to the development of a cheap, but stable, reliable, and effective black
silicon-based SERS substrate suitable for various applications extending from
detecting low analyte concentrations to the analysis of the structure of carbon
nanomaterials and living cell functioning.
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1. LITERATURE OVERVIEW
1.1. Materials for biomedical applications: requirements and restrictions

The progress of modern medicine is inextricably linked to the development of
the material and nanomaterial sciences [28]. At the micro- and macro-scales
new classes of materials are constantly being introduced in the form of
artificial tissues, implants, supporting basis for creating new organs,
microelectrode systems for restoring signal transmission in the brain or
innervation of various types of muscles (for example, electrical heart muscle
stimulators), etc. At the nanoscale, nanomaterials have already formed a whole
class of compounds used to image, diagnose [29], and treat several diseases
[30], including cancer, and are also applied for wound healing [31], [32], tissue
repair [33], [34], antibacterial treatment [35], tackling the problem of
antibiotic resistivity [36].

The development of materials for the medical domain encounters
several strict requirements, which must be met, otherwise failure to comply
with these requirements can provoke serious inflammation, tissue necrosis and
rejection of the employed material. Any material for biosensor or any other
material which faces living cells or tissues, must provide good attachment of
cells, their viability, preserve sterility, and be preferably integrated in silicon
photonics to support generally accepted silicon-based microelectronics. The
properties of the material-cell interface define the range of potential effects.
For instance, contact between granulocytes (cells of immune system,
including neutrophils, eosinophils and basophils) and the surface affects the
production of reactive oxygen species, the key process in the inflammatory
response [37], [38]. Platelet activation, aggregation and blood clot formation
during blood vessel injury is also triggered by the interaction of specific GPIb
receptors with immobilized surface receptors vVWF after cell adhesion [39].
The cell adhesion to the extracellular matrix and other cells also plays a crucial
role in defining stem/progenitor cell proliferation, differentiation, and
migration, which are involved in tissue self-renewal or repair processes [40].

The cell-surface contact and, as a result, cellular structure and function
is mostly guided by three features of the microenvironment: its stiffness
(mechanical properties), morphology (or topology) and surface chemistry [41]
(Figure 1).

Each organ is characterized by a distinct value of stiffness defined by
specific content of ECM and cross-linking proteins and interrelation between
cells and the matrix of specific stiffness regulates, e.g., the early stage of stem
cell differentiation [42]. The increase in the substrate stiffness and adhesion
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energy density results in traction force and cortical tension increase leading to
mechanosensitive channels (MS) opening, water and ions expelling and up to
50% cell volume decrease and spread area enlargement, which, in turn, results
in higher contractility of actomyosin cortical layer [43]. Changes in substrate
stiffness also cohere with integrin expression and regulate the process of hUC-
MSCs differentiation into myocardium [44].

Existing problems... to the interface:

O inflammation Z>E| good cell attachment

O tissue necrosis . & O cell viability

Q tissue rejection Y £ Q sterility m’;_

U instability in bio-liquids @Q’ U be integrated in silicon photonics
=% 2

R .
0\}\ W to surface properties:
Qstiffness QOmorphology Qsurface chemistry

g, ;54

(2

(<]
...se"&\
Wy

to the monitoring method:
Qremote Onon-invasive  dnon-destructive

Figure 1. Requirements that apply to materials for the medical and biological
fields. Created with BioRender.com.

Surface topology regulated by micro-/nano-patterning with linear
groves, nano-posts, pillars, etc., changes the area available for cell spreading,
forcing the cell to adapt its shape and remodel its actin cytoskeleton this way.
Nanotopography of the substrate is employed to enhance the detachment force
of low-spread osteoblast-like cells, while micropatterning induces cell
elongation and its reorientation [45]. Patterning of a single crystal diamond
surface with large-scale nanopillar arrays of various dimensions is shown to
support the growth of a network of primary mouse hippocampal neurons with
their preferential spreading along the nanopillar grid axes and excellent
physical adhesion of a cell membrane to the nanopillar apex [46]. These results
suggest a nanophotonic quantum sensing platform for label-free neuronal
activity recording with sub-cellular resolution due to quantum sensing
capabilities of nitrogen-vacancy centers in diamond, allowing real-time
detection of action potentials of neurons.

The cell-surface interaction is governed by cell adhesion molecules
(CAM), which include integrins, selectins, cadherins, nectins, mucins, several
enzymes (such as vascular adhesion protein 1) and some others [47]. Initial
cell adhesion is driven by the electrostatic interaction with the surface,
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initiated by single molecules, and is continued by binding of integrins to the
substrate, cell spreading and maturation of the focal adhesions contacts [48].
Chemical modification of surface with functional groups is one of the
effective routes to regulate cell-surface contact and adhesion-associated
signaling, stimulating proliferation, or causing cell death. Covering the
surface with graphene-like layers (e.g., pyrolytic carbon, PyC, or ensembles
of graphene quantum dots, GQDs, or graphene oxide sheets, GO) may serve
as an effective way to modify the surface chemistry and to manage the
interaction between proteins and the surface. Such materials often display
many hydroxyl, carbonyl, carboxyl, and carboxylate groups on their surface,
which accelerates the adhesion of the cell to the surface through electrostatic,
covalent, and hydrogen bonds [49].

In the case of materials for light-coupled biosensing devices, one more
significant issue must be considered. Lasers are widely used as an excitation
source in biomedicine. The irradiation of living cells and tissues with coherent
light beams results in a variety of effects, spanning from photobiomodulation,
photochemical interactions, to thermal interactions (e.g., coagulation and
vaporization), photoablation, and photodisruption [50]. The degree of the
light-tissue interaction and possible negative side-effects depend on both the
properties of a biological object (absorption, reflection, and scattering
coefficients) and irradiation parameters (wavelength, pulsed or continuous
mode, laser pulse duration, repetition rate, intensity, exposure time, etc.). In
addition, near infrared (NIR) irradiation is preferred to provide deeper tissue
penetration [51] and overcome light-induced damage that often occurs when
a sample is excited with light in the visible spectral range due to strong light
absorption and rapid overheating of the sample. For instance, living cell
irradiation with a laser source with wavelengths of 488 and 514.5 nm and 5
mW power induces cell overheating and death, while 785 nm irradiation for
more than 1 h with 115 mW power does not affect cell viability [52].

It is worth noting that the materials, even those which are widely used
in clinics now, still possess unfavorable drawbacks, such as tissue scar
formation or inflammation, forcing the research of suitable alternative
materials among both newly developed and traditional ones. In this regard,
biocompatibility, and the possibility to use these materials as scaffolds with
tunable properties ensuring the control of cell and tissue growth, as well as
application of NIR radiation in light-coupled biosensors, are the key
requirements for biomaterials.

To sum up, the development of new materials and nanomaterials is
crucial for advancing modern medicine, ensuring imaging, diagnosing, and
treating diseases, including cancer, wound healing, and tissue repair. Although

14



much effort has been put into this area, inflammation, tissue rejection, material
instability and chemical reactivity still accompany the integration of
functional materials into the biological environment. Thoughtful design of
surface properties as well as surface patterning and creation of specific
structures, able to govern cell-surface interactions, may correct and regulate
cell behavior and function and, thus, in future, will enable the transition to
safer, more durable, and efficient biomedical materials.

1.2. Surface-enhanced Raman scattering spectroscopy

Light-tissue interaction is a complex process, which includes reflection at a
material interface, refraction inside a tissue with a refractive index different to
that of the external medium, absorption of photon energy, and scattering of
photons in the material. The probability of inelastic scattering, during which
an exchange of energy between the photon and the scattering object occurs, is
lower than that for elastic scattering by a factor of about 10° [53]. The major
inelastic scattering process is Raman scattering, underlying methods such as
Raman vibrational spectroscopy and surface-enhanced Raman scattering
(SERS) spectroscopy.

Raman spectroscopy is an accurate technique which allows specific
detection and analysis of chemical compounds through analysis of vibrational
spectra of molecules serving as compound ,,fingerprints®. It is commonly used
in biosensing [54], in part, due to its ability to utilize NIR radiation. Raman
spectroscopy also eliminates the need for specific sample preparation and
keeps the object intact [55]. The sensitivity and accuracy of Raman
measurements can be greatly enhanced through the use of specific substrates,
composed of noble metal nanostructures, that support Raman signal
enhancement and form the basis for SERS implementation.

1.2.1. Physical principles underlying SERS

The technique of SERS involves leveraging the amplified local field
enhancements, which occur on metallic plasmonic surfaces under specific
conditions to intensify the Raman scattering signal of molecules located at or
near the surface [56]. Therefore, SERS combines two main pillars: Raman
scattering and local filed enhancements provided by the implication of
substrates with special properties.

Pillar I: Principles of Raman spectroscopy
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In elastic Rayleigh scattering (size of scattering objects << incidence
wavelength Ainc) the incident and scattered photons have the same energy, and
the molecule after the scattering event remains in the same energy state as
before scattering, and therefore the scattered photons do not carry significant
information about the internal structure of the molecule. In contrast, Raman
scattering is an inelastic one [57]. In inelastic scattering, the energy of a
scattered photon is different from that of the incident one, which is due to the
molecule transition between vibrational/rotational levels. The process can
occur without electronic transitions and direct absorption of the photon by
molecules, allowing to apply as an incident irradiation the light from the
spectral region, where the sample is transparent (e.g., NIR in case of biological
objects) (Figure 2).

(a) Stokes Raman scattering (b) Anti-Stokes Raman scattering
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Figure 2. Schematic illustration of inelastic Stokes (a) and anti-Stokes (b)
Raman scattering process on a simplified Jablonski diagram. The incident
photon energy is %w;, the scattered photon energy is %ws, the energy of the
transition between vibration levels is %w,; vo indicates the ground vibrational

electronic state, S; is the first excited electronic state (singlet states).

The phenomenon of Raman scattering has both phenomenological and
quantum descriptions. In terms of the phenomenological (classical) approach,
the electromagnetic field originates from oscillating electric dipoles. The
scattering process occurs when the primary incident electromagnetic field
disturbs the electronic charge distribution in molecules inducing the dipole
moments both in polar and non-polar molecular systems, and the sum of these
dipole moments is considered as a source of a secondary electric field
irradiated by the molecules, or the scattered light [57], [58].

The induced dipole moment can be written as
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Bina = aE = aEg cos(wyt), €Y

where Hinq is the induce dipole moment, E = E cos(wt) is the incident
electromagnetic field oscillating with the frequency w and amplitude £y, a is
a polarizability tensor (a second rank tensor) of the molecular system which
describes to what extent the incident field can disturb the electrons of the
molecular system with respect to their equilibrium states (states before
electromagnetic perturbation). Polarizability, in turn, is non-static and can be
expanded into a Taylor series around the equilibrium nuclear geometry Qo, as

0°ayj
(Ofu)o‘*‘Z(aq ) qx + 22(6q(2q> aq + -, (2)

where {g;}, i = 1, N are individual normal modes and each normal coordinate

follows:

oscillates with amplitude q? and individual frequency e, ie., q; =
g’ cos (wqt); (@;j)o is a polarizability tensor at the equilibrium state; the
subscript 0 indicates that the derivative is taken at the equilibrium position
[59]. Reducing the number of normal coordinates to one normal mode ¢; and
leaving only the linear component of a Taylor series, without loss of
generality, induced dipole moment along the normal coordinate ¢; can be
expressed as follows:

w(t) = [“0 + (j—j)

q- cos(a)qit)] Ey - cos(wgt) =
o

=aqy ' Ey - cos(wyt) +
Rayleigh scattering

o (aai> 0. t] +
5 (5 40 B cosl(n = w1

Stokes Raman scattering

1 /0q;

+o (a—ql) q; + Eo - cos[(wo + wg,)t]. ®3)
i7o

anti—Stokes Raman scattering

Therefore, inelastic Raman scattering occurs in case when the
derivative of the polarizability taken along the normal coordinate g; is non-
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a .1 . .
Zero (i) # 0, providing the Raman scattering selection rule for molecules.
ai

Phenomenological description is useful from an experimental point of view as
it explains the phenomenon of Raman scattering in terms of polarizability and
covers such important issues as symmetry of molecules and selection rules,
later becoming very important in SERS implementation.

The electronic structure of molecules is accurately described by
quantum theory and explains some issues which are not disclosed by the
classical approach. In terms of a schematical representation of a quantum
perturbation theory, designed to describe the phenomenon of Raman
scattering, the latter is often a two-step process: (i) absorption of an incident
photon accompanied by a molecule transition to a virtual higher-energy level,
which in general does not exist and is a form of a mathematical construction,
and (ii) spontaneous emission of the incident photon. If the virtual state
coincides with the existing electronic level, the process of scattering can be
enhanced significantly, and it refers to so-called resonant Raman scattering
(RRS). The scattered photon may have energies both lower and higher
magnitudes than that of the incident photon, although the latter is much
weaker. Lower energy (Stokes process) corresponds to the case of excitation
from the vibrational ground state (v=0) with relaxation through the virtual
state to the first excited vibrational state (v=1), while higher energy of a
scattered photon (anti-Stokes process) corresponds to the excitation of the
molecule from the first excited vibrational state with relaxation through the
virtual state to the ground vibrational state (v=0) [57].

Pillar II: Role of local field enhancement

SERS is a surface spectroscopy technique, which means that useful
signal containing the information about the molecules structure is
accumulated only from the molecules attached to the surface or those being in
the surface proximity. Enhancement of the signal of Raman scattering by
molecules at (or near) the surface is achieved by a significant increase of the
local electromagnetic field that can exist on metal surfaces during their
interaction with the incident electromagnetic field. It originates predominantly
from two EM effects. The first one is associated with the induced dipole
moment Wiqg = aE;,.(wspr) due to a significant increase of the local field
|ELoc| near the metal surface originated from surface plasmon resonances
when the system is excited with the wavelength close to the SPR resonance
one Aspr, (SPR is discussed in section 1.2.2). This dipole would radiate in free-
space (non-proximal to metal surface) energy proportional to |Hinql?,
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resulting in the field enhancement by factor M, .(wspr) =
|ELoc(wspr)|?/1Eo|?%, also known as the local field intensity enhancement
factor. The second EM effect consists in a strong influence of the environment
(metal surface) on the process of the irradiation by a dipole and considers it in
proximity to the surface. It manifests in the radiative enhancement factor,
which is the ratio of the total power radiated by a dipole Pr.4, to the power
radiated by the same dipole in free-space Py and is dependent on substrate
parameters (geometry, optical properties, dipole orientation and its emission
frequency wgr: Mgaq(wgr) = Praa(wgr)/Py(wg)). Total enhancement factor
for a single molecule (SMEF) is often considered as:

SMEF = My, (wspr) - Mpaa(wg) =
= {let us assume that My, (w) > M}, (w)} =

N |E Loc(@spr) | . |ELoc(wr)|?
|Eol? |Eo|?

~ {approx. wp ~ wspp} =

- |ELoc(@spr)|* (5)
|Eo|*

The last formula is known as a |E|*-approximation and is, despite its
very approximate value, useful quantitative estimation, which forms a bridge
between computational electromagnetics of SERS and experimentally
obtained results [60].

The enhancement of the electromagnetic field on the surface of the
metal may have two possible mechanisms: the electromagnetic (EM) and the
chemical (CM) ones [61]. The EM mechanism is applicable to all analytes and
relies on the phenomenon of surface plasmon resonance (Section 1.2.2).
CM is probe-specific, applicable not for all analytes. It also requires the
formation of the chemical bonds between the investigated molecule and the
substrate material. This bonding affects the analyzed molecule’s polarizability
under laser irradiation excitation and, subsequently, the intensity of Raman
scattering.

SERS enhancement factor (EF) is a key quantitative characteristic of
different systems designed and fabricated to boost the Raman signal. It is used
to evaluate the efficiency of SERS substrate. The experimentally measured EF
gives the enhancement of the Raman signal with respect to one obtained for
the same molecule under non-SERS conditions.
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Basing on the origin of SERS enhancement, the EF is considered as a
multiplicative contribution of (i) electromagnetic (EM) enhancement factor
(Fem), which is considered as the main one, and (ii) chemical enhancement
(CE) factor, EFcpem, which contribution is supposed to be much smaller than
that of EFem. Experimentally determined EF is a combination of EFs of all
possible origins [60]. However, as it was already mentioned, the contribution
of EFchem to the total EF does not exceed 10°-10% while EFpy provides up to
10" times enhancement and can be regulated by the design of plasmonic
nanostructures.

The SERS EFs often vary significantly over the substrate as it depends
on the proximity of the analyte molecule to the region of very large local field
enhancements, called ‘hot spots’, which, in turn, is determined by the
geometry of the plasmonic nanostructure and the type of the substrate and can
be spatially limited at nanometer scale. High non-uniformity of ‘hot spots’
and, as a result, strong variability of EFs is beneficial for some approaches
like single-molecule analysis, while for most analytical applications it is an
obstacle. Measurement of averaged EFs, which reflect the average properties
of the substrate, turns to be an acceptable solution to the existing problem.

The SERS EF experimental estimation often relies on the following

formula:
IsgRs /
NSur f

EF =
IRS/
NVol

(6)

where Isgrs is intensity of SERS signal of the analyte molecules, Ng.y is the
number of analyte molecules adsorbed on the surface, Ny, is the average
number of analyte molecules in the scattering volume for the non-SERS
measurements, /zs is Raman signal intensity for non-SERS measurements. It
is also must be considered that the SERS EF for substrates depends on many
factors, including excitation wavelength 1;, wavenumber v, for which the EF
was calculated, Raman polarizability tensor &, molecular orientation,
substrate orientation with respect to the incident light polarization, and
scattering configuration [60].

Although this estimation (6) is considered as one of the best for
measuring average EF of the substrate, it is not strictly rigorous and there are
some circumstances that make the assessment complicated and reduce its
accuracy. Firstly, the coverage of the substrate should be a monolayer of
molecules or beyond, as the Raman signal enhancement decreases
significantly with the distance and is sufficient only for molecules in the
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proximity of the surface. Secondly, in some cases, estimation of the Ny, value
may also face some problems.

Nevertheless, |E|*-approximation and SERS EF calculations according
to formula (6) are simple methods of theoretical and experimental evaluation
of SERS efficiency, respectively, and allow one to accurately describe real
systems, which makes these approaches extremely important from a practical
point of view. The availability of robust and reliable methods for the
qualitative and quantitative evaluation of the amplification properties of
various SERS materials is essential to enable the rapid adoption of this
sensitive and analyte-specific method into routine laboratory testing, replacing
costly, less selective, and difficult-to-use techniques.

1.2.2. Conditions of surface plasmon resonance

Noble metals, such as gold, silver, copper, and aluminum, posses specific
optical properties, which make these metals suitable for SERS applications
[62]. These particular properties originate from the presence of free
conduction electrons, or free-electron plasma, which governs the optical
response of noble metals [57]. Collective dipolar oscillations of conducting
electrons excited by the incident light are called surface plasmons (SPs). If the
frequency of the incident electromagnetic wave coincides with the
eigenfrequency of these collective oscillations, the phenomenon of surface
plasmon resonance (SPR) occurs (Figure 3). In case of the particle smaller
than the wavelength of the excitation wave, SPR is denoted as a localized one
(localized surface plasmon resonance, LSPR). A full analytical solution of the
problem of a metallic sphere which interacts with an incident plane wave is
provided by Mie theory [63] and such LSPR resonances are often described
in terms of extinction, scattering, and absorption cross sections (Gev, Osca, and
oabs, respectively) and local electromagnetic field enhancement [62].

In electrostatic approximation, the electric field E;, around the spherical
metal nanoparticle, induced by the incident field (constant field Ej.), can be
expressed as:

Eo=(1-@ ~ém\p 7
in—< —m> inc » 7

where €(w) is a metal dielectric function dependent of the frequency, €, is a
dielectric permittivity of the surrounding medium. And the LSPR in the
electrostatic approximation is determined from the condition that the
denominator tends to zero. The same resonance condition, determined by the
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predominant contribution from the electric dipole term, follows from the
accurate solution of the electromagnetic problem according to Mie theory.

@ | (b)
E . SERS

;E $ -+
® Electrons ® Holes
& Noble metal sphere

3

Analyte

Figure 3. Schematic diagram of a local surface plasmon resonance effect (a)
and enhancement of the Raman signal from probe molecule located in the
near-field of the plasmonic nanoparticle (b). Adapted from [64].

Thus, optical response of metals and resonance phenomena are
described in terms of the frequency dependence of the metal dielectric
function, which itself is a complex value €(w). Accurate description of the
optical response can be very complicated and may require different levels of
refinement, because many phenomena can affect the free-electron plasma
behavior, e.g., electron-electron correlations, electron-impurities and/or
electron-phonon interactions, etc. Several models of €(w) exsist. But the most
sufficient in many cases is the Drude model, which is based on the free
electron approximation (electrons are not bound and uniformly and randomly
distributed in metal). The complex dielectric function €(w) in this case is
represented as follows:

w? w? €WV
~ =, 1_—p . 1— D +i coWplo ’ 8
fwr=e < w2+iVow> ‘ < w2+V02> "D @
Re(é(w)) Im(&(w))

2
where w, = /mzee [rad s7'] is an oscillation frequency of the free-electron-
0€o0

plasma charge density (or plasma frequency); ¢» is a constant background real
dielectric function, which takes into account the contribution of the fixed ions
of the lattice (. > 1); yo[rad s™'] is a damping constant, which arises from the
collision of electrons with the crystal lattice and (or) impurities (< ); o [rad
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s!] is a frequency of the incident electromagnetic wave; n [m™] is the number
of free electrons per volume unit; m [kg] is the effective mass of electrons.

The resonance conditions which occur in metals under the interaction
with the incident electromagnetic field of frequency w, are, thus, determined
by both the real and imaginary parts of the complex dielectric function é(w).
As it follows from Formula (8), they are: (i) Re(é(w)) < 0, which is possible
if the frequency of the incident electromagnetic wave is w < w, (A > 2;), and,
simultaneously, (ii) @ is not very small (but yy < ), then Im(é((u)) is also
small. These two conditions make many optical effects, including plasmonic
resonance, be possible for noble metals in visible and NIR spectral range and
are not observed for dielectric materials because of Re(é(w)) € (1,10).

The metal dielectric function depends on the size of nanoparticles, and
it is close to the dielectric function of bulk metal for big enough nanoparticles.
If the size of a nanoparticle decreases down to few nanometers, the dielectric
function of a bulk metal cannot describe the optical properties of the NP
properly [65]. Metal dielectric function is governed by interband (described
in terms of a Lorentz oscillator model) and intraband transitions, which are
described by the free-electron model. This limits the application of free-
electron models (such as Drude model) for the description of real metals. For
the noble metals, the influence of the interband transitions becomes noticeable
in the visible spectral range (1.9 — 3.1 eV). Thus, the complex dielectric
function described by the Drude model should be complimented with
additional interband transition components [66], [67].

The complex dielectric function, being the major parameter, which
describes the optical response of metals under interaction with the
electromagnetic field, allows theoretical explanation and/or prediction of the
experimentally observed surface plasmon-related effects. This allows the
possibility to design the plasmonic materials with a desired, pre-modeled set
of optical features. The relation between the complex dielectric function (for
non-magnetic materials) and complex refractive index (€(w) = 7i(w)?)
makes it widely applicable in practice. Complex refractive indexes of many
materials are available, for instance, in a regularly updated opensource
Refractivelndex.info database [68], which was created in 2008 and since then
has been constantly updated with data available in scientific publications and
from material datasheets provided by manufacturers.

Correct choice of the refractive index 7i(w) and the correct formulation
of the problem of interaction of electromagnetic radiation with the structures
under study (or designed ones) will allow minimizing production errors,
increasing the efficiency of functional materials and predicting hitherto
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unknown solutions to existing practical problems, including the development
of SERS-active substrates.

1.2.3. Computational electromagnetics

Finding the actual solution of the problem of the interaction of
electromagnetic field with nanostructures or their systems of a particular
geometry may disclose the upper limit of boosting the Raman signal from
investigated molecules and structures and provide assumptions on how and to
what extent the SERS-substrate design can be improved. The solution often
comes down to determination of the electric field in near field region, thus
representing the local field enhancement in comparison with the incident
electromagnetic field and allowing for estimation of EF using |[E|*
approximation. This bases on the solution of Maxwell’s equations for
dielectric media comprising metallic nanostructures of different shapes and
requires the use of appropriate dielectric functions of both media, interacting
with the incident electromagnetic field (often a plane wave with linear
polarization), and corresponding boundary conditions. The optical response of
the noble metal nanoparticle is defined by absorption and scattering cross-
sections, calculated through the energy absorbed by the nanoparticle due to
ohmic losses and energy scattered per unit area, respectively.

As the analytically problem of light scattering is solved only for simple
geometries such as spherical particle [69] or infinitely long cylinder [70], such
a problem for other particles and, moreover, surfaces of more complex
geometry can be solved only by numerical methods and provide approximate
solutions. For this reason, several numerical approaches have been developed
and are now actively used. The most popular and widely used ones include:
(i) discrete dipole approximation (DDA), (ii) finite-difference time-domain
method (FDTD), and (iii) finite element method (FEM) (Figure 4).

DDA method is a semi-analytical method, which exists as Maxwell’s
equations’ solvers only. This numerical method considers the object as a set
of cells, each of those is considered as a polarizable dipole. When interacting
with the external electromagnetic field, the induced dipole affects other
neighboring dipoles in the set. Therefore, the solution of a coupled system of
3N linear equations with 3N complex unknowns is needed and, thus, DDA
implementation is often complex. Another complexity arises from choosing
appropriate polarizabilities of the cells, which is related to the dielectric
function € (w) of the material. DDA method gives good predictions of far-field
properties of the system but fails to describe the local field in the nanostructure
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proximity as the solution close to the surface is strongly affected by the
neighboring dipoles, thus, giving artifacts in the solution.

Computational approaches

,‘;{5_‘3 Y QO Maxwell’s equations only
DDA 6% Jees’  OFarfield
‘e b QFails for near-field

b9
/ UTime-dependent Maxwell’s equations
= and other physical problems
i =3A d other physical probl
< FDTD =L@ QOnly symmetric meshing

QOFails in calculation time and memory
requirements

Gold
nanoparticle OMaxwell’s equations and other
FEM physical problems
U Complex meshing
\_ O Far-field and local field

Figure 4. Existing computational approaches, schematic representation of
nanoparticle meshing, and limits of applicability.

FDTD is based on solving the time-dependent Maxwell’s equations
using a finite-difference approach. The method is applicable both for cases of
external electromagnetic field oscillating at a given frequency @ and under a
short pulse excitation. It is worth mentioning that time-dependent calculations,
like in the case of pulsed excitations, are in favor, as FDTD is a time-domain
solver. Nevertheless, frequency analysis is also possible using the Fast Fourier
Transform (FFT). One of the major disadvantages of FDTD is the requirement
to use symmetric meshing of the object, predominantly cubic, although some
approaches to employ, e.g., tetrahedral and hexahedral elements [71], exist. In
the case of complex nanostructures of arbitrary geometry accurate particle
description requires extremely small sizes of mesh, significantly increasing
the calculation time (for 3D simulations it is proportional to ~V(A/dx)*) and
memory requirements (~V(A/dx)*) [72]. The latter often occurs in the case of
nanostructures simulated for SERS.

FEM is a numerical approach for solving boundary-value problems. It
is based on the dividing the continuous solution domain into a finite number
of subdomains, the replacement of the unknown function over the entire
solution domain with a set of simple interpolation functions with unknown
coefficients defined over small subdomains of the entire domain. Thus, the
original boundary-value problem is converted into a problem with a finite
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number of degrees of freedom and comes down to the solution of the system
of algebraic equations [73]. The difference from FDTD is that FEM is
applicable for harmonic electromagnetic fields oscillating with a constant
frequency ®. To obtain the solution for a range of frequencies, the FEM solver
should be applied independently for each given frequency. Nevertheless, one-
frequency solution is less time-consuming than solving the full time-
dependent problem as in the FDTD method. Moreover, FEM is appropriate
for EM problems when objects are meshed complexly with varying
dimensions, which allows for fine covering the proximity of the surface of the
nanostructure and calculating the local field on the metal-dielectric surface
with high accuracy. Thus, FEM is appropriate for solving EM problems for
inhomogeneous and anisotropic objects of various arbitrary shapes and
geometries.

Together with FDTD, FEM can be applied for solving numerous
physical problems, not only EM. Although FEM and FDTD are not
specifically optimized for EM, as DDA method, some software packages and
additional modules targeted to solving EM problems in terms of wave optics
are now being actively developed (wave optics domain in Comsol
Multiphysics [74] based on FEM or Ansys Lumerical FDTD [75] for
simulations of photonic components). These packages are widely used in
research, since they make it possible to explain and even predict the optical
response of nanostructured systems, which is important for solving many
applied problems for SERS.

Summing up, application of numerical methods for solving problems of
the interaction of an electromagnetic field with metal, semiconductor,
dielectric, layered, etc. nanostructures of arbitrary shapes, when an analytical
solution is impossible, makes it possible to predict the optical response of such
structures, select their optimal design and composition, and predict the
efficiency of using these structures for the needs of SERS. Among the
available methods, FEM is the most optimal method that allows describing
arbitrary structures quite simply and qualitatively and providing an estimate
of both the near and far fields. These advantages ensure active use of FEM to
solve applied problems, such as the efficiency of SERS substrates, making it
an indispensable assistant in the development and production of new
materials.

1.3. Types of SERS-substrates

Efficiency of measuring SERS is affected by many factors, such as excitation
source characteristics (wavelength, power, polarization, etc.), configuration
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and type of detection setup, intrinsic parameters of molecules under
investigation (polarizability tensor, Raman scattering cross-section), molecule
interaction with the interface (its adsorption, covalent/non-covalent bonding,
etc.), properties of the environment or media (i.e., refractive index) and
properties and design of a SERS substrate [60]. The factors related to the
measurement equipment and analyzed molecules can hardly be changed over
a wide range of values. But the parameters characterizing the properties of the
SERS-substrate itself can be adjusted to the desired ones.

The SERS approach obviously extends its applications from
fundamental science to practice, including biomedicine, forensics,
environment, security, etc. This has led to the emergence of numerous SERS-
active substrates for analysis and research (Figure 5).

Colloidal solutions Directly fabricated
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Figure 5. Types of SERS substrates.

By now, all the employed substrates can be sub-divided into groups
according to their fabrication:

(1) Colloidal solutions of noble metal nanoparticles [76], magnetic
nanoparticles [77], dielectric-metal core-shell nanoparticles [78],
metal-metal core-shell nanoparticles [79], metal-
dielectric/oxide/polymer nanoparticles (which form SERS sub-
approach known as Shell-isolated nanoparticle-enhanced Raman
spectroscopy, or SHINERS [80]), etc.;

(i1) Nanoparticles from colloidal solutions (all types) immobilized on a
solid flat substrate (Si, SiO,, glasses, etc.) [81], [82] or flexible
substrates (cellulose paper [83], cotton fabric [84], PDMS [85], etc.);

(iii)  Noble metal nanoparticles directly fabricated (e.g., lithographically
produced nanoparticles [86], sputtered with magnetron [87],
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evaporated [88], etc.) on a solid flat substrate (Si, SiO», glasses, etc.)
or in situ grown on a flexible substrate (cellulose paper, cotton fabric,
etc.) [89];

(iv) One-pot self-assembled plasmonic nanostructures [90];

) Noble metal nanoparticles directly fabricated on 3D supporting
substrates (pillar arrays [91], grooves [92], wires [93], holes [94], etc.
in Si, Si0,, glasses, etc.).

Although there is a variety of employed in laboratory research SERS
substrates as well as some substrates are already commercially available, there
are still several drawbacks and limitations which significantly hinder the
introduction of technology into widespread use and keep it quite aside from
realistic implementation.

Commonly used colloidal solutions of noble metal nanoparticles (or
other types of particles as mentioned above) provide significant enhancement
of Raman intensity, but often suffer from poor stability [12], strong
dependance on the storage conditions [13], poor reproducibility and
uniformity [11], [14], and are fairly inconvenient in routine use [11].
Immobilization of nanoparticles complicates the measurement procedure, the
nanoparticle spatial distribution is inhomogenious which reflects in a strong
variation of the Raman signal over the surface, impossibility to apply for
quantitative analysis, short exploitation times of SERS substrates and
disposability in use. Immobilization of nanoparticles on 3D structures as well
as their direct fabrication or in situ growth (e.g., metal-capped structured
arrays [95] and nano- wires [96], Au-coated flexible polymer “fingers” [97],
etc.) greatly benefits in repeatability, while high enhancement is sacrificed.
However, fabrication of 3D structures is often a multistep, complex, and not
cost-efficient procedure and is carried out by electron-beam lithography [98],
[99], [100], [101], focused ion-beam lithography [102], and MACE [103].

Therefore, fabrication of a reliable and sensitive substrate is still an
unresolved issue and is always a trade-off between efficiency and
enhancement factor from one side and stability, reliability, uniformity from
the other side. And both sides face the problem of simplification and cost-
reduction, leaving a lot of space for creating new types of SERS-substrates.

1.4. Silicon-based sensors and SERS substrates: recent achievements and
limitations

Biosensors form a big class of devices aimed at the detection, amplification,
and conversion of information about biological processes into a detectable
signal, most often electrical or optical [104]. Silicon is one of the most widely
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used semiconducting materials in electronics and photonics. A polished silicon
is reflective in the UV [105], visible and NIR ranges [106]. The micro-
structuring of silicon remarkably modifies its optical properties and makes it
highly absorptive in the spectral range from UV to NIR [107], [108],
endowing the material with a deep black color. For this reason, this material
has received its own name "black silicon". The surface of black silicon can be
represented by structures of various shapes, such as pyramids, cones, needles,
pillars, holes, etc., which enhance absorption [109] owing to efficient light
trapping [110]. This effect is complemented by the absorbance caused by the
structural defects in the Si lattice or impurities (specifically sulfur) during
surface micro-structuring [109], which create IR absorbing states in the band
gap and are also responsible for the trapping of photo-excited carriers [111].
Thus, the overall mechanism of wide-range black silicon absorbance
originates from the absorbance by these defects, enhanced by multiple
reflections between the microstructures of black silicon, suppressing specular
reflection (Figure 6).
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Figure 6. Micro-structuring of silicon, acquired light-trapping properties and
related to micro-structuring applications.

There are several methods to achieve nano- and micro-structuring of
silicon surface, including metal-assisted chemical etching (MACE),
femtosecond laser assisted fabrication [110], [112], laser chemical etching
[109], wet chemical etching and reactive ion etching (RIE) [113], which
enables to obtain uniform coverage of the surface with identical structures on
the large scale. The principal mechanism underlying the creation of a highly

29



developed surface is the bombardment of the sample surface with highly
reactive ions from the plasma and a chemical reaction with silicon, which
causes selective erosion of the silicon wafer surface [114].

Application of silicon for creation of 3D micro- and nano-structures,
which serve as a supporting or precursor substrate to form plasmonic
nanoparticles responsible for Raman signal enhancement, is attracting more
and more attention for several reasons. Firstly, silicon is the most suitable
material to be integrated in electronic devices, lab-on-chip systems,
microfluidics, etc. Secondly, silicon is a more malleable material for
structuring than, for instance, cheaper glass materials. The rate of silicon
etching with fluorine radicals is 40 times higher than that of glass [115],
making the micro-structuring of glasses by ICP-RIE techniques more complex
and time-consuming. Silicon also surpasses glass materials due to chemical
and structural homogeneity. Moreover, the charging effects which occur
during etching of dielectrics like glass drastically affect the progress and the
direction of the reaction, significantly complicating 3D and even 2D
patterning of glass materials [116]. Finally, due to the long history of silicon
microelectronics, many approaches to structure the silicon surface exist, and
the technological processes are well established.

Micro-structuring of silicon for SERS is gradually being introduced
into research. In [117] micro-/nano-nested structures in silicon obtained by
MACE with deposited gold nanoparticles allowed reaching a satisfactory EF
of around 10° and providing acceptable performance as part of a microfluidic
cell for almost 120 days of storage. Arrays of silicon nanopillars capped with
noble metals produced by plasma-etching ensured significant Raman signal
enhancement (the authors stated the value of EF around 10'") and sensitivity
[118], but disposable and fragile because of the nanopillar breakage caused by
surface tension upon contact with the analyte. Silicon nanowires fabricated by
a complex combination of nano sphere lithography and metal assisted
chemical etching, coated with gold also outperformed good enhancement with
10% Raman signal variability and picomolar detection limit, although suffered
from the same problem as silicon nanopillars [103].

Black silicon, belonging to the same class of micro-structured
materials, is a simple to implement, cheap and mechanically stable alternative
to the types of silicon described above. Black silicon was discovered
accidentally and has long been regarded as an unwanted side-product [119],
but now its remarkable absorbance has made black silicon a versatile material
for various applications. Among them are solar cells [111], THz emission
sources [120], microfluidic devices [121], antibacterial surfaces [20], [122],
visible light and NIR sensors [111], [123]. Black silicon is cost-effective and
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enables integration into a silicon platform, thus, it has started replacing indium
gallium arsenide and germanium in commercial NIR photodetectors [124].
Hyper-doped black silicon fabricated by femtosecond-laser irradiation is
demonstrated to be a superior ammonia-sensing material [125]. Specifically
functionalized ICP-RIE black silicon provides nitroaromatic compound
detection with 10712 ppt limit by fluorimetric approach with excitation in UV
spectral range [125].

The apexes of the microstructures of black silicon have high curvature
and being capped with noble metals, can serve as active sites for
electromagnetic field enhancement. Microstructures themselves are rigid, do
not deform under the action of surface tension caused by the contact with
analyte. Due to wide-range light absorption, trapping, and localization effects,
specified by surface nano- and micro-structuring, black silicon becomes a
perspective material for designing nanobiophotonic devices. Basic principle
of nanophotonic devices is based on the ability of nanophotonic structures to
tightly confine light near their surface in sub-wavelength volumes (down to
distances of less than ten nanometers), create regions of strong
electromagnetic fields, called ‘hot spots’, resulting in enhanced light-matter
interactions [126]. Surface-enhanced Raman scattering spectroscopy uses this
phenomenon to boost the signal from the molecules of analyte. Plasmonic
excitation can provide Raman signal enhancement by up to 10 orders of
magnitude making this approach immensely useful in numerous vital areas,
where reaching very low detection limits is urgent, such as healthcare [4],
pharmaceutics [127], food safety [10], etc. Black silicon nano- and micro-
structures successfully cope with the function of light trapping, thus, their
combination with plasmonic nanostructures which have the resonance
properties complying with the aims of the research and spatially are co-located
with the molecules of analyte, make them a promising basis for creating
SERS-based type of nanobiophotonic sensors.

The high wide-range absorbance of black silicon is also beneficial for
nanoplasmonic applications. Black silicon performance as a SERS-substrate
was demonstrated for detecting individual algal cells (Chlorella vulgaris)
[128] and rhodamine 6G molecules [21], however, gold layers of 200-400 nm
thickness make these substrates economically less viable and also, possibly,
inferior in properties to other existing materials.

Appropriate choice of the fabrication approach of black silicon can
significantly simplify the production and reduce the cost. MACE, which
allows large-scale production of black silicon, requires using gold (Au), silver
(Ag), aluminum (Al), copper (Cu) and nickel (Ni) as catalysts [129]. Chemical
etching of silicon surface occurs in one step, when metal on the silicon surface
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emerges from the etching aqueous solutions, containing, e.g., metal nitrates,
or in two steps, when, firstly, metals are physically deposited on the silicon
surface (by sputtering, evaporation, etc.) and only then the surface is
chemically etched [130]. In MACE, metal catalyst moves deep in the created
silicon pores and is often located at the bottom of the chemical structures,
making it difficult for analyte molecules to access the hotspot. ICP-RIE
technique constitutes another group of methods of large-scale fabrication of
black silicon and it outperforms other techniques, including MACE. In ICP-
RIE, plasma consisting of highly reactive ion species reacts with the surface
of the sample and causes its selective erosion [114]. ICP-RIE performed at
cryogenic temperatures allows precise control of the surface geometry of
black silicon, sidewall orientation of micropillars, and the level of roughness,
which is achieved through the combination of etching and passivation
processes [131], [132]. Black silicon obtained by ICP-RIE at room
tempterature is characterized by higher porosity and micro-roughness which
is reflected in increased effective surface area, although the micro-structures
themselves are less controllable than those obtained by more complex and
expensive cryogenic ICP-RIE [133]. High effective surface area and 3D
arrangement of noble metal nanoparticles which serve as hotspots may
increase the probability of the analyte molecule trapping in hotspot proximity
and thus improve the sensitivity. All the mentioned above enables an efficient,
simple, large-scale and low-cost approach for the fabrication of black silicon-
based surfaces for SERS.

Considering all the features and specific properties described above, it
can be concluded that black silicon produced by ICP-RIE represents an
excellent alternative material as a support for plasmonic nanostructures for
creating stable, efficient, and scalable substrates. However, existing examples
of the use of black silicon for SERS with relatively thick noble metal layers
and issues of black silicon non-biocompatibility still leave room for the
development of new designs of these nano-micro-structured materials for
cheap, scalable, and applicable for living cell analysis SERS-active substrates.
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1.5. Carbon nanomaterials for cancer treatment: efficiency and safety
concerns

In the past decades, a conceptual shift in cancer treatment has occurred.
Several independent processes, such as tumor imaging, tracking of drug
delivery and cancer treatment, can be realized by using one nano-agent. Such
a combination of diagnostics and therapy is called theranostics. Theranostic
nano-agent must meet the following requirements: (i) be a source of imaging
signal (magnetic, fluorescent, radioactive, acoustic, etc.), (ii) serve as a
therapeutic drug or (iii) be a carrier of a therapeutic drug, and (iv) be
selectively accumulated in the tumor [134] (Figure 7).
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Figure 7. Theranostics conceptual scheme. Created with BioRender.com.

Carbon nanomaterials and graphene derivatives (graphene oxide, GO;
graphene nanosheets; graphene quantum dots, GQDs; single-walled and
multi-walled carbon nanotubes, SWCNTs and MWCNTs) depending on the
process of production or post-processing have enormous surface functional
groups which determine the efficiency of nanomaterial complexation with
biomolecules and, thus, their redistribution between cells in tissue and
accumulation inside the cells [135], [136] as well as their interaction with the
cells of immune system.

Specific properties of both SWCNTs and MWCNTs [137], [138], [139]
make them suitable for theranostic applications. High aspect ratio and nano-
needle shape determines drug delivery capacity [140], functionalization of
CNTs through edge groups makes them selective and capable of targeting
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distinct tumors [141], intense characteristic Raman spectrum allows imaging
CNTs distribution inside the cell [142]. Significant absorbance of SWCNTs in
NIR [143] enables their application in photothermal therapy [144], which
surpasses less specific and more aggressive conventional chemo- and
radiotherapies.

Despite the obvious theranostic potential of SWCNTs, their
implementation as theranostic nanoagents runs into serious obstacles. The
strong Van der Waals interaction between individual CNTs in water solutions
results in their significant agglomeration [145], which induces immune cell
activation (inflammation) [146], [ 147] and platelet activation and aggregation
(thrombosis) in the living systems [148]. Uniform stable water suspensions of
SWCNTs are among the key requirements for efficient and safe theranostics.
Moreover, SWCNTs demonstrate length-dependent cytotoxicity [149], [150]
which is exacerbated by metal catalyst contamination [151], thus, as-produced
SWCNTs of several microns in length are unsuitable for bio-applications.
However, recent advances in mass-production of high-quality extra-purified
SWCNTs [152] of single chirality [153] and the emergence of approaches that
allow gentle cutting of SWCNTs down to 100 nm length [154] together with
their proper and effective functionalization [135] have reawakened interest to
this type of nanomaterials.

Embedding the biological materials (cells, tissues, organs) with carbon-
based nanoparticles (NPs) may change their physical and chemical properties
significantly [155], thus affecting the response of the biological material to the
external stimuli. The increase in thermal conductivity of water suspensions
after the addition of just 1wt.% of CNTs is one of such possible changes [156].
Variation of SWCNTs functionalization or the time of their interaction with
the biological object also determines the localization of SWCNTs either inside
the cell [157], on the cell membrane [158], or in the external media. This, in
turn, together with nanoparticle organization in a form of individual NPs,
ensembles, bundles, agglomerates, will govern the efficiency of theranostics
and define the presence and severity of side effects.

All the applied nanomaterials for theranostics face very similar
problems of their elimination from the body, and inflammation concerns. In
this context, possible pathways of biodegradation and knowing the exact
mechanism of this process could simplify the process of the creation of the
theranostic nano-agents and provide an objective criterion of nano-agents
selection, excluding the materials which are unsuitable and incapable of
biodegradation according to the established mechanisms. At present, very
little is known about the exact mechanisms of possible degradation of
nanomaterial-based theranostic agents in living organisms, although some
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efforts have been made recently to estimate the possibility of destruction of
MWCNTs and SWCNTs when interacting with immune cells [159]. Empirical
data demonstrate the involvement of heme-containing enzyme
myeloperoxidase (MPO) [160], secreted predominantly by immune cells
neutrophils and macrophages, responsible for the generation of various
reactive oxygen species and being the only enzyme, which can produce
hypochlorous acid [161]. However, the exact mechanism of the interaction
between the immune cell and graphene-based nanomaterials is currently
undisclosed and requires additional research.
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2. METHODS EMPLOYED IN THIS RESEARCH WORK
2.1. Materials and reagents
2.1.1. Black silicon fabrication and gold sputtering

For all experiments 2-inch <100> p-doped (bulk resistivity 1-30 Ohm-cm)
silicon wafers of 275 + 25 um and 0.5 mm thickness were used. Gold pseudo-
layers of different thickness were magnetron sputtered. Quartz slides (SiO»)
or polished silicon wafers were used as a flat reference throughout all
experiments. The silicon wafers or quartz slides were cleaned by oxygen
plasma for 2 min before etching or any other further use.

Cone-like black silicon was fabricated using a cryogenic, inductively
coupled plasma reactive ion etching procedure as reported in [131], [162].

Lace-like black silicon was obtained by room temperature (RT) one-
step mask-free inductively coupled plasma reactive ion etching and carried
out in a Plasmalab80 system (Oxford Instruments). Etching process was
conducted using the two-gas mixture of SFs and O, with a flow of 10 and 9
scem, respectively. The dry anisotropic silicon etching was performed for 10
min at 30 mTorr chamber pressure, 15 W of RF power and 200 W of ICP
power. The temperature of the cooling system was 20 °C.

Pillar-like black silicon with different surface profiles was obtained by
cyclic Bosch etching process with the variation of the etching time in the range
of 18-30 min [163], [164]. It is a self-masked process, which consists of a step
of the formation of plasma-polymerized fluorocarbon islands from CsFs gas
[165] acting as a mask, followed by etching with SF¢/O, gas combination. The
temperature of the wafer was controlled throughout the etching.

Gold deposition on top of cone-like and lace-lice black silicon
substrates was carried out by magnetron sputtering for 80 s and 120 s using
the gold target (Target gold, 99.99%, 57 mm, 91017-AU, Electron Microscopy
Sciences, USA). Gold pseudo-layer was sputtered using a Quorum Q150T ES
Plus-Turbomolecular pumped coater (sputter current 50 mA, argon pressure 2
mBar). Gold deposition on pillar-like black silicon was done under the same
conditions when a 25 nm gold layer is formed on a flat quartz slide.

Formation of a self-assembled monolayer (SAM) of 4-mercaptobenzoic
acid (4-MBA, HSC¢H4CO,H; Sigma, USA) molecules on the analyzed
surfaces was done their incubation in a 5 x 107> mol/L 4-MBA solution for 4
h followed by washing with ethanol flow for 10 drying with N», further kept
in hermetically closed containers until experiments. For living cell analysis,
the prepared substrates were additionally sterilized at 110 °C for 2 h and then
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placed in plastic Petri dishes in the cell culture medium DMEM/F12. The
principal scheme of the experiment is presented in Figure 8.
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Figure 8. Fabrication and SERS applications of black silicon.
2.1.2. Green fluorescent graphene quantum dots

Water-dispersed green fluorescent GQDs (CAS 7440-44-0, Sigma-Aldrich,
USA) of topographic height of about 1.0-2.0 nm and diameter less than 5 nm
were used as a model of graphene-based nanomaterial in biodegradation
studies. To exclude osmotic shock to living cells, GQDs were dissolved in
phosphate-buffer saline (PBS) at a final concentration of 2.5-50.0 pg/mL.
PBS was adjusted to pH = 7.2 and prepared as follows: 136.9 mM NacCl, 2.7
mM KCI, 2.0 mM MgSQs4, 2.0 mM CaCl,, 8.9 mM Na,HPO4 x 7H,0, 1.5 mM
KH2POs. The solutions of hydrogen peroxide (H20,, Sigma-Aldrich, USA) or
sodium salt of hypochlorous acid (NaClO, Sigma-Aldrich, USA) (final
concentrations of 0.01-10.0 mM) were used to create model conditions of
neutrophil response caused by carbon-based nanomaterials.

2.1.3. Single-walled carbon nanotubes

HiPCO SWCNTs (Nanointegris Technology Inc., Batch PO568) of a diameter
from 0.8 nm to 1.4 nm (mean value is 1.0 nm) in bundles, purified from metal
impurities (> 98%), with metallic to semiconducting nanotubes ratio of 1:2,
were used for the development of a theranostic carbon-based nano-agent. The
shortening of SWCNTs down to 100—500 nm in length was performed as
described in [154] and functionalized by salmon DNA (Sigma-Aldrich, USA)
(Figure 9). Stable suspension of SWCNTs non-covalently functionalized with
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DNA was prepared through several steps of sonication and centrifugation, in
more details described in Paper (E). SWCNT concentration in suspension was
determined spectrophotometrically as described in [142]. The obtained
SWCNT-DNA suspensions were stable for at least 4 months and were further
applied for cancer cell imaging and destruction.

SWCNTs DNA

Figure 9. SWCNT-DNA complexes which were used in the study. Created
with BioRender.com.

2.1.4. Cancer cell line

Rat glioma cells C6 (ATCC, CCL-107), obtained from ATCC, LGC Standards
(Ogrodowa 27/29, Kielpin, Poland), were grown in DMEM/F12 (Gibco,
USA) medium supplemented with 10% newborn calf serum (Capricorn,
Germany) and 80 pg/mL gentamycin sulfate (BelMedPreparaty, Belarus) at
37 °C, 100% humidity, and 5% CO..

To analyze SWCNT distribution inside the cell, 10° cells per Petri dish
were seeded on pieces of flat polished silicon (1 cm X 1 cm) to avoid strong
background during measurements. When cells were attached to the silicon
surface, suspensions of SWCNTs (in-dish concentration was adjusted to 5
png/mL of SWCNTSs) were added to Petri’s with growing cells 18 or 24 h before
analysis — the time acquired for SWCNT accumulation inside the cells.
Afterwards, the monolayer of cells grown on Si slide was washed twice with
PBS.

2.2. Surface morphology characterization of substrates

Analysis of surface geometry of black silicon, pyrolytic carbon on black
silicon or SiO,, graphene nano-walls, and black silicon sputtered with pseudo-
layer of gold was performed by scanning electron microscopy (SEM) using a
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Helios NanoLab 650 model microscope, manufactured by FEI. The nominal
beam voltage was 3 kV. Geometrical parameters were extracted from
micrographs of investigated samples using open-source software Imagel
[166].

2.3. Raman and surface-enhanced Raman spectroscopies

Raman and surface-enhanced Raman spectroscopies and Raman laser-
scanning microscopy were performed for the following types of objects: living
glioma C6 cells on flat silicon substrates and on cone-like black silicon
substrate, SAM of 4-MBA deposited on all types of black silicon sputtered
with gold and SiO; slides sputtered with gold, living glioma C6 cells with
accumulated SWCNT inside the cytoplasm grown on flat silicon substrates,
GQDs and DOX deposited on lace-like black silicon, sputtered with gold. For
each type of the analyzed object, conditions were selected in such a way as
not to cause damage to the object.

Raman spectral measurements were conducted using three different
setups to accomplish the requirements and specificity of the experiment.
Evaluation of SWCNT-DNA accumulation inside the living glioma cells was
performed with 3D Laser Raman Microspectroscopy System Nanofinder HE
(Tokyo Instruments TII, Japan) in up-right configuration. Microspectrometry
system was equipped with: (i) thermoelectrically cooled CCD UV-VIS-NIR
camera (1024x127, Andor Technology, UK) operated at — 80 °C for Raman
signal detection; (ii) piezo-stage Nanocontrol NS4312 for scanning (mapping
range 100x100x20 pm); (iii) built-in excitation laser 785 nm, 75 mW; (iv)
built-in Czerny-Turner spectrometer with a focal length of 550 mm, maximum
spectral resolution 0.7 cm™'/pixel (measured for laser 532 nm, grating 1800
lines/mm, CCD 1024 pixels); (v) built-in calibration light source (hollow
cathode spectral lamp) to provide accurate spectrometer calibration before
each set of experiments; (vi) grating 1800 lines/mm. Confocal measurements
were performed with a square pinhole set to 25%25 um. To ensure cell integrity
and viability all measurements were performed with water-immersion
objective UMPLFLN Olympus (Japan), 40x, NA 0.8, working distance 3.3
mm, directly in liquid Hepes-buffer solution with cells grown on silicon slides
placed inside the Petri dish (diameter 3.5 cm). The scanning step was 1.5-2.0
um and exposure time was 0.5-2 s, depending on the experimental series.

SERS measurements of 4-MBA SAMs and living cells on black silicon
sputtered with gold pseudo-layer were performed using an inVia confocal
microscopic Raman system (Renishaw, UK) equipped with a
thermoelectrically cooled (—70 °C) CCD camera with the 785 nm diode laser
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used for excitation with grating 1200 lines/mm. For 4-MBA observations the
laser power at the samples was 10 pW (50x air objective). Living cell
detection was performed at 10 mW laser power with 20x air objective. High
power values are associated with energy dissipation and signal loss caused by
0.5 cm of liquid Hepes-buffer solution above the cells in Petri dishes. The
exposure time was 10 s, and the spectra were collected three times to obtain a
better signal-to-noise ratio.

Remaining Raman and SERS measurements were performed with
Raman spectrometer RamanFlex 400 (PerkinElmer, Inc.) equipped with a
CCD camera thermo-electrically cooled to =50 °C. The excitation wavelength
was Aex = 785 nm for all experiments. The diameter of the laser spot was ~200
pm. The working power was 50 mW, otherwise used for laser power and time
exposure screening when the parameters varied from 3.8 to 90.9 mW and from
1 to 60 s, respectively. Spectra were accumulated 30 times per 10 s to exclude
possible irradiation-induced damage of the sample, collected from 5 different
points and then averaged.

2.4. Numerical simulations

The finite element method (FEM) was applied to obtain optical properties of
nanostructures localized on the surface of black silicon. Simulations were
performed with a software Comsol Multiphysics 5.5.

The 3D organization of gold nanostructures on the surface of nano- and
micro-structured black silicon allows achieving all possible variations of the
direction of particle-wave interactions because of multiple reflections from
the sides of silicon microstructures and light-trapping effect of black silicon.
Thus, without a loss of generality, excitation was approximated as a plane
wave with linear polarization propagating from a fixed direction towards the
nanostructure surrounded by air. Size and shape of simulated nanostructures
were taken from SEM micrographs of black silicon sputtered with gold and
was varied to disclose the tendencies in optical parameters change and make
predictions for the future black silicon structure fabrication and for choice of
the conditions for gold sputtering. The dielectric functions of gold and silicon
are static parameters, involved in calculations and taken from the Comsol
Multiphysics library.

The simulations by FEM were performed for the full field formulation.
The initial electromagnetic field was defined analytically as Ein = Eo e ™ (k is
a wavenumber, Ey is the amplitude of the incident plane wave). Meshing sizes
were less than Ain/8 for free space and less than ro/6 for nanostructures, where
Ain 1s the wavelength of the incident light and 1y is the radius of a spherical part
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of a nanostructure, respectively. Simulations were performed for Ai, varying
from 400 nm to 1200 nm. Nanostructures and media were surrounded by a
perfectly matched layer (PML). Then local field Ero(r) was calculated and
|[ELoc/|Eo] was obtained and used for estimation of EF using |E|*-
approximation. Absorption cross-section caps of the particle was calculated to
reveal the resonance conditions (Aspr) for the analyzed structures.

2.5. UV-vis, steady-state, and time-resolved fluorescence
spectroscopies

Measurements of absorbance of GQD water suspensions were performed
using UV—vis spectrophotometer JASCO V-670 (Jasco, Japan).

Fluorescence spectra and time-decay measurements were conducted
using time-correlated single-photon-counting fluorescence spectrometer F900
(Edinburgh Instruments Ltd, UK). The temporal evolution of the fluorescence
of GQD solutions at Asn = 530 nm was fitted using a built-in software
(Edinburgh advanced lifetime analysis software) with the following function:

Fit=A+B,- e/t +B,-e'/, 9)

where 71 and 7, are characteristic lifetimes and Bi, are relevant pre-
exponential factors of the fast and slow components of the fluorescence,
respectively; A describes an additional background intensity. Sample
parameters b, presented in the Results and Discussion section, are relative
fluorescence intensities of the i component and are defined as:

B12712
by, = —~ >~ 10
12 Bit1 + B,71, (10)

2.6. Fluorescence microscopy and cell viability determination

Fluorescent microscopy and light exposure studies of living cells were
performed using rat glioma C6 cells which were seeded at low density (10*
cells per channel) in a 6-channel slide (sticky-Slide VI 0.4, Ibidi, Martinsried,
Germany) with a glass coverslip as a substrate. Measurements were conducted
in Hepes buffer solution of the following composition (in mM): NaCl — 126,
KCI1 -3, MgS04 -2, CaCl, — 2, Hepes — 10, and glucose — 6.

Fluorescent microscopy of neutrophils was performed on fixed cells
prepared as follows. Neutrophils isolated from whole blood were exposed to
50 pg/mL water suspension of GQDs (in PBS), allowed to adhere to the glass
or silicon wafer surface for 30 and 90 min at 37 °C. The slides with adherent
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cells were washed twice with PBS, fixed with 4% paraformaldehyde (Sigma-
Aldrich, USA) for 10 min at RT. The fixed cells were washed with PBS and
deionized water. Adherent and fixed neutrophils were treated with 0.2% Triton
X-100 for permeabilization. The CytoPainter Phalloidin-iFluor 532 (Abcam,
UK) was used to stain the cytoskeleton of neutrophils, the MPO distribution
in neutrophils was assessed using the MPO-FITC antibodies (Beckman
Coulter, France). The stained cells were washed with PBS and deionized
water.

Rat glioma C6 cell viability was determined using fluorescent dye
propidium iodide (PI). Living cells were exposed to the external buffer
containing PI at the final concentration of 10, If the cell membrane damage
occurred, PI penetrates the cell and intercalates into DNA or RNA and
becomes highly fluorescent, indicating cell death.

Fluorescence imaging of cells was performed with an inverted Nikon
Eclipse Ti-U microscope with 60x NA 1.2 WI Plan Apo VC objective (Nikon,
Japan) in the wide-field epi-illumination mode. The choice of the excitation
source and detection configuration was determined by spectral characteristics
of antibodies, dyes or GQDs. Fluorescence images were detected with DU-
897E-CS0-UVB EMCCD (Andor, UK).

Interaction of pulsed NIR laser radiation with living cells which
accumulated SWCNTs was performed by using a home-made CARS system
with a picosecond 1 MHz laser source (EKSPLA Ltd., Lithuania) with dual-
wavelength, combined with Microscope Olympus IX71 and a piezo scanning
system (P-517.3CL, Physik Instrumente GmbH & Co, Germany). An oil-
immersion objective (Olympus, Plan Apochrom., 60X, NA 1.42, Japan) was
used to focus a laser beam on the sample. CARS signal was detected with the
avalanche photodiode (SPCM-AQRH-14, Perkin Elmer, UK), connected to a
multifunctional PCI board (7833R, National Instruments, Lithuania).
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3. RESULTS AND DISCUSSION

3.1 Impact of nano- and micro-roughness of silicon- and graphene-based
substrates in biocompatibility

The development of biosensors, scaffolds, implants, drug-eluting coatings,
and wearable devices involves the integration of living systems into inorganic
platforms. Fragility and sensitivity of living systems impose restrictions on
the physical and chemical properties of the interface between artificial
material and a living cell or tissue. The substrate materials used for living cell
applications need to meet several requirements, including sterility and the
ability to maintain cell viability, while also allowing for real-time analysis and
control of cellular activity.

Within the framework of the present research, astrocyte-like glioma cell
line was utilized to examine the potential of micro-structured silicon-based
materials and their combination with nanocarbon-based cover for directing
cell growth without the use of poly-L-lysine or other biopolymers to control
cell adhesion. Specific focus was on analyzing the cell viability and
preservation of specific cell morphological features and functions when
influenced by the nano-micro-structuring of the bio-interface.

Five candidate substrates with various micro- and nano-roughness
included: (i) cone-like black silicon, fabricated by cryogenic ICP-RIE
technique (production is provided in Section 2.1.1), (ii) cone-like black silicon
covered with 20 nm thick PyC layer — model of 3D micro-structuring with
different nano-roughness because of PyC cover; (iii) flat SiO, covered with
(19 £ 7) nm thick PyC layer (further referred to as “PyC (20 nm)”), (iv) flat
Si0; covered with (42 £ 11) nm thick PyC layer (further referred to as “PyC
(40 nm)”), and (v) flat silicon wafer densely covered with graphene nano-wall
(GNW) film composed of micron-sized vertically oriented graphene flakes.

Tissue culture-treated plastic Petri dishes were used as a control
substrate for living cell growth. To reveal the specific surface morphology
features of the fabricated substrates, AFM, SEM analysis were performed
(SEM micrographs of surfaces are shown as insets in Figure 10). Control of
the PyC and GNW layer quality was made by Raman spectroscopy analysis.
PyC films on the flat SiO, of both thicknesses exhibit grainy structure,
however, PyC (20 nm) is smoother than PyC (40 nm) as it follows from their
AFM-measured parameters (Rg*"™ = 0.9 + 0.2 nm vs. Rg*"™ = 2.9 + 1.3 nm,
respectively). The analyzed black silicon consists of cone-like silicon
structures, which geometrical dimensions are summarized in Table 2. The PyC
film deposition leads to the smoothing of the cone surface which is
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quantitatively supported by the decrease in the roughness from 81 + 12 nm to
75 £ 9 nm (AFM data) and increase of the apex curvature of the cones.

Biocompatibility and affinity of the substrates to living cells was
evaluated basing on the cell confluence (average area occupied by cells in
culture), average cell number, cell spreading (the average area per one cell),
and morphological features of cells (shape, processes, etc.). The characteristic
fluorescence images of glioma cells fixed on the substrates are summed in
Figure 10, and main cell characteristics are summarized in Table 1. According
to these data, in terms of biocompatibility, cone-like black silicon is very
similar to specific tissue culture treated (TT) plastic, which ensures good cell
adhesion and growth. Black silicon provides a higher division rate of cells and
promotes preservation of normal cell morphology. But, in contrast to flat
specifically modified plastic, black silicon possesses nano-roughed 3D micro-
structures.

18.93nm

T

500 nm

Figure 10. Typical fluorescent images of glioma cells grown on substrates
with different roughness: (a) TT plastic (control); (b) cone-like black silicon;
(c) PyC (20 nm) on cone-like black silicon; (d) PyC (20 nm) on SiO»; (¢) PyC
(40 nm) on SiOy; (f) graphene nanowalls on flat silicon. Insets represent SEM
images of the analyzed substrates. Long cell processes are marked with
arrows. Cells were stained with PI. Fluorescence image size is 115 % 115 pm.
Adapted from Paper (A).
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Table 1. Influence of substrate type on the morphological features of glioma

cells.
Parameter TT Plastic PyC (20 nm) PyC (40 nm) Cone-like bSi  Cone-like = GNWs on
on SiO, on SiO, bSi with flat Si
PyC
Conf.l,ze"ce’ 6334103  337+7.1% 5514103 6894282  '20.7+4.6*  11.6+5.1*
Aw. cell
number Per | 34,37 SErlI* 25242.6%  S38EIS2RE FI3.0:0.7%  7.3+04%
200%200
pm’
‘:‘:lfau':flﬁ 703115 864:183%*  875+164%* 513209 636+143  637+280
Elongated, Elongated, Elongated, Spindle- Elongated, ngloded,
spindle- spindle- spindle- shaped, spindle- ocesses
Cell shaped, 2-3  shaped, 2-3 shaped, 2-3  rounded, many shaped, 2-3 por short
morphology long long thin long thin middle-sized long thin wide
characteris- | processes,  processes, processes, processes, processes, ocesses
tics numerous few few many few p o ?
intercellular intercellular intercellular intercellular  intercellular intercellular
contacts contacts contacts contacts contacts ci)rfteacltlsa

Footnotes: Data are presented as the means + SDs. The statistical significance
of the results was analyzed by an unpaired t-test (*p <0.001, **p <0.01, ***p
<0.05 vs. sample on plastic, “p < 0.05, *p < 0.001 vs. sample on black silicon,
bSi). Adapted from Paper (A).

Deposition of PyC layer at high temperature, 1100 °C smooths the sides
of the cones of black silicon, and, as a result, reduces its adhesive properties
which is reflected in weakening of cell-surface contact and decreasing of the
division rate of cells (poor confluence). The same trend is observed for PyC
layers on flat SiO, with some restoration of cell proliferation efficiency for a
thicker PyC layer. PyC layer cover preserves biocompatibility of all
substrates, as cells have their usual morphology characteristics, indicating the
possibility to apply conductive PyC layers for endowing the substrate-cell
interface with photo-electrical properties for future sensing applications.

Further decrease in the roughness of the substrate to nanoscale (as in
case of GNWs) leads to a significant loss in cell adhesion and
biocompatibility. Cells lose long processes, do not form intercellular contacts,
stay round shaped, and thus, lose the ability of effective cell division.

Cell adhesion to the substrate is governed by specific protein complexes
located in the plasma membrane. All the structures, responsible for cell
sensing environment, cytoskeleton dynamics, cell movement [167], have
specific dimensions, which are critical for the formation of the contact
between cell and the interface as they strongly correlate with the interspike
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distance. These structures, or focal adhesions, include sub-micron-sized (200-
500 nm) “dot”-like, or point contacts, in the active edge of the cell, and
elongated “dash” contacts (2—10 pm in length, 0.5 pm in width), which are
partially located under the nucleus [168]. Thus, textures of low- and
intermediate-roughness support cell attachment promotion, while the increase
in the interspike distance to 4.5 pm inhibits cell adhesion [169]. These
assumptions are in a good agreement with the experimental results: the
distance between the prominences on biocompatible surfaces varies from
approx. 70 nm for PyC on SiO, to approximately 260 nm for cone-like black
silicon and PyC film on cone-like black silicon, which allows the cells to
spread successfully over the substrate, establish the neighbour focal adhesion
contacts with surface prominences in any direction. On the contrary, sharp
edges of the graphene sheets in GNWs, which do not reach the minimal size
required for the focal adhesion contact, in combination with their
hydrophobicity, forbid the formation of the focal adhesion contact.

Therefore, the cell adhesion and selective biocompatibility can be
regulated by changing the macro-, micro-, and nano roughness. Cone-like
black silicon is suitable for cell culturing. Surface modification with PyC
reduces cell adhesion by mimicking nanoscale roughness and shielding
electric charges. Lowering the dimension of surface roughness to the
nanoscale using vertical GNW-covered Si wafers results in poor
biocompatibility, but it can be used for the formation of superhydrophobic
tracks for directed neuron network formation. The regulation of cell adhesion
by changing roughness allows for the development of sensor platforms with
unique optical and electrical properties.

Depending on the etching method, different types of black silicon
geometries are obtained. RT ICP-RIE gives less controlled structures than
cryogenic ICP-RIE, however, nano- and micro-structuring of the surface is
more pronounced. This switches the type of black silicon from hydrophilic to
hydrophobic substrate (see Figure 11b and Figure 11c for cone-like and lace-
lice black silicon, respectively), making it unsuitable for living cell analysis
because of the abovementioned reasons (see Figure 11d and Figure 11e), but
does not exclude analytical applications as it allows forced concentration of a
few molecules per surface area unit when the droplet of analyte solution is
dried (Figure 11fand Figure 11g) [170].
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TT plastic Petri Dish Cone-like bSi, 50 nm Au  Lace-like bSi, 25 nm Au
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Figure 11. Hydrophilicity drop-cast test of black silicon, fabricated by
cryogenic ICP-RIE (cone-like, central panel) and RT ICP-RIE (lace-like, right
panel) and possible applications resulting from the property of
hydrophobicity/hydrophilicity: (a) drop-cast on a specific plastic for cell
culture, (b) on a cone-like black silicon and (c) lace-like black silicon
sputtered with gold; (d) dense monolayer of glioma cells grown on a cone-like
black silicon and rarely damaged singular cells on lace-like black silicon (all
the conditions were similar for both experiments); (f) and (g) — schematic
illustration of advantages of hydrophobic (g) over hydrophilic (f) surfaces for
low concentration determination consisting of the spatial self-concentration of
analyte molecules on the substrate after drying. Created with BioRender.com.
Adapted from Paper (B).

This was summarized in the first statement of the thesis: Surface
micro-structuring, nano- and micro-roughness of black silicon is tuned by the
fabrication procedure and results in: (i) hydrophilic biocompatible interfaces
with cone-like silicon structures for living cell analysis when produced by
cryogenic ICP-RIE technique, (ii) robust hydrophobic surfaces with dense
lace-like silicon structures, suitable for analytical applications, when produced
by RT ICP-RIE.
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3.2 Application of biocompatible black silicon with ~50-60 nm gold
layer for SERS of 4-MBA and living cells

Combination of black silicon with gold plasmonic nanoparticles defines such
analytical application as SERS. Covering the cone-like black silicon with
approx. 50 nm gold layer allows applying this type of black silicon for 4-MBA
SAM. It is necessary to mention that before all the experiments, empty freshly
prepared cone-like black silicon/gold substrate was always analyzed in terms
of' the presence of the impurities (see Figure A1, Appendix) and, unfortunately,
complete exclusion of them could not be reached. However, appropriate
storage and implementation eliminates possible effects of contamination on
spectra of measured analytes. Moreover, the fabricated substrates (both cone-
like and lace-like) demonstrate long term stability when storing hermetically
in air atmosphere and ambient conditions (see Figure A2 and A3, Appendix).

Cone-like black silicon covered with gold pseudo-layer provides
significant Raman signal enhancement of 4-MBA molecules when excited
with NIR irradiation (Ax = 785 nm) as compared to the Raman signal
intensities of 4-MBA SAM on flat SiO; sputtered with a gold layer of the same
thickness (see Figure 12a, spectra 1 and 3 from bottom to top) and measured
at the same conditions. All observed bands in SERS spectra are in good
correspondence with the Raman spectrum of 4-MBA (see Figure 12a,
spectrum 3 from bottom to top) and allow the assumption of the 4-MBA
molecule orientation with respect to the surface in accordance with the surface
selection rules. Firstly, there is a significant increase in vi» (a;) aromatic ring
breathing mode (1077 cm™") and vs, (a;) totally symmetric v C—C (a;) (1587
cm!) intensities. The band at 713 cm™! responsible for out-of-plane vibration
of the aromatic ring y (CCC) as well as the band 848 cm™', which corresponds
to B (COQ"), are practically vanished in 4-MBA SAM SERS spectra, which
means that the orientation of the 4-MBA molecules is unlikely the flat one,
since it is the high intensity of these lines that indicates such an orientation.
Moreover, the band 1706 cm™' which originates from C=0O stretching
vibrations of non-dissociated COOH groups is present in the spectra, which
supports vertical orientation of molecules with respect to the interface.

The EF of the cone-like black silicon sputtered with approx. 50 nm gold
layer is estimated to be around 10® (for 4-MBA SAM) according to formula
(9), which gives significant cost reduction and improvement of already
existing approaches, which are based on application of black silicon of other
geometries and require 100-400 nm gold covering. However, because of the
extremely low thickness of gold, there are obvious regions between the cones
and sometimes on their side walls, which are not sputtered with gold. For this
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reason, in what follows, the gold layer will be referred to as a pseudo-layer of
gold.
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Figure 12. Application of cone-like black silicon sputtered with gold for 4-
MBA SAM and C6 rat glioma cells detection: (a) from bottom to top,
comparison of the Raman spectra (fingerprint region) of the 4-MBA SAM on
the SiO»/Au smooth substrate, of 4-MBA powder, SERS spectra of 4-MBA,
and a living rat glioma cell on the cone-like black silicon surface with gold
pseudo-layer; (b) SERS spectra of a living rat glioma cell on the cone-like
black silicon surface with gold pseudo-layer, measured from one point in 1
min intervals (the numbers correspond to the sequence of measurements).
Specific bands assigned to nucleic acids, proteins and lipids are marked with
pink, blue and green zones, respectively. The excitation wavelength is 785 nm.
Adapted from Paper (B).

The nanoscale roughness of submicron regular silicon cone structures
evenly distributed over the entire surface ensures high sensitivity for living
cell detection. Biocompatibility of cone-like black silicon opens the
possibility of obtaining spectra of living cells and visualize the characteristic
bands of nucleic acids, proteins, and lipids in the “fingerprint” region of the
SERS spectrum with low excitation intensities and short times of signal
accumulation (see Figure 12a, upper spectrum). The latter also creates the
potential of applying the cone-like black silicon for real-time monitoring of
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cells, however, strong dependence of the SERS signal on the distance between
the molecule of interest and plasmonic nanostructures, which is constantly
changing over time because of cell mobility, imposes certain restrictions on
the interpretation of the results.

Significant uniformity of the substrate which is reflected high hot spot
density and low RSD of SERS signal (evaluated for 1076 cm™ band in 4-MBA
spectrum, see Figure 13), less than 13%, allows significant stability, reliability,
and reproducibility of spectra of objects of interest (low concentrations of
molecules, living cells, etc.). This was summarized in the second statement
of the thesis: Cone-like black silicon fabricated by cryogenic reactive ion
etching and sputtered with 50 nm gold pseudo-layer, exhibits an enhancement
factor of 108, is uniform at a macroscale and is suitable for a living cell
investigation.

0 e
800 1000 1200 1400 1600 1800
Wavenumber (1/cm)

Figure 13. Uniformity of the cone-like black silicon with gold pseudo-layer
represented as a 2D map of the background-corrected Raman intensity of the
band 1077 cm™'. The map resolution is 1 pm, the numbers 1, 2, 3 correspond
to the separate 10x10 pm maps taken randomly from a 75x115 pum area.
Insets: (top left) a SERS spectrum of 4-MBA monolayer from 1x1 pm pixel;
(bottom right) top-down SEM image of the cone-like black silicon with a gold
pseudo-layer with zoomed 1x1 um area. Adapted from Paper (B).
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3.3 Computational electromagnetics: theoretical substantiation of the
modification of black silicon-based substrates

3D FEM Simulation of the interaction of the plane wave with the gold
nanostructures (see Figure 14), which imitate the gold plasmonic
nanostructures combined in gold pseudo-layer on the micro-structured cone-
like black silicon, allowed explanation and generalization of the obtained
experimental results. Considering four types of nanostructures (the core—shell
Si@Au for imitation of black silicon cone apex covered with gold layer, and
various overlapped, non-overlapped and dumbbell-like spheres for side
nanostructures) allowed the identification of the influence of nanoparticle
orientation (distribution along the cone), silicon core, gold layer thickness,
interparticle gold bridges or free space on the optical response, which defines
the EF of the fabricated substrates. All the geometrical parameters were
extracted from SEM micrographs and varied in a certain range: (i) the radius
of the Si core was 36-44 nm, thickness of the gold shell 13-21 nm, (ii) bi-
spheres of r = 25 nm and distances between the centers from 35 nm
(overlapped) to 60 nm (non-overlapped), (iii) dumbbell structures with r = 25
nm spheres and distances between the centers of 50-60 nm.

@0 8% @@ G
Figure 14. Structure selection for FEM simulations of optical response: (a)
Top-view SEM image and (b) side-view SEM image of cone-like black silicon
sputtered with gold (50 nm) with marked horizontally and vertically oriented
bi-spheres and dumbbell-like particles formed in gold pseudo-layer.
Schematical illustration of the selected types of particles is summarized below
the SEM micrographs. SEM image size is 500x500 um. Adapted from Paper
(B).
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It was demonstrated that isolated gold spherical nanoparticles with the
distance between the centers > 50 nm exhibit one observable maximum in the
absorption cross section, which floats around 510-515 nm, and its position
does not depend on the mutual orientation of particles and the direction of the
incident wave propagation. l.e., at these interparticle distances, gold
nanoparticles behave as individual ones and are characterized by one plasmon
resonance in the visible range (Figure 15¢, yellow, black, and gray spectra,
and Figure 15f).

For thin gold layers (13-21 nm) the presence of silicon core
significantly changes the optical response of the spherical nanoparticle. There
are two absorption maxima, one of which is around 500-510 nm repeating the
case of individual nanoparticle, and the second one is in NIR range and around
one order of magnitude more intense than the first one. The growth of the
silicon core leads to the increase of the oaps in NIR. The thinning of the gold
layer provokes the red shifting of this maximum, although it leads to a slight
decrease in the intensity (see Figure 15a and 15b).

For overlapped bi-spheres, as well as for ‘bridged’ bi-spheres
(dumbbell-like particles), the mutual orientation of particles and the direction
of the incident wave propagation and its polarization governs the optical
response. In case of the co-incidence of the wave polarization and the major
axis of the complex nanoparticle, two distinct plasmon resonances are
observed: transverse (visible range) and longitudinal (NIR) peaks, the latter
being the highest one (see Figure 15¢ and 15d). Changes in the interparticle
distances or the length of the ‘bridge’ between the spheres allow tuning the
intensity and the position of the NIR, which is important for biomedical
applications, because NIR prevents light-induced tissue or cell damage, which
often occurs in case of visible light application. If the major axis of the
elongated nanoparticle is normal to the polarization of the incident wave, only
transverse resonance (visible range) maximum in the absorption cross-section
is observed.

Numerical calculation of the |Ei./Eo| ratios on the interface of the core-
shell Si@Au nanoparticle (44 nm@21 nm), gold bi-sphere (r = 25 nm,
distance 47.5 nm) and gold dumbbell-like structure (ro = 13.5 nm) at the
excitation of Aex = 785 nm gives 21.6, 72.0 and 18.7, respectively, meaning
that the EF (~ |Ei/Eo|*) is estimated to reach the value of EF = 2.4 x 107 (see
insets in Figure 15a, 15c and 15d). The performed numerical simulations
confirm the strong enhancement of the local field surface of the black silicon
covered with gold pseudo-layer and demonstrate that E-filed enhancement
occurs mostly due to the EM mechanism.
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Figure 15. Absorption cross sections as a function of wavelength simulated
for (a) a Si@Au spherical nanoparticle with Si-core radius changing from 34
to 44 nm and Au-shell thickness of 21 nm, (b) a Si@Au spherical nanoparticle
with a constant Si-core radius of 38 nm and changing Au-shell thickness from
13 to 21 nm, (c) the Au bi-spheres (r = 25 nm) having distances between the
sphere centers from 35 (overlapped spheres) to 55 nm (nonoverlapped
spheres) with Eg in the same plane with a large axis of nanoparticles, (d) Au
dumbbell-like nanoparticle (r = 25 nm) with different distances between the
sphere centers (from 50 nm to 60 nm, non-overlapped spheres) with Eg in the
same plane with large axis of nanoparticles, () the Au bi-spheres (r = 25 nm)
having distances between the sphere centers from 35 (overlapped spheres) to
55 nm (nonoverlapped spheres) with large axis normal to Eo, (f) Au bi-spheres
with different distances between the sphere centers (from 50 nm to 60 nm,
non-overlapped spheres) with large axis normal to Eo. False color map insets:
Eio/Eo spatial distribution over Si@Au, overlapped bi-spheres and dumbbell
nanostructures, when NIR maxima assigned to SPPR longitudinal peaks
appear. Adapted from Paper (B).
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Thus, the presence of a silicon core, spatial distribution of gold
plasmonic nanoparticles, and their distinct orientation with respect to the
polarization of the incident wave play the defining role in the tuning of the
intensity and NIR position of plasmon resonance. These results predicted the
possibility to modify the route of black silicon fabrication through its
simplification (shifting from cryogenic to RT ICP-RIE) and cheapening
(significantly reducing the gold consumption down to tens of nanometers). As
a result, two more generations of black silicon-based substrates were
fabricated: lace-like black silicon with 30%-reduced gold pseudo-layer
(Figure 16b and 16g) as compared to initial cone-like black silicon (Figure
16a and 16f) and pillar-like black silicon with gold pseudo-layer of 13-25 nm
(Figure 16¢-e and 16h-j). Morphological features of all types of black silicon,
focal points of fabrication and gold pseudo-layer characteristics are
summarized in Table 2.

Generation Generation

Figure 16. Three generations of black silicon substrates without gold (a-e) and
sputtered with gold pseudo-layer (f-j): (a) and (b) — cone-like black silicon,
(b) and (g) — lace-like black silicon, (c-e) and (h-j) — pillar-like black silicon
substrates. Adapted from Papers (B), (C), and (D).

The comparison of the SERS efficiency of all the generations of
black-silicon-based substrates is performed using 4-MBA SAM.
Corresponding SERS spectra of 4-MBA SAM on cone-like black silicon, lace-
like black silicon, and pillar-like black silicon substrates with gold pseudo-
layers of various thickness are presented in Figure 17. All the substrates
provide good Raman signal enhancement, the obtained spectra of 4-MBA
SAM on black silicon substrates covered with gold pseudo-layers are coherent
with the Raman spectrum of 4-MBA powder (see Figure 17a, spectrum 1 from
bottom).
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Table 2. Summary of black silicon geometrical and gold pseudo-layer
parameters for all types of fabricated structures

Cryo ICP-
RIE,
50 nm,
hydrophilic

497 +21 36 £ 5% 221+24 45+7 30-50

Cone-like

RT ICP-RIE,
10 min,
50-60 nm,
hydrophobic

RT ICP-RIE,
18 min, 639 +£126 | 112+21 110 + 32 4.33% 25+5

25 nm,
hydrophobic
RT ICP-RIE,
25 min, 1625 +£298 | 125+36 | 638+ 155 1.12% 1445

25 nm,
hydrophobic
RT ICP-RIE,
30 min, 2217 +433 | 144+ 63 | 832+377 0.56° 13+4

25 nm,
hydrophobic
Footnotes: * —apex curvature radius; & — difficult to estimate due to significant
structure sharpness; ¥ — difficult to estimate due to huge effective surface
area; * — average diameters of gold hemispheres formed on lace-like surface;
$ — SD is not mentioned because of low value of density. Data are presented

as mean £ SD. Adapted from Papers (B), (C), and (D).

(i) 10.8
1000413 |  n/a® 15052 | n/a%® | (i) 34.6
iii) 109.7

Lace-like

The effect of gold consumption reduction by 30% applied to the cone-
like black silicon structures led to the drop of the intensity of the 1076 cm™!
band by 4.6 times (see Figure 17, spectra 2 and 3 from bottom to top).
According to the simulation results, a decrease in the thickness of the gold
layer leads to a decrease in the EF, but the presence of a silicon core can
compensate for this. Lace-like black silicon, fabricated by RT ICP-RIE, has
more developed surface area than that of cone-like black silicon (see Figure
16b), although less controlled, with many vertically oriented silicon blade-like
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structures, which enable a larger number of hot spots even in case of 30%-
reduced gold sputtered on black silicon (Figure 16g). As a result, the effective
surface area of lace-like black silicon, calculated from SEM micrographs, is
20 times higher than that of cone-like black silicon, and provides 3 times more
intensive signal than cone-like black silicon with the reduced gold pseudo-
layer of the same thickness (see Figure 17a, spectra 3 and 4 from bottom to
top). The EF estimated according to the formula (6) for the band 1076 cm!
gives the magnitude of 1.1 x 10°.
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Figure 17. Comparison of Raman spectrum of 4-MBA powder and SERS
spectra of 4-MBA SAM obtained by using all generations of black silicon
substrates with gold pseudo-layer thickness varied from 30-50 nm to 13-20
nm: (a) cone-like and lace-like types of black silicon (Raman spectrum of 4-
MBA powder, bSi/Au* (cone-like), bSi/Au (cone-like), and bSi/Au (lace-like)
from bottom to top, respectively; (b) pillar-like black silicon (etching times 18
min, 25 min and 30 min from bottom to top, respectively). ‘*’ mark indicates
30% thicker gold layer sputtered on the surface of bSi than in other cases
(bSi/Au (cone-like) and bSi/Au (lace-like)). Adapted from Paper (C) and
Paper (D).

In contrast to cone-like black silicon with gold pseudo-layer, the
molecules of 4-MBA more likely have a flat orientation on the surface of lace-
like black silicon sputtered with gold. There are the bands 849 and 1417 cm™,
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which correspond to bending B(COQ") and stretching v(COQ") vibrations and
indicate the presence of deprotonated carboxylic groups [171]. In dried
samples, both B(COO") and v(COQO") testify to the presence of direct
interaction of COO™ groups with the metal surface, forcing the flat orientation
of the aromatic ring of 4-MBA molecules [172]. The appearance of y(CCC)
out-of-plane ring vibrations at 718 cm™ [171] and a weak aromatic v(CH)
stretching band at 3074 cm™! in SERS spectra of 4-MBA also supports the
presence of flat-oriented aromatic rings due to surface selection rules.

The pillar-like black silicon substrates are obtained through increasing
the etching time during RT ICP-RIE fabrication. Stepwise increase of the
etching time leads to the enlargement of the vertically oriented structures but
reduces the number of smaller structures in the space between the main large
structures (pillars). As a result, the density of pillars decreases, reducing the
number of sites for hot spot formation (see Figure 17b and Table 2). Gold
pseudo-layer of 13-25 nm thickness with numerous cracks in the defected gold
layer on the sides of huge pillars restricts the estimation of EF as the area
occupied by 4-MBA molecules becomes imprecise: not all the free surface is
covered with gold and, as a result, only part of the effective surface is covered
with molecules and serves for SERS. Nevertheless, all three types of
substrates are uniform with RSD, determined for 1588 cm™! band intensity, of
6.1%, 5.2% and 4.3% for pillar-like black silicon fabricated by 18 min, 25 min
and 30 min etching during ICP-RIE, respectively.

Focusing on achieving key performance indicators, which were
formulated in the goals of the thesis and included fast simple and low-cost
fabrication of black silicon-based substrate, high EF (measurable), high
density of hot spots, low gold consumption, uniformity, repeatability, the most
suitable type of the fabricated black silicon substrates is lace-like black silicon.
Although it is not biocompatible, it is the most promising for mass large-scale
production and use for analytical applications. Nevertheless, the tasks which
require biocompatibility, can be covered by using more expensive and
complicated in fabrication cone-like black silicon.

Lace-like black silicon covered with gold pseudo-layer is highly
uniform. RSD determined for 1076 and 1588 cm™! bands is around 6 % over
100%100 pm area with 1 pm resolution and the medians of these bands
intensities almost completely coincide in magnitude with the mean values.
Therefore, in uniformity and hot spot density, lace-like black silicon-based
SERS substrate surpasses the cone-like black silicon-based substrate (see
Figure 18). It is worth noting that the spectra of impurities are also detected
(grey spectra in Figure 18). Impurities on large areas of the substrate are,
unfortunately, unavoidable, and originate from preparatory manipulations
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and/or precipitate from the environment during the measurement itself.
However, the percentage of impurity spectra is 4% (434 out of 10201 spectra)
and can be easily excluded from the dataset, significantly increasing the
accuracy of analysis by leaving only the spectra of probe molecules.
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Figure 18. Uniformity of lace-like black silicon with gold pseudo-layer,
demonstrated using SERS spectra of 4-MBA molecules. Inset: two-
dimensional (2D) distribution of the peak intensity at 1076 ¢cm™ of SERS
spectra of the 4-MBA monolayer deposited on top of the bSi/Au substrate.
Measurement parameters: Aex = 785 nm, exposure time is 1s, laser power is
0.05 mW, scanning step is 1 pm, 50% objective. Adapted from Paper (D).

One of the concerns around SPR-based systems, obviously including
all types of materials for SERS, is the photoinduced thermal effect (PTE).
Overheating of plasmonic nanostructures reduces EF and may lead to the
damage of the molecules of analyte and their degradation [173], [174], [175].
Evaluation of PTE for lace-like black silicon-based substrate was performed
in a wide range of laser powers (from 3.8 to 90.9 mW) and excitation times
(from 1 to 60 s) for 4-MBA SAM in the range of 990—1030 cm™! (Figure 19).
The PTE in the case of 4-MBA molecules manifests itself in the appearance
of monosubstituted benzene derivatives, which indicate that the 4-MBA
molecules are decarboxylated. This, in turn, is reflected in the presence of the
bands at 996 and 1021 c¢m™', which out-of-plane and in-plane ring
deformations of monosubstituted benzene derivatives, respectively (see
Figure 19b and 19¢) [176]. Based on the results, the upper limit for the total
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energy delivered to the analyte, avoiding the PTE, was estimated to be close
to 1.0 J.
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Figure 19. Photothermal effect of lace-like black silicon sputtered with gold
on 4-MBA molecules, reflected in SERS spectra of 4-MBA in the range 990-
1030 cm, caused by laser excitation at the power of: (a) 20.3 mW;
(b) 41.8 mW; (c) 89.3 mW. The time of sample exposure to laser irradiation
varies from 1 to 60 s. Adapted from Paper (D).

Moreover, the fact that the role of silicon as the core for gold plasmonic
nanostructures is among the majors for supporting the NIR plasmonic
resonance and SERS efficiency, thus, EF is not strictly limited by the gold
layer deposition. The efficiency of Raman signal enhancement by lace-like
black silicon with gold pseudo-layer, which was determined for the intensities
of two characteristic bands 1076 and 1588 cm™ of 4-MBA molecules, over 20
months of storage. These intensities decreased by less than 5% after 120 days
and by 40% after the whole storage period.

Raman signal enhancement occurs from molecules in the proximity of
the surface of the substrate. Thus, most SERS substrates are disposable ones
without any options of being reused, because the elimination of covalently
bonded or electrostatically absorbed molecules is complicated. The cleaning
of the effective surface can lead to the modification of the metal surface and/or
destruction of hot spots. Mild oxygen plasma cleaning at room temperature
(widely accessible in laboratories) was applied to refresh the surface of lace-
like black silicon with a gold pseudo-layer. Elimination of residues from the
effective surface of the substrate occurred after 35 min of oxygen plasma
treatment. Thereafter, the substrate, rinsed in deionized water and dried, can
be further reused up to 10 times (see Figure 20a).
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Figure 20. Re-using of lace-like black silicon with gold pseudo-layer: (a)
SERS spectra of covalently bonded molecules of 4-MBA on the bSi/Au
substrate over 10 reusability cycles; (b) from bottom to top: Raman spectrum
of DOX (powder), spectrum of 107> M of DOX deposited on SiO»/Au, SERS
spectrum of 10> M of DOX on bSi/Au substrate before oxygen plasma
cleaning, spectra of bSi/Au substrate after 15 min of oxygen plasma treatment,
and SERS spectrum of 107> M DOX on the reused bSi/Au substrate. Inset in
(a): dependence of the 1076 and 1588 to 521 cm™! intensity ratios on the
number of cycles of reuse. Adapted from Paper (D).

The recycling induces gold layer oxidation (manifested in the growth
of 560 cm™! band, which is assigned to v(Au-O) [177]). In [178] it was
demonstrated that treatment of gold nanoparticles with O, flow under
conditions of 160 W output power and 600 mTorr in-chamber pressure
resulted in the formation of 0.8 nm layer of AuQOy after 30 minutes of exposure
with the saturation of the layer thickness up to 1.2 nm after 50 minutes of
exposure. In our plasma-cleaning experiments the experimental parameters
were set as follows: output power 12.5 W (output current 48 mA, output
voltage 260 V), in-chamber pressure 0.1 mbar (or 75 mTorr) for air flow,
meaning that the partial pressure of O, was around 15.8 mTorr. As the output
power was 12.8 times lower and in-chamber pressure was 38 times lower than
in [178], one can expect that the formation of AuOx layer of ultimate thickness
of 1.2 nm will be reached after several cycles of plasma cleaning, as one cycle
takes 35 minutes, although additional structural studies of the AuOx layer were
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not performed in terms of the Thesis and assumptions are made on the basis
of the available scientific data from other research groups. Even though the
oxidation reduces the number of sites for molecule binding it will not modify
the plasmonic properties of gold nanostructures drastically. Moreover, such
‘mild’ plasma does not reduce the gold layer itself, thus this will not
significantly affect the Raman signal from the supporting silicon layer. For
this reason, silicon band was chosen further for normalizing the intensities of
SERS signal arising from adsorbed molecules of 4-MBA. It is not affected by
oxygen plasma cleaning and its usage as a reference allows excluding possible
laser intensity fluctuations in different experiments.

The relative SERS intensity of the characteristic bands 1076 and 1588
cm’! with respect to the intensity of the silicon characteristic band 520 cm!
decreases less than by 5 times in the fifth cycle of use and does not change
over subsequent uses, which could be probably associated with the saturation
in the AuOyx layer thickness. Besides the intensity decrease, the EF is
acceptable for analyte molecule detection. Sensitivity of the reused substrates
can also be improved by collecting spectra over large areas with further
integration of the signal, which becomes possible due to high density and
uniformity of hot spots [179].

The concept of reusability of lace-like black silicon with gold pseudo-
layer has been confirmed for molecules which are not covalently bonded to
gold surface, such as molecules of doxorubicin (DOX). Firstly, lace-like black
silicon is suitable for SERS-based detection of low concentration of DOX
solutions. The SERS spectrum of 10 nM of DOX is presented in Figure 20b
(spectrum 3 from bottom) and it is in good agreement with Raman spectrum
of DOX powder (Figure 20b, spectrum 1 from bottom). Oxygen plasma
treatment of the substrate with adsorbed DOX molecules for 15 min
completely regenerates the substrate. Reuse of the substrate for the same 10
nM DOX detection gives SERS spectrum of DOX with almost the same line
intensity. However, some gold oxidation occurs and should be considered
when reusing the substrate.

Summing up all the above, the third statement of the thesis was
claimed: Silicon core of the black silicon/gold structures and 3D spatial
organization of gold nanostructures endows the black silicon-based SERS
substrate with a pronounced optical resonance in the spectral range 700-800
nm, which can be further red shifted by the thinning of gold pseudo-layer
down to about ten nanometers. These results ensure a simple and low-cost
fabrication of effective and reusable diversiform black silicon/gold structures
for SERS.
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3.4 Carbon-based theranostics and related nanoparticle biodegradation
problem

Specific and sensitive analytical methods, such as SERS-based ones,
become a powerful and irreplaceable tool in solving many existing problems,
e.g., in nanobiotechnological research. One of the constantly emerging and
still unsolved problems in the use of nanomaterials for therapy and diagnostics
is the analysis of structural changes of nanomaterials when they are
accumulated inside the target (usually cells or tissues) and mechanisms of
their elimination from the human body. Within this scope of the thesis
development of theranostics of cancer with carbo-based nanomaterials
(specifically SWCNTs) was developed and lace-like black silicon with gold
pseudo-layer was applied to reveal the mechanism of biodegradation of
carbon-based nanomaterials by neutrophils by means of SERS.

Rat glioma cells are among the most common cellular models in neuro-
oncology and are often used to simulate glioblastomas in vitro. Interaction of
these cells with SWCNTs non-covalently functionalized by DNA molecules
induces rapid accumulation of SWCNTs inside the cell cytoplasm, which is
accompanied by F-actin reorganization (sign of endocytosis), quick
mitochondria hyperpolarization and ROS production due to energy
consumption during the first stages of endocytosis. However, the
mitochondrial function restores when the concentration of SWCNTs reaches
saturation and SWCNTs form micron-sized agglomerates inside the glioma
cell [180]. When accumulated inside the cell, SWCNTs are chemically inert
and do not affect the cell functioning, which makes these carbon
nanomaterials perfect candidates for visualization of the tumor using Raman
spectroscopy. Based on the theoretical predictions of the light-induced
generation of acoustic wave by highly absorbing micro-particles, which is
enough to damage the plasma membrane of the living cell [27], experimental
investigation of the interaction of laser radiation (continuous and pulsed
modes) with SWCNTs inside and outside the cells was performed. The
experimental part was further verified though loading the theoretical model
with the experimental parameters.

The distribution of the SWCNTs inside the cancer cells, which were
exposed to SWCNTs for 24 h, and their agglomeration rate is visualized by
means of laser-scanning Raman microscopy with excitation in NIR
(Aex = 785 nm, continuous mode) employing the integral intensity of G-band
(1590 cm ™) of the SWCNT Raman spectrum for 2D mapping (see Figure 21a
and 2lc, spectrum 2 for a typical spectrum of SWCNTs). SWCNTs form
micron-sized agglomerates in the cell cytoplasm and do not penetrate the
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nucleus (Figure 21a). The exposure of the cell with SWCNT agglomerates to
laser irradiation in continuous mode (Aex = 785 nm, 2.4 x 10° W/cm?, laser
spot diameter 2 um) for 30 min did not lead to any significant change neither
in a living cell (preserved cell morphology, intact cell membrane) nor in the
SWCNT spectrum (Figure 21b and 2lc, spectrum 2), meaning that no
significant local heating of SWCNTs caused by the conversion of absorbed
laser radiation into heat occurred.
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Figure 21. Intracellular accumulation of SWCNT-DNA complexes inside
living cells and structural integrity of C6 rat glioma cells exposed to
continuous laser irradiation with A =785 nm (demonstrated by laser-
scanning Raman microscopy): (a) image of C6 cells in reflected light
superimposed on the map of the Raman G-mode of SWCNTs before
irradiation; (b) image of C6 cells in reflected light superimposed on the map
of the Raman G-mode of SWCNTs after laser irradiation for 30 min at the
intensity of 2.4 x 10 W/cm?; (c) Raman spectra of SWCNT-DNA complexes
before (/) and after (2) laser irradiation for 30 min at the intensity of
2.4 x 10° W/cm?, respectively. Adapted from Paper (E).

The switching of the laser radiation to the pulsed mode significantly
changed the result. Interaction of pulsed NIR laser radiation with living cells
was tested for three experimental designs: (i) bare glioma cells as a control, as
ultra-short laser pulses of high intensity can cause cell damage (protein
coagulation, vaporization, photoablation) [181], [182] (Figure 22a); (ii)
glioma cells after 24h exposure to SWCNTs, accumulated micron-sized
agglomerates inside the cytoplasm (Figure 22b); (iii) bare glioma cells
growing in the culture medium with suspended individual SWCNTs (Figure
22¢).

To evaluate the biological effect of the ultra-fast NIR laser pulses or
light induced effect of SWCNTs on glioma cells, all three cellular systems
were exposed to picosecond laser irradiation (Aex = 910.5/1064 nm, 10 ps),
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which was simultaneously used for fast cancer cell visualization by coherent
anti-Stokes Raman spectroscopic (CARS) imaging technique (Figure 22,
column ‘Irradiation’) performed at 1585 cm™' wavenumber (C=C bending
mode in proteins [183]) and as a source of stimulating picosecond NIR laser
pulses of intensity 10® W/cm?, influencing the cellular system for 7 min. Cell
viability was determined before (Figure 22, column ‘Before irradiation’) and
after picosecond pulsed irradiation using fluorescent probe propidium iodide
(PI) (Figure 22, column ‘After irradiation’). Irradiation of bare cells as well as
bare cells in the medium containing suspended individual SWCNTs were not
affected by the NIR picosecond laser pulsed irradiation as no plasma
permeabilization occurred and no PI fluorescence was detected (Figure 22a
and 13c). In contrast, interaction of ultra-fast picosecond pulses with micron-
sized agglomerates inside the cytoplasm of glioma cell caused photo-induced
destruction of cancer cells, which follows from the pronounced damage to the
plasma membrane and fluorescence of PI inside the affected cells (Figure
22b).

Loading the theoretical model with experimental parameters
(calculations were carried out by our colleagues from another research group
and are presented in the Thesis to support the obtained experimental results)
allowed  distinguishing  photothermal,  photothermoacoustic,  and
photoacoustic regimes of the interaction of light pulses with SWCNT
agglomerates embedded in cytoplasm depending on the input parameters
(laser pulse power and duration). The experimental design implemented in this
research ensures the ‘cold’ photoacoustic destruction of glioma cells, which
means that interaction of 10 ps laser pulses with micron-sized agglomerates
induces the generation of a photoacoustic wave (JAP}> 0.7 MPa), or tensile
stress in SWCNT agglomerate, which is enough for cell membrane breakage,
without generation of excessive heat (AT << 20 K). Thus, employing
SWCNTs for light-guided cancer therapy, firstly, surpasses, side effects
associated with the tissue overheating and, secondly, prevents non-specific
cell damage, because SWCNT-based therapy is determined mainly by the
agglomerates which are formed inside the target cell, while individual
SWCNTs being present in the extracellular adjacent fluids and tissues are
photoacoustically inactive.
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Flgure 22. Photo-induced SWCNT-mediated destruction of glioma cells by
NIR pico-second pulsed irradiation: (a) Bare C6 glioma cells; (b) C6 glioma
cells with accumulated micron-sized SWCNT agglomerates, (c) C6 glioma
cells in the presence of the SWCNTSs suspension in the extracellular medium.
Each line of images, moving from left to right, represents (moving from left
to right) scheme of SWOCNT-cell interaction; bright-field images
superimposed with PI fluorescence images before irradiation; CARS images
obtained during irradiation; bright-field images superimposed with PI
fluorescence images after irradiation with 10 ps laser pulses (910.5/1064 nm,
10® W/cm?) for 7 min; schematic illustration of outcome (cells are viable or
dead). Adapted from Paper (E). Schematic illustrations are created with
BioRender.com.

Despite all the advantages of the developed approach, it has the same
drawback as other nanoparticle-based ones, namely the problem of
biodegradation of the used nanomaterials. According to the principal scheme
of the photoacoustic destruction of cancer cells (Figure 23), photoacoustically
induced cancer cell destruction results in cancer cell residues and carbo-based
nanomaterials which initiate the immune system response. To evaluate the
mechanism of the immune system cells interaction with carbon-based
nanomaterials released from the damaged cells, human neutrophils, isolated
from the whole blood, were used as a cellular model, and green fluorescent
graphene quantum dots (GQDs) were chosen as a carbon-based nanoparticle
model, because GQDs exhibit fluorescence coupled with their structure and it
allows imaging of the accumulation of NPs inside the cell. Structural changes
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which occurred during the interaction of GQDs with neutrophils were
analyzed using lace-like black silicon with gold pseudo-layer by means of
SERS.
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Figure 23. Photoacoustic destruction of cancer cells with carbon-based
nanomaterials. Created with BioRender.com.

Interaction of GQDs with neutrophils induces their activation, which is
accompanied by myeloperoxidase redistribution inside the cell with its
subsequent release to the external environment (see Figure 24a). This process
is accompanied by the reorganization of the F-actin cytoskeleton (Figure 24b),
which is reflected, firstly, in the vigorous spreading of cells on the surface and
the appearance of wide lamellipodia, secondly, in the disruption of cellular
membrane integrity and the disturbance of the shape-supporting frame in the
area proximal to the membrane. Both these processes considered together may
indicate the NETosis (neutrophil extracellular traps), induced by GQDs.
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Figure 24. Activation of neutrophils exposed to 50 pg/mL of GQDs via
adhesion over 30 min: (a) MPO redistribution in neutrophils over time; (b) F-
Actin redistribution in neutrophils over time; (c) schematic description of
GQD interaction with neutrophils (created with BioRender.com). MPO
antibodies stained with FITC (ex/em: 470 nm/530 nm). F-Actin stained with
CytoPainter Phalloidin-iFluor 532 (ex/em: 532 nm/620 nm). Scale bar 15 pm.
Adapted from Paper (F).

Fluorescence spectra detected from neutrophils, which were interacting
with 50 pg/mL water solutions for 30 min and 90 min, indicate that GQDs are
accumulated inside the cells, however, after 90 min of GQD-neutrophil
interaction, significant decrease in the GQD fluorescence intensity and
maximum position redshift are observed (Figure 25a). GQDs accumulation of
GQDs from solution is also depicted by fluorescence microscopy. To exclude
the impact of the autofluorescence of neutrophils, fluorescence images were
collected both for bare neutrophils and neutrophils exposed to GQDs at the
same experimental conditions (Figure 25b). As follows from Figure 25b, 30
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min exposure of cells to GQDs leads to the formation of wide lamellipodia by
some cells. The integrity of the membrane is disrupted for several neutrophils,
and the content of the cell is released into outer space (Figure 24(b), right
upper panel, marked with arrows). Longer exposure of cells to the same
concentration of GQDs leads to the total violation of the cell membrane
integrity and the release of the intracellular content into the external
environment (Figure 25b, right lower panel). The way GQDs are distributed
on the surface around the activated cells points to the morphological similarity
of the activated neutrophils to cells that form neutrophil extracellular traps
(NETs) (Figure 25b, right lower panel, marked with arrows).
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Figure 25. Effect of interaction of GQDs with neutrophils on fluorescence of
GQDs: (a) (auto)fluorescence spectra of neutrophils in control samples (black
and red lines, “Empty”) and pretreated with GQDs (green and blue lines,
“GQDs”) for 30 and 90 min, respectively; (b) fluorescence images of
neutrophils without (left column) and in presence of GQDs (right column)
after 30 (the first row) and 90 min (the second row) of cell adhesion. Spectra
are averages of spectra from 5 different points in the sample. Excitation was
at 470 nm. Arrows indicate the disruption of the integrity of the cell
membrane. Adapted from Paper (F).

The MPO release can be associated with high local concentrations of
strong oxidants: hydrogen peroxide (H,O>), which serves as a substrate for
MPO, and hypochlorous acid (HCIO), which is the main product of neutrophil
activation.

To evaluate the origin of the GQD fluorescence changes, which occur
during neutrophil activation, modification of the spectroscopic parameters of
GQDs under the influence of key oxidants were analyzed in the model system.

68



Interaction of GQDs with 0.01-10.0 mM water solutions of NaClO (source of
OCI") causes significant spectroscopic changes which are reflected in the
modification of absorbance, excitation, and fluorescence properties (see
Figure 26a and 26¢, Table 3). Absorbance maxima redshift and practically
vanish at 10 mM NaClO concentration (Figure 26a). Concentration-dependent
fluorescence intensity decreases and redshifts (Figure 26c¢), repeating the
fluorescence intensity behavior observed during GQD interaction with
neutrophils (Figure 25a). Regarding hydrogen peroxide, spectroscopic
properties of GQDs (absorbance, fluorescence spectra, characteristic
lifetimes) are not affected by the H,O, in a wide range of concentrations (0.01—
10.0 mM) (see Figure 26b and 26d, Table 3).
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Figure 26. Effect of NaClO and H»O: on the GQD absorbance and

fluorescence spectra: (a) and (b) GQD absorbance spectra, (c¢) and (d) GQD

fluorescence spectra when treated with NaClO and H»O- respectively. GQD
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Table 3. Fluorescence lifetime data for GQD under 0.01-10 mM NaClO and
H,0; treatment for 30 min. Adapted from Paper (F).

Control 0.01 mM 0.1 mM 1.0 mM 10.0 mM
T, Bi, T, B, T, B, T, B, T, B,
ns % ns % ns % ns % ns %

Fast | 2.7 623 2.7 614 27 632 24 395 17 17.0

NaClO
Slow 5.0 37.7 5.0 386 5.1 368 43 605 3.8 83.0

Fast | 2.7 623 |37 658 37 720 | 3.7 724 3.7 745
H:0:
Slow | 5.0 37.7 5.7 342 59 280 6.0 276 6.1 255

Fluorescent GQDs employed in this study have a complex structure.
Absorbance spectra of intact GQDs have absorption peaks at 276, 356, 460
and 488 nm. The first one corresponds to the m—n* transition of sp2 carbon
atoms and originates from the quantum confinement effect [29]. The
maximum at 356 nm originates from the n—z* transition and is mainly
associated with the oxygen-containing functional groups (C=0O/COOH) at the
GQD edges [184], [185], [186]. The last two maxima at 460 and 488 nm are
rarely observed in as-prepared GQDs. They are most often associated with
various surface functional groups, which form surface states with energies
between © and ¥ states of C=C [187], or they may originate from C—O groups
[186].

The complexity of the structure was confirmed by using lace-like black
silicon with gold pseudo-layer by means of SERS (Figure 27). Raman
spectroscopy analysis of GQDs allowed getting low intensive and very
broaden bands centered at 1358 cm™ and 1589 cm™! (Figure 27a, red spectrum
and inset). SERS spectra, on the contrary, revealed multiple very intense
bands, which correspond to the vibrations which were enhanced according to
surface selection rules (Figure 27a, blue spectrum). It could be argued that
these multiple bands in the ‘fingerprint’ region originate from some organic
compounds and surfactants, which can be added to stabilize hydrophobic
graphene sheets in water and, which is even more difficult, in salt solutions
and buffers which are often used for biomedical research. However, the
addition of surfactants, like sodium dodecyl sulfate which is widely used for
the dispersion of the graphene sheets, may significantly affect the living cell
itself. Another way to stabilize graphene sheets in the suspension is their
postprocessing, which results in the formation of many defective cites, densely
decorated with in-plane epoxy (C—O-C) functional groups, COOH/C—OH and
C=0/C—-0 edge functional groups, etc. [188]. The way of fabrication and post-
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processing of GQDs, which were investigated within the Thesis (green
luminescent, water-dispersed, CAS 7440-44-0, Sigma-Aldrich, USA), was
not disclosed by the supplier. No mentions of any surfactants added as
stabilizers were present in the material description (product description and
safety data sheet can be found in [189]), and the implementation form is
dispersion. For this reason, GQDs are considered as GQDs only without
additional organics present in the suspension.

The multiple bands, which are observed in Figure 27a (blue line) can
be disclosed as follows. The range 580-1280 cm™ corresponds to the
vibrations originating from C—O—C [185], C—0 [190], edge defects, COOH or
ring type C—OH functional groups [184] and CH, deformation modes [191].
Appearance of the band around 1560 cm™ may indicate the G band split due
to symmetry break [190], [192].

Oxygen plasma treatment for 5 min of the black silicon surface with
adsorbed GQDs reduced the most defective external layer of GQDs, which, as
we suppose, could not be described as intact layer of graphene, and is likely
composed of several heterocycles terminated with oxygen-containing
functional groups. Therefore, oxygen plasma treatment allowed eliminating
most oxygen-based defects, which is expressed in vanishing of bands in 580-
1280 cm! range and exhibiting narrow D and G bands of GQDs at 1376 cm’!
and 1583 cm!, respectively. Nevertheless, some of the oxygen-containing
defects in the GQD structure remained.
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Figure 27. Interaction of GQDs with NaCIO and H,O,: (a) (from bottom to
top) Raman spectrum of 1 mg/mL water solution of GQDs, SERS spectrum
of GQDs deposited on lace-like black silicon with gold pseudo-layer and then
treated oxygen plasma, SERS spectrum of GQDs deposited on lace-like black
silicon with gold pseudo-layer; (b) SERS spectrum of GQDs deposited on
lace-like black silicon with gold pseudo-layer after interaction with 10 mM
solutions of H>O; and NaClO for 30 min. Adapted from Paper (F). Schematic
illustration is created with BioRender.com.
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Further exposure of oxygen plasma treated and untreated GQDs to H,O»
led to no changes in their SERS spectrum (Figure 27b, shown for treated
GQDs). Interaction of GQDs with NaClO led to significant SERS spectrum
change, indicating the modification of C—O—C/C—O/C—O-H groups and the
damage of the carbonic core of GQDs, reflected in almost total elimination of
D and G bands (Figure 27b). more likely the mechanism of the hypochlorous
acid-induced structure damage of GQDs is based under basic conditions on
the epoxy-ring opening (C—O—-C) through the nucleophilic hydroxide ion
attack on one of the adjacent carbons. This is followed by the formation of
hydroxyl groups which, in their turn, can be oxidized to carbonyl groups
(C=0) in the presence of hypochlorous acid as an oxidizing agent, while the
bond between the adjacent carbinol carbons breaks. This leads to the
formation of excessive C=0 groups on the sites of epoxy-groups localization.
This mechanism explains the disappearance of absorption bands in GQD
spectra in a dose-dependent manner. The increase of C=0 groups content per
GQD and disruption of the carbonic core of the nanoparticle may also be the
reason of the fluorescence redshift, caused by the increase of the contribution
of radiating transitions in C=0 bonds under NaClO treatment [185].

This was summarized in the fourth statement of the thesis: Cancer
cells can be destroyed by a photoacoustic mechanism guided by the interaction
of picosecond laser pulses and agglomerates of carbon nanomaterials, which
subsequently, upon neutrophil activation, are biodegraded by a hypochlorite-
mediated mechanism disclosed using a SERS-active black silicon/gold
substrate.
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CONCLUSIONS

1. Nano- and/or micro-structuring of the silicon surface (black silicon)
and combination of micro-structured silicon with PyC films or graphene nano-
wall films composed of graphene flakes oriented perpendicular to the silicon
substrate governs cellular viability by tuning cell adhesion, spreading and
morphology. Cone-like black silicon, produced by cryogenic ICP-RIE,
demonstrates good biocompatibility, preserving proliferation rate of cells,
spindle-shape morphology, and formation of intercellular contacts, thus being
promising for further biosensing applications. PyC films over cone-like black
silicon weaken cell attachment and, consequently, proliferation rate, but still
are cell-friendly coatings and can be used without poly-I-lysine or other
biopolymers for controlling cell adhesion. Lace-like black silicon, fabricated
by RT ICP-RIE, stays in line with as-grown graphene nano-walls and is highly
hydrophobic and non-biocompatible due to specific nano-roughness and sharp
edges. Nevertheless, lace-like black silicon exhibits the potential for analytical
applications.

2. Cone-like black silicon sputtered with 80 nm gold layer is applicable
for SERS of organic molecules and living cells, allowing visualization of the
characteristic bands of nucleic acids, proteins, and lipids in the “fingerprint”
region applying low excitation intensities and short accumulation time. Cone-
like black silicon possesses high sensitivity and significant EF of 10® and less
than 13% of RSD of the Raman signal, which is achieved through dense
distribution of gold nanostructures of different shapes over submicron regular
silicon cones evenly distributed over the entire surface.

3. The numerical FEM simulations of plane wave interaction with
various gold and silicon-gold core-shell nanostructures, which shapes and
dimensions were extracted from SEM micrographs of cone-like black silicon
sputtered with gold, supported the experimentally obtained EF of this type of
black silicon. Simulations revealed the presence of a LSP resonance in the
NIR spectral region for some of the analyzed structures. Based on the |E|*-
approximation, the numerically estimated electromagnetic EF of simulated
structures with NIR excitation was 107, with dominating impact of the
enhancement in the gap between the overlapping bi-spheres and Si@Au core-
shell structures. Simulations of the decrease of the gold layer thickness for
Si@Au structures and the increase to some extent of the interparticle distance
for gold structures demonstrated the possibility to further reduce the gold layer
thickness and enlarge the silicon structures with practically no loss to the
enhancement efficiency with NIR excitation. This theoretical prediction was
used to fabricate new generations of optimized lace-like and pillar-like black
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silicon by simplified ICP-RIE technology with significantly reduced gold
pseudo-layer showing a good SERS performance.

4. Lace-like black silicon with a thin gold pseudo-layer fabricated by
RT ICP-RIE (100 min etching) possesses SERS EF of 10°. The fabricated
substrates have prominent uniformity (with less than 6% SERS signal
variations over 100 x 100 um? area) and are durable, as the storage of these
substrates in an ambient environment reduces the SERS signal by less than
3% in 1 month and not more than 40% in 20 months. Lace-like black silicon
with nano-meter thick gold pseudo-layer can be reused after oxygen plasma
cleaning for at least 10 cycles, although the decrease in Raman signal intensity
occurs. Black silicon reusability was proved both for covalently bonding
molecules (4-MBA) and adsorbed molecules of chemotherapeutic drug
doxorubicin, which do not form covalent bonding. Reusability, stability,
reliability, durability, and low cost of black silicon-based SERS substrates
make this type of nano-/micro-structured material a promising tool for routine
research in different areas of science and healthcare.

5. SWCNTs are suitable nanomaterials for effective cancer theranostics.
Efficient accumulation of SWCNTs inside cancer cells in the form of
relatively large agglomerates, enables both cancer cell imaging by means of
Raman microscopy applying NIR laser excitation in continuous mode and
photo-induced destruction of cancer cells using picosecond laser irradiation.
Individual SWCNTs dispersed in the extracellular environment are not photo-
acoustically active under the same irradiation conditions. This defines the
selectivity of the method: only SWCNTs agglomerated inside the cytoplasm
by cellular endocytic activity are destroyed, while individual nanotubes
present around in the extracellular environment cause no damaging effect on
adjacent fluids and tissues.

6. Combination of SERS analysis of GQDs (a model of carbon
nanomaterial) performed with lace-like black silicon covered with gold
pseudo-layer and other spectroscopic techniques allowed revealing the
mechanism of carbon nanomaterial biodegradation. GQDs induce the
activation of neutrophils, the cells of the first line immune system defense,
accompanied by myeloperoxidase release, which leads to the disruption of
GQD structure by the produced hypochlorous acid predominantly through
opening epoxide ring C—O—C, forming excessive C=0 bonds and damaging
the carbonic core of GQDs. The obtained results reveal the evolution of
graphene-based nanomaterials used in cancer therapy after the treatment
procedure, disclosing the mechanism of their elimination, thus supporting
their safety. These data demonstrate the effectiveness of black silicon-based
SERS substrates in solving practical issues in the field of biomedicine.
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APPENDIX

Before all the experiments with analytes and bio-probes, spectra of empty
fabricated black silicon substrates were collected (see Figure Al). As it
follows from a blue spectrum, some impurities are present even on freshly
prepared and stored in N> atmosphere samples. Intensity of the bands, which
originate from the impurities, increases after a 6h storage of the measured
sample exposed to the external environment, as this condition allows more
molecules distributed in the air to be adsorbed on the surface of a black silicon
sputtered with gold (yellow spectrum in Figure Al). However, these trace
impurities do not affect the SERS spectrum of 4-MBA SAM (red line in Figure
Al).

—— Empty (Oh)
450 |
Empty (6h)
375 ——4-MBA SAM
300

Intensity (cps)
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300 600 900 1200 1500
Raman shift (cm™)
Figure A1l. SERS spectra of cone-like black silicon sputtered with gold after
1 day of storage in N> atmosphere in hermetically closed package (blue line,
“Empty (Oh)”), the same sample but exposed to external laboratory
environment for 6 h (yellow line, “Empty (6h)”) and covered with 4-MBA
SAM right after the black silicon sputtering (red line, “4-MBA SAM”).
Intensity is given as counts per second.

Experimental determination of 4-MBA SERS spectral stability on the
cone-like bSi/Au substrate over a longer time period was also performed (see
Figure A2). Measurement of the SERS spectrum of 4-MBA SAM was
repeated after 8 months and it was revealed tha both spectra (initial and after
8 months of storing in the air) were of the same intensities for the same
samples, performed with identical conditions for SERS spectra collection.
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However, there were some changes in the positions of the bands which
indicate probable changes due to storage in air and the adsorption of some
impurities, which due to their presence modify the way how 4-MBA
molecules attache to the surface. Nevertheless, these changes do not affect the
SERS substrate efficiency drastically.
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Figure A2. SERS spectra of 4-MBA SAM on the cone-like black silicon
sputtered with gold at the time of substrate preparation (blue line) and after 8
months of storing the sample in air atmosphere (in a hermetical package).

The same type of experiment was performed for several simultaneously
fabricated lace-like bSi/Au substrates, which were individually packed in
plastic Petri dishes, wrapped with a parafilm to avoid accidental
contamination, and stored under ambient conditions. These substrates were
used to obtain 4-MBA SERS spectra after storage for 1-20 months with the
same setup and measurement conditions. The results are summarized in Figure
A3. Less than 5% decrease and 40% decrease of the intensities of two
characteristic bands at 1076 and 1588 cm™' in the 4-MBA SAM spectra was
observed after 120 days and 20 months of storage, respectively. The growth
of the intensity of the 2200 cm™ band with time also indicates the increase in
the adsorbed CO, molecules from the atmosphere.
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Figure A3. Storage stability of the bSi/Au substrate evaluated with 4-MBA as
a probe analyte. Each SERS spectrum corresponds to a 4-MBA monolayer on
the surface of freshly manufactured bSi/Au samples and bSi/Au samples
stored for 1, 2, 3, 4, and 20 months. Adapted from Paper (D).
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SANTRAUKA
Ivadas

Medziagotyros ir fotonikos mokslai yra svarbiis Siuolaikingéjebiomedicinoje,
ir reikSmingai prisideda prie Zmoniy gerovés gerinimo ir darnaus Zmonijos
vystymosi. Tarpdisciplinini tyrim yra pasitilomos naujos medziagos su
unikaliomis savybémis, tinkamos biojutikliams, skirtiems atskiry lasteliy
funkcinei buklei stebéti, ir vaisty, virusy ir bakterijy koncentracijai nustatyti.

Paprastai, "biojutiklio" sgvoka apima: (i) jutimo elementa, skirtg
konkrecios analités detektavimui arba dominancio fizikinio parametro vertés
nustatymui; (ii) sasaja, uZztikrinancig tinkama darbo aplinka jutikliui; (iii)
keitiklj, skirtg vienos rusies informacijai paversti kita (pavyzdziui, analités
molekulés cheminj rysj su receptoriumi paversti elektros srove); ir (iv) signalo
nuskaitymo, stiprinimo, apdorojimo ir analizés sistemg. Pagal fizikinj signalo
konversijos mechanizma biojojutikliai  skirstomi ] Siuos tipus:
elektrocheminius, pjezoelektrinius, kalorimetrinius, $iluminius ir optinius [1].
Pastarasis tipas turi keleta privalumy, palyginti su kitais. Optinis metodas yra
maziausiai invaziskas, nes leidzia surinkti duomenis per nuotolj. Tuo budu,
jmanoma panaudoti, pavyzdZiui, jutiklio elektrines galimybes, norint nustatyti
papildomas analizuojamos sistemos charakteristikas arba valdyti matavimo
parametrus, tokius kaip temperatiira.

Pavir§iumi sustiprintos Ramano sklaidos spektroskopija (SERS ang. k.)
yra patikima optiné jutikliy technologija, tinkama aptikti mazas molekuliy
koncentracijas [2], pavyzdziui, pesticidus [3] ir nuodus [4], [4], tirti sgveika
tarp molekuliy [5] ir/arba tarp molekuliy ir biojutiklio substrato [6]. Pastaruoju
metu, SERS taikymy laukas prasiplét¢ s nuo fundamentiniy tyrimy iki
praktinio panaudojimo biomedicinoje [ 7], kriminalistikoje [8], aplinkosaugoje
[9] ir saugume [10]. SERS suteikia specifing informacija apie analite, jskaitant
jos struktiirg ir grynuma, o taip pat su aplinka susijusius pokycius. Pagrindiniai
fizikiniai SERS principai apsprendzia jo efektyvumg ir jautruma net pavienos
molekulés lygyje, taciau praktikoje toks jautrumas sunkiai pasiekiamas dél
tam tikry kliti¢iy, susijusiy su substraty, skirty Ramano signalo intensyvumui
didinti, gamyba. Tauriyjy metaly nanodaleliy, ypa¢ sidabro (Ag), koloidai i$
tiesy suteikia iSskirtini Ramano signalo stiprinimg, kai susidaro metalo
nanodaleliy ir analités molekuliy agregatai, pranokdami daugelj kity analogy
ir leidzia atlikti tyrimus pavienés molekulés lygmenyje. Taciau stabilumas,
atsikartojamumas ir rutininio naudojimo paprastumas [11] yra aukojamas dél
i8skirtinio signalo stiprinimo: koloidiniai tirpalai yra nestabiltis [12] ir labai
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jautris laikymo salygoms [13] (temperatirai, neorganiniy drusky
priemaiSoms, purtymui, tiesioginei $viesai ir kt.).

Kitas budas gaminti SERS substratus yra imobilizuoti plazmonines
nanodaleles ant nanostruktiiriniy pavirsiy, nusodinant jas i$ koloidiniy tirpaly
arba formuojant aukso [14] arba sidabro purSskimo, garinimo ar cheminio
nusodinimo btdu. Tai leidzia tolygy padengima, didelius naudingus plotus,
kontroliuoti karSty tasky tankj, bet Ramano signalo stiprinimas yra
vidutiniskas, ir au$ti gaminimo kasStai. Taigi, SERS substraty, stiprinanciy
Ramano signalo intensyvuma, projektavimas ir gamyba daZznai yra
kompromisas tarp stabilumo, sgnaudy, patikimumo, homogeniskumo ir
substrato dydzio i§ vienos pusés ir efektyvumo bei Ramano signalo stiprinimo
i§ kitos pusés.

Medziagos, skirtos biojutikliams, turi atitikti keleta funkciniy ir saugos
reikalavimy [1]. Nesvarbu, koks yra galutinis tikslas (ar tai biity biologinio
jutimo sistema ar tam tikra struktiira jmontuota j zmogaus kiing), turi buti
kontroliuojami: (i) substrato morfologija, (ii) fizikinés savybés (klampumas,
standumas, poringumas ir kt.) [15], ir (iii) biocheminés savybés (cheminis
stabilumas, biosuderinamumas, giminingumas ir kt.) [16], kad bty pasiektas
aukstas jutimo nasumas ir galimybé integruoti Sig medziaga j sudétingesnius
jrenginius. Dél silicio mikroelektronikos dominavimo suderinamumas su
silicio fotonika yra labai sveikintinas technologiniu poziiiriu [17].

Silicis yra akivaizdziausias kandidatas naudoti jj kaip biojutiklio
substratg. Jis jau buvo naudojamas kaip substratas plazmoninéms tauriyjy
metaly nanodaleléms [18]. Silicio pavirSiaus mikrostruktira gali suteikti
medziagai naujy optiniy savybiy, tokiy kaip padidinta sugertis ir atspindzio
slopinamas, o tai savo ruoztu gali biiti panaudota nanoplazmoniniams
taikymams, jskaitant SERS. Silicis su modifikuotu pavirSiumi, sudarytu is
piramidziy, adaty, kiigiy, skyliy, stulpeliy, kolony ir kt., bendrai vadinamas
»juoduoju siliciu“. Be padidéjusios Sviesos sugerties, specifiné juodojo silicio
pavirSiaus morfologija, pagal analogija su rastuotais pavirSiais [19], gali
prisidéti prie kryptingo lasteliy augimo in vitro, o taip pat zZymiai padidinti
efektyvy pavirSiaus plotg, tinkama kar$tyjy tasky susidarymui SERS atveju, ir
tokiu budu, gali padéti atsirasti daugybei analités molekuliy prijungimo viety.
Per pastaruosius deSimtmecius buvo atlikta keletas bandymy juodaji silicj
pritaikyti kaip SERS biojutiklj, taciau jo praktinis panaudojimas susidiré su
tam tikromis kliGitimis. Pirma, buvo jrodyta, kad juodasis silicis yra
biologiskai nesuderinamas ir pasizymi antibakterinémis savybémis [20].
Antra, tauriyjy metaly sluoksniai, kuriy storis svyravo nuo 100 [21] iki
daugiau nei 1000 nm [22], vargu ar leidzia gautus substratus laikyti pigiais,
prieinamais ir plac¢iai naudojamais biojutikliais. Nepaisant to, juodasis silicis
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vis dar kelia didelj susidoméjimg biologiniy jutikliy srityje, nes visas $ios
medziagos potencialas vis dar néra iki galo istirtas.

Biojutikliy tobulinimas yra jkvéptas zmoniy sveikatos ir geroveés
reikalavimy. Pasaulio sveikatos organizacijos duomenimis, véZys yra viena i$
pagrindiniy Zmoniy mirties priezas¢iy visame pasaulyje, nes per pastaruosius
metus viena i§ SeSiy mirciy yra dél Sios ligos [23]. Teranostika yra vienas i$
perspektyviausiy vézio nustatymo ir gydymo biidy, kai sujungiama
diagnostika ir terapija viename konkreCiame nanoagente [24], galinCiame
vizualizuoti vézinj navikg ir ji sunaikinti. Sunaikinimas jvyksta, kai agenta
aktyvuoja koks nors specifinis vidinis cheminis veiksnys (pvz., vézinés
lastelés citoplazmos pH [25]) arba iSorinis fizikinis poveikis, toks kaip
ultragarsas, $vitinimas ir kt. [26]). Sie nanoagentai turi biti veiksmingi ir
saugls bei po tam tikro veikimo laiko turi jvykti jy biologinis skaidymas ir
tolesnis pasalinimas i§ organizmo. Veiksmingy teranostiniy metody, pagristy
tokiy saugiy nanoagenty naudojimu, sukirimas, paremtas nustatytais jy
biologinio skaidymo mechanizmais, uZztikrins jy sékminga tolimesnj
naudojima.

Nebrangiis, patikimi ir jvairtis juodojo silicio biojutikliai veikiantys
SERS principu bty paklaustis praktinéje biomedicinoje. Jy taikymas galéty
buti nuo tikslaus mazy anali¢iy koncentracijy nustatymo naudojant specifinius
zondus iki gyvy lasteliy funkcijy analizés ir terapinio poveikio.

Disertacijos tikslas

Sukurti biologisSkai suderinama, nebrangy, stabily, patikima, vienalytj ir
keic¢iamo dydZio juodo silicio substratg, tinkamg SERS jutikliams, keiciant jo
pavirSiaus geometrijg, aukso plazmoninio sluoksnio storj ir vienalitiSkuma,
detektuoti nanomedziagas, biomolekules ir gyvas lasteles.

Disertacijos uZdaviniai

Siekiant uzsibrézto tikslo, darbe buvo sprendziami Sie uzdaviniai:

1. Nustatyti, kaip juodojo silicio substrato mikro ir nano struktiira,
modifikuota keiciant ésdinimo salygas ir padegta jvairiais 2D grafeno
pagrindu nanostuktorizuotais pavirsiais, veikia lasteliy augimg ir sukibima,
i8saugo lasteliy gyvybinguma.

2. Naudojant biologiSkai suderinamg juodojo silicio substratg, padengta
plonu aukso pseudo sluoksniu, jvertinti jo SERS stiprinimo koeficienta,
vienalytiSkuma ir jautrumg analitei, taip pat jvertinti galimybe iSgauti
informacijos apie gliomos lgsteliy biochemine sudétj.
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3. Pasitelkus skaitmeninj modeliavimg nustatyti labiausiai tikéting
elektrinio lauko stiprinimo mechanizmg; paaiskinti eksperimentiskai nustatyta
SERS stiprinimo koeficienta, gauta su juoduoju siliciu, padegtu 50 nm storio
aukso pseudosluoksniu; nustatyti juodojo silicio substrato morfologijos bei
auksu padegto sluoksnio storio jtaka SERS signalo stiprumui.

4. Istirti anglies pagrindu pagaminty nanomedziagy saveikos su
vézinémis ir imuninémis lastelémis mechanizmus bei nustatyti Siy
nanomedziagy biodegradacijos mechanizma po jy iSsiskyrimo i§ paZeisty
lasteliy, naudojant juodojo silicio SERS substratg.

Ginamieji teiginiai

1. Juodojo silicio pavirSiaus mikrostruktiira, nano ir mikro $iurk§tumas
yra lemiami gamybos proceso. Pagaminti kriogeniniu ICP-RIE biidu pavirsiai
yra hidrofiliniai, jy nanostrukttiros yra kiigio formos, . Jie tinka gyvy lasteliy
analizei. Pagaminti RT ICP-RIE budu pavirsiai yra hidrofobiniai ir su
tankiomis, nérinius primenanciomis, silicio nanostruktiromis. Jie tinka
analitiniam naudojimui.

2. Kigio formos juodojo silicio substrato pavirSius, pagamintas
kriogeniniu reaktyviyjy jony ésdinimo budu ir padengtas 50-nm aukso
pseudosluoksniu, turi 10® stiprinimo koeficientg ir yra tinkamas gyvy lgsteliy
tyrimui.

3. Silicio pagrindas su juodojo silicio/aukso struktiiromis bei 3D
erdviniu aukso nanostruktiiry pasiskirstymu suteikia SERS substratui smarkiai
iSreiksta optinj rezonansag 700—800 nm diapazone, kuris gali buti dar labiau
pastumtas j raudong spektro puse, ploninant aukso pseudosluoksnj iki keliy
desimties nanometry.

4. Vézio lagsteles galima sunaikinti taikant fotoakustinj mechanizma,
kuris pagristas sgveika tarp pikosekundinés lazerinés spinduliuotés ir anglies
nanomedziagy aglomeraty, kurie véliau, suaktyvéjus neutrofilams, yra
biologiskai skaidomi hipochlorito sukelto mechanizmo, atskleisto naudojant
SERS aktyvy juodojo silicio padegto aukso nanosluoksniu substrata.

Darbo naujumas ir aktualumas

Sio darbo metu buvo pagamintas biologiskai suderinamas juodojo silicio
substratas ir pirmg kartg pritaikytas gyvy (nefiksuoty) lasteliy SERS analizei,
iSpleciant juodojo silicio taikymg biojutikliams. Toks juodojo silicio
naudojimo i$plétimas biojutikliams buvo paremtas skaitmeninio modeliavimo
rezultatais, i§ kuriy atrodé, kad juodas silicis, padengtas itin plonu aukso
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sluoksniu, turéty gerai stiprinti SERS signalg. Juodojo silicio substratai,
padengti 10 nm storio aukso sluoksniu, yra gerokai pigesni gaminti, o
silicio/aukso nanostruktiiros pastumia plazmono rezonansg j NIR ir uztikrina
signalo stiprinimg iki EF 10°-108, pranokstant daugelj esamy SERS substraty.
Atlikome eksperimentinj tyrima, siekdami iSbandyti Salto fototermoakustinio
vézio lasteliy naikinimo koncepcija fotoaktyvuojant SWCNT aglomeraty
generuojamas akustines bangas, o tai patvirtina teorines prognozes. Sie
duomenys sudaro prielaidas kurti naujg teranostikos krypti, susijusia su
konkreciais nanoagentais. Jy savybes reguliuoja ir lemia vézinés lastelés
mikroaplinka, nanoagentai aktyvuojami NIR Sviesa, kuri gali efektyviai
sunaikinti navika, iSvengiant nepageidaujamos gretimy sveiky audiniy
hipertermijos. Naudodami juodojo silicio pagrindu sukurta SERS substrata,
atskleidéme struktiirinius pokycius, atsirandancius anglies nanomedziagose,
kai jos sgveikauja su imuninés sistemos lgstelémis. Pasitléme anglies
nanomedziagy biologinio skaidymo mechanizma, kuriame dalyvauja
hipochloriné rtgstis , ir tuo biidy parodéme jy tinkamumag vézio gydymui.
Gauti rezultatai atveria kelig pereiti nuo sudétingy ir brangiy laboratoriniy
tyrimy prie plataus ir prieinamo SERS metodo taikymo praktikoje. Sukurtas
pigus, bet stabilus, patikimas ir efektyvus juodojo silicio pagrindu pagamintas
SERS substratas tinka jvairiems tikslams, pradedant nuo mazy analités
koncentracijos nustatymo iki anglies nanomedziagy strukttiros ir gyvy lasteliy
funkcionavimo analizés.

Metodika

Trys juodojo silicio kartos buvo pagamintos naudojant (i) kriogeninj
induktyviai susietg plazmos reaktyvyji jony ésdinimg (ICP-RIE ang. k.), (ii)
be kaukinj kambario temperatiiros (RT ang. k.) ICP-RIE ir (iii) savaime
uzmaskuotg RT ICP-RIE. 10—80 nm storio aukso sluoksniai buvo nusodinami
magnetrono.

Visi matavimai, susije su skirtingy karty juodojo silicio substraty SERS
taikymu, buvo atlikti naudojant Ramano spektroskopija ir Ramano lazering
skenavimo mikroskopijg. Pagaminty medziagy pavirSiaus morfologijos
analizei buvo naudojama skenuojanti elektroniné mikroskopija. Gyvy lasteliy
tyrimai buvo atlikti naudojant plataus lauko fluorescencing mikroskopija,
naudojant jvairius fluorescencinius dazus, nudazytus antiktinus ir kvantinius
taskus, siekiant nustatyti specifiniy Igsteliy savybiy ar funkcijy modifikacija.
Koherentinés ant-Stokso spektroskopijos (CARS ang. k.) vaizdavimo metodas
buvo naudojamas gyvy lasteliy, sukaupusiy SWCNT, vizualizavimui ir
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stimuliavimui pikosekundiniais lazerio impulsais, sukélusiais SWCNT
aglomeraty fotoakustinj aktyvuma ir vézio lgsteliy sunaikinimg.

Diskusija ir iSvados

1. Juodojo silicio substrato pavir§ius su nano- ir (arba) mikrostruktiira
padengtas pirolitinés anglies (PyC ang. k.) plévele arba grafeno nanosieneliy
agregaty plévele, sudaryta i§ grafeno dribsniy, orientuoty statmenai substrato
pavirSiaus, lemia Iasteliy gyvybinguma, regulivojant lasteliy sukibima,
plitimg ir morfologija. Kuigio formos juodojo silicio substratas, pagamintas
kriogeniniu ICP-RIE budu, demonstruoja gerg biologinj suderinamuma,
i8saugo lasteliy proliferacijos greitj, veleno formos morfologija ir
tarplasteliniy kontakty formavimasi, todél yra perspektyvus naudoti
biologiniy jutikliy srityje. Kiigio pavidalo juodojo silicio padengimas PyC
plévele susilpnina Iasteliy sukibima su substrato pavirSiumi ir, atitinkamai,
proliferacijos greitj, taciau nepaisant to tokia danga lieka Igsteléms
nekenksminga ir gali buti naudojama be poli-1-lizino ar kity biopolimery,
kontroliuojanciy lasteliy adhezija. | nérinius panaSus juodasis silicis,
pagamintas RT ICP-RIE budu, kaip ir padengtas grafeno nanosieneliy
agregaty sluoksniu yra labai hidrofobiSkas ir biologiskai nesuderinamas dél
specifinio nano SiurkStumo ir astriy krasty. Nepaisant to, ] nérinius panasus
juodas silicis gali buti taikomas analitiniams tikslams.

2. Kugio formos juodojo silicio substratas, padengtas 80 nm aukso
sluoksniu, yra tinkamas organiniy molekuliy ir gyvy lasteliy SERS, leidzia
vizualizuoti biuidingas nukleino riig§¢iy, baltymy ir lipidy juostas ,,pirSty
antspaudy srityje, naudojant maza suzadinimo intensyvumag ir trumpa
kaupinimo laikg. Kiigio pavidalo juodojo silicio pavirSius pasizymi dideliu
jautrumu ir aukstu stiprinimo koeficientu (EF ang. k.) EF = 10® bei maZesniu
nei 13% Ramano signalo santykiniu standartiniu nuokrypiu, kuris pasiekiamas
tankiai paskirstant skirtingy formy aukso nanostruktiiras tarp submikroniniy
iprasty silicio kiigiy, tolygiai paskirstytus visame pavirsiuje.

3. Baigtiniy elementy metodu (FEM ang. k.) modeliuota ploks¢ios
bangos saveika su jvairiomis kiigio formos aukso ir silicio/aukso
nanostrukttiromis, patvirtno eksperimentiskai gautg tokio tipo juodojo silicio
stiprinimo  koeficient3. FEM modeliavimas atskleidé lokaly pavirSiaus
plazmony rezonanso buvimg NIR spektringje srityje kai kurioms
analizuotoms struktiroms. Remiantis |E[* aproksimacija, skaitiniu biidu
jvertintas modeliuojamy struktiiry elektromagnetinio lauko stiprinimas su
NIR suzadinimu buvo 107, o dominuojanc¢ig jtakg turéjo tarpo tarp
persidengianciy bi-sfery ir Si@Au dalelytés padidéjimas. Si@Au struktiiry
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aukso sluoksnio storio mazéjimo ir atstumo padidéjimo tarp aukso nanodaleliy
modeliavimas parodé galimybe toliau sumazinti aukso sluoksnio storj ir
padidinti silicio strukttiras praktiSkai neprarandant stiprinimo efektyvumo
dirbant NIR diapazone. Si teoriné prognozé buvo panaudota kuriant naujos
kartos optimizuota ] nérinius ir stulpus panasy juoda silici, naudojant
supaprastinta ICP-RIE technologija su itin sumazintu aukso pseudo sluoksniu,
rodanciu gera SERS nasuma.

4. ] nérinius panasus juodas silicis su plonu auksiniu pseudosluoksniu,
pagamintas RT ICP-RIE (10 min ésdinimas), turi SERS EF = 10° . Pagaminti
substratai yra vienalyciai (su mazesniu nei 6% SERS signalo svyravimu 100
x 100 um? plote) ir patvaris, nes laikant $iuos substratus jprastoje aplinkoje
SERS signalas sumazéja maziau nei 3% per 1 ménesj ir ne daugiau kaip 40%
per 20 ménesiy. Nérinius primenantis juodas silicis su plonu nanometriniu
aukso pseudosluoksniu gali biti pakartotinai naudojamas po deguonies
plazmos valymo. Po maziausiai 10 valymo ciklu, Ramano signalo
intensyvumas sumazgja per eilg. Juodojo silicio pakartotinis panaudojimas
buvo parodytas tick kovalenti§kai jungian¢ioms molekuléms (4-MBA), tiek
adsorbuotoms chemoterapinio vaisto doksorubicino molekuléms, kurios
nesudaro kovalentinio rySio su SERS pavirSiumi. Juodojo silicio pagrindu
pagaminti SERS substratai yra stabiliis, ir dél to gali buti naudojami daug
karty, yra patikimi, ir ilgaamziski. Jy gamyba nebrangi ir dé¢l to Sio tipo nano-
/mikrostruktiirines medziagos yra perspektyvus jrankis atliekant jprastinius
tyrimus jvairiose mokslo ir sveikatos prieziiiros srityse.

5. Vienasieniai anglies nanovamzdeliai (SWCNT ang. k.) yra tinkamos
nanomedZiagos veiksmingai vézio diagnostikai ir terapijai. Veiksmingas
SWCNT kaupimasis veézio lastelése santykinai dideliy konkglomeraty
pavidalu leidzia vaizdinti véZines lasteles Ramano mikroskopu, taikant
nuolatinj NIR lazerinj suzadinima, ir Sviesa sukeltg vézio lgsteliy sunaikinima
naudojant pikosekundinj lazerio spinduliuote. Atskiri SWCNT, issklaidyti
tarplastelingje aplinkoje, néra fotoakustisSkai aktyvis apSvieCiant ta pacia
pikosekundine lazerine spinduliuote. Tai apibrézia metodo selektyvuma:
sunaikinamos tik tos lasteles, kuriose, susikaupe SWCNT aglomeratai
citoplazmoje dél lasteliy endocitinio aktyvumo, o atskiri nanovamzdeliai,
esantys tarplastelingje aplinkoje, nesukelia zalingo poveikio gretimiems
skys¢iams ir audiniams.

6. Modelinés anglies nanomedziagos, grafeno kvantiniy tasky (GQDs
ang. k.), SERS analizé, atlikta panaudojus j nérinius panasy juodojo silicio
substratg, padengta plonu aukso pseudosluoksniu, kartu su Kkitais
spektroskopiniais metodais leido atskleisti anglies nanomedziagy biologinio
skaidymo mechanizmg. GQD sukelia neutrofily, pirmosios eilés imuninés
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sistemos gynybos lgsteliy, aktyvavimg, kartu su mieloperoksidazés
i8siskyrimu. D¢l to susidaro hipochloro riigstis, daugiausia atidarius epoksido
ziedg C — O — C, dél to GQD struktiira sutrikdoma, susidaro per daug C=0
jungciy ir pazeidziama GQD anglies karkasas. Gauti rezultatai atskleidzia
vézio terapijoje naudojamy grafeno pagrindu pagaminty nanomedziagy
evoliucija po gydymo procediiros, atskleidzia jy paSalinimo mechanizma ir
taip palaiko jy gyvybingumg. Sie duomenys parodo juodojo silicio SERS
substraty efektyvuma sprendziant praktinius biomedicinos srities klausimus.

Autoriaus indelis:

Didziajg dalj eksperimentiniy darby, t.y. duomeny rinkimg ir jy analizg,
moksliniy publikacijy raSymga atliko doktoranté. Visus tyrimus, su gyvomis
lastelémis atliko doktoranté. Ramano matavimai atlikti FTMC Organinés
chemijos skyriuje dalyvaujant Dr. levai Matulaitienei ir Alenai Klimovic.
Juodojo silicio SEM atliko Dr. Algirdas Selskis dirbantis FTMC Medziagy
struktirinés analizés skyriuje. Juodojo silicio bandiniai buvo pagaminti
bendradarbiaujant su Ryty Suomijos universiteto Fotonikos mokslo centre
(Joensuu, Suomija) kartu su Marina Fetisova ir Hamza Rehman.
Fluorescencinés ir CARS mikroskopijos matavimai buvo atlikti kartu su dr.
Danieliu Rutkausku ir dr. Andrejumi Dementjevu.

Apie autoriy

Lena Golubewa gimé 1987 metais Minske, Baltarusijoje. 2005 metais ji baigé
Minsko gimnazijg nr. 146 ir pradéjo mokytis Fizikos fakultete Baltarusijos
valstybiniame universitete (Minskas, Baltarusija). 2010 metais ji jgijo
bakalauro laipsnj (specialisté, 5 mety studijos) cum Laude, o 2011 metais —
magistro laipsnj cum Laude biofizikoje. Po studijy dirbo jaunesniaja, o véliau
vyresniaja déstytoja Baltarusijos valstybiniame universitete. Stazavosi
Meksikoje (2 mén. 2015 m.) bei JAV (I mén. 2016 m.) mokslinése
laboratorijose. 2019 metais ji pradéjo doktoranttiros studijas Valstybiniame
moksliniy tyrimy institute Fiziniy ir technologijos moksly centre.

102



LIST OF PUBLICATIONS

This thesis is based on the results that were published in the following peer
reviewed scientific papers:

(A)

(B)

©)

(D)

(B)

(F)

Golubewa, L.; Rehman, H.; Kulahava, T.; Karpicz, R.; Baah, M.;
Kaplas, T.; Shah, A.; Malykhin, S.; Obraztsov, A.; Rutkauskas, D.;
Jankunec, M.; Matulaitiené, 1.; Selskis, A.; Denisov, A.; Svirko, Y;
Kuzhir, P. Macro-, Micro-and Nano-Roughness of Carbon-Based
Interface with the Living Cells: Towards a Versatile Bio-Sensing
Platform. Sensors 2020, 20 (18), 1-14.
https://doi.org/10.3390/s20185028.

Golubewa, L.; Karpicz, R.; Matulaitiene, 1.; Selskis, A.; Rutkauskas,
D.; Pushkarchuk, A.; Khlopina, T.; Michels, D.; Lyakhov, D.; Kulahava,
T.; Shah, A.; Svirko, Y.; Kuzhir, P. Surface-Enhanced Raman
Spectroscopy of Organic Molecules and Living Cells with Gold-Plated
Black Silicon. ACS Appl. Mater. Interfaces 2020, 12 (45), 50971—
50984, https://doi.org/10.1021/acsami.0c13570.

Golubewa, L.; Rehman, H.; Padrez, Y.; Basharin, A.; Sumit, S.;
Timoshchenko, 1.; Karpicz, R.; Svirko, Y.; Kuzhir, P. Black Silicon:
Breaking through the Everlasting Cost vs. Effectivity Trade-Off for
SERS Substrates. Materials (Basel). 2023, 16 (5), 1948.
https://doi.org/10.3390/MA16051948.

Golubewa, L.; Klimovich, A.; Timoshchenko, 1.; Padrez, Y.; Fetisova,
M.; Rehman, H.; Karvinen, P.; Selskis, A.; Adomaviciuté-Grabusove,
S.; Matulaitiené, I.; Ramanavicius, A.; Karpicz, R.; Kulahava, T.;
Svirko, Y.; Kuzhir, P. Stable and Reusable Lace-like Black Silicon
Nanostructures Coated with Nanometer-Thick Gold Films for SERS-
Based Sensing. ACS Appl. Nano Mater. 2023, 6 (6), 4770—4781.
https://doi.org/10.1021/acsanm.3c00281.

Golubewa, L.; Timoshchenko, I.; Romanov, O.; Karpicz, R.; Kulahava,
T.; Rutkauskas, D.; Shuba, M.; Dementjev, A.; Svirko, Y.; Kuzhir, P.
Single-Walled Carbon Nanotubes as a Photo-Thermo-Acoustic Cancer
Theranostic Agent: Theory and Proof of the Concept Experiment. Sci.
Rep. 2020, 10 (1),22174. https://doi.org/10.1038/s41598-020-79238-6.
Golubewa, L.; Kulahava, T.; Klimovich, A.; Rutkauskas, D.;
Matulaitiene, 1.; Karpicz, R.; Belko, N.; Mogilevtsev, D.; Kavalenka,
A.; Fetisova, M.; Karvinen, P.; Svirko, Y.; Kuzhir, P. Visualizing
Hypochlorous Acid Production by Human Neutrophils with

103



Fluorescent Graphene Quantum Dots. Nanotechnology 2022, 33, 15.
https://doi.org/10.1088/1361-6528/ac3ce4.

The author contribution

Most of the experimental work, the collection and analysis of data, and
the writing of research papers were performed by the PhD candidate. The
studies involving the living cells were carried out completely by the PhD
candidate. Numerical simulations of the interacion of electromagnetic waves
with gold and silicon-gold nanostructures by FEM were performed entirily by
the PhD candidate. Raman measurements were carried out with the
participation of Dr. Ieva Matulaitene and PhD student Alena Klimovich at the
Department of Organic Chemistry of FTMC. SEM of black silicon was
performed by Dr. Algirdas Selskis at the Department of Structural Analysis of
Materials of FTMC. The black silicon samples were fabricated in
collaboration with the Center of Photonics Science, University of Eastern
Finland (Joensuu, Finland) by Marina Fetisova and Hamza Rehman.
Fluorescence and CARS microscopies were performed together with Dr.
Danielis Rutkauskas and Dr. Andrej Dementiev.

Detailed description of the impact of the PhD candidate in each Paper
is described below:

Paper A: Biocompatibility assay, cell viability assay, sample
preparation, data analysis, paper writing, submission and referee‘s questions
answering — PhD candidate. Fluorescence microscopy — Danielis
Rutkauskas, PhD candidate. AFM — Marija Jankunec, PhD candidate. Black
silicon and PyC fabrication — Rehman, Hamza; Baah, Marian; Kaplas,
Tommy; Shah, Ali. Vertical graphene nanowalls fabrication — Malykhin,
Sergei; Obraztsov, Alexander. SEM imaging — Algirdas Selskis. Raman
measurements of PyC, GNWs, etc. — Hamza Rehman, leva Matulaitiené.
Supervision, funding, manuscript editing and finalizing — Tatsiana Kulahava,
Yuri Svirko, Polina Kuzhir, Renata Karpicz, Andrei Denisov.

Paper B: Experimental data accumulation, data analysis and
interpretation, computational electromagnetics, living cell assay, paper
writing, paper submission and referee‘s questions answering — PhD
candidate. Raman and SERS measurements — PhD candidate, Ieva
Matulaitiené. Fluorescence measurements — Danielis Rutkauskas, PhD
candidate. SEM imaging — Algirdas Selskis. Black silicon fabrication — Ali
Shah. DFT simulations — Aliaksandr Pushkarchuk, Tatsiana Khlopina,
Dominik Michels, Dmitry Lyakhov. Supervision, funding, manuscript editing

104



and finalizing — Tatsiana Kulahava, Yuri Svirko, Polina Kuzhir, Renata
Karpicz.

Paper C: Data acquisition — PhD candidate, Hamza Rehman. Black
silicon fabrication — Hamza Rehman, Sumit Sumit. Data analysis and
interpretation — PhD candidate, Yaraslau Padrez, Hamza Rehman, Igor
Timoshchenko. Simulations — Aleksey Basharin, Polina Kuzhir. Paper
drafting — PhD candidate, Yaraslau Padrez, Hamza Rehman. Paper
submission and editing — PhD candidate. Supervision, funding, manuscript
editing and finalizing — Tatsiana Kulahava, Yuri Svirko, Polina Kuzhir, Renata
Karpicz.

Paper D: Experimental study, Raman and SERS measurements — PhD
candidate, Aliona Klimovich. Data analysis and interpretation paper writing,
paper submission and referee‘s questions answering — PhD candidate.
Spectral data analysis and statistical studies PhD candidate, Igor
Timoshchenko, Yaraslau Padrez. Black silicon fabrication — Marina Fetisova,
Hamza Rehman, Petri Karvinen. 2D Raman mapping (VU) — Ieva
Matulaitiené, Sonata Adomavi¢iuté-Grabusove. SEM imaging — Algirdas
Selskis. Supervision, funding, manuscript editing and finalizing — Arunas
Ramanavicius, Renata Karpicz, Tatsiana Kulahava, Yuri Svirko, Polina
Kuzhir.

Paper E: Raman measurements (performed with NanoFinder HE
confocal micro-Raman system, BSU, Physics Faculty) — PhD candidate.
SWCNT-DNA complexes preparation — PhD candidate, Mikhail Shuba. All
living cell studies — PhD candidate. Photo-acoustic theory and simulations —
Igor Timoshchenko, Oleg Romanov. Data analysis, paper writing, submission
— PhD candidate, Igor Timoshchenko. CARS measurements — Andrej
Dementijev. Fluorescence microscopy — Danielis Rutkauskas. Supervision,
funding, manuscript editing and finalizing — Tatsiana Kulahava, Yuri Svirko,
Polina Kuzhir, Renata Karpicz.

Paper F: Experimental data accumulation, data analysis and
interpretation, computational electromagnetics, living cell assay, paper
writing, paper submission and referee‘s questions answering — PhD
candidate. Living cell assays — PhD candidate, Alena Kavalenka.
Fluorescence microscopy assays — PhD candidate, Danielis Rutkauskas.
ATR-FTIR, Raman and SERS measurements — PhD candidate, Aliona
klimovich, Ieva Matulaitiené. Black silicon fabrication — Marina Fetisova,
Petri Karvinen. Nikita Belko, Dmitry Mogilevtsev — paper editing.
Supervision, funding, manuscript editing and finalizing — Tatsiana Kulahava,
Yuri Svirko, Polina Kuzhir, Renata Karpicz.

105



e

2

3)

“

&)

(6)

(7

®)

Scientific publications that were not included in the thesis:

Golubewa, L.; Kulahava, T.; Kunitskaya, Y.; Bulai, P.; Shuba, M.;
Karpicz, R. Enhancement of Single-Walled Carbon Nanotube
Accumulation in Glioma Cells Exposed to Low-Strength Electric Field:
Promising Approach in Cancer Nanotherapy. Biochem. Biophys. Res.
Commun. 2020, 529 3), 647-651.
https://doi.org/10.1016/j.bbrc.2020.06.100.

Chelnokova, I.; Golubewa, L.; Starodubtseva, M.; Kulahava, T.;
Kunitskaya, Y.; Bulai, P.; Starodubtsev, I.; Kharin, Y.; Shuba, M. Effect
of Single-Walled Carbon Nanotubes on the Structural, Physical, and
Mechanical Properties of Rat Glial Cell Surface. J. Nanoparticle Res.
2020, 22, 144, doi:10.1007/s11051-020-04856-0.

Golubewa, L.; Kulahava, T.; Leonik, Y.; Shuba, M.; Semenkova, G.
Application of Raman Spectroscopy for Studying the Mechanisms of
Neutrophil Activation by Carbon Nanotubes. J. Appl. Spectrosc. 2021,
88, 77-84, d0i:10.1007/s10812-021-01143-1.

Golubewa, L.; Kulahava, T.; Timoshchenko, I.; Shuba, M.; Svirko, Y.;
Kuzhir, P. Rapid and Delayed Effects of Single-Walled Carbon
Nanotubes in Glioma Cells. Nanotechnology 2021, 32 (50), 505103.
https://doi.org/10.1088/1361-6528/ac28da.

Padrez, Y.; Golubewa, L.; Kulahava, T.; Vladimirskaja, T.; Semenkova,
G.; Adzerikho, I.; Yatsevich, O.; Amaegberi, N.; Karpicz, R.; Svirko,
Y.; Kuzhir, P.; Rutkauskas, D. Quantitative and Qualitative Analysis of
Pulmonary Arterial Hypertension Fibrosis Using Wide-Field Second
Harmonic Generation Microscopy. Sci. Reports 2022, 12 (1), 1-11.
https://doi.org/10.1038/s41598-022-11473-5.

Rehman, H.; Golubewa, L.; Basharin, A.; Urbanovic, A.; Lihderanta,
E.; Soboleva, E.; Matulaitiene, 1.; Jankunec, M.; Svirko, Y.; Kuzhir, P.
Fragmented Graphene Synthesized on Dielectric Substrate for THz
Applications.  Nanotechnology 2022, 33  (39), 395703.
https://doi.org/10.1088/1361-6528/ac7403.

Golubewa, L.; Padrez, Y.; Malykhin, S.; Kulahava, T.; Shamova, E.;
Timoshchenko, I.; Franckevicius, M.; Selskis, A.; Karpicz, R.;
Obraztsov, A.; Svirko, Y.; Kuzhir, P. All-Optical Thermometry with NV
and SiV Color Centers in Biocompatible Diamond Microneedles. Adv.
Opt. Mater. 2022, 10 (15), 2200631.
https://doi.org/10.1002/adom.20220063 1.

Belko, N.; Golubewa, L.; Chizhevsky, V.; Karuseichyk, S.;
Filimonenko, D.; Jankunec, M.; Rehman, H.; Kulahava, T.; Kuzhir, P.;

106



Mogilevtsev, D. Hysteresis and Stochastic Fluorescence by Aggregated
Ensembles of Graphene Quantum Dots. J. Phys. Chem. C 2022, 126
(25), 10469—-10477. https://doi.org/10.1021/acs.jpcc.2c02472.

(9) Padrez, Y.; Golubewa, L.; Bahdanava, A.; Jankunec, M.; Matulaitiene,
I.; Semenov, D.; Karpicz, R.; Kulahava, T.; Svirko, Y.; Kuzhir, P.
Nanodiamond Surface as a Photoluminescent pH Sensor.
Nanotechnology 2023, 34 (19), 195702. https://doi.org/10.1088/1361-
6528/acb94b.

The results of the thesis were presented at the following
conferences:

1. Advanced Materials and Technologies 2020, the 22" International
Conference — School, Palanga, Lithuania, 24-28 August 2020. Poster
Presentation: “Black Silicon as an Effective Substrate for Surface-
Enhanced Raman Spectroscopy of Organic Molecules and Living
Cells”.

2. Apropos 17, Vilnius, Lithuania, 30 September — 1 October 2020, Oral
Presentation: “Raman Spectroscopic Investigation of Multi-Walled
Carbon Nanotubes Mediated Neutrophil Activation”.

3. FizTech-2020, Vilnius, Lithuania, 22-23 October 2020. Poster Presentation:
“Black Silicon Based Substrate for Surface-Enhanced Raman
Spectroscopy of Living Cells”. Awarded as the best Poster
Presentation.

4. Chemistry & Chemical Technology, Vilnius, Lithuania, 24 September 2021.
Poster presentation: “Graphene Quantum Dots as Promising
Nanostructures for Studying Redox Processes in Neutrophils”.

5. FizTech, Vilnius, Lithuania, 20-21 October 2021. Oral presentation: “Gold-
coated Black Silicon-Based SERS-Substrate as a Robust and Versatile
Bio-Sensing Platform”.

6. Advanced Materials and Technologies 2021, the 23" International
Conference — School 23-27 August 2021, Palanga, Lithuania. Poster
presentation: “Black Silicon-Based SERS-Active Substrates for
Doxorubicin Concentration Determination”.

7. DiSetCom Mid-Term Meeting (hybrid participance), Grant agreement ID:
823728, 30 September — 1 October 2021, Finland. Oral presentation:
“Interaction of Fluorescent Graphene Quantum Dots with Living Cells:
Towards Biosafety, Specific Sensing and Bioimaging”.

8. The 16™ International conference on nanostructured materials Nano-2022,
Seville, Spain, 6-10 June 2022. Oral presentation: “Black Silicon-Based

107



SERS-Active Substrates for Nanomaterial Characterization and Drug
Detection”.

9. Hanseatic Workshop on "Exciton Dynamics and Spectroscopy”, 24-26
August 2022, Vilnius, Lithuania. Poster presentation: “Single-Walled
Carbon Nanotubes for Photo-Thermo-Acoustic Destruction of Cancer
Cells”.

10. The 8™ Workshop on Nanocarbon Photonics and Optoelectronics
(NPO2022) Huhmari, Polvijirvi, Finland, 31 July — 5 August 2022.
Oral presentation: “Structure Analysis of Carbon Nanomaterials Using
Black Silicon-Based SERS Substrate”.

11. FizTech-2022, 18-19 October 2022, Vilnius, Lithuania. Oral presentation:
“Analysis of Doxorubicin/Graphene Quantum Dot Complex Formation
Using Black Silicon-Based SERS Substrate”. Awarded as the best Oral
Presentation.

12. The Annual Scientific Conference of FTMC, 1-2 March 2023, FTMC,
Vilnius, Lithuania. Oral presentation: “Black Silicon Covered with
Nanometer-Thick Gold Layer for Surface Enhanced Raman Scattering
Spectroscopy”.

About the author:

Lena was born in Minsk, Belarus. In 2005 she finished Minsk Gymnasium
146 and entered the Faculty of Physics of Belarusian State University (Minsk,
Belarus). In 2010 she got Bachelor degree (specialist, 5-year study) cum
Laude and in 2011 — Master degree cum Laude in biophysics. Beginning from
2011, she worked as a junior and then a senior lecturer at the Department of
Higher Mathematics and Mathematical Physics, Faculty of Physics,
Belarusian State University. During the work in BSU, she interned in scientific
laboratories in Mexico (2 months in 2015) and in the USA (1 month in 2016).
In 2019 she started her PhD studies at the State research institute Center for
Physical Sciences and Technology.

108



COPIES OF PUBLICATIONS

109



ﬂ SeNnsors m\py

Article

Macro-, Micro- and Nano-Roughness of
Carbon-Based Interface with the Living Cells:
Towards a Versatile Bio-Sensing Platform

Lena Golubewa 209, Hamza Rehman 3, Tatsiana Kulahava 24, Renata Karpicz 1, Marian Baah 3,

Tommy Kaplas 3, Ali Shah 5, Sergei Malykhin 37, Alexander Obraztsov 37
Danielis Rutkauskas !, Marija Jankunec 8, Ieva Matulaitiené !, Algirdas Selskis ,
Andrei Denisov 49, Yuri Svirko 3 and Polina Kuzhir 23*

1 Center for Physical Sciences and Technology, Sauletekio Ave. 3, LT-10257 Vilnius, Lithuania;

lena.golubewa@ftmc.It (L.G.); renata.karpicz@ftmc.lt (R.K.); danielis@ar.fi.lt (D.R.);
ieva.matulaitiene@ftmc.lt (I.M.); algirdas.selskis@ftmc.lt (A.S.)

Institute for Nuclear Problems, Belarusian State University, Bobruiskaya 11, 220030 Minsk, Belarus;
tatyana_kulagova@tut.by

Institute of Photonics, University of Eastern Finland, Yliopistokatu 2, FI-80100 Joensuu, Finland;
hamzar@uef.fi (H.R.); marian.baah@uef.fi (M.B.); tommi.kaplas@gmail.com (T.K.); sergeim@uef.fi (S.M.);
alexander.obraztsov@uef.fi (A.O.); yuri.svirko@uef.fi (Y.S.)

Department of Biophysics, Belarusian State University, Nezavisimosti Ave. 4, 220030 Minsk, Belarus;
denisov@bsu.by

Department of Micro and Nanosciences, Aalto University, FI-00076 Espoo, P.O. Box 13500, Finland;
ali.shah07@outlook.com

Division of Solid State Physics, Lebedev Physical Institute of the Russian Academy of Sciences, Leninskiy
Prospekt 53, 119991 Moscow, Russia

Department of Physics, Lomonosov Moscow State University, Leninskie gory 1-2, 119991 Moscow, Russia
Institute of Biochemistry, Life Sciences Center, Vilnius University, Sauletekio Ave. 7, LT-10257 Vilnius,
Lithuania; marija.jankunec@gmc.vu.lt

Institute of Physiology of the National Academy of Sciences of Belarus, Minsk, Belarus, 28 Akademichnaya
Str., BY-220072 Minsk, Belarus

Correspondence: polina.kuzhir@uef.fi

check for
Received: 30 July 2020; Accepted: 2 September 2020; Published: 4 September 2020 updates

Abstract: Integration of living cells with nonbiological surfaces (substrates) of sensors, scaffolds,
and implants implies severe restrictions on the interface quality and properties, which broadly
cover all elements of the interaction between the living and artificial systems (materials, surface
modifications, drug-eluting coatings, etc.). Substrate materials must support cellular viability,
preserve sterility, and at the same time allow real-time analysis and control of cellular activity.
We have compared new substrates based on graphene and pyrolytic carbon (PyC) for the cultivation
of living cells. These are PyC films of nanometer thickness deposited on SiO, and black silicon and
graphene nanowall films composed of graphene flakes oriented perpendicular to the Si substrate.
The structure, morphology, and interface properties of these substrates are analyzed in terms of
their biocompatibility. The PyC demonstrates interface biocompatibility, promising for controlling
cell proliferation and directional intercellular contact formation while as-grown graphene walls
possess high hydrophobicity and poor biocompatibility. By performing experiments with C6
glioma cells we discovered that PyC is a cell-friendly coating that can be used without poly-L-lysine
or other biopolymers for controlling cell adhesion. Thus, the opportunity to easily control the
physical/chemical properties and nanotopography makes the PyC films a perfect candidate for the
development of biosensors and 3D bioscaffolds.

Sensors 2020, 20, 5028; d0i:10.3390/s20185028 www.mdpi.com/journal/sensors
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1. Introduction

The importance of cell-surface contact for the living cell functioning has been known for decades.
For example, for granulocytes, surface contact regulates the production of superoxide which is one of
the milestones in immune response [1]. Similarly, neutrophils recruitment for the host defense via the
inflammatory response is also initiated by cell adhesion and eventual migration through the vascular
wall [2], and platelet activation and aggregation during blood vessel injury in the arterial circuit is
triggered through the interaction of immobilized vVWF with GPIb receptors after adhesion [3]. Extrinsic
signals from the stem cell niche regulate neural stem/progenitor cells self-renewal [4] and the time
course of neural stem cell fate determination [5]. Binding of the cell to the extracellular matrix and other
cells connecting them with the surroundings play a crucial role in stem cell development including
proliferation, differentiation, and migration, involved in organism repair processes. Thus, tuning the
cell-surface interaction has tremendous potential in treating various disorders and injuries.

Cell-surface interactions and signaling events are two closely related processes. Among the
main characteristics of the substrate responsible for its interaction with cells are (i) physical properties
(stiffness, viscoelasticity, porosity, etc.), (ii) morphology (scaffold dimensionality (2D or 3D); thickness;
area, shape, microscale topography of cell adhesion surface and nanotopography), and (iii) biochemical
characteristics (affinity, the specificity of epitope interaction with cell receptors, nonaffinity domains,
supramolecular organization, etc.) [6].

All these factors should be taken into account when integrating new materials in biosensors,
scaffolds, implants, etc. toward cell or tissue regulation and engineering. Unfavorable reactions due to
tissue scar [7] and unstable mechanical and electrical properties of silicon, which is conventionally
used in the implants for the monitoring and regeneration of neurons, for instance, fuel the search for a
viable alternative among both newly developed and traditional materials. The key requirements for
the material to be met are biocompatibility, the possibility of using them as scaffolds for 3D cell growth
(for tissue reconstruction), and the potential for biosensing platforms. Finding such materials, which
should provide ample opportunities for the development of effective biocompatible sensing systems
for monitoring cell activity, implies an analysis of surface properties and revealing the correlation
between specific surface parameters and cell functional state.

Along with self-assembled monolayers and covalently bound peptides [8,9], carbon nanomaterials
are being considered as a very promising candidate in the cultivation of living cells [10-12] and
tissue engineering. Their advantageous—for bio-engineering—properties are the following: (i) they
do not trigger unwanted reactions being injected into the tissue, (ii) they prevent blood clotting
and exhibit good durability, (iii) they are robust and wear-resistant [13]. For instance, carbon
nanotube-layered substrates are biocompatible and efficient in inducing stem cell differentiation,
specifically to neurons [14], promoting neurite outgrowth and enhancing synaptogenesis [15] and
consequential development of neuronal network [16].

Graphene promotes the growth and differentiation of stem cells into neurons offering a very
attractive strategy for the treatment of neuronal injuries [17]. It has been also found that coating
surfaces with graphene results in the acceleration—in comparison with bare surfaces—of stem cell
growth [18]. Pristine graphene offers better electrical conductivity and further enhances the electric
field of the cell; therefore, it is promising for cell culture and regeneration [19].

Three-dimensional (3D) graphene foam synthesized by chemical vapor deposition (CVD), which is
biocompatible and shows no toxicity whatsoever, can be used as a conductive scaffold for neural stem
cells [20]. The ripples and wrinkles on the surface of 3D graphene foams facilitate better interlocking
of the cell with substrate stimulating proliferation and assisting the neural cell differentiation.
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It is important to ensure the growth and functioning of cells on such surfaces of sensors.
This biocompatible approach allows fulfilling the effective pharmacological screening and the modeling
of various forms of various diseases in vitro, such as ischemia, trauma, stroke, epilepsy, Alzheimer’s
disease, cancer, etc. [21]. On the other hand, microelectrode sensors are used for implantation into the
structures of the central nervous system for registration and modulation of physiological processes
in vivo. When electrodes are implanted into the brain, an acute reaction is initially observed at the
point of contact between the brain tissue and the microelectrode material [22].

Our study was performed with astrocyte-like glioma cells. We concentrate on the creation of the
biointerface of carbon nanomaterials and glioma cells to analyze the possibility of directed cell growth
without using poly-L-lysine or other biopolymers for controlling cell adhesion. In this paper, we report
on the biocompatibility of the surfaces based on graphene nanowalls (GNW) [23] and pyrolytic carbon
(PyC) [24]. The GNW film comprises self-assembled graphene flakes with few nanometers thicknesses,
which are vertically oriented to the substrate and have the lateral size of a few microns [25]. The PyC
film is composed of graphene flakes predominantly parallel to the substrate, which have the lateral
size of a few nanometers and are embedded into the amorphous carbon matrix [26].

PyC implants have been already used in human bodies suffering from arthritis, and no side
effects have been experienced by the trial subjects [27]. Properties of PyC mostly depend on its
synthesis conditions [28]. The combination of prominent electrical properties with relatively good
optical characteristics [24], high thermal conductivity [29], and high chemical wear resistance and
durability [30] make PyC film a promising coating material for a very broad spectrum of applications,
including optical and electrical sensors, lab-on-a-chip schemes, scaffolds, implants, and almost in any
device that must function stably in biological environments. Successful efforts have been already
made in the creation of patterned PyC and tetrahedral amorphous carbon thin films for biocompatible
surfaces [31]. Nevertheless, the question of the effect of surface roughness, as well as its nano
and microstructuring on the adhesion of cells to the surface and the rate of their division, remains
poorly understood.

Here, we investigated the influence of carbon synthesis conditions and the template/substrate
properties on the final bioscaffold biocompatibility. By using different configurations of carbon-based
interfaces including GNW on Si wafer, PyC on SiO,, and PyC-coated black silicon (bSi) we demonstrate
that biocompatibility is strongly influenced by the substrate morphology. We show how the micro- and
nanostructuring of carbon substrate affects the cell growth and adhesion and prove that the graphene
and PyC can control the cell growth and adhesion.

2. Materials and Methods
2.1. Substrate Synthesis

2.1.1. Black Silicon (bSi)

BSi refers to silicon surfaces covered by a layer of “needle” or “pyramidal”-like nano- or
microstructures that suppress reflection and enhance the scattering and absorption of light [32,33].
The details of bSi fabrication can be found elsewhere [34]. Briefly, the fabrication of bSi was carried
out with an Oxford Instruments Plasmalab system 100-ICP180 which has a double plasma source that
allows for the independent control over density and directionality of ions. The plasma is created at a
pressure of 13.3 Pa within the temperature range from —150 to 400 °C. Tall bSi pyramid-like structures
were obtained at a pressure of 10 mTorr with an SF6 flow rate of 40 sccm, O, flow of 18 sccm at —110 °C
for 7 min, followed by 7 min of etching.

2.1.2. PyC on SiO; and PyC on bSi

PyC deposition on various surfaces might have some limitations, because the coefficient of
thermal expansion (CTE) of the coating and the substrate must be similar. Otherwise high-temperature
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deposition of PyC on the substrate with the too different CTE from that of PyC will lead to dimensional
interferences at room temperature and stresses generation, which will compromise PyC adherence [35].
However, the deposition of PyC on bSi and SiO, overcomes this problem as CTE for Si, SiO,, and PyC
is 0.54 x 1076 K71, 0.55 x 107® K~V and 0.29 x 107% K~! [36], respectively. Moreover, direct deposition
and PyC films of different thickness stability were demonstrated in [24].

For this particular study, the PyC films were deposited via CVD on the SiO; or bSi substrates.
The CVD chamber was sealed with the sample substrate inside, and H, was injected for 2 h at a flow
rate of 20 sccm and 100 Pa pressure to clean the substrates. Next, the pumping out was stopped and by
flowing the Hy, the chamber pressure was increased to approximately 1 kPa. Then, the H; flow was
stopped, and the CVD chamber was heated to 700 °C in a static H; environment. With H, already
inside, CHy was injected into the chamber at 30 and 50 sccm, allowing the chamber pressure to reach
approximately 2.44 kPa. The chamber was further heated to 1100 °C at a rate of 10 °C/min. During the
procedure, there was no active flow of gasses and the entire process was performed in static conditions.
After resting for 5 min, the chamber was cooled down to 700 °C at a rate of 5 °C/min. Then, the CH4-H,
mixture was pumped out, replaced with H; (20 sccm) at 1 kPa, and allowed to cool overnight. The
dependence of the PyC film thickness on CVD synthesis conditions (CHy4 to Hy concentration ratio,
time, and temperature of synthesis) was specified in [26].

The optical properties of PyC films were previously investigated, and major features and
characteristics of PyC are reported in [28]. In particular, it was shown that the dielectric permittivity
of the PyC films deposited on the silica substrate is quite similar to those obtained for graphite and
graphene, allowing the broadcasting of all applications of graphene as a material for optical biosensors
on PyC films.

2.1.3. Graphene Nanowalls (GNW)

The GNW films were deposited on a silicon substrate by a plasma-assisted CVD process. CHy—H;
mixture with a methane concentration of about 6.5% was activated by DC discharge. The deposition
process was carried out within the temperature range from 850 to 1100 °C at 9.6 kPa for about
45 min [37]. In the deposited films, the multilayer graphene flakes of nanometer thickness with atomic
layers oriented predominantly along a normal to Si substrate surface, while their lateral size (along
substrate surface) and height (along normal to the substrate surface) are of a few microns. Both EDX
and electrochemical analysis of graphene nanowalls carried out in [38] did not reveal the presence of
any elements other than C (nanowalls themselves), Si (substrate), and O (oxygen on the sample due
to exposure to air). The amount of impurities was 0.05-0.06 wt.%, which is less than the minimum
detectable by an EDX value of 2000 ppm.

2.2. Structural and Morphological Characterization

2.2.1. Scanning Electron Microscopy (SEM)

SEM micrographs of investigated samples were obtained by a Helios NanoLab 650 microscope
(FEI, Netherlands, 2011) with a Schottky type field emission electron source. The cathode current was
25 pA at the tilt angle of 57°. The PyC on SiO, samples was coated with chromium to improve the
image quality and prevent the overcharging on the surface. The thickness of the PyC layer on SiO,
and bSi was determined from the lateral cleavage of the sample from SEM images. PyC has a clearly
visible interface with a semiconductor/dielectric. Using the built-in SEM software, the thickness of
the PyC film was determined at 10 different points, and then the mean value and standard deviation
were calculated.

2.2.2. Atomic Force Microscopy (AFM)

AFM imaging was carried out in a tapping mode on a Dimension Icon (Bruker, Santa Barbara,
CA, USA) scanning probe microscope system at room temperature (20 + 0.5 °C) using silicon AFM
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probes Multi75AI-G (BudgetSensors, Sofia, Bulgaria), for relatively rough surfaces of bSi with PyC and
bSi, and Tap300AI-G (BudgetSensors, Sofia, Bulgaria) for smoother surfaces of PyC on SiO,. The scans
were performed at a 512 pixel or higher resolution with a scan rate of 0.3-0.5 Hz. The imaged area was
2 x 2 um. AFM measurements were carried out in at least three replicates.

Roughness parameters were calculated using the Build-In Software NanoScope Analysis version
1.90 (Bruker). According to the NanoScope Analysis 1.90 Manual, the Image Ry is defined as the Root
mean square average of height deviations taken from the mean image data plane and can be presented

in the following form:
72
Rq = /ZNI )

Image Rmax is the maximum vertical distance between the highest and lowest data points in the
image following the planefit. Image Surface Area Difference is the difference between the surface area
of the substrate and the area of its projection on the plane.

2.2.3. Raman Spectroscopy

Raman measurements were performed using a Raman spectrometer/microscope inVia (Renishaw,
UK). Spectra were analyzed with the custom WIRE software. A 785 nm near-infrared (NIR) laser source
was used for all the samples. Objective magnification was 50x. The grating was with 1200 grooves/mm.
The power at the sample was adjusted to 1 mW. The exposure time was 10 s, and the spectra were
accumulated 3 times in one point to obtain a better signal-to-noise ratio. At least three different points
were measured for each sample. The intensity units were counts per second.

2.3. Cell Culture Growth and Visualization

2.3.1. Cell Culture

ATCC C6 (ATCC® CCL-107™) rat glioma cells, obtained from ATCC, LGC Standards, Ogrodowa
27/29, Kielpin, Poland, were used in all experiments. Cells were grown in DMEM/F12 medium (Gibco,
Grand Island, NY, USA) supplemented with 10% fetal bovine serum (Sigma Chemical Co., St. Louis,
MO, USA) and 80 ug/mL gentamicin sulfate (Belmedpreparaty, Belarus) in 100% humidity at 37 °C in
5% CO, atmosphere. In the log-phase cells were trypsinized, centrifuged, and 10° cells were seeded in
standard 3.5 cm plastic Standard Nunc™ Cell Culture Petri dishes with investigated substrates (bSi, bSi
with PyC, SiO,-PyC (2 types) and GNW) placed on the Petri dish bottom. None of the sample surfaces
were treated with poly-L-lysine for additional improvement of cell adhesion to the substrate. Cells
were cultured for 3 days. For the measurements, the growth medium was replaced with Hepes buffer
solution (pH 7.2) of the following content (in mmol/L): NaCl—131, KCl—5, MgSO4—1.3, CaCl,—1.3,
Hepes—ZO, C6H1206_5-

2.3.2. Fluorescence Microscopy

Cell visualization was performed using DNA-staining fluorescent dye propidium iodide
(Sigma-Aldrich, Germany). Before each measurement, substrates with cells on them were washed
twice with Hepes bulffer solution, fixed with ice-cold methanol for 30 min at 4 °C. Then substrates with
cells were washed twice in Hepes buffer solution for 10 min each time and once with deionized water.
During the measurements, water was replaced with 107 mol/L propidium iodide solution in Hepes
buffer. The excitation wavelength was 532 nm and the emission maximum was 617 nm. The imaged
area was 200 x 200 um.

2.3.3. Data Analysis

Measurements of average surface area, occupied by cells during their growth on different substrates
(confluence), as well as morphological features analysis were performed using specific built-in functions
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of the open-source software Image] (version 1.51J8). For confluence determination, 7-10 fluorescent
images (200 x 200 um) were analyzed.

The results are expressed as the means =+ standard deviations or means + confidence intervals.
Statistical analysis for 7-10 independent samples was conducted using the one-way ANOVA (p < 0.05);
the statistical significance of the results was analyzed by an unpaired two-tailed Student’s -test using
Microsoft Office Excel 2010 (Microsoft Corporation, Redmond, Washington, DC, USA) and STATISTICA
6.0 (StatSoft Inc., Tulsa, Oklahoma, OK, USA). Statistical significance is indicated in the table footnote.

3. Results

To characterize the fabricated samples, we employed AFM and SEM imaging (Figure 1).
The statistical results of AFM data analysis are summarized in Table 1.

Figure 1b,h show the SEM images of the PyC films of (42 + 11) nm and (19 + 7) nm thickness,
respectively, deposited on SiO,. For simplicity, we dubbed samples “PyC (40 nm)” and “PyC (20 nm)”,
respectively. One can observe that both films are uniform over the substrate, even though from the
comparison of the AFM images in Figure 1a,c, it appears that the 40 nm thick film exhibits a grainy
structure. The analysis of the AFM data summarized in Table 1 shows that the 20 nm thick PyC film
(Rq = 0.9 0.2 nm) was much smoother than the 40 nm thick PyC film (Rq = 2.9 + 1.3 nm). This can be
seen from Figure 1i,c which show the thicknesses of the film as a function of the lateral coordinate.
It is worth noting that the 40 nm thick film was much denser than its 20 nm counterpart, which had
rather scarce high amplitude peaks.

02 04 06 08 10 12 14 16 18sm 02 04 06 08 10 12 14 16 18mm

Figure 1. Typical two-dimensional AFM and SEM surface images of PyC of 20 nm (a,b) and 40 nm
thickness (g,h) on SiO,, bSi (d,e), PyC of 20 nm on bSi (j k), respectively. PyC layer is marked with
arrows (b,h); (c,f,i,1) cross-sectional profiles of PyC (20 nm), bSi, PyC (40 nm), PyC (20 nm) on bSi from
(a,d,g,j) AFM images, respectively. The cross-sectional profiles are marked with a white line on the
AFM images (a,d,g,j).

BSi consisted of pyramid-like silicon structures that were randomly distributed through the
substrate surface as shown in Figure 1d,e. Figure 1j,k show the bSi coated with a 20 nm thick PyC film.
One can observe from Figure le k that a pyramid-like surface structure of the bSi endured PyC film
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deposition, even though the apex curvature of the pyramids increased resulting in a much smoother
surface. Such a smoothing of the bSi after deposition of the 20 nm thick PyC film is quantitatively
described by the decrease in the roughness from 81 + 12 nm to 75 + 9 nm (see Table 1). The difference
between the maximum and minimum points of the tip position Rmax also increased after depositing
the PyC film. Nevertheless, statistical analysis of two independent datasets (bSi and bSi with PyC)
does not allow us to suggest that differences between these datasets are statistically significant.

Table 1. Macroscopic and microscopic roughness of PyC (40 nm), PyC (20 nm) on SiO,, PyC (20 nm)
on bSi and bSi (AFM images analysis).

PyC (20 nm) on PyC (40 nm) on . PyC (20 nm) on
Parameter Si0, Si0, bSi bSi
Surface Area 03£02 29+25 136 £7 139 +9
Difference, %
Image Rq, nm 09+0.2 29+13 81+12 75+9
Image Rpax, nm 11.2+26 42+19 499 + 12 508 + 37

Data are presented as the means + CIs (p = 0.95, n = 10).

In contrast to the PyC, the nanoscale roughness of the GNW film, which consisted of graphene
flakes oriented perpendicular to the silicon substrate, was suppressed. In the SEM image of the GNW
film surface presented in Figure 2, one can observe that GNWs formed “bushes” of 20 um in diameter.
They were distributed fairly evenly over the entire surface of the substrate (see Figure 2a) and were
composed of vertically oriented multilayer graphene flakes (Figure 2b).

Figure 2. SEM images of graphene nanowalls; (b) the enlarged image of the area of “bushes” made of
graphene sheets in (a).

Raman spectra of the PyC and GNW films are presented in Figure 3, while positions of the D and
G peaks are summarized in Table 2. The Raman peaks of the 40 nm thick PyC film were approximately
7 cm™! red-shifted to those of the 20 nm thick PyC film due to an increase in the internal stress in the
thicker film [39]. This is because the composition of the pyrolytic carbon film does not depend on its
thickness [40]: it comprises the graphene flakes embedded into the amorphous graphene matrix. Since
the chemical conditions for the synthesis of the PyC films of different thicknesses were equivalent,
the difference in the positions of the peaks caused by surface functionalization, which could occur
during the synthesis process, was not expected. Following the theoretical estimations [41], peak
displacement is most likely a result of mechanical stresses. Such a conclusion is supported by the fact
that there was no shift in the position of the G-mode in the Raman spectrum of the PyC deposited onto
SiO, and bSi.
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Figure 3. Raman spectra of PyC (40 nm) on SiO;, PyC (20 nm) on SiO,, PyC (20 nm) on bSi, and
graphene nanowalls. Aex = 785 nm. Presented spectra are average spectra from triplicates. All scales
are marked with corresponding scale bars on each individual spectrum.

Table 2. Raman spectra characteristic modes of carbon multilayered materials deposited on
different substrates.

Mode PyC (gloc;l m) on PyC %?(;l m) on PyC (Zli)SI;m) on GNWs on Flat Si
2 2
D mode, cm™! 1322.6 +2.1 13072+ 1.3 13222 £2.2 1314.7 £ 3.1
G mode, cm™! 15952 +1.8 1602.1 +3.4 15952 + 2.6 1580.8 +4.7

Data are presented as the means + SDs of three independent measurements.

Affinity and biocompatibility of the fabricated substrates to living cells were analyzed in terms of
average area occupied by cells in culture (confluence), average cell number, the average area per one
cell, and morphological features of cells grown on the substrates. The results of the cell morphology
analysis on fluorescent images of glioma cells fixed on the substrates (Figure 4) are summarized in
Table 3. One can observe from Figure 4a,b that bSi biocompatibility was very similar to standard plastic
used for cell culture, even though its surface structure differed from that of the plastic. Cells occupied
comparable areas (68.9 + 28.2% confluence for bSi vs. 63.3 + 10.3% for plastic) and were spindle-shaped,
with numerous processes. At the same time, bSi demonstrated enhanced cell proliferation: on bSi,
the number of cells was almost two times larger (53.8 + 15.2 cells per area for bSi vs. 36.0 + 3.7 for
plastic). Increased proliferation also led to an increase in cell growth density, reducing the area per
each cell two times, as can be seen from Table 3.

Thus, rat C6 glioma cells, grown on the bSi as a substrate, demonstrated strong adhesion to the
surface, a higher division rate than that obtained on the plastic of the tissue culture-treated dishes.
Cells also preserved their usual morphology.

The PyC layer deposition on the bSi modified the adhesive properties of the surface: cell-surface
contact became weaker, and as a consequence, the division rate decreased (Figure 4c). Cell confluence
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was only 20.7 + 4.6% vs. 63.3 + 10.3% in the control and 68.9 + 28.2% on bSi. However, the surface
remained biocompatible, cells preserved their usual morphology, were elongated, spindle-shaped, and
with long processes. Their dimensional parameters also remained very similar to the control, even
though the percentage of the area per each cell on the PyC on bSi was 80% of the percentage of the area
per cell on the plastic (see Table 3).

Figure 4. Typical fluorescent images of glioma cells grown on substrates with different roughnesses.
Glioma cells were grown on (a) plastic (as a control); (b) bSi; (c) PyC (20 nm) on bSi; (d) PyC (20 nm)
on SiOy; (e) PyC (40 nm) on SiO;; (f) graphene nanowalls. Long processes are marked with arrows.
Cells were stained with propidium iodide. Image size 115 x 115 pum.

Table 3. Cell confluence and morphological features of cells grown onto different substrates.

. PyC (20 nm) on  PyC (40 nm) on . PyC (20 nm) on Graphene
Parameter Plastic Si0, Si0, bSi bSi Nanowalls
Area occupied 63.3+£10.3 3B7+7.1% 55.1+10.3 68.9 +28.2 #207 £4.6* 116+51*

by cells, %

Area occupied

25310 + 4131

13475 + 2848 *

22052 + 4124

27570 + 11261

#8271 + 1855 *

4652 + 2047 *

by cells, umz
Average cell
number per 200 36.0 £3.7 156 +1.1* 252+26* 53.8 £15.2 ##13.0+07* 73+04%
X 200 um area
Area per cell, % 1.8+0.3 22401 22401 1.3 403 % 1.6+0.1 1.6+0.1
A’e"“‘f:r cell 703 + 115 864 + 183 ** 875 + 164 ** 513 209 636 + 143 637 + 280
'Elongated, Elongated, Elongated, Spindle-shaped, Elongated, Rounded, no
spindle-shaped, . . -~ . - . o
2-3long spindle-shaped,  spindle-shaped, rounded, many  spindle-shaped, processes or
Cell morphology e 2-3 long thin 2-3 long thin middle-sized 2-3 long thin short wide
characteristics processes, processes, few processes, few processes, many processes, few processes, no
numerous . . . . X
. intercellular intercellular intercellular intercellular intercellular
intercellular R R R
contacts contacts contacts contacts contacts contacts

Data are presented as the means + SDs. The statistical significance of the results was analyzed by an unpaired t-test
(*p <0.001, ** p < 0.01, ** p < 0.05 vs. sample on plastic, * p < 0.05, # p < 0.001 vs. sample on bSi).
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A similar effect was observed for PyC of different thicknesses, deposited on flat quartz. Data are
shown in Figure 4d,e and Table 3. For cells grown on PyC with a 20 nm thickness, the cell division
rate was 2.3 times lower than in the control sample; cell confluence was 33.7 + 7.1%, indicating lower
proliferation. However, in the case of 40 nm PyC on SiO; as a substrate, an increase in confluence and
cell proliferation was observed, but still, it was lower than in the control sample. It is worth noting that
neither 20 nm PyC nor 40 nm PyC modified the area per cell (%) parameter, and for rat C6 glioma cells,
it remained approximately 2 for both PyC on SiO, and the control samples. Moreover, the PyC layer
on bSi increased this parameter from 1.3 + 0.3 for bSi to 1.6 + 0.1 for bSi with PyC, indicating that PyC
does not modify cell morphology.

In the air, the bSi surface was covered by a 30-80 A thick SiO; layer. This oxide layer resulted
in the positive surface charge at the interface, which improved the adhesion of cells to the surface
because the outer surface of the cell membrane was negatively charged due to phosphate groups of
the phospholipid bilayer. However, the deposition of highly conductive PyC led to a decrease in cell
adhesion, as we observed for all our samples.

Vertical GNW on the Si wafer was associated with a further roughness decrease to nanoscale
(thickness of the surface prominences oriented to the cell is defined by the graphene wall thickness).
This led to a significant loss in cell adhesion and very poor biocompatibility, as shown in Figure 4e.
Moreover, the distance between the GNW exceeded several microns. Cells lost long processes, did not
form intercellular contacts, stayed round-shaped, and thus, lost the ability of effective cell division.
This is the result of the high hydrophobicity of GNW [42]. Another effect reducing cell adhesion on
GNW films may be related to the presence on their surface of needle-like species elongating above the
flakes [23].

The cell-surface contact was provided by focal adhesions responsible for sensing environmental
conditions. These specific protein complexes include transmembrane integrin molecules, associated
with many cytoplasmic proteins regulating actin cytoskeleton dynamics, cell movement, and
attachment [43]. Focal adhesions include “dot”-like or point contacts of 200-500 nm in the active edge
of the cell, and elongated “dash” contacts of 2-10 um in length and 0.5 um in width, partially located
under the nucleus [44]. These dimensional parameters of focal adhesion are critical in cell-surface
contact formation as it strongly correlates with the interspike distance. Cell attachment is promoted by
textures of low- and intermediate-roughness. It is inhibited by the increase in the interspike distance
to 4.5 um [45]. As seen from Figure 1, the distance between the surface prominences varied from
approximately 70 nm for PyC on SiO; (Figure 1c,i) to approximately 260 nm for bSi and PyC on bSi
(Figure 1b,1). Under such conditions, the cells successfully spread over the substrate, as they could
establish the next focal adhesion contact with surface prominences in any direction. At the same
time, the thickness of GNW was less than the minimal required size of the focal adhesion contact of
200-500 nm. Therefore, it did not provide cells with the area for attachment, and the growth of the
C6 glioma cells on such substrate was impeded. Thus, all fabricated surfaces except GNW met the
requirements of dimensionality of surface texture roughness necessary for focal adhesions.

Poly-L-lysine, traditionally used for the improvement of cell adhesion to the growth surface, is
a dielectric material, and like most biopolymers, has its own refractive index different from water,
creates an uneven layer on the surface of the substrate, which significantly reduces the quality of
signal transmission from the cell to the sensor electrodes, and degrades the quality of the optical
images of cells introducing additional distortions into registered spectral characteristics of cells. PyC
has significant advantages over the poly-L-lysine layer because this material can be directly used
in the production of conductive-insulating surfaces for biosensors. Even though the PyC synthesis
conditions require high temperature, which undoubtedly prohibits the use of classical optical glasses as
a substrate, PyC can be successfully synthesized on quartz. It makes it possible to use these substrates
with PyC for all types of NUV, visible, and NIR spectroscopies, as well as to transfer synthetized PyC
to any other substrate, even flexible, for example, polydimethylsiloxane. In this case, any designed
contact scheme can be created on the PyC by lithographic methods. All this becomes possible due to
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the unique electrical and optical properties of PyC, as well as the good biocompatibility and adhesive
properties demonstrated in this study.

4. Conclusions

Special attention should be paid to macro-, micro- and nanoroughness of the materials that are
intended to be used as functional substrates for biosensing/bioregulation platforms.

We demonstrate that GNW being roughly perpendicular to the Si substrate as well as PyC films of
different thicknesses used in combination with microstructured surfaces (SiO, and bSi) of different
topography may provide both cell adhesion and proliferation promotion or arrest.

Rat C6 glioma cells strongly adhere to the bSi as a substrate. Cells are of spindle shape which
corresponds to their usual morphology. The PyC layer on the bSi modifies the adhesive properties of
the surface and smooths the bSi nanostructures. The cell-surface contact becomes weaker, and as a
consequence, the division rate decreases. At the same time, the surface remains biocompatible (even
without poly-L-lysine or other biopolymers commonly used for cell growth), providing the opportunity
for the fine-tuning of cell growth speed.

To summarize, macro-, micro- and nanoscale roughness plays a crucial role in the process of cell
adhesion to the biosensor surface. The combination of macroscopic and microscopic bSi roughness
as well as surface charge distribution results in sufficient biocompatibility. In terms of adhesive
properties, bSi can be compared to special plastics used for the cultivation of brain cells. BSi surface
modification with PyC leads to decreased cell adhesion to the surface. This was observed both for
PyC on bSi and PyC of different thicknesses on plain SiO, substrates. Such PyC effect may be due to
the fact that the PyC shields electric charges located on the surface and mimics nanoscale roughness.
This will be used in the future for directed cell growth and intercellular contact formation for cells
grown on 3D scaffolds covered with PyC. Further lowering the dimension of the surface roughness
to nanoscale using vertical GNW-covered Si wafers demonstrates poor biocompatibility. The latter
preparation can thus be used for the formation of superhydrophobic tracks for directed neuron network
formation. The regulation of cell adhesion by changing roughness and the selective biocompatibility
of investigated materials allow them to be applied further for the development of sensor platforms.
The sensory properties of such platforms will be determined by the unique optical and electrical
properties of the carbon-based materials.
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ABSTRACT: Black silicon (bSi) refers to an etched silicon surface
comprising arrays of microcones that effectively suppress reflection from
UV to near-infrared (NIR) while simultaneously enhancing the
scattering and absorption of light. This makes bSi covered with a nm-
thin layer of plasmonic metal, i.e., gold, an attractive substrate material
for sensing of bio-macromolecules and living cells using surface-
enhanced Raman spectroscopy (SERS). The performed Raman
measurements accompanied with finite element numerical simulation
and density functional theory analysis revealed that at the 785 nm
excitation wavelength, the SERS enhancement factor of the bSi/Au
substrate is as high as 10° due to a combination of electromagnetic and

@ SERS %‘J&
Black Si/Au ol o
B0
EF10°*
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BIOSENSING:
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v Extremely sensitive
v'Non-destructive

Réaltiiie Living cells detection .

EF ~ enhancement factor

chemical mechanisms. This finding makes the SERS-active bSi/Au substrate suitable for detecting trace amounts of organic
molecules. We demonstrate the outstanding performance of this substrate by highly sensitive and specific detection of a small
organic molecule of 4-mercaptobenzoic acid and living C6 rat glioma cell nucleic acids/proteins/lipids. Specifically, the bSi/Au
SERS-active substrate offers a unique opportunity to investigate the living cells’ malignant transformation using characteristic protein
disulfide Raman bands as a marker. Our findings evidence that bSi/Au provides a pathway to the highly sensitive and selective,
scalable, and low-cost substrate for lab-on-a-chip SERS biosensors that can be integrated into silicon-based photonics devices.

KEYWORDS: Black silicon, surface-enhanced Raman spectroscopy, enhancement factor, DFT, small organic molecules, living cells

B INTRODUCTION

Curing neurodegenerative diseases and stem cell therapies
require effective biosensors for real-time in vivo controlling and
monitoring the growth and functional activity of the cells.
Materials used for biosensor systems must provide cellular
viability and stable functional state, preserve sterility, and
preferably be compatible with silicon photonics to address the
lab-on-a-chip technological flow."

Raman spectroscopy is actively implemented in biosensing”
partially because it can use NIR radiation, which is less
damaging for biological tissues providing deeper — in
comparison with VIS light — tissue penetration.” In addition,
detecting NIR radiation does not require any specific sample
preparation keeping the object unaltered.* The sensitivity and
specificity of Raman measurements can be drastically improved
by using substrates enabling surface-enhanced Raman scatter-
ing spectroscopy (SERS). This technique allows one to detect
low biomolecule concentration®~ changes in cell metabolism®
or cell viability,g discriminate individual vesicles,'® and to real-
time control biochemical changes''™"* by using so-called
SERS-active substrates, which are conventionally based on
noble metal (Au, Ag, Cu) nanostructures.'*™'® They allow
enhancement of the Raman signal due to the surface plasmon

© 2020 American Chemical Society

. 4 ACS Publications

resonance, associated with the collective motion of the
conductive electrons in the vicinity of “hot spots” at high
curvature metal structures.'” This makes the SERS signal very
sensitive to the substrate morphology'® and requires
fabrication techniques providing fine control over the
geometry and size of nanostructures/hot spots,'” which should
be uniformly distributed over the entire substrate to be
employed for biosensing.

Although SERS-active substrates based on metal micro- and
nanostructures deposited on glass are widely available on the
market,” their performance is often limited by the low
curvature of metal nanoparticles and/or small surface density
of the hot spots, which do not allow analytes’ detection at
concentrations at the ppb level.”" To improve the sensitivity,
we suggest employing in SERS substrates based on black
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Figure 1. SEM images of bSi (a,b) and bSi/Au (c,d) substrates; (e) TEM image of the silicon cone covered by a 25—50 nm-thick gold layer. Gold
structures on the bSi substrate are marked with arrows. The white color corresponds to Au components (1), and the dark gray area corresponds to

Si (2).

silicon (bSi), which was proposed in 1997 to increase
absorbance and suppress reflectivity of silicon** by forming
cone- shaped structures of micrometer height over the sample
surface.”” These properties made bSi a versatlle material for
various apphcatwns, such as solar cells”* THz emission
S microfluidic devices,”® chemical’” and biological
sensors,”® antibacterial surfaces,””>" etc.

BSi forms a functional platform for the fabrication of SERS-
active substrates because the apexes of the high-curvature
cone-like structures can serve as active sites for electromagnetic
field (E-field) enhancement. Its performance in SERS has been
demonstrated with a high-intensity 532 nm laser by detecting
individual algal cells (Chlorella vulgaris)*' on bSi substrates
covered with a 200~400 nm-thick gold layer.*"** Unfortu-
nately, the hundreds-nm-thick Au film smooths out the
curvature of the bSi cones suppressing significantly the
Raman signal enhancement.

In vivo bSi-based SERS biosensing challenges the excitation
of the Raman signal with low-power NIR lasers; ie., the
decrease of laser power and increase of the enhancement factor
(EF) are needed. The latter implies decreasing the thickness of
the gold layer to be deposited on bSi and increasing the
number of hot spots at needles” apexes.

The electromagnetic field enhancement at the metal surface
may originate from the electromagnetic (EM) and chemical
(CM) mechanisms.*> The EM mechanism occurs when the
analyte molecule is situated in the close vicinity of the hot
spots on the substrate surface. Since the induced dipole
moment of the molecule is proportional to the electric field, it
drastically increases at the plasmon resonance. Moreover, the
electromagnetic wave emitted by the analyte at the shifted
frequency also enhances due to the plasmonic effect. As a
result, the Raman signal is proportional to the fourth power of
the local field enhancement factor (EF).**

The chemical (also referred to as the charge transfer)
mechanism occurs when the studied substance forms chemical
bonds with the substrate material. These bonds lead to the
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increase of the polarizability and, as a consequence, the
intensity of Raman scattering.

Understanding of the mechanisms of E-field enhancement in
the bSi/Au system will make it possible to predict the EF,
which also depends on the morphology of the bSi surface
(cone height and base diameter, the density of the cones) and
the gold layer thickness.

In this paper, we propose effective, noninvasive, label-free,
high-speed SERS detection of trace amounts of small organic
molecules and living rat C6 glioma cells utilizing bSi covered
with a 25—50 nm gold layer. Using the finite elements method
(FEM) and density functional theory (DFT), we also perform
numerical modeling and theoretical analysis of the SERS signal
of organic molecules/cells deposited on the bSi/Au substrate
and reveal the contributions of EM and CM mechanisms to
the E-field enhancement. The obtained results allow us to
reveal the optimal morphology and composition of the bSi/Au
SERS-active substrate for in vivo biosensing of trace amounts of
biomolecules and living cells.

B RESULTS AND DISCUSSION

Experimental Results. Scanning electron microscope
(SEM) images of bSi and bSi/Au are presented in Figure
la—d. Figure le shows the transmission electron microscopy
(TEM) image of an individual silicon cone covered with the
golden layer. One can observe that the substrates consist of
vertically oriented quasi-regular cone-like structures. The
height and base diameter of cones comprising a bare bSi
substrate are 495 + 19 and 221 + 24 nm, respectively, while
the apex curvature radius is 26 + 4 nm (Figure 1b). On the
bSi/Au substrates, the height of the cones is 497 + 21 nm and
an apex curvature radius is 36 + S nm. It is worth noting that
the roughness of the gold layer is as high as 10—50 nm (Figure
1d) due to nanoscale irregularities and nanoroughness of the
bSi cones. The average thickness of the deposited gold layer
was 25—50 nm. The Au semispheres on the bSi substrate vary
in size and separation distance. For this reason, we analyzed
the distribution of the particle sizes from the SEM image of the
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$i0,/Au surface. The SEM image of the SiO,/Au is presented
in Figure S1. This surface was obtained under the same
conditions as the surface of bSi/Au but is much easier for
analysis. It consists of the hemisphere structures; their
diameter distribution is presented in Figure SIb. As the
conditions were the same both for bSi and SiO,, we used the
SiO,/Au SEM image to obtain the nanoparticle size
distribution assuming that the Au structures on the SiO, and
bSi would be very similar. Since hemispheres with diameters in
the range of 40 to 60 nm (almost 70% of all hemispheres) give
the major contribution to the SERS enhancement, for further
simulations, we assumed that the studied nanoparticles have a
diameter of 50 nm.

The effective surface area of the bSi substrate is about 2.4
times larger than that of the flat SiO, substrate, which was
confirmed by the AFM method earlier.’® The presence of
semispherical structures on an inclined lateral surface does not
allow the cantilever to correctly repeat the surface profile and
introduces additional errors in measurements. However,
assuming that Au roughness on the flat SiO, and on the
conical Si surface is of the same order of magnitude (the
conditions of Au deposition were the same), it will add the
same multiplier to the values of both surface areas, and thus,
the bSi/Au to SiO,/Au surface ratio could be estimated to be
also about 2.4.

To quantitatively evaluate the performance of the bSi/Au
SERS-active substrate, we employ the 4-mercaptobenzoic acid
(4-MBA) molecule with a well-known Raman spectrum. When
4-MBA molecules are deposited on the gold-plated substrate,
the nearest to the substrate molecules form covalent bonds
with gold through S—H groups. That is, by washing the sample
in the ethanol, one can remove the nonbonded molecules and
obtain a monolayer of 4-MBA molecules covalently bonded to
the substrate.

The Raman spectra of the 4-MBA molecule monolayer
deposited on SiO,/Au and bSi/Au substrates are presented in
Figure 2a,, respectively. Under the same measurement
conditions (10 W, 30 s accumulation time), 4-MBA bands
are not detectable when the molecule monolayer is deposited
on the plane SiO,/Au substrate, while these bands are clearly
resolved for the 4-MBA monolayer deposited on the bSi/Au
surface. All observed bands are in good correspondence with
the Raman sgectrum of the bulk 4-MBA (Figure 2b) described
elsewhere.**

It is worth noting that the S—H stretching mode of 4-MBA
at about 2570 cm ™, typical for a Raman spectrum of bulk 4-
MBA, is absent in the Raman spectrum of the monolayer (data
are not shown) because this resonance is suppressed by the
covalent bond, in which the S—H group forms with the gold
layer.

The enhancement factor of the SERS-active bSi/Au
substrate can be found from the following equation®”

Fe Tsi/an/ Nosi/au
T/ N 69)

where Tig/ay (Npsi/an) and Iy (Ny) are Raman intensities
(numbers of irradiated molecules) of the 4-MBA monolayer on
the bSi/Au substrate and bulk 4-MBA on the SiO, substrate
obtained at the same laser power and accumulation time,
respectively. In our experimental conditions, the laser spot area
on the bSi/Au substrate was 1.28 um? however, atomic force
microscopy measurements indicated that the effective surface
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Figure 2. Comparison of the Raman spectra of the 4-MBA monolayer
on the S$i0,/Au smooth substrate (a), of bulk 4-MBA (b), and SERS
spectra of 4-MBA (c) and living rat glioma cell (d) on the bSi/Au
substrate. The spectrum of a living cell was recorded in aqueous
Hepes-buffer solution. The buffer spectrum was subtracted from the
living cell Raman spectrum. The excitation wavelength is 785 nm.

area of the bSi/Au substrate is 2.4 times larger; i.e,, it is equal
to 3.07 um?> That is, at a surface density of 0.5 nmol/cm?,>’
the number of adsorbed molecules on the bSi/Au substrate is
Nigi/au = 92 X 10° Since the penetration depth of the laser
radiation into the bulk 4-MBA sample is about 10 ym and the
molecular density is 1.5 g/ cm?, the number of molecules in the
irradiated volume is Ny = 7.5 X 10". Therefore, at the
measured intensity ratio of I,/ Iy = 2.3 X 10° for the v,
(a;) aromatic ring breathing mode at 1077 cm™, eq 1 gives a
SERS enhancement factor of EF ~ 2 X 10%.

From the top-down SEM images of the bSi/Au substrate
(see Figure 3a), one can see very good structural uniformity of
the substrate. This suggests that bSi/Au substrates exhibit
good SERS signal uniformity over large areas. In Figure 3b,
SERS mapping of the substrates with the 4-MBA monolayer in
three randomly selected 10 X 10 pm areas with 1 um
resolution is performed. Images are reconstructed using a 1077
cm™ band in the 4-MBA SERS spectrum. Equal SERS-signal
intensities indicate very good uniformity over the whole
sample area.

Experimental determination of 4-MBA SERS spectral
stability on the bSi/Au substrate over a long time period was
performed (see Figure S2). Measurement of the SERS
spectrum of 4-MBA molecules was repeated after 8 months.
Both spectra (initial and after 8 months of storing in the air)
demonstrate the same intensities for the same samples,
performed with identical conditions for SERS spectrum
registration. Some changes in the positions of the bands
indicate probable changes due to storage in air (strengthening
of the C=0 band (1706 cm™)); however, these changes do
not affect the SERS substrate efficiency. Moreover, the data
presented in Figure S3 indicate that the bSi/Au substrate
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Figure 3. Uniformity of the bSi/Au SERS substrate. (a) Top-down SEM image of the bSi/Au substrate; the inset gives 1 X 1 ym area. (b) Map of
the background-corrected Raman intensity. 1077 cm™ C—S stretch vibration peak; a SOX objective (NA 1.0) was used. The map resolution is 1
pm. 1,2, 3 — separate 10 X 10 ym maps taken randomly from a 75 X 115 um area. The inset gives a SERS spectrum of the 4-MBA monolayer from

1 X 1 pm pixel.

provides a possibility to obtain the SERS spectrum of the 4-
MBA molecule with extremely low laser power (two spectra for
comparison — 0.5 mW and 1 yW).

SERS-active substrates (for instance, Ag-capped Si nano-
pillar systemsw) are often hydrophobic, which limits their use
for the detection of organic molecules, cellular structures, or
the cells themselves in aqueous media. The hydrophobicity of
these structures is a consequence of the nanostructured nature
of the substrate. In contrast, bSi substrates exhibit very nice
adhesive properties, similar to the commercially provided
tissue-treated plastics for cell culture.”” Due to a combination
of micro- and nanoroughnesses, bSi substrates are hydrophilic
(see Figure S4). Water-drop hydrophilicity assay of bSi/Au
and plastic (Nunc)) and therefore biocompatible. Hydro-
philicity, adhesion, and SERS activity provide a tremendous

advantage of the bSi/Au substrates over the existing ones in
biochemical, biological, and biomedical applications, which
implies working in aqueous environments.

The large enhancement factor allows us to employ the bSi/
Au SERS-active substrate for the detection of the living C6 rat
glioma cells. Using the propidium iodide (PI) assay, it was
shown that the cells on the bSi/Au substrate were viable,
preserved their usual morphology, and formed a good
monolayer (see Figure SS).

Measurements of a living cell are complicated by continuous
cell “movement” due to the dynamics of biochemical reactions
taking place inside the cell and due to the constant medium
convective flow, which cannot be fully avoided despite the low
laser power and relatively short signal accumulation time.
These factors led to some changes in SERS spectral band
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intensities demonstrating high dynamics of intracellular
processes. For instance, one can observe from Figure 4 that
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Figure 4. SERS spectra of a living rat glioma cell on the bSi/Au
substrate, measured at one point in 1 min intervals. Specific markers
indicate the intensity changes of some characteristic bands.

the intensity of the CH; symmetric stretch band at 1380 cm™

varies slightly from measurement to measurement due to the
density fluctuations in the vicinity of the hot spots on the bSi/
Au substrate. Thus, the cellular activity imposes stringent
requirements on biosensors’ substrates being developed for
biosensors. These include a uniform and dense hot spot
distribution and a high enhancement factor that will enable
real-time monitoring of the cell activity with high accuracy and
about one micron spatial resolution.

In the present study, we investigate the living cells by
averaging the five separate Raman spectra measured at the
same point. The typical averaged spectrum of a living rat
glioma cell C6 on the bSi/Au substrate is presented in Figure
2d. Similar to the 4-MBA monolayer (see Figure 2a), we do
not observe Raman bands of living cells seeded on the
reference SiO,/Au substrate.

Specific bands of bio-macromolecules of C6 glioma cells,
detected in the “fingerprint” spectral region, are grouped and
summarized in Table 1. Averaging makes Raman spectra
poorly suited to identifying specific molecules in living cells
such as specific proteins or lipids,*” but they can serve to detect
relative concentration changes of biomolecules. By using the
bSi/Au substrate, we managed to resolve the characteristic
bands of nucleic acids, proteins, and lipids. This makes it
possible to distinguish between normal and cancerous cells by
taking into account the higher relative content of nucleic acids
specific to malignant cell transformation.""** Specifically,
relatively high intensities of 787 (U, C, T, O—P—O symmetric
stretch), 827 (O—P—0), and 1322 and 1574 cm™ (A, G)
bands indicate the high content of nucleic acids characteristic
for cancer cells; strong bands at 1243, 1273, and 1288 cm™
correspond to the bands of Amide III giving information on

the secondary structure of proteins (1243 for the f-sheet and
1288 for the a-helix); high intensities of S06, 520, and 540
em™ reveal high content of proteins with disulfide bonds
enriched with cysteine. The main intracellular function of such
proteins in cells is the participation in redox reactions and
regulation of intracellular balance between oxidants and
reductants. One of the key players in the redox balance in
cells is the glutathione/glutathione-disulfide (GSH/GSSG)
ratio. It has been shown® that a decreased GSH/GSSG ratio
(increased GSSG fraction) is the key factor in cancer
progression. Thus, bSi/Au SERS-active substrates offer unique
opportunity to investigate the cell malignant transformation
using characteristic protein disulfide Raman bands as a marker.

Nevertheless, we should admit that the SERS effect depends
on the distance, and therefore, it is really possible to obtain
SERS signals only from the attached to the substrate part of the
cell. The bSi/Au substrate is biocompatible and exhibits nice
adhesive properties (as it was demonstrated previously). It was
shown that the cell/substrate distance varies from 10 to 80
nm** for most parts of the cells and 25 + 10 nm for peripheral
lamellipodia.”® This explains the fact that the majority of
detected lines belong to lipid structures (see Table 1);
nevertheless, proteins and DNA from the adjacent to the
membrane organelles are also observed.

The SERS spectrum of C6 glioma cells does not exhibit
strong lines of Amide I, but nevertheless, it is supposed that
there is some weak impact of the a-helix at ~1645 cm™" in the
whole spectrum. Amide I is very active and useful for IR
measurements as these bands are strong, but in Raman, Amide
Lis not so significant and even was shown to be suppressed in
SERS and TERS of protein specimens.“’ Moreover, due to the
distance dependence of the signal enhancement in SERS
spectra, we obtain information mainly on the cell membrane,
which is closely located to the SERS substrate, and some
structures adjacent to the membrane. Thus, the protein impact
on the SERS signal is visualized by Amide III, which is more
active in Raman, and there is no overlap with the bands of
lipids and nuclear structures.

Finite Elements Method: Electromagnetic Enhance-
ment Contribution to SERS. We performed 3D FEM
modeling of the interaction of the light wave propagating along
the substrate normal to the cone-like Si structures covered by
the 20—50 nm-thick gold layer. By analyzing the SEM and
TEM images, we found that the gold layer can be presented as
an ensemble of spheres, bi-spheres, and dumbbell-like particles
having a different orientation from the cone axis (see Figure 3).
We also took into account that nanoparticles may have
different sizes and compositions.

We assume that the nanoparticles were irradiated with a
plane electromagnetic wave and consider the complex
refractive indices of nanoparticles’ materials to be dependent
on the wavelength. Au dielectric properties in the optical and
(IR) frequency ranges were simulated by COMSOL Multi-
physics via the Drude model taking into account the
experimental data presented elsewhere'” and the fact that the
wavelength of the incident radiation is much larger than the
characteristic nanoparticle mean size and golden layer
thickness. The bSi/Au cone edge was modeled by a spherical
particle of the core—shell Si@Au type. From SEM images
presented in Figure 1 we reveal that the radius of the Si core
and thickness of the gold shell varies in the 36—44 and 13—21
nm ranges, respectively.
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Table 1. Major Peak Location in a “Fingerprint” Region of Raman Spectra of Main Bio-Macromolecules, SERS Spectrum of C6
Rat Glioma Cells, and Their Assignments (Raman Spectral Band Locations and Their Assignments Are Taken from

Elsewhere*’)

SERS spectrum peak location (cm™)
for C6 rat glioma cells

Raman spectrum peak
location (cm™

nucleic 723-728 727
adds 763 768
782-792 787
813 817
828 827
898 894
1084-1095 1088, 1097
1173—1180 1180, 1188
1304-1342 1322, 1342
1487 1484
1510 1509
1578 1574
proteins  500—550 506, 520, 540
755760 753
850—-85S 852
935-937 930
1000—1006 1003
1014 1018
1030-1033 1032
1066; 1080—1083; 1069, 1128
1125-1128
1155—-1158 1185
1225-1280 1243, 1273, 1288
1600—-1610 1600, 1610
lipids 719 714
955-975 953, 961, 972
1030-1130 1042, 1110
1365-1380 1380
1440—-1460 1437, 1457

peak assignments
C—N head group in adenine
pyrimidines (cytosine, thymine, uracil)
uracil, cytosine, thymine ring breathing; O—P—O symmetric stretch
RNA, A-type DNA
0-P-0
adenine, nucleotide backbone
PO2 stretch
cytosine, guanine, adenine
adenine, guanine
guanine, adenine
adenine
guanine, adenine
disulfide S—S stretch (conformation dependent)
Trp ring br.
Pro C—C stretch (collagen); tyrosine ring br.
Pro C—C stretch (collagen); C—C backbone stretch (a-helix)
Phe symmetric ring br.
Trp symmetric ring br.
Phe C—H in-plane bend
C—N stretch

C—C/C—N stretch

Amide III (random coil 1225—1240; f-pleated sheet 1240—1260; a-helix 1260—
1300)

Phe, Tyr C=C in-plane bending
CN + C (choline)
CH, deformations

skeletal C—C stretches (cis 1030—1040; chain trans 1055—1066; chain random
1080—1085; chain 1092—1098; trans 1127)

CH; symmetric stretch

CH, scissors

()
1 Core-shell structure
) (Si@Au)
Overlapped Au
2. A nanoparticles
3 Non-overlapped
" 9 5 Au nanoparticles
Dumbbell-like Au
4.
\ nanostructures

Figure §. (a) Top-view SEM image of bSi/Au showing horizontally (perpendicular to the wave vector E) oriented bi-spheres and dumbbell-like
particles; (b) side-view SEM image of bSi/Au showing vertically (along the wave vector k) oriented bi-spheres and dumbbell-like particles; (c)
elementary nanostructures selected for numerical simulation of the E-field enhancement.

The numerical simulation showed that there are three
absorption bands (see Figure 6). The band in the NIR region
dominates having the central wavelength depending on the Si
core radius and Au shell thickness. The bigger the Si core
radius, the higher the absorption cross section, and the longer
the central wavelength (Figure 6a). The decrease of the Au
layer thickness also leads to the red-shift of the absorption
band, but the absorption cross section maximum decreases
(Figure 6b).
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Simulation results strongly support the hypothesis that in
the red—NIR spectrum region, the absorption resonance of a
gold bi-sphere depends not only on the distance between the
sphere centers and nanogap sizes but also on the orientation of
the pair with respect to the EM wave propagation direction
(Figure 7). If bi-spheres are oriented along the wave vector k of
the EM wave, then there is a strong NIR absorption band,
which is absent in the individual Au nanospheres. The red
absorption maximum arises from the nanogaps in bi-sphere
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Figure 6. Absorption cross section as a function of wavelength simulated for a Si@Au spherical nanoparticle. (a) Changing the Si-core radius from
34 to 44 nm at a Au-shell thickness of 21 nm, (b) changing the Au-shell thickness from 13 to 21 nm at a Si-core radius of 38 nm.
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Figure 7. Absorption cross section as a function of the wavelength of the Au bi-spheres (r = 25 nm) having distances between the sphere centers
from 35 (overlapped spheres) to S5 nm (nonoverlapped spheres). The electromagnetic wave propagates (a) along with and (b) perpendicular to

the bi-sphere axis.
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Figure 8. Absorption cross section as a function of wavelength, simulated for (a) Au dumbbell-like nanoparticle (r = 25 nm) and (b) Au bi-spheres
with different distances between the sphere centers. The electromagnetic wave propagates along the bi-sphere axis; d is the distance between the

sphere centers.

structures and is red-shifted with the increase of the distance
between the spheres (Figure 7a). .

If the bi-sphere axis is oriented perpendicular to k (ie.,
horizontally), then a green resonance peak characteristic to
gold nanostructures appears. The central position of this band
“floats” in the 500—515 nm range when the distance between
the centers of spheres changes; however, there is no absorption
resonance in the red or NIR spectrum range (Figure 7b).

The system of nonoverlapped Au spheres was further
modified into a dumbbell-like structure, which models well the
Au droplets on the Au layer. A bridge between the two spheres
led to the appearance of an additional absorption peak, which

50977

red-shifts with the increase of the distance between the spheres
(Figure 8a) and disappears for nonoverlapped Au spheres
(Figure 8b). For nonoverlapped Au spheres, the “green”
absorption maximum blue-shifts with the increase in the
distance between the sphere centers (Figure 8b) approaching
the plasmon resonance of the individual Au nanoparticle at 560
nm.

Figure 9 presents the numerical simulation of the E-field
enhancement in nanostructures having an absorption max-
imum at 785 nm. For the Si@Au (44 nm@21 nm)
nanoparticle with an absorption maximum of 785 nm, the E-
field enhancement on the outer Au surface is as high as 20
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Figure 9. E-field enhancement maps at an irradiation wavelength of 785. (a) Si@Au (44 nm@21 nm), (b) Au bi-sphere (r = 25 nm, distance 47.5
nm), (c) Au bi-sphere (r = 25 nm, distance 55 nm), (d) dumbbell-like structure (r, = 13.5 nm). Triangle-up and triangle-down are maximum and

minimum values of the E-field enhancement, respectively.

(Figure 9a) giving EF »~ 1.6 X 10°. In the overlapped Au
nanospheres (Figure 9b), there exists a 70-fold E-field
enhancement in the nanogaps between the overlapped spheres
(EF ~ 2.4 X 107). E-field enhancement on the sphere surface
gives an EF equal to approximately 10°—10°. For non-
overlapped Au spheres, the E-field enhancement occurs only
in the gap between the spheres with an EF of the order of 10*
(Figure 9c). However, for the refined model on the Au
dumbbell structure, E-field enhancement occurs over the
whole structure surface, but the most significant E-field
enhancement in the space between is as high as 10° (Figure
9d).

Based on the results of FEM simulations and their
comparison with the experimental measurements of 4-MBA
SERS spectra, we may conclude that the SERS-active bSi/Au
substrate is very efficient for detecting biological objects as it
allows using an NIR laser source for sample irradiation and
provides extremely high E-field enhancement. The major
mechanism in Raman signal enhancement is the localized
surface plasmon resonance (LSPR). Simulation results indicate
that the EF due to localized surface plasmon resonance reaches
a value of 10*~107, while the experimentally obtained value of
the EF is 10° (expecting the remaining contribution of CM).

BSi/Au possesses a significant advantage over the conven-
tional plane SERS-active surfaces with Au hot spots because it
enables confining the living cells and biomolecules into a 3D
enclosure surrounded with the hot spots. For Au nanoparticles
with an average diameter of 50 nm, LSPR should appear for
500—530 nm excitation. This statement is proven both by the
existing data and our simulation results (see Figure 7). In our
experiments, we used a 785 nm laser for excitation, and thus,
LSPR did not take place. Living cell sample measurement was
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provided for only 30 s with a 785 nm laser (this excitation
wavelength is not resonant to lots of living cell components
such as proteins, DNA, and RNA, as 532 nm;*® however, its
application is favorable as it is not damaging to cells and tissues
and can provide nondestructive analysis). This time period and
laser power were not enough to obtain a living cell Raman
spectrum with an acceptable signal-to-noise ratio on flat SiO,/
Au. However, due to the increase of the bSi/Au absorption
cross section in the NIR region, the observation of the living
cell SERS spectrum on them becomes possible. Moreover, the
predominantly vertical orientation of the gold bi-spheres and
dumbbells (see SEM images in Figure 2) on the Si cone
surface allows one to obtain an excellent enhancement of the
Raman signal by employing plasmon resonance situated in the
red and NIR region.

DFT Modeling: Chemical Enhancement Contribution
to SERS. To evaluate the enhancement of the SERS signal via
the CM mechanism, we employed DFT analysis by studying
the equilibrium geometry, electronic structure, and Raman
spectra of the 4-MBA molecule and the complex 4-MBA/Au.
Simulated Raman and SERS spectra in comparison with
experimentally obtained ones as well as optimized geometries
of the 4-MBA molecule and 4-MBA/Au (insets) are presented
in Figure 10. The simulated spectra display good agreement
with the experimental results. Peak assignment of the main
characteristic bands in the simulated and experimental Raman
spectra of 4-MBA molecules and SERS spectra of 4-MBA/Au
complexes are summarized in Table 2. The charge transfer
(CT) mechanism is a short-range effect caused by the chemical
interaction between the adsorbed molecule and the metal or
semiconductor surface.*’ It was shown that the CT process
leads to the symmetrical mode enhancement in general,

https://dx.doi.org/10.1021/acsami.0c13570
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Figure 10. Simulated and experimental Raman spectra of 4-MBA
molecules (a) and SERS spectra of 4-MBA/Au complexes (b) with
optimized geometries of 4-MBA molecule and 4-MBA/Au complex
(insets in panels (a) and (b), respectively). Intensity is presented in
arbitrary units as a scale bar. Simulated vibrational bands were fitted
with the Gaussian profile with a bandwidth of 30 cm™.

whereas the modes involving the vibrational coordinates,
which are relaxed by the electronically excited state, would be
enhanced preferably.SO In our experiments, we observe a
significant increase in v, (a;) aromatic ring breathing mode
(1077 cm™) and g, (a;) totally symmetric v C—C (a;) (1587
cm™") intensities, which is well confirmed by DFT simulations,
considering the chemical mechanism (molecule adsorption on
the Au surface, charge transfer) impact on the Raman signal
enhancement. Nevertheless, the DFT simulation results allow
us to conclude that the CT process contributes to the signal
enhancement by no more than 1 order of magnitude
(supporting the primary contribution of the EM mechanism
as follows from FEM modeling and comparison of both
contributions with the experimental observations). It has been
demonstrated elsewhere’' that for a 4-aminothiophenol
molecule (it differs from 4-MBA with one functional group)
adsorbed on the Au nanorings, the 1075 cm™ enhancement is
observed only for excitation with the 785 nm laser and has
pure EM origin. In our study, enhancement of the 1075 and
1585 cm™! bands was of the same order (EF ~10°), which
allows us to conclude that the contribution of the CT
mechanism to SERS enhancement of molecules adsorbed on
the bSi/Au surface is negligible. Thus, when excited by a 785
nm laser, the electromagnetic mechanism of surface-enhanced
Raman spectra dominates.

4-MBA molecules were covalently bonded to the Au surface.
It is confirmed by the appearance of a 220 cm™ band of Au—S$
and the absence of a 2565 cm™" band of S—H (see Figure S3).
According to the procedure of the molecular monolayer
formation and data presented elsewhere,”> we suppose the
vertical configuration of the molecules on the bSi/Au substrate.
The 4-MBA molecule flat orientation to the surface could be
identified by strong out-of-plane y(CCC) vibration of the
aromatic ring. In the SERS spectrum of 4-MBA molecules on
the bSi/Au surface, this band at 713 cm™ responsible for
7(CCC) as well as 848 cm™ corresponding to S(COO™)
practically vanishes, while 1706 cm™ corresponding to C=0
stretching vibrations of nondissociated COOH groups is

present. These experimental data are in good agreement with
the results of DFT calculations (no y(CCC) and f(COO™)
bands, while C=0 at 1713 cm™" is present (see Table 2 and
Figure 10), and confirm the vertical orientation of the 4-MBA
molecules on the bSi/Au substrate.>>

The appearance of a band at 848 cm™, assigned to the
COO" stretching mode, in the SERS spectrum likely indicates
that some 4-MBA molecules are deprotonated. The pK, of 4-
MBA is 4.2 for free 4-MBA and 5.6 for the covalent bond to
gold nanoparticles.*® At pH 7, 4-MBA is totally deprotonated*®
as ethanol pH is 7.33. During the sample drying procedure in
the presence of humid air, the 4-MBA molecule protonates via
hydration. However, a small part of it has remained
deprotonated, as we observe due to the 848 cm™ band.

1

B CONCLUSIONS

Detection of single organic molecules and living cells with high
throughput, speed, and resolution is a very challenging
biosensing task. In creating a SERS-active biosensor platform,
one should aim in using NIR light for excitation and low power
values to prevent possible living cell damage and minimizing
the signal accumulation time to acquire accurate information
on dynamic biochemical and biophysical processes in living
cells. Special attention must also be paid to the quality of the
surfaces used for SERS of living cells as hot spot density and
EF must satisfy the requirements of uniformity, sensitivity
resistance to external influences, and easy low-cost reprodu-
cibility on an industrial scale.

We propose a new SERS-active platform for detection of not
only trace amounts of small organic molecules but also living
cells. The developed bSi/Au substrate ensures high sensitivity
by exploring nanoscale roughness of submicron regular cone
structures evenly distributed over the entire surface. The
increased effective surface area at dense and homogeneous hot
spot distribution allows us to obtain an EF of about 10%. It is
worth adding that the proposed SERS-active substrate requires
only a 25-50 nm gold layer instead of 100—400 nm
conventionally used for SiO,-based substrates, thus signifi-
cantly reducing production costs.

The performed numerical FEM simulation confirmed the
strong enhancement of the local field at the bSi/Au surface and
revealed that the outstanding performance of the bSi/Au
substrate originates mostly from the EM mechanism of SERS.
Moreover, we demonstrate that the dominating vertical
orientation of the gold bi-spheres and dumbbells along bSi/
Au cones is crucial for achieving the high efficiency of the
substrate in the NIR spectral range. DFT analysis exhibits a
relatively small contribution of CM to the SERS activity of
bSi/Au, at the level of 1 order of the EF magnitude vs 7 orders
coming from the electromagnetic enhancement.

Implementation of the bSi/Au substrate for living C6 rat
glioma cell analysis made it possible to visualize the
characteristic bands of nucleic acids, proteins, and lipids in
the “fingerprint” SERS spectrum region with low excitation
intensities and short accumulation time. Moreover, we
demonstrated that the bSi/Au substrate has tremendous
potential for the real-time cellular dynamics SERS observa-
tions. Thus, the bSi/Au substrates may be easily fabricated on
a large scale using existing well-developed techniques, with the
tune control of specific surface parameters, providing efficient
Raman signal enhancement, stability, and reproducibility.

We demonstrate that covering of bSi with up to S0 nm-thick
golden layer leads to the formation of specific size-geometry
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Table 2. Peak Assignment of the Main Characteristic Bands (Colored Boxes) in the Simulated and Experimental Raman
Spectra of 4-MBA Molecules and SERS Spectra of 4-MBA/Au Complexes>>>%*%%=5¢

4-MBA 4-MBA 4-MBA on 4-MBA/Au
{exp.} {theor.} bSi/Au {exp.SRS} {theor.SERS} Peak assignment
(em™) (em") (em) (em™)
- - 521 498 V(CS) %
8(COOH) deformation
631 622 631 642 ey 0
+8( COOH) deformation
- - 693 - ¥(CH) out-of-plane >
a - 713 - vay +Y(CCC) out-of-plane ****
806 M 766 Vi ¥
in-plane aromatic ring breathing
mode +-COH deformation
- - 848 - B(COO") *
909 905 B(SH) %
- - 1013 - in-plane ring breathing, b, 4%
1097 1083 1077 1059 vi2 (a1) in-plane aromatic ring
breathing mode + v(CS), a;
33.49.54,55.56
E - 1142 - Vis (b2) 8(CH) deformation >*+5¢
1179 1171 1180 1162 vy (ar) 8(CH) deformation
33.3649.35,56
1290 1278 - - Vi
- - - 1326 3(OH) deformation
8( C-Ar) deformation
- - 1418 - v (COO") stretching mode %4
- - 1480 - W(CC) + y(CH) &5
1598 1589 1587 1585 Vsa (a1) totally symmetric aromatic
ring vibration 33649345556
= 1743 1706 1713 v (C=0) stretching mode

“The vibrational modes are as follows: v — stretching, # — bending, 6 — deformation, y — out-of-plane deformation.

hot spots to enhance the bSi-for-SERS selectivity and
sensitivity.

Applying these bSi/Au substrates for SERS biochemical
change detection overcomes the limitations of other biosensing
platforms and provides precise information on the biochem-
istry of cell behavior, cell—substrate contact, and metabolism.
BSi/Au can be implemented for high-throughput screening
due to outstanding bSi-for-SERS sensitivity and ease of use.
Proposed bSi/Au substrate production fully meets the
specified requirements for effective SERS of living cells and
allows the scalable production of the low-cost SERS-active
hydrophilic substrates of outstanding quality and reproduci-
bility.

B METHODS

Materials and Substrate Preparation. The silicon used in the
experiment was lightly p-doped, 0.5-mm thick silicon wafers. BSi was
formed in a cryogenic, inductively coupled plasma reactive ion etcher

57,58 . .
as reported elsewhere.”””" As a plain reference substrate, quartz slides
(8i0,) were used.

Before the vacuum deposition of gold, the substrates were rinsed
with ethanol for 10 min, washed in deionized water, and dried in a dry
stream of N,. The Au films were deposited on the bSi and SiO,
substrates using a Quorum QIS0T ES Plus-Turbomolecular pumped
coater. Sputtering parameters for targets were as follows: Au, sputter
current 50 mA, sputter time 120 s, argon pressure 2 mBar.

Before surface coating with testing molecules or cells, the bSi/Au
and SiO,/Au substrates were held in a N, atmosphere to prevent
undesirable absorption of impurity molecules by these substrates.
Both bSi/Au and SiO,/Au slides were incubated in the 4-
mercaptobenzoic acid (4-MBA, HSC4H,CO,H; Sigma, USA)
solution at a final concentration of S X 107> mol/L for 4 h to
provide the molecular monolayer formation on the gold-covered
surface of the SiO, slides and bSi through the —SH group. Then all
samples were washed with ethanol flow for 10 min to remove trace
amounts of 4-MBA molecules not bound to the surface, dried with
N,, and kept in hermetically closed containers before SERS
measurements. For SERS of living cells, the prepared bSi/Au and
SiO,/Au substrates were additionally sterilized at 110 °C for 2 h and
then in full sterility placed in plastic Petri dishes in cell culture
medium DMEM/F12.
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Cell Culture. ATCC C6 (ATCC CCL-107) rat glioma cells were
obtained from ATCC, LGC Standards, Ogrodowa 27/29, Kielpin,
Poland, and used in all experiments. A DMEM/F12 medium (Gibco)
supplemented with 10% fetal bovine serum (Sigma) and 80 pg/mL
gentamycin sulfate (Belmedpreparaty, Belarus) was used for cell
growth. C6 glioma cells were held in 100% humidity at 37 °C in a 5%
CO, atmosphere. In the log-phase, cells were trypsinized and
centrifuged at 1500 rpm, and 10° cells were seeded in standard 3.5
cm plastic Petri dishes with bSi/Au or SiO,/Au slides placed on the
Petri dish bottom. Cells were cultured for 3 days, and all
measurements were conducted at 70% cell confluence. To exclude
undesirable SERS signals from growth medium components during
measurements, it was replaced with Hepes buffer solution (pH 7.2) of
the following content (in mmol/L): NaCl — 131, KCI — S, MgSO, —
1.3, CaCl, — 1.3, Hepes — 20, CH;;,04 — S.

Fluorescence Microscopy. Fluorescence images were recorded
using a fluorescence microscope built around an inverted biological
Nikon Eclipse Ti-U with a 40X CFI S Plan Fluor ELWD air objective
and operated in the wide-field epi-illumination mode. The excitation
source was a 532 nm CW DPSS laser (Crystalaser). The excitation
spot diameter was about 200 ym. The laser power after the objective
was 60 4W. The excitation laser was focused into the back focal plane
of the objective with a 600 mm focal distance achromatic doublet and
directed into the objective by a 50/50 beam splitter. The resulting
fluorescence was filtered off the excitation light with a long-pass filter
(HQS4SLP, Chroma) and imaged with an EMCCD (DU-897E-CS0-
UVB, Andor). The camera EM gain was 150, the integration time was
0.1 s, and each image was an average of 20 frames.

Cell Viability Detection. Viability determination was performed
via the propidium iodide (PI) assay. PI is a cell membrane
nonpenetrating fluorescent dye, which becomes strongly fluorescent
only if it penetrates the cell membrane and intercalates in DNA
molecules. Cells on the bSi/Au substrate were washed twice with
Hepes-buffer, and fluorescence measurements were conducted in
Hepes-buffer containing 107 M PL

The cell death control study was performed by cell permeabiliza-
tion and fixation with ice-cold ethanol: the cell culture medium was
removed, cells on the bSi/Au substrates were gently washed with
Hepes-buffer, and the sample was immersed in ice-cold ethanol and
stored at 4 °C for 30 min. Then the sample was washed twice with
Hepes-buffer and once with distilled water. Measurements were
conducted in a medium containing 107° M PL

SEM, TEM, and Image Processing. Scanning electron
microscopy (SEM) micrographs of investigated samples were
obtained using a Helios NanoLab 650 model microscope,
manufactured by FEL Analysis of bSi and bSi/Au was performed
with a nominal beam voltage of 3 kV. Transmission electron
microscopy (TEM) was performed with a transmission electron
microscope Tecnai G2 F20 X-TWIN (FEI, Netherlands, 2011) with
the Schottky type field emission electron source.

The bSi surface dimensions were tracked and analyzed manually by
open-source software ImageJ (https://imagej.nih.gov/ij/). Surface
dimensions are presented as mean + SD.

SERS. Raman spectral measurements were obtained using an inVia
confocal microscopic Raman system (Renishaw) with the 785 nm
beam of the diode laser used as the excitation source. The laser power
at the samples was restricted to 10 yW for 4-MBA observations (air
objective 50X) and 10 mW for living cell spectral detection. Such a
power increase for living cells is associated with the measurement
conditions and intended to overcome power dissipation and signal
loss: living cells were investigated in Petri dishes with 0.5 cm of liquid
Hepes-buffer solution above the cells, causing some radiation
absorption by water in NIR, and with air objective 20X. An excitation
wavelength of 785 nm belongs to the tissue optical window and is not
damaging to cells and tissues. Irradiation of living cells with
wavelengths of 488 and 514.5 nm with only S mW laser power
leads to cell overheating and death, but 115 mW power of 785 nm
irradiation for more than 1 h does not influence cell viability.”” The
exposure time was 10 s, and the spectra were collected three times to
obtain a better signal-to-noise ratio. The intensity was estimated as
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counts per second. For spectral graphical presentation, simple baseline
correction was performed.

Electromagnetic Enhancement Mechanism (EM) Simula-
tion. For evaluation of the localized surface plasmon resonance
impact on Raman signal enhancement, Au and Si/Au nanostructure
models were designed using FEM-based COMSOL Multiphysics 5.5
software. The simulation domain is composed of a nanostructure with
experimentally obtained geometry with an air domain surrounded by
a perfectly matched layer. The wavelength-dependent optical
properties such as the absorption cross section were simulated. The
substrate was excluded from the simulation to reduce computation
time. Moreover, the influence of the substrate of the considered Au
plasmonic structures is the higher-order effect, and the aim of the
simulations was to show the general tendency and to explain the
observed SERS enhancement.

Chemical Mechanism (CM) Simulation. The equilibrium
geometry, electronic structure, and Raman spectra of the complex
4-MBA/Au, which simulated 4-MBA adsorption on Au, and 4-MBA
molecule were simulated using nonempirical density functional theory
(DFT). The calculations were carried out with the B3LYP exchange-
correlation functional and mixed basis sets using computational
chemistry software package Gaussian 16, Revision B.01 for structure
optimization and Raman spectral simulation of 4-MBA adsorption on
Au. The basis sets for H, C, O, and S atoms were aug—cc-pvdz,w which
included the polarization function and diffuse functions to all four
kinds of atoms. For the Au atom, the valence electrons and the inner
shell electrons were described by the LANL2DZ basis set and the
corresponding relativistic effective core potentials, respectively.”’ The
chemical enhancement (CM) mechanism in SERS spectra involves
the formation of new electronic states due to charge transfer (CT) or
adsorbate—substrate bonding interactions.”" The B3LYP functional
has the problems with resolving long-range CT processes.”” For this
reason, in order to take into account the CT effect CAM-B3LYP and
B3LYP-D3 functionals were used. These functionals provide a more
accurate asymptotic behavior for CT transitions. The CAM-B3LYP
functional® is based on the long-range correction of the exchange
potentialm’65 and used the Coulomb-attenuating method (CAM).
B3LYP-D3 denotes a calculation with the usual B3LYP functional and
a D3 dispersion correction energy term. In this method developed by
Grimme, the DFT-Dispersion method appends to the base functional
a scaled, damped, and fitted leading term to the dispersion energy
series.”” Thus, in Raman spectral simulations, the DFT/CAM-
B3LYP/aug-cc-pvdz/LANL2DZ and DFT/ B3LYP-D3/aug-cc-pvdz/
LANL2DZ levels of theory were applied. In our calculations, a scaling
factor of 0.97 was used.®”

For the investigation of the adsorption behavior of 4-MBA on gold
nanostructures, a model proposed elsewhere® was used, supposing 4-
MBA molecule adsorption on one Au atom through the S atom with a
parallel orientation. Consideration of more Au atoms during the
formation of a complex with a 4-MBA molecule significantly
complicates the vibration spectral calculations. Thus, only the Au
atom was used in simulations, and as the mass of the Au atom is
relatively large, this makes the approximation reasonable.”®
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B ABBREVIATIONS

UV, ultraviolet

NIR, near infrared

SERS, surface-enhanced Raman spectroscopy
bSi, black silicon

EF, enhancement factor

E-field, electromagnetic field

EM, electromagnetic mechanism

CM, chemical mechanism

CT, charge transfer

FEM, finite elements method

DFT, density functional theory

SEM, scanning electron microscopy

TEM, transmission electron microscopy
4-MBA, 4-mercaptobenzoic acid

LSPR, localized surface plasmon resonance
GSH, glutathione in the reduced state
GSSG, glutathione in the oxidized state
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Abstract: Black silicon (bSi) is a highly absorptive material in the UV-vis and NIR spectral range.
Photon trapping ability makes noble metal plated bSi attractive for fabrication of surface enhanced
Raman spectroscopy (SERS) substrates. By using a cost-effective room temperature reactive ion
etching method, we designed and fabricated the bSi surface profile, which provides the maximum
Raman signal enhancement under NIR excitation when a nanometrically-thin gold layer is deposited.
The proposed bSi substrates are reliable, uniform, low cost and effective for SERS-based detection
of analytes, making these materials essential for medicine, forensics and environmental monitoring.
Numerical simulation revealed that painting bSi with a defected gold layer resulted in an increase in
the plasmonic hot spots, and a substantial increase in the absorption cross-section in the NIR range.

Keywords: black silicon; surface-enhanced Raman spectroscopy; surface plasmon resonance;
nanostructures; etching

1. Introduction

Silicon is the most widely used electronics and photonics semiconducting material.
Although a polished silicon possesses a high reflectivity in the ultraviolet (UV) [1], visible
(vis) and near infrared (NIR) range [2], the micro-structuring of silicon may make it remark-
ably absorptive [3-5]. As a result, the micro-structured silicon surface acquires a deep black
color, and it is often referred to as “black silicon” (bSi).

Having been discovered accidentally, bSi was initially considered an unwanted side-
product [6]; however, nowadays it is undergoing a rebirth because of new opportunities it
opens in a number of applications. The surface of bSi may comprise of various shapes and
geometries, including needles, pyramids, cones, pillars, holes, columns, etc., which enhance
absorption and suppress light scattering [7] via effective light trapping [8]. The suppression
of specular reflectance and enhancement of absorbance can be described in terms of the
structural defects in the Si lattice or impurities (specifically sulfur) which appear during
surface micro-structuring [7]. These defects and impurities create IR absorbing states in
the band gap and are also responsible for the trapping of photoexcited carriers (for flat
silicon, the band gap is 1.07 eV) [9]. The absorbance caused by these defects is enhanced by
multiple reflections between the microstructures of bSi, which, in turn, suppresses specular
reflection and increases absorbance.

The significant increase in absorbance in UV-vis and NIR spectral ranges by bSi,
compared to bulk silicon, spans the applications of bSi to many areas, including solar
cells [10,11], photo-electrocatalysis [12,13], visible light and NIR sensors [9,14]. Moreover,
there is also a trend to replace indium gallium arsenide and germanium in commercial
NIR photodetectors [15] with bSi because it is cost-effective and enables integration of the
photodetectors into a silicon platform.
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The high absorptive properties of bSi in a wide spectral range are also beneficial for
nanoplasmonic applications, including surface enhanced Raman spectroscopy (SERS) [16],
which employs the enhancement of the light field in the vicinity of the metal surface, where
the eigenfrequency of the electron ensemble match the light frequency. If the molecules
of the analyte are situated in the vicinity of the interface between the metal plasmonic
particle and the environment, the surface plasmon resonance (SPR) results in an increase
in the Raman scattering cross-section by several orders of magnitude, allowing one to
detect trace amounts of molecules adsorbed onto the interface [17,18]. When using bSi as
a supporting material for the formation of plasmonic nanostructures, significant UV-vis—
NIR absorption and the phenomenon of light-trapping by the micro- and nano-structured
surface of bSi may drastically increase the local electromagnetic field enhancement on the
metal-environment interface. This, in its turn, will cause the increase in the Raman signal
of the adsorbed molecules of the analyte.

The SERS approach is a reliable method for detecting low concentrations of molecules [19],
investigating molecule-molecule [20] or molecule-surface [21] interactions, investigating
living cells functions [22] and detecting pesticides [23] and poisons [24], which obviously
extends its applications from fundamental science to practice, including biomedicine, forensics,
environment, security, etc. However, obtaining very specific information from analytes in the
form of a ‘“fingerprint’ vibrational spectra, SERS exhibits some drawbacks, which significantly
reduce its applications in real life. Namely, SERS substrate fabrication always presents a
trade-off between stability, cost, efficiency, reliability, uniformity, density of hot-spots and
scalability. Commonly used approaches for SERS substrate fabrication are based either on
colloidal solutions of noble metal nanoparticles or nanostructured surfaces of noble metal slabs
and films. The former usually give significant enhancement of Raman intensity; however,
they are non-stable [25], storage condition-dependent [26], inconvenient in routine use [27],
require immobilization on the flat surface for measuring [28], poorly reproducible and non-
uniform [27,28]. The latter allows one to control the density of hot spots and to be fabricated
in large areas, but they are expensive and give rather limited signal enhancement.

Pronounced surface micro-structuring of bSi in combination with exceptional ab-
sorbance may serve as a regular, stable and highly uniform support for plasmonic nanos-
tructures, ensuring a strong Raman signal enhancement. However, strong dependence of
SPR on the geometry of plasmonic structures [29-31] and their three-dimensional organiza-
tion implies bSi profile control.

Nano- and micro-structured bSi can be fabricated by metal-assisted chemical etching,
femtosecond laser assisted fabrication [8,32], laser chemical etching [7], wet chemical
etching and reactive ion etching (RIE) [33]. The latter is the most suitable option when
aiming for uniform surface structure coverage over large areas. The RIE system uses a
plasma source consisting of highly reactive ion species, and when they bombard the sample,
a chemical reaction takes place that selectively erodes away the sample surface [34].

In the present study, we fabricate bSi by using room temperature (RT) Inductively
Coupled Plasma (ICP) RIE in such a way that the created surface profile supports a gold
plasmonic layer of a thickness as low as almost ten nanometers with distributed cracks
that still provides satisfactory Raman signal enhancement. Fabrication by RT ICP-RIE,
instead of cryogenic ICP-RIE, and an extremely reduced defected gold layer allowed for
a significant reduction in the cost of obtaining the bSi-based substrates. We developed
the ‘recipe’ for fabrication of bSi substrates by supporting SERS signal enhancement at
the NIR (785 nm) excitation, which meets biomedical application requirements and does
not lead to overheating and thermal damage of the analyte that may occur at the vis-
range excitation [35-37]. Moreover, uniformity of vertically aligned hot spots on bSi
microstructures and the opportunity to control their spatial distribution over large areas
open the way towards the detection of extremely low amounts of molecules, though
the integration of the signal obtained from the whole substrate area has uniform signal
enhancement. We show that bSi based SERS substrates provide a breakthrough in the
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trade-off between cost and efficiency, making this an important step towards a simple,
effective, low-cost and reliable sensing technique.

2. Materials and Methods

Single side polished 2“x 275 + 25 um p-doped Si <100> wafer with bulk resistivity of
1-30 Ohm-cm was used for the fabrication of black silicon SERS substrates. To ensure that
the surface impurities of the substrate did not affect the fabrication process, the wafers were
pre-cleaned with acetone and isopropyl alcohol in an ultrasonic bath at 60 W /20 °C for
10 min and 5 min, respectively. To further ensure that there were no left-over dirt particles,
the wafers were oxygen plasma treated for 2 min at 20 sccm flow rate and at a radio
frequency (RF) power of 150 W, using Plasma-Etch (PE-50, Plasma Etch Inc.; Carson City,
NV, USA).

To obtain bSi with different surface profiles suitable for SERS and to optimize the pro-
cedure of bSi fabrication and gold coating, the Bosch etching process was used [38,39]. This
cost efficient and relatively fast method allows one to obtain uniformly distributed high as-
pect ratio relief features. Through the cyclic Bosch process, we can obtain self-masked black
silicon structures within a single RIE system under controlled environmental conditions.

The process consists of the following two steps: (i) formation of plasma-polymerized
fluorocarbon islands from C4Fg gas [40] serving as a mask, and (ii) etching using SFs /O, gas
combination. For the deposition stage, ICP is employed in addition to RIE. This step allows
producing high density plasma with low ion bombardment energy at lower pressures
needed for micro-masking. Helium backside cooling was used to keep the temperature
of the wafer controlled. The deposition/etching parameters used for bSi fabrication are
presented in Table 1. The time of etching stage varied in the range of 18-30 min to reveal its
influence on the bSi surface geometrical features. Morphological analysis was performed
using Zeiss LEO 1550 scanning electron microscope (SEM). All presented images were
obtained at 5 kV acceleration voltage using the InLens detector. The SEM images of
bSi samples etched at different times are presented in Figure 1. The sizes of related bSi
geometrical features are summarized in Table 2. All dimensional characteristics were
extracted from SEM images using open-source ImageJ software.

Table 1. Deposition/etching parameters for bSi fabrication.

Flow  Time Pressure DCBias  Temperature  He-Backside
Gasses (sccm)  (min) REW)  ICP W) (mTorr) ) “O Cooling (sccm)
Deposition  C4Fg/SFq 40:1 1 20 295 20 100 20 5
Etching SFe/O, 10:9 18-30 30 0 30 100 20 10

1000 nm 1000 nm

Figure 1. The micro-structured silicon surface obtained at the etching time of (A) 18 min, (B) 25 min,
(C) 30 min.
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Table 2. Geometrical parameters of structures covering the Si substrate at different etching times.

Etching Time Apex Thickness  Base Thickness Pillars Density,

(min) Height (nm) (nm) (nm) pes/um?
- -
J ] C—
18 639 + 126 112 £ 21 110 £ 32 4.33
25 1625 + 298 125 + 36 638 + 155 1.12
30 2217 £433 144 =63 832 + 377 0.56

The next step was bSi coating with the gold layer using Q300T Plus magnetron sputter
(Quorum Technologies Ltd.; Lewes, UK) at a pressure of 0.001 mbar and sputter current of
80 mA. The bSi samples that were etched at different times and had different surface areas
were covered with a layer of gold under the same conditions for which 25 nm of gold on a
flat SiO, substrate occurs. Hereinafter, bSi sputtered with Au are labeled as bSi18, bSi25
and bSi30, related to their etching times of 18, 25 and 30 min, respectively.

Further, the bSi/ Au substrates were treated with Nj to protect them from undesired
adsorption on their surface before coating them with the analyte. Quartz slides were
sputtered with gold (SiO,/Au) under the same conditions as bSi substrates, to be used for
comparison.

Measurements for all fabricated SiO,/Au and bSi/Au substrates were performed un-
der the same conditions. The substrates were incubated for 4 h in a solution of
4-mercaptobenzoic acid (4-MBA, HSC¢H4CO,H; Sigma; Saint Louis, MO, USA) of a con-
centration of 0.005 mol/L in ethanol to facilitate the formation of a molecular monolayer
on the gold surface of these substrates, through the -SH group. After that, all the samples
were washed with ethanol for 10 min so that unbounded 4-MBA molecules were removed.
The samples were dried with N before proceeding with Raman measurements.

Raman and SERS measurements of 4-MBA (bulk) and 4-MBA self-assembled mono-
layers (SAM) on SiO,/ Au and bSi/ Au, respectively, were performed by inVia (Renishaw,
UK) Raman spectrometer. Two excitation lasers were used, with wavelengths of 785 nm
and 514 nm, delivering 5 mW and 3 mW, respectively, on the sample surface at an exposure
time of 10 s. The grating 1200 line/mm and a microscope air objective of x50 magnifica-
tion, NA 0.75 were utilized. The intensity was recorded as counts per second, and simple
baseline correction was performed for better spectral graphical representation. Spectra
were collected from at least three points on the sample and then averaged.

To evaluate structural uniformity of the substrates, SERS mapping was performed
over an area of 10 x 10 pm? with 1 um spatial resolution at 785 nm excitation wavelength,
delivering 0.3 mW on the sample surface for an exposure time equal to 5 s.

3. Experimental Results

Sputtering of the bSi samples with gold resulted in the formation of plasmonic nanos-
tructures of various shapes. Typical silicon-gold structures are presented in Figure 2. Gold
nanostructure parameters (thickness, shape, uniformity) are summarized in Table 3. The
more developed surface of samples bSi25 and bSi30 contributed to the formation of an
almost two-times thinner layer of gold, compared to sample bSi18. The gold layer is non-
continuous in all samples; however, some differences between the samples are revealed.
In bSi18, the area in the pillar base proximity remains uncovered, but the gold layer is
uniform and dense between the rarely distributed thin pillars. In contrast, in case of bSi25
and bSi30, the pillars and their close vicinities are covered by a somewhat-uniform gold
pattern, while the interpillar areas are not gold painted (see Figure 2B,D,F). As a result, the
Siband is always present in the Raman and SERS spectra, collected from the surfaces.
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Figure 2. SEM side- and top-view images of the bSi18 (A,B), bSi25 (C,D), bSi30 (E,F), sputtered with
Au. Inset images (B-F) are 800 x 800 nm and (A) is 400 x 400 nm.

Table 3. Parameters of the structures and surfaces of the bSi.

Sample Thickness of Au Layer (nm) Type of Geometry Area Uncovered with Au (%)
bSi18 25+5 Cylindrical pillars 8.24 (98 pm? was analyzed)
bSi25 14+£5 Cylindrical pillars on stump 9.03 (49 pm? was analyzed)
bSi30 13+4 Spiked mountains Difficult to analyze. Very mosaic structure

This peculiarity of the bSi-based SERS substrates can be employed to determine the
concentrations of reagents in solutions. The Raman signal from Si serves as a reference
to normalize the SERS signal of the detected molecules at hot spots, in terms of their
non-uniform distribution over the surface [41]. The pillars in all three samples are densely
covered with gold nanoparticles, which may serve as hot spots for SERS (see Figure 1A,C,E
and corresponding inset).

In all three analyzed cases, bSi/Au substrates comprise quasi-cylindrical ‘pillars’
covered with defected gold (enriched with crucks or ‘plasmonic holes’), which might be
beneficial for substantial SERS enhancement.

To evaluate the efficiency of the fabricated substrates for SERS applications, we used
4-MBA as a standard test molecule [42]. It exhibits a characteristic Raman spectrum (see
Figure 3) and may form a self-assembled monolayer (SAM) of molecules on the surfaces
covered with gold, through the formation of covalent bonding S-Au [43]. This process is
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Intensity (arb.un.)

Intensity (arb.un.)

1770

1180

590

3300

2200

1100

easily monitored in Raman and SERS spectra as the band 2570 cm™! arising from -SH in

4-MBA disappears in the spectrum of SAM and a new band associated with S-Au at
257 cm™! appears [44]. To reveal the effect of bSi structures in the enhancements of
the Raman signal intensity, we used quartz slides sputtered with gold under equivalent
conditions, as a reference. The spectrum of SAM of 4-MBA on the SiO, /Au obtained at
785 nm excitation is presented in Figure 3. The gold nanostructures formed on the flat SiO;
surface gave no Raman intensity enhancement, as no characteristic 4-MBA bands were
detected except the Raman spectrum of SiO, substrate itself.

274
345

B I [e)) s I s I = 1 * 1
3 4-MBA (powder) 1
~ © |
[°24 o]
L o d |
Hoal
¥ S ) SN o ]
2 © © S 9 E
o —
-9% % ©
o ¥ 2 S|
= - 31 =3

4-MBA (SAM) on SiO,/Au |

500 1000 1500 2000 2500 3000

Raman shift (cm™)

Figure 3. Raman spectra of 4-MBA powder and SAM of 4-MBA molecules on SiO, /Au. Measure-
ments were performed at the following conditions: Aex = 785 nm, laser power = 3 mW, accumulation
time = 10 s. 4-MBA composition: Gray—carbon atoms, red—oxygen atoms, yellow—sulfur atom,
white—hydrogen atoms.

In contrast to the SiO,/Au substrate with SAM of 4-MBA, all bSi/Au substrates
provided the enhancement of 4-MBA Raman signal. The enhancement of Raman signal
occurs when the excitation wavelength coincides with the wavelength of surface plasmons.
The bSi/Au substrates with 4-MBA SAMs were analyzed under 514 nm and 785 nm
excitation. No resonances were detected for 514 nm excitation, while for the excitation at
785 nm, significant Raman signal enhancement was obtained (see Figure 4A,B for 514 nm
and 785 nm excitation, respectively). The characteristic bands in SERS spectra of 4-MBA on
bSi/ Au substrates and their assignments are summarized in Table 4.
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Figure 4. SERS spectra of 4-MBA on (A) 514 nm (10 s, 5 mW) and (B) 785 nm (10 s, 3 mW) excitation
wavelengths on bSi/ Au samples.

Table 4. Assignment of the characteristic bands of both Raman spectra of bulk 4-MBA and SERS
spectra of SAM of 4-MBA on bSi18/Au [45,46].

4-MBA Bulk (cm~1)

4-MBA on bSi18/Au (cm~1)

Peak Assignments

634 (m) #

801 (m)

912 (w)
1099 (s)
1183 (m)
1292 (m)
1455 (w)
1596 (s)
1621 (m)

2569 (m)

257 (w)
520 (m)
632 (w)
691 (m)

848 (w)

1076 (s)
1182 (w)

1481 w)
1588 (s)

1706 (m)

v(Au-S)

Si (Epg mode)
Vep + 8(COOH) deformation
Y(CH) out of plane
- V10a in-plane aromatic ring breathing mode + -COH deformation

B(COOT)

B(SH)

Vv12(a1) in-plane aromatic ring breathing mode + v(CS)
V9(a1) + 8(CH) deformation

V3

v(CC) +y(CH)

Vga(a1) totally symmetric aromatic ring vibration
v(C=0), v(OC) + §(HOC)

v(C=0), COOH are hydrogen bonded [46]
V(SH) stretching mode
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# The vibrational modes are as follows: v—stretching; f—bending; 5—deformation; y—out of plane deformation.
(w), (m) and (s) indicate ‘weak’, ‘medium” and ‘strong’ bands in the spectra, respectively.
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The obtained experimental results are in good agreement with the simulations per-
formed in [45]. The maximum of the absorption cross-section for Si@Au core@shell struc-
tures, with characteristic dimensions of 68-88 nm diameter for Si core and 21 nm thickness
of the gold shell, is around 780-800 nm, and thinning of the gold layer results in the red shift
of the absorption cross-section of nanostructures of this type. These structures correspond
to the bSi apex with a gold cap for all bSi samples in our experiments. Moreover, it was
demonstrated in [45] that vertical alignment of the groups of gold nanostructures with
diameters of 50 nm, which are overlapped with each other and form dumbbell-like struc-
tures, have weakly pronounced absorption cross-section maxima of around 500-520 nm
and intense absorption cross-section maxima in the NIR range (600-1000 nm). These simu-
lations explain the high 4-MBA SERS signal of molecular monolayers on all the bSi/Au
substrates under the 785 nm excitation and support insignificant but observable SERS
spectra of 4-MBA molecules detected with 514 nm excitation from bSi18. As it follows from
the parameters of the gold layer summarized in Table 3 and simulation results [45], only
semi-spheres with a radius of 25 nm exhibit satisfactory absorption at 500-520 nm, which
can provide SERS signal enhancement. The decrease in the gold layer thickness, which
occurred for the samples bSi25 and bSi30 due to their more developed surface and larger
cone-like structures, led to no SERS signal enhancement at 514 nm excitation. However, the
vertical alignment of gold nanostructures and silicon core provided bSi25 and bSi30 with
efficiency in NIR (see Figure 4).

The substrates were tested for the uniformity of the SERS signal enhancement. All
studied bSi substrates are characterized by quite uniform SERS intensity distributions,
and the standard deviations for the 1588 cm ™! band intensity of 4-MBA molecules were
6.1%, 5.2% and 4.3% (see Figure 5). However, the bSi18 substrate, due to the circumstances
described above, provides significantly larger SERS signal enhancement.

5 2.0k 5 2.0k 5 2.0k
4 4 4
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» g g 2 I
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Raman shift (cm™) Raman shift (cm™)

Figure 5. Spatial distributions of SERS signal on 1588 cm™~! for 4-MBA on (A) bSi18/Au, (B) bSi25/Au
and (C) bSi30/ Au samples.

4. Numerical Simulation

Along with the Si@Au core@shell structures responsible for SERS enhancement in
the NIR range, cracks in the thin gold layer covering the silicon pillars (see Figure 2) may
give rise to a strong enhancement of the local electric field, due to plasmon hot spots
localized on the cracks’ edges. The light absorption of bSi/Au substrates comprising
bSi quasi-cylindrical ‘pillars’ covered with a defected (i.e., enriched with plasmonic hot
spots) gold layer was studied by averaging the light scattered over the pilar surface. The
scattering cross-section of a pillar illuminated by a plane wave along the pillar axis and the
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polarization in a perpendicular direction to this axis can be described in terms of the dipole
moments of hot spots randomly distributed on its surface as the following [47,48]:

|Zi pi

where p; is the dipole moment of the ith hot spot, summation is carried out over all
hot spots on the pillar, and Ey and kg are amplitude and wave number of the incident
wave, respectively.

One can observe from Figure 6 that cracks in the gold layer increase the pillar absorp-
tion cross-section in the near-IR spectral range, i.e., plasmon hot spots provide up to one
order of a magnitude enhancement for the gold-plated pillar at wavelengths longer than
800 nm. However, for all types of bSi geometries, in the visual part of the spectrum, the
absorption cross-section of pillars covered with a perfect gold layer slightly exceeds that
of the pillars having cracks in the gold coating. By comparing the data, one can see that a
decrease in the gold layer thickness from 25 nm to 13 nm can be compensated by the larger
size of the pillars (bSi25 and bSi30 geometries in Figure 6).
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Figure 6. Absorption cross-section of individual pillars of bSi18, bSi25 and bSi30 geometry (taken
from Table 3), either coated with perfect gold layer without cracks (perfect, dashed lines) or by
defected gold-comprising cracks (original, solid lines).

The electric field distribution along the surface of the gold painted pillars were ob-
tained using Comsol Multiphysics by using parameters (pillar size, distance between pillars,
gold thickness and crack size) we observed in the experiment (see Table 3). By considering
different distributions of the hot spots over a pillar surface, we calculated the absorption
cross-section of an individual pillar. The absorbance of the whole bSi surface was obtained
by using periodic boundary conditions. The values and dispersion law of silicon refraction
index and extinction coefficient were taken from [49].

Figure 7 shows absorbance of an array of gold covered silicon pillars with different
distributions of cracks. One can see that in the wavelength range 800-2000 nm, the covering
of bSi with a defected gold layer increases the absorbance because of local field enhancement
at the gold layer defects. Specifically, in the NIR spectral range, the absorbance of bSi
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covered with cracked gold is 4-8 times higher than that of samples comprising an array of
smooth bSi/Au pillars.
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Figure 7. Calculated absorbance spectra for array of pillars of bare, covered with continuous and
cracked gold layer bSi of the following three different geometries: bSi18 (A), bSi25 (B) and bSi30 (C).
Geometrical parameters are taken from Table 3. Silicon refractive index, n, and extinction coeffi-
cient, k, were taken in the intervals 4-3.46 and 0.03-4.2 x 108, respectively, for the wavelengths
500-2000 nm [49] in the simulations.

For all samples, in the vicinity of the reflection suppression ‘threshold” wavelength
(500750 nm), the measured reflectivity was 30-35% higher than those obtained by numeri-
cal simulation. Such a discrepancy originates from the uncontrollable doping of silicon in
the course of RIE [50] that was not taken into account in the numerical simulation, aiming
at a qualitative rather than quantitative description of the reflectance spectra.

5. Discussion

Both numerical and experimental results demonstrate that sputtering with very a thin
(approx. 10 nm) but cracked gold layer allows one to achieve stronger—in comparison with
‘pyramidal’ bSi [45]—enhancement of the Raman signal. Importantly, silicon outperforms
cheaper glass materials as a plasmonic nanostructures support because the etch rate of
glass is very low and is only 1/40th of the Si etch rate with fluorine radicals [51]. This
makes micro-structuring of glass by ICR-RIE much more complex and time-consuming
than bSi fabrication. Glasses are inhomogeneous, both chemically and structurally, and
this inhomogeneity significantly complicates 3D or even 2D patterning, while the charging
effects, which accompany the etching process of dielectrics, may drastically influence the
reaction progress.

In terms of the choice of fabrication method, RT ICP-RIE also outperforms other
techniques, including MACE, which requires using gold (Au), silver (Ag), aluminum (Al),
copper (Cu) and nickel (Ni) catalysts [52]. In the one-step MACE process, metal on the
surface emerges from the etching aqueous solutions, containing metal nitrates, while in the
two-step MACE process, metals are physically deposited on the silicon surface before the
chemical etching step [53]. After the etching step, a metal catalyst moves inside the Si wafer
and locates itself at the bottom of silicon structures (deep in the pore), preventing formation
of the 3D distribution of hot spots. However, such a 3D arrangement of the plasmonic hot
spots on the bSi surface increases (in comparison with 2D distribution) the probability for
the molecules of the analyte to meet a hot spot, thus significantly improving the sensitivity.
Moreover, we demonstrate that cracks in the gold layer and gaps between the deposited
gold islands provide significant enhancement of the Raman signal.

To sum up, we demonstrated that bSi offers the cheapest, most efficient, and reliable
SERS substrate. The cost reduction was achieved by (i) the use of RT ICP-RIE instead
of more complex and expensive cryogenic ICP-RIE, and (ii) the reduction in gold layer
thickness. Until very recently, all the proposed SERS substrate fabrication techniques were
based on very thick noble metal layers. For instance, in [54], the Ag layer thickness was
150 nm to achieve satisfactory Raman signal. In [55], the authors used a 100 nm thick layer
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of gold (RT ICP-RIE), in [56], the gold layer thickness was even larger and amounted to
400 nm (cryo-ICP-RIE), and in [57], the thickness of the deposited aluminum layer was
around 1000 nm (ICP-RIE, temperature not stated). However, when the noble metal layer is
of hundreds of nanometers, the 3D packaging of plasmonic nanostructures does not occur.
Black silicon only serves as a supporting material for 2D nanoparticle distribution, so that
the substrate could be replaced by another, easy to manufacture rough material. In the bSi
structures fabricated and analyzed in this study, the geometry of the bSi is used to provide
efficient Raman signal enhancement in full.

6. Conclusions

We fabricated the black Si substrate with the controllable surface profile covered in
a ten nanometers thick gold layer. The SERS measurements with 4-MBA revealed that
the fabricated substrates allow one to obtain satisfactory Raman signal enhancement with
excellent spatial uniformity (less than 6% signal intensity variation over a 20 x 20 pm? area)
at the NIR excitation. The obtained results indicate that bSi can be employed for scalable
fabrication of affordable SERS substrates, which may become a stable, simple and reliable
consumable material in laboratory routine, providing relatively high sensitivity at low cost.

Numerical simulation was performed to calculate the absorbance of bSi/Au samples
by considering the geometrical features of silicon pillars and non-perfect coverage with
gold. According to modeling results, for all geometries of bSi surface relief, we observed a
substantial increase in the NIR absorption cross-section of individual bSi pillars covered
with the defected gold, in which cracks work as plasmonic hot spots. For more developed
bSi surfaces (e.g., bSi25 and bSi30 in Table 3), even the sputtering of the structure with very
thin, <15 nm, but cracked gold allows us to achieve strong Raman signal due to significant
enhancement of the local field in the vicinity of the densely distributed hot spots.

Author Contributions: Conceptualization and design of the experimental study, PK. and L.G.; data
acquisition, L.G., H.R. and S.S.; black silicon substrate fabrication, H.R. and S.S.; data analysis and
interpretation, L.G., Y.P,, HR,, LT. and R.K; absorption theory and simulations, A.B. and L.G.; paper
drafting, L.G., H.R. and Y.P; paper revision, editing and final version preparation, L.G., RK., PK. and
Y.S. All authors have read and agreed to the published version of the manuscript.

Funding;: The study was accomplished with the financial support of Academy of Finland (Flagship
Programme PREIN, decision 320166, and grant 343393), Horizon 2020 RISE DiSeTCom (Project
No. 823728) and Horizon Europe FLORIN (Project No. 101086142).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are available from the correspondent author by reasonable request.

Acknowledgments: The authors are grateful to Isaac Otto from the University of Eastern Finland for
the SEM measurements.

Conflicts of Interest: The authors declare no conflict of interest.

1. Lv,J;Zhang, T; Zhang, P; Zhao, Y.; Li, S. Review Application of Nanostructured Black Silicon. Nanoscale Res. Lett. 2018, 13, 110.

[CrossRef] [PubMed]

2. Yuan, H.C.; Yost, VE.; Page, M.R ; Stradins, P.; Meier, D.L.; Branz, H.M. Efficient Black Silicon Solar Cell with a Density-Graded
Nanoporous Surface: Optical Properties, Performance Limitations, and Design Rules. Appl. Phys. Lett. 2009, 95, 123501. [CrossRef]

3. Lu, J.; Zhuang, W.; Yang, W.; Zhang, X.; Su, G.; Gong, X.; Yuan, J.; Sui, J.; Zhou, Y.; Zhang, G.; et al. Enhanced Absorption in the
Wide Wavelength Range: Black Silicon Decorated with Few-Layer PtS2. J. Phys. Chem. C 2021, 125, 27335-27343. [CrossRef]

4. Sarkar, S; Elsayed, A.A.; Nefzaoui, E.; Drevillon, J.; Basset, P.; Marty, F.; Anwar, M.; Yu, Y.; Zhao, J.; Yuan, X; et al. NIR and MIR
Absorption of Ultra-Black Silicon (UBS). Application to High Emissivity, All-Silicon, Light Source. In Proceedings of the IEEE
International Conference on Micro Electro Mechanical Systems (MEMS), Virtual, 25-29 January 2019; Institute of Electrical and
Electronics Engineers Inc.: Piscataway, NJ, USA, 2019; Volume 2019, pp. 860-862.

148


http://doi.org/10.1186/s11671-018-2523-4
http://www.ncbi.nlm.nih.gov/pubmed/29675768
http://doi.org/10.1063/1.3231438
http://doi.org/10.1021/acs.jpcc.1c07114

Materials 2023, 16, 1948 12 0f 13

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.
33.

Zhang, P; Li, S.; Liu, C.; Wei, X.; Wu, Z.; Jiang, Y.; Chen, Z. Near-Infrared Optical Absorption Enhanced in Black Silicon via Ag
Nanoparticle-Induced Localized Surface Plasmon. Nanoscale Res. Lett. 2014, 9, 519. [CrossRef] [PubMed]

Fan, Z.; Cui, D.; Zhang, Z.; Zhao, Z.; Chen, H.; Fan, Y,; Li, P; Zhang, Z.; Xue, C.; Yan, S. Recent Progress of Black Silicon: From
Fabrications to Applications. Nanomaterials 2021, 11, 41. [CrossRef] [PubMed]

Wu, C.; Crouch, C.H.; Zhao, L.; Carey, ].E.; Younkin, R.; Levinson, J.A.; Mazur, E.; Farrell, RM.; Gothoskar, P.; Karger, A.
Near-Unity below-Band-Gap Absorption by Microstructured Silicon. Appl. Phys. Lett. 2001, 78, 1850-1852. [CrossRef]

Wen, Z.; Shi, H.; Yue, S.; Li, M.; Zhang, Z.; Wang, R.; Song, Q.; Xu, Z.; Zhang, Z.; Hou, Y. Large-Scale Black Silicon Induced by
Femtosecond Laser Assisted With Laser Cleaning. Front. Phys. 2022, 10, 235. [CrossRef]

Zhong, H.; Ilyas, N.; Song, Y.; Li, W.; Jiang, Y. Enhanced Near-Infrared Absorber: Two-Step Fabricated Structured Black Silicon
and Its Device Application. Nanoscale Res. Lett. 2018, 13, 316. [CrossRef]

Chai, ].Y.H.; Wong, B.T.; Juodkazis, S. Black-Silicon-Assisted Photovoltaic Cells for Better Conversion Efficiencies: A Review on
Recent Research and Development Efforts. Mater. Today Energy 2020, 18, 100539. [CrossRef]

Ali, M.; Zhou, E; Chen, K.; Kotzur, C.; Xiao, C.; Bourgeois, L.; Zhang, X.; MacFarlane, D.R. Nanostructured Photoelectrochemical
Solar Cell for Nitrogen Reduction Using Plasmon-Enhanced Black Silicon. Nat. Commun. 2016, 7, 11335. [CrossRef]

Oh, K.; Joanny, L.; Gouttefangeas, F.; Fabre, B.; Dorcet, V.; Lassalle-Kaiser, B.; Vacher, A.; Mériadec, C.; Ababou-Girard, S.; Loget,
G. Black Silicon Photoanodes Entirely Prepared with Abundant Materials by Low-Cost Wet Methods. ACS Appl. Energy Mater.
2019, 2, 1006-1010. [CrossRef]

Jian, ].X; Liao, ].X.; Zhou, M.H.; Yao, M.M.; Chen, Y.J.; Liang, X.W.; Liu, C.P,; Tong, Q.X. Enhanced Photoelectrochemical Water
Splitting of Black Silicon Photoanode with PH-Dependent Copper-Bipyridine Catalysts. Chem.—A Eur. ]. 2022, 28, €202201520.
[CrossRef] [PubMed]

Bogue, R. Novel Infrared Detectors Based on Black Silicon. Sens. Rev. 2010, 30, 59-62. [CrossRef]

Hu, E; Dai, X.-Y.; Zhou, Z.-Q.; Kong, X.-Y.; Sun, S.-L.; Zhang, R.-].; Wang, S.-Y.; Lu, M.; Sun, J. Black Silicon Schottky Photodetector
in Sub-Bandgap near-Infrared Regime. Opt. Express 2019, 27, 3161. [CrossRef] [PubMed]

Bodeldn, G.; Montes-Garcia, V.; Pérez-Juste, J.; Pastoriza-Santos, I. Surface-Enhanced Raman Scattering Spectroscopy for Label-
Free Analysis of P. aeruginosa Quorum Sensing. Front. Cell Infect. Microbiol. 2018, 8, 143. [CrossRef] [PubMed]

Pérez-Jiménez, A.L; Lyu, D.; Lu, Z; Liu, G.; Ren, B. Surface-Enhanced Raman Spectroscopy: Benefits, Trade-Offs and Future
Developments. Chem. Sci. 2020, 11, 4563—4577. [CrossRef]

Wang, J.; Lin, W,; Cao, E.; Xu, X,; Liang, W.; Zhang, X. Surface Plasmon Resonance Sensors on Raman and Fluorescence
Spectroscopy. Sensors 2017, 17, 2719. [CrossRef]

Tzeng, Y.; Lin, B.Y. Silver SERS Adenine Sensors with a Very Low Detection Limit. Biosensors 2020, 10, 53. [CrossRef]

Costas, C.; Lépez-Puente, V.; Bodelon, G.; Gonzalez-Bello, C.; Pérez-Juste, J.; Pastoriza-Santos, I.; Liz-Marzan, L.M. Using Surface
Enhanced Raman Scattering to Analyze the Interactions of Protein Receptors with Bacterial Quorum Sensing Modulators. ACS
Nano 2015, 9, 5567-5576. [CrossRef]

Morton, S.M.; Jensen, L. Understanding the Molecule-Surface Chemical Coupling in SERS. J. Am. Chem. Soc. 2009, 131, 4090-4098.
[CrossRef]

Kneipp, J. SERS for Sensing and Imaging in Live Cells. In Principles and Clinical Diagnostic Applications of Surface-Enhanced Raman
Spectroscopy; Elsevier: Amsterdam, The Netherlands, 2021; pp. 303-325. ISBN 9780128211212.

Bernat, A.; Samiwala, M.; Albo, J.; Jiang, X.; Rao, Q. Challenges in SERS-Based Pesticide Detection and Plausible Solutions.
J. Agric. Food Chem. 2019, 67, 12341-12347. [CrossRef]

Wang, Y.; Li, P; Lin, D.; Chen, J.; Zhang, Y.; Yang, L. Ethanol-Extraction SERS Strategy for Highly Sensitive Detection of Poisons
in Oily Matrix. Spectrochim. Acta—Part A Mol. Biomol. Spectrosc. 2021, 259, 119883. [CrossRef] [PubMed]

Mo, S.; Shao, X.; Chen, Y.; Cheng, Z. Increasing Entropy for Colloidal Stabilization. Sci. Rep. 2016, 6, 36836. [CrossRef]

Shi, L.; Zhang, L.; Tian, Y. Rational Design of Surface-Enhanced Raman Scattering Substrate for Highly Reproducible Analysis.
Anal. Sens. 2022, 2022, €202200064. [CrossRef]

Khnykina, K.A.; Baranov, M.A.; Babaev, A.A.; Dubavik, A.Y.; Fedorov, A.V.; Baranov, A.V.; Bogdanov, K.V. Comparison Study of
Surface-Enhanced Raman Spectroscopy Substrates. J. Phys. Conf. Ser. 2021, 1984, 12020. [CrossRef]

Mikac, L.; Goti¢, M.; Gebavi, H.; Ivanda, M. The Variety of Substrates for Surface-Enhanced Raman Spectroscopy. In Proceedings
of the 2017 IEEE 7th International Conference on Nanomaterials: Applications & Properties, (NAP 2017), Odessa, Ukraine, 10-15
September 2017. [CrossRef]

Guo, R.; Hakala, TK.; Tormé, P. Geometry Dependence of Surface Lattice Resonances in Plasmonic Nanoparticle Arrays. Phys.
Reo. B 2017, 95, 155423. [CrossRef]

Juluri, B.K.; Zheng, Y.B.; Ahmed, D.; Jensen, L.; Huang, T.J. Effects of Geometry and Composition on Charge-Induced Plasmonic
Shifts in Gold Nanoparticles. J. Phys. Chem. C 2008, 112, 7309-7317. [CrossRef]

Du, C.; Yang, W.; Peng, S.; Shi, D. Optimal Geometry Parameter for Plasmonic Sensitivities of Individual Au Nanopoarticle
Sensors. Phys. Chem. Chem. Phys. 2019, 21, 7654-7660. [CrossRef]

Serpenguzel, A. Luminescence of Black Silicon. J. Nanophoton. 2008, 2, 021770. [CrossRef]

Jansen, H.; de Boer, M.; Burger, J.; Legtenberg, R.; Elwenspoek, M. The Black Silicon Method II: The Effect of Mask Material and
Loading on the Reactive Ion Etching of Deep Silicon Trenches. Microelectron. Eng. 1995, 27, 475-480. [CrossRef]

149


http://doi.org/10.1186/1556-276X-9-519
http://www.ncbi.nlm.nih.gov/pubmed/25285058
http://doi.org/10.3390/nano11010041
http://www.ncbi.nlm.nih.gov/pubmed/33375303
http://doi.org/10.1063/1.1358846
http://doi.org/10.3389/fphy.2022.862605
http://doi.org/10.1186/s11671-018-2741-9
http://doi.org/10.1016/j.mtener.2020.100539
http://doi.org/10.1038/ncomms11335
http://doi.org/10.1021/acsaem.8b02229
http://doi.org/10.1002/chem.202201520
http://www.ncbi.nlm.nih.gov/pubmed/35848162
http://doi.org/10.1108/sr.2010.08730bab.001
http://doi.org/10.1364/OE.27.003161
http://www.ncbi.nlm.nih.gov/pubmed/30732341
http://doi.org/10.3389/fcimb.2018.00143
http://www.ncbi.nlm.nih.gov/pubmed/29868499
http://doi.org/10.1039/D0SC00809E
http://doi.org/10.3390/s17122719
http://doi.org/10.3390/bios10050053
http://doi.org/10.1021/acsnano.5b01800
http://doi.org/10.1021/ja809143c
http://doi.org/10.1021/acs.jafc.9b05077
http://doi.org/10.1016/j.saa.2021.119883
http://www.ncbi.nlm.nih.gov/pubmed/33971441
http://doi.org/10.1038/srep36836
http://doi.org/10.1002/anse.202200064
http://doi.org/10.1088/1742-6596/1984/1/012020
http://doi.org/10.1109/NAP.2017.8190187
http://doi.org/10.1103/PhysRevB.95.155423
http://doi.org/10.1021/jp077346h
http://doi.org/10.1039/C9CP00309F
http://doi.org/10.1117/1.2896069
http://doi.org/10.1016/0167-9317(94)00149-O

Materials 2023, 16, 1948 13 0f 13

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Cui, Z. Nanofabrication: Principles, Capabilities and Limits, 2nd ed.; Springer International Publishing: Cham, Switzerland, 2017;
ISBN 9783319393612.

Lawrence, K.P; Douki, T.; Sarkany, R.P.E.; Acker, S.; Herzog, B.; Young, A.R. The UV/Visible Radiation Boundary Region (385-405
Nm) Damages Skin Cells and Induces “Dark” Cyclobutane Pyrimidine Dimers in Human Skin in Vivo. Sci. Rep. 2018, 8, 12722.
[CrossRef] [PubMed]

Godley, B.E; Shamsi, EA.; Liang, EQ.; Jarrett, S.G.; Davies, S.; Boulton, M. Blue Light Induces Mitochondrial DNA Damage and
Free Radical Production in Epithelial Cells. J. Biol. Chem. 2005, 280, 21061-21066. [CrossRef] [PubMed]

Yuan, X.; Song, Y.; Song, Y.; Xu, J.; Wu, Y.; Glidle, A.; Cusack, M.; ljaz, U.Z.; Cooper, ].M.; Huang, W.E_; et al. Effect of Laser
Irradiation on Cell Function and Its Implications in Raman Spectroscopy. Appl. Environ. Microbiol. 2018, 84, 8. [CrossRef]
Laermer, E; Urban, A. MEMS at Bosch—Si Plasma Etch Success Story, History, Applications, and Products. Plasma Process. Polym.
2019, 16, 1800207. [CrossRef]

Blauw, M.A; Zijlstra, T.; van der Drift, E. Balancing the Etching and Passivation in Time-Multiplexed Deep Dry Etching of Silicon.
J. Vac. Sci. Technol. B Microelectron. Nanom. Struct. 2001, 19, 2930. [CrossRef]

Labelle, C.B.; Opila, R.; Kornblit, A. Plasma Deposition of Fluorocarbon Thin Films from C-C4F8 Using Pulsed and Continuous
Rf Excitation. J. Vac. Sci. Technol. A Vacuum Surfaces Film. 2005, 23, 190-196. [CrossRef]

Fu, H.; Bao, H.; Zhang, H.; Zhao, Q.; Zhou, L.; Zhu, S.; Wei, Y,; Li, Y.; Cai, W. Quantitative Surface-Enhanced Raman Spectroscopy
for Field Detections Based on Structurally Homogeneous Silver-Coated Silicon Nanocone Arrays. ACS Onega 2021, 6, 18928-18938.
[CrossRef]

Ho, C.H,; Lee, S. SERS and DFT Investigation of the Adsorption Behavior of 4-Mercaptobenzoic Acid on Silver Colloids. Colloids
Surfaces A Physicochem. Eng. Asp. 2015, 474, 29-35. [CrossRef]

Barriet, D.; Yam, C.M.; Shmakova, O.E.; Jamison, A.C.; Lee, T.R. 4-Mercaptophenylboronic Acid SAMs on Gold: Comparison
with SAMs Derived from Thiophenol, 4-Mercaptophenol, and 4-Mercaptobenzoic Acid. Langmuir 2007, 23, 8866-8875. [CrossRef]
Mhlanga, N.; Ntho, T.A. A Theoretical Study of 4-Mercaptobenzoic Acid Assembled on Ag for Surface-Enhanced Raman
Scattering Applications. Mater. Today Commun. 2021, 26, 101698. [CrossRef]

Golubewa, L.; Karpicz, R.; Matulaitiene, L; Selskis, A.; Rutkauskas, D.; Pushkarchuk, A.; Khlopina, T.; Michels, D.; Lyakhov, D.;
Kulahava, T.; et al. Surface-Enhanced Raman Spectroscopy of Organic Molecules and Living Cells with Gold-Plated Black Silicon.
ACS Appl. Mater. Interfaces 2020, 12, 50971-50984. [CrossRef] [PubMed]

Michota, A.; Bukowska, J. Surface-Enhanced Raman Scattering (SERS) of 4-Mercaptobenzoic Acid on Silver and Gold Substrates.
J. Raman Spectrosc. 2003, 34, 21-25. [CrossRef]

Klyuchnik, A.V.; Kurganov, S.Y.; Lozovik, Y.E. Plasmons at a Hole in a Screen. Phys. Solid State 2003, 45, 1793-1797. [CrossRef]
Rytov, S.M.; Kravtsov, Y.A.; Tatarskii, V.I. Wave Propagation through Random Media, Principles of Statistical Radiophysics 4; Springer:
Berlin/ Heidelberg, Germany, 1978; ISBN 9783642726842.

Schinke, C.; Christian Peest, P.; Schmidt, J.; Brendel, R.; Bothe, K.; Vogt, M.R.; Kroger, I.; Winter, S.; Schirmacher, A.; Lim, S.; et al.
Uncertainty Analysis for the Coefficient of Band-to-Band Absorption of Crystalline Silicon. AIP Adv. 2015, 5, 067168. [CrossRef]
Lin, YJJ.; Chu, Y.L. Effect of Reactive Ion Etching-Induced Defects on the Surface Band Bending of Heavily Mg-Doped p -Type
GaN. J. Appl. Phys. 2005, 97, 104904. [CrossRef]

Weigel, C.; Brokmann, U.; Hofmann, M.; Behrens, A.; Radlein, E.; Hoffmann, M.; Strehle, S.; Sinzinger, S. Perspectives of Reactive
Ton Etching of Silicate Glasses for Optical Microsystems. J. Opt. Microsystems 2021, 1, 040901. [CrossRef]

Alhmoud, H.; Brodoceanu, D.; Elnathan, R.; Kraus, T.; Voelcker, N.H. A MACEing Silicon: Towards Single-Step Etching of
Defined Porous Nanostructures for Biomedicine. Prog. Mater. Sci. 2021, 116, 100636. [CrossRef]

Arafat, M.Y.; Islam, M.A; Mahmood, A.W.B.; Abdullah, F; Nur-E-Alam, M.; Kiong, T.S.; Amin, N. Fabrication of Black Silicon via
Metal-Assisted Chemical Etching—A Review. Sustainability 2021, 13, 766. [CrossRef]

Kim, H.J.; Kim, B.; Lee, D.; Lee, B.-H.; Cho, C. Fabrication of Surface-Enhanced Raman Scattering Substrate Using Black Silicon
Layer Manufactured through Reactive Ion Etching. J. Sens. Sci. Technol. 2021, 30, 267-272. [CrossRef]

Gervinskas, G.; Seniutinas, G.; Hartley, ].S.; Kandasamy, S.; Stoddart, P.R.; Fahim, N.E; Juodkazis, S. Surface-Enhanced Raman
Scattering Sensing on Black Silicon. Ann. Phys. 2013, 525, 907-914. [CrossRef]

Deng, Y.L.; Juang, Y.J. Black Silicon SERS Substrate: Effect of Surface Morphology on SERS Detection and Application of Single
Algal Cell Analysis. Biosens. Bioelectron. 2014, 53, 37-42. [CrossRef] [PubMed]

Lin, BW,; Tai, YH.; Lee, Y.C,; Xing, D.; Lin, H.C.; Yamahara, H.; Ho, Y.L.; Tabata, H.; Daiguji, H.; Delaunay, ].J. Aluminum-Black
Silicon Plasmonic Nano-Eggs Structure for Deep-UV Surface-Enhanced Resonance Raman Spectroscopy. Appl. Phys. Lett. 2022,
120, 51102. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

150


http://doi.org/10.1038/s41598-018-30738-6
http://www.ncbi.nlm.nih.gov/pubmed/30143684
http://doi.org/10.1074/jbc.M502194200
http://www.ncbi.nlm.nih.gov/pubmed/15797866
http://doi.org/10.1128/AEM.02508-17
http://doi.org/10.1002/ppap.201800207
http://doi.org/10.1116/1.1415511
http://doi.org/10.1116/1.1830496
http://doi.org/10.1021/acsomega.1c02179
http://doi.org/10.1016/j.colsurfa.2015.03.004
http://doi.org/10.1021/la7007733
http://doi.org/10.1016/j.mtcomm.2020.101698
http://doi.org/10.1021/acsami.0c13570
http://www.ncbi.nlm.nih.gov/pubmed/33107725
http://doi.org/10.1002/jrs.928
http://doi.org/10.1134/1.1611254
http://doi.org/10.1063/1.4923379
http://doi.org/10.1063/1.1894580
http://doi.org/10.1117/1.JOM.1.4.040901
http://doi.org/10.1016/j.pmatsci.2019.100636
http://doi.org/10.3390/su131910766
http://doi.org/10.46670/JSST.2021.30.4.267
http://doi.org/10.1002/andp.201300035
http://doi.org/10.1016/j.bios.2013.09.032
http://www.ncbi.nlm.nih.gov/pubmed/24121206
http://doi.org/10.1063/5.0084907

IESAPPLIED
NANO MATERIALS

Hoo®
www.acsanm.org

Stable and Reusable Lace-like Black Silicon Nanostructures Coated
with Nanometer-Thick Gold Films for SERS-Based Sensing

Lena Golubewa,* Aliona Klimovich, Igor Timoshchenko, Yaraslau Padrez, Marina Fetisova,
Hamza Rehman, Petri Karvinen, Algirdas Selskis, Sonata Adomaviciuté-Grabusové, leva Matulaitiene,
Arunas Ramanavicius, Renata Karpicz, Tatsiana Kulahava, Yuri Svirko, and Polina Kuzhir

Cite This: ACS Appl. Nano Mater. 2023, 6, 47704781 I: I Read Online

ACCESS | [l Metrics & More ‘ Article Recommendations | @ Supporting Information

ABSTRACT: We propose a simple, fast, and low-cost method for producing Au-
coated black Si-based SERS-active substrates with a proven enhancement factor of
10°. Room temperature reactive ion etching of silicon wafer followed by
nanometer-thin gold sputtering allows the formation of a highly developed lace-
type Si surface covered with homogeneously distributed gold islands. The mosaic
structure of deposited gold allows the use of Au-uncovered Si domains for Raman
peak intensity normalization. The fabricated SERS substrates have prominent
uniformity (with less than 6% SERS signal variations over large areas, 100 X 100
um?). It has been found that the storage of SERS-active substrates in an ambient
environment reduces the SERS signal by less than 3% in 1 month and not more
than 40% in 20 months. We showed that Au-coated black Si-based SERS-active substrates can be reused after oxygen plasma
cleaning and developed relevant protocols for removing covalently bonded and electrostatically attached molecules. Experiments
revealed that the Raman signal of 4-MBA molecules covalently bonded to the Au coating measured after the 10th cycle was just 4
times lower than that observed for the virgin substrate. A case study of the reusability of the black Si-based substrate was conducted
for the subsequent detection of 10~° M doxorubicin, a widely used anticancer drug, after the reuse cycle. The obtained SERS spectra
of doxorubicin were highly reproducible. We demonstrated that the fabricated substrate permits not only qualitative but also
quantitative monitoring of analytes and is suitable for the determination of concentrations of doxorubicin in the range of 107°—107*
M. Reusable, stable, reliable, durable, low-cost Au-coated black Si-based SERS-active substrates are promising tools for routine
laboratory research in different areas of science and healthcare.

KEYWORDS: black silicon, nanoroughness, surface-enhanced Raman spectroscopy, reusability, long-term stability, surface plasmon,
doxorubicin

1. INTRODUCTION stability and thereby short exploitation time of SERS
substrates, and (iv) their disposability.

Among systems commonly used for SERS are nanoparticles
of copper/silver/gold stabilized in colloidal solutions. Even
though colloidal solutions of noble metals exhibit very good
enhancement of the Raman signal, their performance in SERS
may be hampered by temperature variations and contami-

Surface-enhanced Raman spectroscopy (SERS) technique
relies on the enhancement of the electric field occurring
when the frequency of an excitation beam coincides with the
eigenfrequency of an ensemble of conduction electrons in a
metallic nanostructured substrate."”” Experimentally obtained
enhancement factors that vary from 10* to 10"~ allow one to
employ SERS to detect molecules with an extremely low
Raman scattering cross-section of 1073 cm?/sr® and to reduce

nation with inorganic salts.'' The latter may lead to
agglomeration of the metal nanoparticles, making the substrate

the detectable concentration of an analyte down to 10~''~107¢ no longer suitable for SERS.

M7~ and even to attomolar values.'° Sacrificing the high enhancement, but greatly benefiting in
SERS is widely recognized as one of the most efficient repeatability, surfaces with immobilized noble metal nano-

analytical techniques in organic chemistry and biochemistry.

However, the implementation of SERS in practice still suffers Received: January 18, 2023 AT

from several limitations. Among the crucial ones are (i) the Accepted:  February 28, 2023
intrinsic inhomogeneity of SERS substrates, which results in a Published: March 9, 2023
variation of the Raman signal over the substrate surface at a

low concentration of the analyte, (ii) rather limited

opportunities for quantitative analysis, (iii) poor long-term
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particles,"””™"* or metal-capped structured arrays'® and nano-
wires,'® Au-coated flexible polymer “fingers”,'” are increasingly
used in laboratory practice. However, their fabrication
techniques, such as electron-beam lithograpl'ly,w_2l focused
ion-beam lithography,”* and metal-assisted chemical etching,™
are often multistep, complex, and not cost-efficient, leaving
room for the development of new approaches for cheap and
scalable SERS substrate production.

In the search for SERS substrates, silicon has attracted
special attention because silicon platforms of modern
electronics open avenues for the development of the lab-on-
chip approach. There are several methods of using silicon
materials as precursors for SERS-active substrates. In ref 24, e-
beam lithography is used to modify self-assembled monolayers
of 3-(4-nitrophenoxy)-propyltrimethoxysilane on Si/SiO,
surfaces to push the assembly of citrate-passivated gold
nanoparticles in distinct locations, creating patterned immobi-
lization of Au NPs. Peng et al. applied metal-assisted chemical
etching for the formation of micro-/nano-nested structures in
Si with further Au deposition™ for the fabrication of a SERS
microfluidic platform with a satisfactory EF of around 10° and
a prominent long-term stability of around 120 days. The
fabrication approach of Si nanopillars capped with noble
metals by the silicon plasma-etching method, omitting the
lithographic step,” resulted in the low-cost production of
nanopillar arrays, providing significant enhancement (10'')
and sensitivity.

However, there is always a trade-off among sensitivity,
reproducibility, cost, stability (mechanical, operational, and
durable), and reusability. As the laboratory routine usually
involves multiple repeated experiments, the use of disposable
SERS substrates leads to a corresponding multiplication of the
resources needed. Cost and resource reduction can be achieved
by developing large-scale and long-living substrates along with
relevant methods for their reuse.

To address these challenges, we fabricated three-dimensional
(3D) lace-type structures with a highly developed surface area
over a 2 in. Si wafer using inductively coupled plasma reactive
ion etching (ICP-RIE) technique at room temperature. These
structures show a remarkably low reflectivity in the visual and
near-IR spectral range™ belonging to a class of artificial
materials referred to as black silicon (bSi). The bSi obtained at
room temperature appears to be more ‘porous’ and micro-
rough®’ than that fabricated at cryogenic temperatures, where
precise control of the bSi surface shape, micropillar sidewall
orientation, and roughness can be achieved via competing
etching and passivation processes.”**’ The porosity of the bSi
fabricated at room temperature allows one to increase the
effective surface area and to achieve a higher—in comparison
with regular micropillars—plasmonic “hotspot” surface density
with the same amount of sputtered gold. In comparison with
recently proposed gold—bSi structures,’™”' which contain
100—600 nm thick gold layers, we significantly reduce the
amount of gold needed by creating a mosaic distribution of
plasmonic hemispheres on the rich Si relief having a
quasiperiodic lace-like structure. Moreover, the enhanced
nanoroughness of the bSi surface enables plasmonic core—
shell Si-Au nanostructures,* rendering the buffer layer (e.g,, Ti
thin film), conventionally used to im})rove the adhesion of
plasmonic nanoparticles, unnecessary‘z‘

Analysis of the reliability, durability, stability, and reusability
of Au-coated black Si-based SERS-active (bSi/Au) substrates
reveals the beneficial “lace-type” bSi and mosaic gold
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geometries. Moreover, these “lace and mosaic” bSi/Au
structures are much easier to manufacture, not requiring
cryogenic conditions and being low cost due to the significant
reduction in gold consumption. In addition, the stable Raman
signal from the silicon underlying a very thin Au layer could be
applied for precise calibration of peak intensities in the
measured SERS spectra of analyte molecules, supporting
capabilities of using such substrates not only for qualitative
but also for quantitative analyte monitoring.

We suppose that the proposed simple methods of bSi/Au
substrate fabrication and reuse, along with their applicability
for monitoring trace amounts of molecules and their
concentration determination, form a bridge for the translation
of the SERS method from individual research laboratories for
mass routine use in analytical research in many areas of
biochemical and medical diagnostics, forensics, etc.

2. METHODS AND MATERIALS

2.1. Materials and Reagents. A silicon (100) oriented wafer (p-
type) with 1-20 Q-cm (Si-Mat, Germany) was used for SERS
substrate fabrication.

Analytical grade 4-mercaptobenzoic acid (4-MBA, Sigma Aldrich,
Germany), ethanol (EtOH, >99.9%, Sigma Aldrich, Germany), and
doxorubicin hydrochloride (DOX, Sigma Aldrich, Germany) were
used throughout the experiments.

2.2, bSi/Au Fabrication. A 2-inch silicon wafer was etched using
one-step mask-free inductively coupled plasma reactive ion-etching
technique. The plasma etching was carried out in a PlasmaLab80
system (Oxford Instruments plc, UK). A two-gas mixture of SFs and
O, with flow rates of 10 and 9 sccm, respectively, was used in the
etching process. Dry anisotropic silicon etching was conducted for 10
min at 30 mTorr chamber pressure and an RF power of 15 W as well
as 200 W ICP power. The cooling system temperature was set to 20
°C. Before the etching experiments, the silicon wafer was cleaned by
oxygen plasma for 2 min.

Gold deposition was carried out by magnetron sputtering for 80 s
on top of the bSi substrates covered with a native oxide layer using the
gold target (TARGET GOLD, 99.99%, S7 mm, 91017-AU, CAS
7440-57-5) purchased from Electron Microscopy Sciences (Hatfield,
PA 19440). BSi/Au substrates sputtered simultaneously under the
same conditions were stored in individual Petri dishes under normal
ambient conditions for a period of up to 20 months, and each sample
was analyzed immediately after the synthesis and after 1, 2, 3, 4, and
20 months of storage. The bSi/Au synthesis is schematically shown in
Figure 1.

Si bSi/Au
Au
ICP-RIE sputtering
<100> _s
p-type :
10 min
SF¢/O,

Figure 1. Steps of bSi/Au SERS substrate synthesis.

To evaluate the SERS performance of the fabricated bSi/Au
substrates, we compare them with those obtained by the alternative
cryogenic ICP-RIE technique.”* The surface morphology of the
latter substrates is characterized by well-defined cone-like shapes.
Correspondingly, the substrates covered with gold after magnetron
sputtering for 80 and 120 s will be hereafter referred to as bSi/
Au(conical) and bSi/Au*(conical).

https://doi.org/10.1021/acsanm.3¢00281
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Figure 2. SEM micrographs of bSi (A, B) and bSi sputtered with gold (C, D): angle-side (A, C) and top—bottom (B, D) views.

2.3. Scanning Electron Microscopy (SEM) and Image
Processing. SEM images of bSi and bSi sputtered with gold were
obtained using a Helios NanoLab 650 (FEI) microscope. Analysis of
bSi and bSi/Au was performed at a nominal beam voltage of 3 kV.

The bSi surface analysis was carried out using open-source software
Image_].33 SEM images with a total area of 5.5 ym” were analyzed. Six
hundred and thirty-nine gold structures were identified from the
images and ranged using Beeswarm plot statistics in OriginPro21
(OriginLab Corporation, USA). Quantitative evaluation of the
effective bSi surface area was performed in Wolfram Mathematica
12 (Wolfram Research, Inc.). Side-view SEM micrographs were used
to estimate the roughness of the bSi.

2.4. Raman and SERS Spectroscopy of 4-MBA. For SERS
measurements, bSi/Au, bSi/Au(conical), and bSi/Au*(conical)
substrates were incubated in 4-MBA solution of 1.0 mM
concentration (in ethanol) for 4 h to allow the formation of a self-
assembled monolayer (SAM) of 4-MBA molecules. Thereafter, each
substrate was washed in a flow of ethanol to remove excess 4-MBA
molecules and then rinsed in ultrapure water, dried in a laminar N,
flow, and used for measurements.

The Raman spectra were recorded using RamanFlex 400
(PerkinElmer, Inc.), equipped with a near-infrared 785 nm laser
delivering 100 mW at the sample (maximum) and a high-sensitivity
open-electrode CCD detector (air-cooled, operated at —50 °C). All
Raman and SERS spectra were collected from at least three points of
the sample surface and then averaged. The laser power on the sample
was adjusted to 16.8 mW, and the illumination time was 300 s in all
measurements except when analyzing the effect of the employed laser
power and exposure time on the spectra of 4-MBA SAM on the bSi/
Au substrate.

To evaluate the effect of the laser power and exposure time on the
spectra of 4-MBA SAM on the bSi/Au substrate, the laser power was
varied from 3.8 to 90.9 mW with a step of 46 mW and the
accumulation time was linearly changed from 1 to 60 s.

The uniformity of the hotspot distribution was estimated with a
laser-scanning MonoVista CRS+ Raman microscope system (S&I
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GmbH, Germany) equipped with a liquid-nitrogen-cooled CCD
detector. Raman spectra were collected using a 785 nm wavelength
emitting laser as an excitation source. An Olympus 50 X /0.8 NA
objective was used for the excitation and collection of Raman spectra.
The spectrometer was calibrated using a fundamental vibrational band
at $20.7 em™" of a silicon wafer. The power delivered to the sample
was adjusted to 48.5 yW. An area of 100 X 100 gm on bSi/Au
samples with 4-MBA SAM was scanned with 1 um step, and the
accumulation time was 1 s.

2.5. EF Calculation. The enhancement factor (EF) was estimated
by the following equation®*
Losi/au

EF = N

Nosizaa I (1)
where I/, and Iyy are intensities of the SERS and normal Raman
bands, and Nig;/a, and Ny are the numbers of molecules in 4-MBA
SAM on the bSi/Au substrate and 4-MBA on the flat silicon surface,
respectively.

2.6. Oxygen Plasma Cleaning of bSi/Au Substrates. Removal
of the molecules attached to the bSi/Au substrate was carried out
using oxygen plasma treatment. An oxygen plasma etching device
built in Super Cool Sputter Coater Leica EM SCDO0SO (Leica
Microsystems GmbH, Germany) was used for sample cleaning. bSi/
Au substrates with a SAM of 4-MBA were placed in the load-lock
chamber of a vacuum system. The parameters were set as follows:
pressure 0.1 mbar and current 48 mA. The duration of oxygen plasma
treatment was determined experimentally and corresponded to a
>99% decrease in the intensities of the 1076 and 1588 cm™" bands.
Afterward, the substrates were washed with deionized water and
ethanol, dried in N, laminar flow, transferred to individual Petri
dishes, and stored under ambient conditions before the next cycle of
bSi/Au substrate reuse.

https://doi.org/10.1021/acsanm.3c00281
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3. RESULTS AND DISCUSSION

3.1. bSi/Au Surface Characterization. SEM images of
the obtained bSi/Au substrate are presented in Figure 2. The
surface morphology is characterized by vertically standing, thin,
lace-like, sharp-edged structures (Figure 2A), with an average
height of around 1 ym and a base of 100—200 nm. These
plates form wells with an average diameter of S00 nm (Figure
2B), the inner surface of which is also covered with rock-like
structures with sharp peaks with high apex curvature, but their
dimensions are much smaller and are around 10—-100 nm.
These various micro—nano structures are responsible for the
very low light reflection in the visible and near-infrared (NIR)
ranges and appear completely black to the naked eye.”® The
synthesized bSi demonstrates high absorption in the range of
200-900 nm (see Figure S1, Supporting Information).
Numerous micro—nano structures comprising bSi surfaces
create light traps that drastically increase the absorbance. This
light-trapping ability of bSi in the vis—NIR range also
drastically contributes to the excitation of the collective
electron oscillations in the deposited gold particles, the
phenomenon responsible for the high enhancement of the
Raman signal in SERS.*®

The fabrication process allowed us to obtain large-scale bSi
substrates with structures uniformly distributed over a 2 in. Si
wafer (see Figure S2, Supporting Information).

The micro—nano-structured bSi was then sputtered with
gold to obtain plasmonic structures densely distributed over
the bSi. SEM micrographs of bSi/Au are presented in Figure
2C,D. Side walls of vertically oriented Si plates are covered
with gold hemispheres of sizes (diameters) from 4 to 16 nm
(10.8 nm on average), while the sharp apexes of these plates
serve as nuclei for spherical NP formation of sizes from 16 to
60 nm (34.6 nm on average). Also, in some cases, spherical
NPs grew to sizes from 60 to 195 nm (109.7 nm on average)
(see Figure S$3, Supporting Information). The essential
differences between these bSi/Au structures and bSi/Au
(conic) substrates’’™** are the significantly reduced Au
deposition, which resulted in a very thin gold layer (tens
versus hundreds of nanometers) and the presence of gold-free
zones, which, as it will be shown below, can be used for
independent signal normalization and quantitative determi-
nation of the concentration of the studied substances.

3.2. bSi/Au Enhancement Factor Calculation. To
evaluate the effectiveness of the bSi/Au substrate for SERS,
4-mercaptobenzoic acid (4-MBA) was used as a test molecule.
4-MBA is widely utilized as a standard because its molecules
form a self-assembled monolayer of well-known surface density
and Raman spectrum.”* > BSi/Au substrates were incubated
with 4-MBA as described in the Methods and Materials
Section, which resulted in the formation of covalent bonding of
4-MBA through the thiol group with gold, with the creation of
a S—Au bond.

SERS spectra of 4-MBA on the bSi/Au and SiO,/Au
substrates and the Raman spectrum of bulk 4-MBA are
presented in Figure 3. bSi/Au substrates display a significant
Raman intensity increase as compared with the SiO, substrate
with nanostructured gold deposited on it. The assignment of
characteristic bands of 4-MBA is presented in Table S1
(Supporting Information). As shown in Figure 3, several bands
of 4-MBA molecules are significantly enhanced according to
the surface selection rules:* 1076 cm™ vy, (a,) aromatic ring
breathing mode and 1587 cm™ totally symmetric aromatic
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Figure 3. Raman spectrum of 4-MBA powder (bottom) and SERS
spectra of 4-MBA on SiO,/Au, bSi/Au* (conica\l),‘u bSi/Au
(conical), and bSi/Au substrates (from bottom to top, respectively).
*30% thicker gold layer sputtered on the surface of bSi than in other
cases (bSi/Au (conical) and bSi/Au).

ring vibration (vg,). The intensive band in the Raman
spectrum of bulk 4-MBA at 2570 cm™, which arises from
the S—H stretching in 4-MBA, disappears in the SERS
spectrum of 4-MBA on the bSi/Au substrate, while a new
band around 260 cm™" appears, indicating the breakage of the
S—H bond in the 4-MBA molecule and the formation of a S—
Au covalent bond®*®* and the 4-MBA self-assembled
monolayer. A band at 521 cm™ associated with Si is also
present in the recorded spectra, as a thin mosaic cover of
irregular nanoscale gold islands does not eliminate this band.

Bands associated with the carboxylic moiety of the 4-MBA
molecule are present in the spectrum of the 4-MBA SAM on
the bSi/Au substrate: the bands at 849 and 1417 cm™
correspond to bending #(COO~) and stretching £(COO™)
vibrations and indicate the presence of deprotonated
carboxylic groups, and the band at 1702 cm™! arising from
v(C=O0) indicates the presence of protonated carboxylic
groups.”” The normalized intensity of the (COO™) band to
Vg, is often used to determine the pH value as this ratio
increases with the growth of the deprotonation level of 4-MBA
molecules.*’ However, in dried samples of bSi/Au with 4-
MBA, the presence of #(COO~) and ¥(COO~) vibrations in
the SAM more likely indicates the direct interaction of COO~
groups with the metal surface, which forces the flat orientation
of the aromatic ring of 4-MBA molecules.” This assumption is
supported by the appearance of y(CCC) out-of-plane ring
vibrations at 718 ecm™*’ and a weak aromatic v(CH)
stretching band at 3074 cm™ in SERS (see Table SI,
Supporting Information), which weaken for flat-oriented
aromatic rings due to surface selection rules.

It is worth noting that there are no characteristic signs of the
decarboxylation process, which is caused by the interaction of
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4-MBA molecules with plasmonic active surfaces and may be a
result of the excessive surface irradiation and subsequent
heating along with molecular degradation.*' Decarboxylation is
indicated by the appearance of two new peaks at 996 and 1019
em™" associated with benzene monosubstituted thiophenol.”®
In the case of the 4-MBA SAM on the bSi/Au substrate, no
decarboxylation occurs, as only the 1012 cm™ band assigned
to ring deformations is present in the SERS spectra.

We compared the Raman signal enhancement for bSi/Au
and bSi/Au (conical) substrates. The morphology of the latter
substrate, which was described in ref 32. is dominant, with
mostly smooth conical structures of 500 nm height and 200
nm base. From the fabrication point of view, the principal
difference between these bSi/Au and bSi/Au (conical)
substrates is that a transition from the cryogenic ICP-RIE to
room temperature (RT) ICP-RIE occurred, which simplified
and reduced the cost of fabrication of bSi and, at the same
time, resulted in a more developed surface area (so-called lace-
like bSi structures appeared). As it follows from Figure 3, cone-
like silicon structures of bSi/Au* (conical) provide significant
Raman signal enhancement. However, a reduction in the gold
layer thickness by 30% leads to a decrease in the intensity by
4.6 times. The deposition of a gold layer of the same reduced
thickness on the lace-type bSi with sharp lace-like structures
gives a 3 times more intensive signal than bSi/Au (conical)
with the same gold layer thickness (see Figure 3). This
significant increase is due to the more developed surface area,
which enables a larger number of hotspots. It is also important
to note that either overlapping of nearby gold nanoparticles or
the formation of vertically oriented dumbbell-like structures of
the characteristic sizes obtained under the employed
conditions of gold deposition (10.8 nm for side walls of Si
plates and 34.6—109.7 nm for apex caps), as well as their
vertical ordering on plates of bSi of the considered profile, also
significantly contribute to the incidence of the plasmon
resonance frequency of the substrate under consideration in
the near-IR region, as previously demonstrated in ref 32. As a
result, a successful combination of the profile of the supporting
substrate and the appropriate size and orientation of the
systems of gold nanoparticles allows one to consider the
produced substrate as an effective material for sensitive SERS-
based analyte detection using NIR excitation, which is
extremely important for biomedical and biochemical tasks
due to the safety of NIR irradiation as compared with UV light.

Further, the enhancement factor of the bSi/Au substrate was
calculated using eq 1 (Methods and Materials) for the band at
1076 cm™", with reference to the Raman spectra of 4-MBA on
the Si wafer. The effective surface area of the synthesized bSi
sputtered with gold was calculated from SEM micrographs and
is at least 20 times larger than that of bSi/Au (conical)
substrates (based on estimations presented in Section S,
Supporting Information). The EF of the bSi/Au substrate was
estimated to be around 1.1 X 10 calculations are given in the
same section of the Supporting Information.

Enhancement of the Raman signal in SERS occurs through
two possible mechanisms: electromagnetic (EM) and chemical
(CM). These two mechanisms could be realized together or
separately. The EM mechanism is based on the phenomenon
of plasmon resonance and occurs when the frequency of the
exciting radiation coincides with the frequency of collective
oscillations of delocalized conducting electrons (or surface
plasmons, SPs), which creates an electromagnetic field on the
metal nanostructure/dielectric interface. The EM mechanism
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has the largest impact on signal enhancement (up to 10'),*
while CM manifests only a 10°~10° times intensity increase™
due to the charge-transfer (CT) pmcess.44 The calculated EF
for BSi/Au has a magnitude of 106, indicating that the major
impact on the SERS signal comes from the EM mechanism.
However, CT could not be excluded as its possibility was
demonstrated previously in ref 32 by DFT simulations for
similar structures.

As it follows from a comparison of the obtained EF with the
EF calculated for the bSi/Au* (conical) substrate,*” there is a 2
order difference in EFs (10° for bSi/Au vs 10® for the foregoing
bSi/Au* (conical)), while the intensity values of the 1076
cm™! band of 4-MBA molecules for both substrates are of the
same order, specifically Igzps (on bSi/Au lace-like) ~2/3
Igrs(on bSi/Au* (conical)). This apparent inconsistency can
be explained as follows. EF is calculated per molecule and
strongly depends on the Au layer thickness, while measured
intensities are determined by the joint contribution of
irradiated molecules, the number of which is strongly
dependent on the surface area available for molecular
attachment, the hotspot density, and the E-field enhancement.
Thus, a decrease in Au layer thickness leads to a decrease in
the electromagnetic field enhancement, and an increase in the
adsorbed molecules leads to a decrease in the Iggpg/Ngprs
multiplier in Formula 1, and all of these result in a decrease of
2 orders in EF (as it is calculated per molecule) in comparison
with the EF of bSi/Au* (conical). On the other hand, in the
case of the detected spectra when the signal is provided by the
additive impact of molecules trapped in the laser beam, due to
the increased hotspot density and still satisfactory EM
enhancement, the measurements of both bSi/Au and bSi/
Au* (conical) provide comparable intensity values. This
outcome is an obvious advantage of the bSi/Au substrate,
described in the present study, as it is much cheaper and easier
to fabricate than its foregoer bSi/Au* (conical).

The EF, demonstrated by micro-nano-structured bSi/Au
substrates, is comparable to that regorted for various SERS-
active nanostructures, such as gold, S silver,*® or gold—silver
core—shell nanorods,*” nanostars,*® nanoflowers,* etc.
Although it is lower than that for Ag-aligned50 or semi-
conducting 15%-Mo-Ta,05’" nanorods (10° vs 10° and 107,
respectively), bSi/Au has the significant advantage of being
fabricated by the simple, fast, and low-cost RT-ICP-RIE
technique. Moreover, the spontaneous formation of regular
silicon lace-like structures with nanoroughness, which serve as
precursors for the hotspots, excludes the most complex and
time-consuming stage of large-scale fabrication of uniform and
homogeneous substrates—the immobilization of nanostruc-
tures on a carrier surface (for example, quartz). The nanorough
lace-like shape of the bSi/Au substrate also makes it very
similar in geometry to needle-shaped regular nanostructured
arrays, which were successfully applied for the SERS-based
detection of SARS-CoV-2 virus®> with extremely high affinity,
where human angiotensin-converting-enzyme 2-functionalized
gold needles served as effective virus traps. This similarity in
geometry may expand the application of bSi/Au to the most
urgent and vital areas of bioresearch and allow further
consideration of the bSi/Au SERS substrate as a solution
when emergencies, such as the coronavirus pandemic, require
fast, large-scale, low-cost, and effective actions.

3.3. bSi/Au Responsivity, Photothermal Effect (PTE),
and Heating Limitations. To estimate the possible substrate
heating that might affect the efficiency of the proposed SERS
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Figure 4. Evaluation of the photothermal effect on characteristic bands in SERS spectra of 4-MBA SAM on the bSi/Au substrate. SERS peak
intensities of 1076 (A) and 1588 cm™ (D); dynamic curves of intensities (in cps) obtained for 1076 cm™ (B) and 1588 cm™ (E) bands; the
dependencies of the peak positions of 1076 cm™ (C) and 1588 cm™ (F) bands on the laser power and time of exposure of the probed 4-MBA
molecules to excitation irradiation. The excitation wavelength is 785 nm. Ranges on the false color maps that correspond to photothermally affected
and unaffected spectral characteristics are separated by red dashed lines.
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Figure 5. SERS spectra of a 4-MBA monolayer on bSi/Au in the range of 990—1030 cm™". The exposure time varies from 1 to 60 s. The excitation
powers are (A) 20.3, (B) 41.8, and (C) 89.3 mW.

substrates, the SERS spectra of a 4-MBA monolayer on bSi/Au intensities at 1076 and 1588 cm™ and their shifts are

were obtained, varying the laser power from 3.8 to 90.9 mW presented in Figure 4. The bSi/Au substrate provides a
and sample exposure time from 1 to 60 s. Variation of the detectable signal already at 1 s of exposure with 3.6 mW laser
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Figure 6. Two-dimensional (2D) distribution of the peak intensities at 1076 (A) and 1586 cm™ (B) of SERS spectra of the 4-MBA monolayer
deposited on top of the bSi/Au substrate. (C) 4-MBA SERS spectra from the whole scanned area of 100 X 100 ym* (shown in gray color); an
orange spectrum corresponds to the mean SERS spectrum of 4-MBA. (D) Spatial distribution of accidental impurities. Measurement parameters:
Aex = 785 nm, exposure time is s, laser power is 0.05 mW, scanning step is 1 um, S0X objective.

power, and it reaches values suitable for analysis after 7 s of
irradiation at 13 mW laser power. An intensity vs time SERS
signal profiling revealed a slight decrease in SERS measured at
both 1076 and 1588 cm™ when the total energy imparted to
the sample reaches 70 mW X 20 s = 1.4 J (see Figure 4A,D).

Local heating of gold plasmonic nanostructures may
negati\_rely affect the EF, lead to a decrease in the SERS
signal,”*>* and cause photothermal damage to the analyte,
resulting in its degradation.”® Figure 4B and E show the
dynamics of the 1076 and 1588 cm™ band intensities (in cps)
in the SERS spectra of the 4-MBA SAM at different laser
powers and exposure times of the probed molecules to
irradiation at A, = 785 nm. As can be noticed from the
dynamic curves, there is no significant decrease in the SERS
intensity under a wide range of experimental conditions, and
only at laser powers exceeding 31.4 mW, a decrease of less than
10% in the intensity occurs. The results indicate that in
contrast to, e.g, Mo-doped Ta,Og semiconductor SERS
substrates,” for which photoinduced degradation is non-
negligible and could not be ignored as S mW and 60 s
irradiation of 107 M methyl violet with a 532 nm laser causes
approx. 30% intensity loss, bSi/Au SERS substrates could be
used in wider time and laser power scales. The peak shift
dependence on the laser intensity detected in Figure 4C,F may
also correspond to the possible sample damage due to the high
laser intensities, which was not detected using SERS intensities
of the most intensive bands (1076 and 1588 cm™).

Analysis of the 990—1030 cm™" range also reveals the PTE
in 4-MBA SAM on the bSi/Au surface. Bands at 996 and 1021
cm™!, which are associated with monosubstituted benzene
derivatives (out-of-plane and in-plane ring deformations,
respectively'\(’), appear at the excitation power of 41.8 mW
and exposure time of 20 s (see Figure 5). As mentioned above,
the appearance of monosubstituted benzene derivatives
indicates that the decarboxylation of the 4-MBA molecule
occurs. The loss of the carboxylic group is caused by the
plasmon-derived “hot” electron transfer from the metal to the
absorbed molecules because of the plasmon excitation and is
promoted by substrate heating. The obtained results allow
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assuming the upper limit for the total energy delivered to the
analyte, avoiding the PTE, to be close to 1.0 J.

3.4. bSi/Au Substrate Uniformity. Evaluation of the bSi/
Au SERS-substrate uniformity in terms of signal enhancement
was performed by laser-scanning confocal Raman microscopy.
False color maps of the distribution of intensities of 1076 and
1588 cm™! bands are presented in Figure 6A,C, respectively.
Relative standard deviations for both peak intensities were
0.06, and the medians almost completely coincide in
magnitude with the mean values (see Table S2, Supporting
Information). These parameters indicate very good uniformity
of the substrate and a high density of hotspots (scanning step
was 1 pm) across the analyzed area of 100 X 100 um’
However, in addition to the spectra of the analyzed analyte (4-
MBA), spectra of impurities were detected, which were present
on the substrate because of preparatory manipulations and/or
came from the environment during the measurement itself (the
gray spectra in Figure 6C). Additional statistical analyses
showed that the number of “impurity” spectra was 434 out of
10201 (4%) (Figure SS, Supporting Information), impurities
are distributed randomly and evenly over the substrate (see
Figure 6D), and they can be easily identified and excluded
from further analysis, significantly increasing the accuracy of
the research.

3.5. Long-Term Stability of the bSi/Au SERS Sub-
strate and its Reusability. Several simultaneously fabricated
bSi/Au substrates were individually packed in plastic Petri
dishes, wrapped with a parafilm to avoid accidental
contamination, and stored under ambient conditions. These
substrates were used to obtain 4-MBA SERS spectra after
storage for 1—20 months in the same measurement setup. The
results are summarized in Figure 7. The intensity of two
characteristic bands at 1076 and 1588 cm™ in the 4-MBA
spectra decreased by less than 5% after 120 days and by 40%
after 20 months of storage.

SERS spectra are collected from the molecules in the
proximity of the bSi/Au surface. This is the main barrier to
reusing the substrate, as physically or chemically adsorbed
molecules are hardly eliminated. Remaining residues may
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Figure 7. Storage stability of the bSi/Au substrate evaluated with 4-
MBA as a probe analyte. Each SERS spectrum corresponds to a 4-
MBA monolayer on the surface of freshly manufactured bSi/Au
samples and bSi/Au samples stored for 1, 2, 3, 4, and 20 months.

decrease the effective area accessible for analyte molecules and
yield signals that will interfere with the signal from the analyte;
moreover, the cleaning procedure itself may damage the
hotspots, decreasing the effectiveness of SERS spectra
detection.

To reuse the bSi/Au substrate, mild oxygen plasma cleaning
at room temperature was chosen as a surface refreshing
procedure due to its wide accessibility in laboratories. A
decrease in the intensity of the most intense bands of 4-MBA
at 1076 and 1588 cm™ by more than 99% was chosen as a
determining criterion for whether the bSi/Au surface was free
of the analyte molecule. It was estimated that 35 min in oxygen
plasma is enough for residue elimination from the bSi/Au
substrate (see Figure S6, Supporting Information), and after
rinsing the substrate in deionized water and drying, it can be
reused. The recycling of the substrate leads to a 4-MBA signal
decrease and an increase in the intensity of the band centered
at 560 cm™' and assigned to ¥(Au-O) formation due to the
oxygen plasma effect (see Figure 8A).” To estimate the degree
of EF decrease, the intensities of the 1076 and 1588 cm™
bands were normalized with respect to the intensity of the 520
em™" band of silicon for each cycle of reuse. The intensity of
the 520 cm™" band remains constant over the whole area of the
bSi/Au substrate (see Table S2, Supporting Information). As it
does not change during the cleaning of the substrate with
oxygen plasma, it is convenient to use this band as a reference
to exclude possible laser intensity fluctuations in different
experiments.
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Figure 8. Versatility of the bSi/Au substrate reuse demonstrated for (A, B) covalently bonded molecules of 4-MBA and (C, D) noncovalently
bonded molecules of DOX. (A) SERS spectra of 4-MBA on the bSi/Au substrate over 10 reusability cycles; (B) dependence of the 1076 and 1588
to 521 cm™" intensity ratios on the number of reuse cycles; (C) Raman spectrum of DOX (powder) and SERS spectrum of 10~° M of DOX on
S$i0,/Au; (D) SERS spectrum of 10~ M of DOX on bSi/Au substrate before oxygen plasma cleaning (mustard line), spectra of bSi/Au substrate
after 15 min of oxygen plasma treatment (red line), and SERS spectrum of 107> M DOX on the reused bSi/Au substrate (blue line).
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As it follows from Figure 8B, the intensity ratios decrease S
times after the fifth cycle of reuse; however, the EF as
compared with SiO,/Au remains acceptable for analyte
detection and analysis. Moreover, the high uniformity of
hotspot distribution allows the accumulation and further
integration of the SERS signal from large-scale areas, which is
of even higher importance than EF for detecting trace amounts
of analytes."’

3.6. Evaluation of Doxorubicin Concentration with
the bSi/Au SERS Substrate. The bSi/Au substrate has been
proven to be suitable also for the detection of molecules that
do not form covalent bonds with it. BSi/Au was applied to
detect the spectrum of the anticancer drug doxorubicin
(DOX).** DOX causes many side effects, such as heart
damage (cardiotoxicity), cardiomyopathy, and heart fail-
ure.””® Therefore, control of the DOX concentration in the
blood plasma during chemotherapy is important to minimize
the possible harm to the patient during treatment.

DOX has a characteristic Raman spectrum; however, it is
challenging to detect low concentrations of DOX in water
solutions (Raman spectra of DOX powder and 10~ M DOX
solution are shown in Figure 8C). This obstacle can be
overcome by the SERS approach, allowing the detection of
DOX at concentrations of 1.0 nM to 0.1 mM (see Figure 9).
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Figure 9. Calibration plot for the determination of DOX
concentration by the bSi/Au substrate. Inset: SERS spectra of DOX
at different concentrations (1.0 nM to 1.0 mM).

SERS spectra of a 107> M DOX solution are presented in
Figure 8D (mustard line). Because of the low intensities of the
R—H stretching range around 3000 cm™, data are presented
for the fingerprint region of 300—1800 cm™'. Characteristic
vibrational frequencies of DOX are marked in the Raman and
SERS spectra in Figure 8C,D; major band assignments are
presented in Table S3 (Supporting Information).

The spectra of DOX were obtained from three different
points with minor intensity fluctuations detected. The range
1150—1700 cm™ corresponds to the ring stretch,”" and the
areas under the spectra in this range were used to obtain the
concentration calibration curve (see Figure 9). Violation of the
monotonicity of the calibration curve at DOX concentrations
>107% M is associated with two factors: (i) agglomeration of
DOX molecules at high concentrations leading to changes in
the spectrum; (ii) decay of the SERS signal with an increase in
the distance from the plasmonic structures due to the
formation of several layers of analyte molecules. Thus, the
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DOX concentration range detectable with bSi is between 107
and 107 M.

To regenerate the bSi/Au surface before the next measure-
ment, it is sufficient to treat the surface with oxygen plasma for
15 min to completely remove all adsorbed DOX molecules.
During continuous multiple SERS-based measurements of
DOX by the bSi/Au substrate, the same intensities of spectrum
bands are observed (see Figure 8D), although the v(Au-O)
band is detected and should be considered when reusing the
bSi/Au substrate during continuous measurements.

4. CONCLUSIONS

Analytical application of SERS substrates implies long-term
stability and reusability. The majority of the manufactured
substrates are disposable. Therefore, they can be stored only
for a short period of time because of the aggregation and
precipitation of colloidal nanoparticles in solutions due to their
extreme sensitivity to storage conditions,” external environ-
ment, and/or impurities, due to the oxidation of metal
nanoparticles, predominantly Ag and Au, immobilized on the
supporting substrate,’’ or because of the mechanical fragility of
the structures supporting nanoparticles, such as silicon
nanowires,” and the irreversible collapse and agglomeration
of plasmonic noble metal “caps” at the ends of flexible
nanopillars™®* caused by surface tension upon contact with the
analyte.

In the present study, we propose a simple one-step
production of bSi with an extremely high effective surface
area by room-temperature ICP-RIE technique. The sharp
vertically oriented lace-like silicon plates create favorable
conditions for the growth of gold nanostructures, which are
similar in shape to overlapping hemispheres of 4—16 nm sizes
on the side walls of blades and spherical nanoparticles of
around 34.6 nm on the apex of cones with several extralarge
particles of average size around 109.7 nm. The created
structures demonstrate high Raman signal enhancement with
excitation in the NIR region (785 nm), with an EF of around
10° A significant advantage of the produced bSi is the reduced
thickness of the gold layer as compared with other gold-based
structures used in SERS-based analyses.’”' The high surface
density of vertically aligned gold nanostructures ensures the
shift of the absorption cross-section to the NIR range and the
high magnitude of electromagnetic field enhancement, as
demonstrated in several studies.””™

The bSi/Au substrate is characterized by the high
reproducibility of the results and low signal variation within
6% over a 100 X 100 um” area. Substrate storage in the air
atmosphere and under normal ambient conditions results in
less than 3% signal decrease over 4 months and around 40%
decrease over 20 months of storage, which is, according to our
knowledge, the longest term of SERS substrate storage, which
offers good SERS signal enhancement. Along with this, the
produced substrates can be reused. Substrate treatment with
oxygen plasma, commonly available in most laboratories,
allows one to get rid of the layer of molecules attached to the
surface and retains the properties of the structures to enhance
significantly the Raman signal from the analyte when the
substrate is reused during continuous measurements. The
number of reuse cycles exceeds 10. As proof of the concept, the
SERS substrate was applied to detect the chemotherapeutic
drug, DOX, and it was determined that DOX concentrations
can be determined in the range of 1.0 nM to 0.1 mM. The
developed bSi/Au surface recycling procedure preserved the
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sensitivity of the substrate toward DOX with similar sensitivity
as no observable SERS signal decrease was registered.
Moreover, such a thin gold layer (tens of nanometers)
deposited on the highly developed surface of bSi does not
eliminate the first-order Si Raman band in the SERS spectra of
analytes, and this can be used for independent Raman signal
normalization at the silicon line and thereby allows quantitative
determination of the concentration of the studied substances.

Summarizing, the type of bSi proposed in this study is easily
producible on a large scale as the nano-microstructure-based
morphology can significantly reduce the cost because much
lower amounts of noble metal (gold) are required for the
formation of plasmonic structures. The bSi/Au substrate
provides a significant signal enhancement upon excitation in
the near-IR range with a reproducible, stable, and uniform
signal. bSi/Au is a highly sensitive SERS substrate, which can
be repeatedly used to detect trace amounts of analytes and can
be effectively used to assess the concentration of analytes in
aqueous media, for example, organics-based medicinal
compounds. All of the above open the way for the mass
application of bSi/Au SERS substrates in many fields of
science, allowing their commercialization and wide use as a
routine technique that does not require high costs, compliance
with special (sterile, for example) conditions, and complex
sample preparation.
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Single-walled carbon nanotubes

as a photo-thermo-acoustic cancer
theranostic agent: theory and proof
of the concept experiment

L. Golubewa®%2* . Timoshchenko®?, 0. Romanov®?, R. Karpicz®?, T. Kulahava®?3,

D. Rutkauskas®?, M. Shuba®?*, A. Dementjev®?, Yu. Svirko®* & P. Kuzhir®%*

Theranostics is the emerging field of medicine that uniquely combines diagnostic techniques and
active agents to diagnose and treat medical conditions simultaneously or sequentially. Finding a
theranostic agent capable to cure the affected cells and being safe for the healthy ones is the key
for successful treatment. Here, we demonstrate that agglomerated single-walled carbon nanotubes
(SWCNTs) are promising theranostic agent that enables photo-activated ‘cold’ destruction of
the cancer cells keeping their environment alive. The absorption of picosecond pulses by SWCNT
agglomerates results in the mechanical (due to photoacoustic effect) rather than photothermal
cancer cell destruction, which was visualized by micro-Raman and ultrafast near-infrared CARS.
The developed theoretical model allows us to distinguish photothermal, photoacoustic, and
photothermoacoustic regimes of the cancer cell destruction, and also to optimize SWCNT-based
theranostics recipe.

Lasers are widely used in biomedicine because the irradiation of living cells and tissues with coherent light
beams may result in a variety of effects. Among the most examined ones are wound healing, tissue coagulation
and vaporization, tissue ablation, and necrosis'. However, for the tissue embedded with micro- or nanoparticles
(NPs) having the sharp absorption lines in the so-called therapeutic window of 650-1350 nm? one can employ
photothermal’, photothermoacoustic?, and photoacoustic® effects for treatment. Owing to their ability to target
tumor tissue, as well as their capacity to be manipulated by light, NPs are perfectly suitable for theranostic cancer
screening, staging, and treatment®” using light in the near-infrared (NIR) tissue transparency window?.
Photothermal effect (or hyperthermia) is observed when light absorption in NPs results in local overheating
of the surrounding tissue® that can lead to protein denaturation, cell membrane lysis, and cell death. Although
the temperature needed to destroy cancer cells in vitro is as high as 70-80°C’, even lower temperatures can be
used to facilitate the release of therapeutic agents carried by NPs®. Similar to the Photothermal effect, Photo-
thermoacoustic and Photoacoustic effects manifest themselves as the generation of acoustic waves in the NP’s
surrounding tissue'® due to the conversion of the absorbed light energy into heat inside a NP. In the Photother-
moacoustic effect, the NIR absorption by the NP leads to the temperature increase up to thousands of degrees,
the surrounding aqueous medium evaporates forming—in the nanosecond time scale—a gas bubble and leading
to an acoustic perturbation and local fluid flow'"'. The Photoacoustic effect occurs when the conversion of the
light energy into heat inside the NP leads to its deformation, which produces an acoustic wave in the surrounding
medium, rather than forms the vapour bubble. The important advantage of this effect for cancer treatment is that
in the photoacoustic regime, no heating of the surrounding medium takes place, while the cancer cell damage can
be achieved by the pressure pulse generated by the overheated NP. That is search for the appropriate theranostic
agent for cancer treatment implies finding NPs that enable photoacoustic regime in the NIR spectral range.
Single-walled carbon nanotubes (SWCNTSs) can be such a theranostics agent because their high NIR-absorp-
tive ability'* enables photothermal therapy', which is much more specific and much less aggressive compared
to conventional chemo- or radiotherapy. High specificity is, to a large extent, the result of SWCNTSs’ bioactivity
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and cellular uptake'>!°, which in turn may make them toxic'”. The latter—along with the lack of solubility in

aqueous media'® as well as biodistribution and pharmacokinetic issues—significantly suppresses the interest of
using SWCNTSs in biomedicine. However, recent advances in nanotechnology have enabled the mass production
of high-quality single-chirality SWCNTs", which can be gently cut®, purified to the almost invisible degree of
metal catalyst contamination”, and functionalized””. This has reopened interest to SWCNTs as cancer thera-
nostics agent® because short (100 nm)* and properly functionalized® CNTs are significantly less toxic than
long and bare ones.

The properties of biological materials may be changed considerably by embedding carbon NPs. For example,
it has been shown that the addition of 1% of CNTs enhances the thermal conductivity of aqueous suspension”. By
performing SWCNTS’ functionalization or varying the incubation time one may localize SWCNTs either inside
the cancer cell?®, on the cancer cell membrane®, or in the surrounding healthy tissue, for example, when trans-
ferring through the blood-brain barrier’®. SWCNT localization and distribution is a crucial factor determining
the efficiency of applied therapies, as different types of the external environment, as well as sizes of agglomerates
of dispersed SWCNTS, will influence SWCNT response to NIR irradiation. In the biomedical diagnostics and
therapy, either suspension of individual (or bundled) SWCNTSs or micron-sized SWCNT agglomerates are used.
The latter is also formed as a result of cancer cell endocytosis* in vitro, huge SWCNT clusters are formed due to
administration of high doses and local accumulation of SWCNTS in mice tissue in vivo™.

The aim of this paper is to optimize the SWCNT-based photonic theranostics recipe of detection and cold
photodestruction of cancer cells by:

1. developing theory and performing a numerical simulation of the interaction of the NIR light with the SWC-
NTs aggregated in living cells or accumulated in the intercellular medium, and revealing the conditions of
the cold photodestruction regime;

2. experimental demonstration of the cold photodestruction of the glioma C6 cancer cells that have captured
the aggregated SWCNTs inside and comparison with laser treatment of the cells surrounded by individual
SWCNTs situated in the extracellular medium.

Results

Theory: interaction of the laser pulses with spherical SWCNT agglomerate embedded into a
cancer cell. In the Supplementary Information, we present the theory of the interaction of light with the
spatially inhomogeneous (turbid) medium with embedded NPs, which have a sufficiently low (to ignore the
collective effects) concentration and physical properties very different from the host medium. The performed
numerical simulation for the spherical SWCNT bundles and individual SWCNTs placed in the living tissue
allows us to reveal the conditions when the photothermal, photothermoacoustic and photoacoustic effects occur
in the tissue embedded with the SWCNTs. Figure 1a,b shows the contour map of the temperature increase and
negative pressure that can be achieved at the center of the spherical SWCNT agglomerate having a radius of
R,=1 pum aggregated inside the glioma cell at the initial temperature of 293 K (20 °C). The results of the numeri-
cal simulations are summarized in Fig. 1c, which shows characteristic isobar and isotherms in the laser pulse
duration-intensity plane.

The yellow line in Fig. 1c presents an isotherm, which corresponds to the agglomerate heating by AT=20K,
when the agglomerate temperature of T=313 K (40 °C) achieves the functionality threshold*'. The brown line in
Fig. 1c corresponds to the agglomerate heating by AT=60 K, which defines the DNA melting threshold of 353 K
(80 °C)*? that corresponds to the cell death. In the heating range of 20 K< AT <60 K, the temperature-dependent
protein denaturation®® and inactivation of repair of DNA strand breaks®! take place that causes disruption of
cellular functioning and may lead to the cell death. Since selective anticancer therapy implies avoiding heating
of normal tissue, the heating of the agglomerates below AT =20 K is preferable. The dark orange line depicts
isobar corresponding to the negative pressure change threshold of 0.7 MPa*. Most of biological structures have
a sufficiently high resistance to compression and are considerably weaker to tensile stress. If the latter in the
negative phase of a pressure wave exceeds the ultimate tensile strength of the medium, there is a high probability
of local fragmentation of a cell due to micro-breaks, the formation of microbubbles, and other disturbances in
the homogeneity of the structure®=¥. Acoustic perturbations in the medium can be observed when the pulse
duration t, is shorter than time #, ~ 100 ps of propagation of an acoustic wave through the SWCNT bundle.
Photothermal effects prevail att;, > t,, because of the acoustic perturbation decays during the irradiation time.
Thus, for the pulses shorter than 100 ps the dark orange line separates the parameter domain into photoacoustic
non-destructive imaging™, for which nanoparticles are often used as contrast agents®, and photothermoacoustic
regime.

The developed model allows us to distinguish photothermal, photothermoacoustic, and photoacoustic regimes
of the interaction of light pulses with SWCNT agglomerates embedded in cytoplasm. This model confirms that
the intracellular accumulation of SWCNTs and their agglomeration in micro-sized particles are necessary to
implement ‘cold” photo-induced cancer cell destruction keeping living bare cells intact.

The performed analysis allows us to visualize the cold photoacoustic destruction area (AT <20 K and
|AP|>0.7 MPa), for the SWCNT agglomerates in the living cell. In this area, the irradiation with a laser beam
will not result in tissue overheating, while the light-induced tensile stress in the SWCNT agglomerate accumu-
lated will destroy the cancer cells. To verify the simulation results we choose for our theranostic experiment laser
pulses having an intensity of 2.4 x 10° W/cm? and a duration of 10 ps (see the star in Fig. 1c).

Experiment: interaction of picosecond laser pulses with glioma cells. We performed an experi-
mental investigation of the interaction of laser radiation with (1) bare glioma cells (as a control sample); (2) gli-
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Figure 1. Numerical simulation of the interaction of laser radiation with the SWCNT agglomerate embedded
into the living cell. Contour maps of the (a) temperature increase and (b) negative pressure in the SWCNT
agglomerate of Ry=1 um (see Supplementary Information for details) aggregated inside the glioma cell on

the pulse duration/intensity plane. (c) Isotherms at AT=20 K and AT=60 K, respectively, and isobar at
AP=—0.7 MPa. The star corresponds to the experimental conditions.

oma cells with intracellularly accumulated and aggregated micron-sized SWCNT agglomerates; and (3) glioma
cells placed into the extracellular medium with suspended individual SWCNTs.

To visualize both the distribution of the SWCNTs inside the cancer cells and their agglomeration rate we
employed G-band (1590 cm™) and D-band (1330 cm™) of the SWCNT Raman spectrum. The G-band was
used to map the SWCNT distribution in the cytoplasm of the cell. Typical images of cells after their exposure to
SWCNTS for 24 h and a typical Raman spectrum of SWCNTs accumulated in the cells are presented in Fig. 2. It
was revealed that SWCNTSs were accumulated inside rat C6 glioma cells in the form of micron-sized agglomer-
ates, SWCNTs did not enter into the nuclei and remained only in the cytoplasm.

In our experimental conditions, the excitation of the Raman signal with a continuous laser beam at
Aex =785 nm did not lead to any observable cell destruction. The laser beam was focused on the largest SWCNT
agglomerate inside the cells and the cell was exposed to laser irradiation (A, =785 nm, 7.2 x 10* W/cm?, laser spot
diameter 2 um) for 10 min. Re-scan did not show any changes in the state of the cell membrane or the distribution
of agglomerates of SWCNTs inside the cell after radiation exposure, as can be seen from Fig. 2a,b. No significant
change was observed in the Raman spectra of the SWCNT agglomerate used for irradiation (see Fig. 2e-1(before
irradiation) and 2e-2 (after irradiation)). Increasing of the laser intensity up to 2.4 x 10° W/cm? and reduction
of the scanning step from 2 um down to 0.5 pm that led to an increase in the scanning time and exposure time
of the cell to laser radiation, improved spatial resolution to detect the presence of smaller SWCNT agglomerates
(Fig. 2c,d), which were not visualized in the Fig. 2a,b. Nevertheless, a change in the scanning parameters of the
sample did not lead to the cell membrane damage and any suppression of its viability.

The same cell was exposed to laser irradiation (A =785 nm, 2.4 x 10° W/cm?, exposure time 30 min, laser spot
diameter 2 ym). An increase in intensity and exposure time did not have any effect on cell viability (Fig. 2¢,d).
Moreover, based on the analysis of the Raman spectrum of CN'Ts, it could be argued that there was no significant
local heating of SWCNTS caused by the conversion of absorbed laser radiation into heat, as there was no increase
in the D mode™ as compared to the spectrum of SWCNTS before irradiation (Fig. 2e 1-4).

Ultra-short laser pulses of high intensity can cause cell damage due to protein coagulation, vaporiza-
tion, or photoablation*!. Cells, cultured without SWCNTs, were exposed to picosecond laser irradiation
(Aex=910.5/1064 nm). The same laser source was used for simultaneous fast cancer cell visualization by coher-
ent anti-Stokes Raman spectroscopic (CARS) imaging technique (Fig. 3b) performed at 1585 cm™ wavenumber
(C=Cbending mode in proteins®). To exclude the possible harmful influence of picosecond laser pulses having
an intensity of 10° W/cm?®, cell viability was determined before (Fig. 3a) and after (Fig. 3c) the irradiation using
fluorescent probe propidium iodide (PI). Exposure of glioma cells to irradiation for approximately 7 min (time
for scanning 100 pm x 100 um area) did not cause any plasma membrane permeabilization, as no PI fluorescence
was detected (Fig. 3¢).

Using CARS and fluorescent microscopy techniques we demonstrate that glioma cell plasma membrane stays
intact and non-permeabilized after being irradiated with 10 ps pulses at A, =910.5/1064 nm and intensity of
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Figure 2. Intracellular accumulation of SWCNTs and structural integrity of C6 glioma cells exposed to
continuous laser irradiation with A, =785 nm. (a-d) images of C6 cells in reflected light superimposed on the
map of the Raman G-mode of SWCNTS; (e) Raman spectra of SWCNT agglomerates inside the cell. The cell
image (a) and Raman spectrum (e-1) are taken before laser exposure. The cell image (b) and Raman spectrum
(e-2) are taken after irradiation of the cell by a laser beam at the intensity of 7.2 x 10* W/cm? for 10 min. The cell
images (c,d) and Raman spectra (e-3,e-4) correspond to cells before and after laser irradiation for 30 min at the
intensity of 2.4 x 10° W/cm?, respectively.

10° W/cm? That is, these pulses do not have any destructive effect on the cells and can potentially be used for
antitumor therapy and diagnosis.

Glioma cells cultured in the presence of SWCNTS for 24 h effectively accumulated SWCNTs intracellularly,
and small SWCNT agglomerates were formed (see micro-Raman spectra in Fig. 2). It was shown, that exposure
of cells to SWCNTs for 24 h and their accumulation inside the cell did not influence their viability. No PI fluo-
rescence was detected on the cell membrane surface or somewhere in the external medium and growth surface
of a Petri dish in the sample with glioma cells accumulated SWCNTs (Fig. 3d).These data indicate, that all the
SWCNTs, detected by Raman microscopy (Fig. 2a-d), were located inside the cell rather than on the membrane®,
and did not adhere to the plastic surface of the Petri dish, which could happen at the cell cultivation stage.

However, the exposition of the cells for 7 min with 10 ps laser pulses at the intensity of 10° W/cm? and
1 MHz pulse frequency (A, =910.5/1064 nm) led to plasma membrane permeabilization and pore formation,
detected simultaneously with irradiation by CARS imaging (Fig. 3e). The CARS signal from cells decreased, but
early stages of the violation of the integrity of the cell membrane were visualized. Afterwards, using fluorescent
microscopy, violations of the integrity of the cell membrane and its death were demonstrated (Fig. 3f).

To evaluate the importance of the SWCNT intracellular accumulation step, NIR pico-second pulsed light
interaction with SWCNTs dispersed in the extracellular medium of cells was investigated. Cells, grown without
SWCNTS, but exposed to the medium, containing 5 ug/mL SWCNTS, stayed viable before and after the irradia-
tion with pico-second laser pulses for 7 min because the glioma cell plasma membrane was not permeabilized
(Fig. 3g-i).

Therefore our experiment shows that accumulation of SWCNTS inside the cell cytoplasm appeared to be
crucial in photo-induced cancer cell destruction by pico-second NIR irradiation. Pulsed irradiation of cells
with intracellularly accumulated SWCNTs led to the breaks in cellular membranes and cell death, detected both
by CARS and fluorescent microscopy (Fig. 3e-f). Importantly, CARS enables for simultaneous irradiation and
real-time visualization of cancer cells.

Simulation of pulsed irradiation interaction with SWCNTs" micron-sized agglomerates and individually
dispersed nanotubes fully proved this hypothesis. It was shown that absorption of irradiation by micron-sized
agglomerate leads to photoacoustic destruction of glioma cells due to the propagation of the acoustic wave in the
NP environment as shown in Fig. S.1b. If the negative pressure (volumetric extension) in the wave exceeds the
threshold of APy, ., =—0.7 MPa, destruction of the medium continuity may occur and lead to the destruction of
the membrane integrity of the hosting cell. The developed model shows that laser pulses used in our experiment
are capable of achieving the medium continuity destruction threshold. At the same time, local heating in the NP
proximity is several degrees (see Supplementary Figure S.1a), which suggests that the photoacoustic mechanism
of biostructure damage in this situation should prevail.

The simulation of the interaction of individual SWCNTSs with laser pulses also fully supports our experimental
results (Fig. 3g-i for experiment and Supplementary Figure .2 for simulation). The amplitude of the generated
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Figure 3. Photo-induced SWCNT-mediated destruction of glioma cells by NIR pico-second pulsed irradiation.
(a—c) Bare C6 glioma cells; (d-f) C6 glioma cells with accumulated micron-sized SWCNT agglomerates, (g-i)
C6 glioma cells in the presence of the SWCNTT suspension in the extracellular medium. (a,d,g) bright-field
images superimposed with PI fluorescence images before irradiation; (b,e,h) CARS images; (¢,£i) bright-field
images superimposed with PI fluorescence images after irradiation with 10 ps laser pulses (910.5/1064 nm,

10° W/cm?) for 7 min.

pressure wave is six orders of magnitude lower than that generated in the SWCNT agglomerate. This finding
allows us to conclude that in our experimental conditions, the probability of damage to the biostructures due to
the generation of acoustic waves by solitary carbon nanotubes is negligible.

Conclusions

We demonstrate that glioma cells are capable of efficient accumulation of SWCNTS to relatively large agglomer-
ates, mainly inside the formed phagolysosomes. These agglomerates enable photo-induced destruction of cancer
cells using picosecond laser irradiation. It is worth noting that neither bare cancer cell nor cells with SWCNTs
dispersed extracellularly are not damaged under the same irradiation conditions. We also demonstrate that
CARS can be effectively used for both visualization of the cancer cell and its photo-induced SWCNT-conditioned
destruction, providing strong evidence that this method is a powerful tool for nanotheranostics. The advantage
of using stable SWCNT suspensions instead of conventional NPs for photoacoustic therapy is the following: in
the case of NPs, not only the cell accumulated NPs will be destroyed, but also normal tissues containing these
NPs associated with tumor cells will be damaged. In the case of stable SWCNT suspensions, only cells that have
accumulated SWCNTS as agglomerates are destroyed. Individual nanotubes in the extracellular environment are
photoacoustically inactive. Therefore, there is no damaging effect on adjacent fluids and tissues.
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The performed numerical simulation of the interaction of intense laser pulses with SWCNTs-enriched tissue
may be employed to establish a common ground for the comparative study of the scattered literature data, to
open a way toward increasing the efficiency of photo-induced CNT-conditioned destruction of tumors, and to
reduce the cytotoxic load on the body during anticancer therapy.

Methods

SWCNT-DNA complexes.  Single-walled CNTs produced by the HiPCO method (Nanointegris Technol-
ogy Inc., Batch PO568) in bundles, purified from metal impurities (>98%) were used throughout all the experi-
ments. SWCNTs diameter varied from 0.8 nm to 1.4 nm (average 1.0 nm). Metallic to semiconducting nano-
tubes ratio was 1:2. SWCNTSs were shortened down to 100-500 nm in length as described in? and functionalized
by salmon DNA (Sigma-Aldrich, USA). To obtain a DNA solution, 2 mg of the salmon DNA was placed in 6 ml
of physiological solution for 2 days at a temperature of 4° C. Then the solution was treated with ultrasonic dis-
perser UZDN-2 T for 30 min at 25% of the maximum power. Then, SWCNT agglomerates were added to 4 ml
of the DNA solution and dispersed for 4-6 h at low ultrasonic intensity and room temperature. The resulting
suspension was centrifuged for 10 min at 5000 g. In this case, SWCNT agglomerates or SWCN'Ts not coated with
a surfactant precipitated. The supernatant was centrifuged again to remove insufficiently dispersed material.
The resulting SWCNT-DNA suspension was further used for biological applications. SWCNT-DNA (SWCNTs)
concentration was determined via ultraviolet-visible spectroscopy (RV2201 spectrophotometer, ZAO SOLAR,
Belarus)*. SWCNTs in suspension were stable for up to 4 months. Before each experiment SWCNTs in suspen-
sion were additionally centrifuged to remove large agglomerates formed in the suspension.

Cell culture.  C6 rat glioma cells (ATCC, CCL-107) were obtained from ATCC, LGC Standards (Ogrodowa
27/29, Kielpin, Poland) and grown in DMEM/F12 (Gibco, USA) medium supplemented with 10% newborn
calf serum (Capricorn, Germany) and 80 pg/mL gentamycin sulfate (BelMedPreparaty, Belarus) at 37 °C, 100%
humidity, and 5% CO,. For Raman spectroscopic studies 10° cells were seeded per each Petri dish on silicon
wafers and grown according to standard protocol. When cells were attached to the silicon surface, SWCNT sus-
pension was added at a final concentration of 5 ug/mL. SWCNT accumulation and distribution inside the cells
was investigated after 18-24 h of cells growing in the presence of SWCNTs. For fluorescent microscopy and light
exposure studies, cells were seeded at low density (10* cells per channel) in 6 channel slide (sticky-Slide VI 0.4,
Ibidi, Martinsried, Germany) with a glass coverslip as a substrate. For all experiments we used external Hepes
buffer solution of the following composition (in mM): NaCl—126, KCl—3, MgSO,—2, CaCl,—2, Hepes—10,
and glucose—6.

Raman spectroscopy of SWCNT distribution inside the cell. For Raman measurements, cells were
seeded per each Petri dish on silicon (1 cmx 1 cm) to avoid strong background Raman signal from the glass.
After 18 or 24 h incubation with SWCNTS, the cellular monolayer on the slide was washed twice with PBS.
Raman spectra of the cell samples were measured using Raman confocal 3D-scanning microscope NanoFinder
HighEnd (Lotis TII, Belarus—Tokyo Instruments, Japan) at the excitation wavelength of A, =785 nm (with a
maximum power of about 75 mW). Exposition time was 0.5-2 s, the scanning step was 0.5-2.0 um. Data are pre-
sented using the software packages of OriginPro 8.0 (OriginLab Corp., USA), Microsoft Excel 2007, NanoFind-
erViewer (Lotis TII, Belarus).

Cells viability determination. To determine cell viability, propidium iodide (PI) as a fluorescent marker
of cell membrane permeability was used. PI is a membrane-impermeable weakly fluorescent agent until it binds
to DNA or RNA, causing 20-30 increase in fluorescence and 30-40 nm red shift of fluorescence excitation
maximum at A, =535 nm and 15 nm blue shift of fluorescence emission maximum at A, =617 nm*. When the
cell plasma membrane is not intact and thermally induced pores appear, PI intercalates between the DNA bases
inside the cell and strong fluorescence is detected. We used PI at the final concentration of 10-° M in the external
buffer solution throughout experiments and replaced PI-containing medium by Hepes buffer without PI wash-
ing the cells with continuous fluid flow.

SWCNTs in suspension were added to 2 channels in the 6 channel slide at final concentration 5 pg/mL and
cells were cultivated in the presence of these complexes for 24 h before experiments. The other channels contained
DMEM/F12 with supplements, used for routine culture procedure.

Cells were irradiated under the microscope using continuous 785 nm laser irradiation of variable light doses
on the 3rd day after seeding. For intense pulsed light treatment, a laser diode emitting a series of picosecond
pulses was used. Cell samples were divided into three groups: cells without SWCNT-DNA complexes, cells
exposed to SWCNT-DNA complexes for 24 h and accumulated SWCNTs inside the cells, and cells grown without
SWCNT-DNA complexes, but irradiated in the external medium containing a high dose of SWCNTS (see Fig. 4).

Coherent anti-Stokes Raman spectroscopy (CARS). Home-made CARS system was used. Picosec-
ond 1 MHz laser source (EKSPLA Ltd.) with dual-wavelength was combined with Microscope Olympus IX71
and a piezo scanning system (P-517.3CL, Physik Instrumente GmbH & Co) and utilized for raster-scanning
of the sample. The exciting light was focused on the sample with an oil-immersion objective (Olympus, Plan
Apochrom., 60X, NA 1.42). For detection of CARS signal the avalanche photodiode (SPCM-AQRH-14, Per-
kin Elmer), connected to a multifunctional PCI board (7833R, National Instruments) was used. Fundamental
wavelength (1064 nm) and tunable-wavelength radiation (700-1000 nm) were used as Stokes and Pump exci-
tation beams, respectively. Scanning of samples was performed at 1585 cm™ wavenumber. For this, the pump
beam was tuned to 910.5 nm and the resulting CARS signal within the spectral window from 840 to 782 nm
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Figure 4. Experimental scheme for determination of glioma cell viability after NIR pulsed irradiation. (a) Cells
without SWCNTs (control), (b) cells accumulated SWCNTs in the cytoplasm as micro-sized agglomerates, (c)
cells exposed to stable suspension of individual SWCNTs.

was detected. Long-pass (cut-off at 860 nm) and short-pass (cut-off at 780 nm) filters were applied to spectrally
separate the CARS signal. Excitation powers of 0.4 mW and 5 mW were employed for Pump and Stokes beams,
respectively. Cells visualization was performed using the following set of parameters: laser-pulse duration 10 ps,
intensity 10° W/cm?, pulse frequency 1 MHz, scanning step 0.2 pum, acquisition time 1/500 s/pixel. The time for
scanning the area of 100 x 100 um using this set of parameters was 7 min.

Fluorescence microscopy. The fluorescence images were acquired as in*®. In short, we used a custom-built
fluorescence microscope based on a commercial inverted biological Nikon Eclipse Ti-U with a 40 x CFI S Plan
Fluor ELWD air objective and operated in the wide-field epi-illumination mode. The 532 nm CW DPSS laser
(Crystalaser) was used as the excitation source. The diameter of the excitation spot was about 200 um. The laser
power after the objective was 0.6 mW. The excitation laser was directed into the objective by a 50/50 beam split-
ter. The resulting fluorescence was filtered off the excitation light with the long-pass filter (HQ545LP, Chroma)
and imaged with EMCCD (DU-897E-CS0-UVB, Andor). The detector integration time was 0.1 s and each image
was an average of 20 frames.
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Abstract

In living organisms, redox reactions play a crucial role in the progression of disorders
accompanied by the overproduction of reactive oxygen and reactive chlorine species, such as
hydrogen peroxide and hypochlorous acid, respectively. We demonstrate that green fluorescence
graphene quantum dots (GQDs) can be employed for revealing the presence of the hypochlorous
acid in aqueous solutions and cellular systems. Hypochlorous acid modifies the oxygen-
containing groups of the GQD, predominantly opens epoxide ring C—O-C, forms excessive
C=O0 bonds and damages the carbonic core of GQDs. These changes, which depend on the
concentration of the hypochlorous acid and exposure time, manifest themselves in the
absorbance and fluorescence spectra of the GQD, and in the fluorescence lifetime. We also show
that the GQD fluorescence is not affected by hydrogen peroxide. This finding makes GQDs a
promising sensing agent for selective detecting reactive chlorine species produced by
neutrophils. Neutrophils actively accumulate GQDs allowing to visualize cells and to examine
the redox processes via GQDs fluorescence. At high concentrations GQDs induce neutrophil
activation and myeloperoxidase release, leading to the disruption of GQD structure by the
produced hypochlorous acid. This makes the GQDs a biodegradable material suitable for various
biomedical applications.

Supplementary material for this article is available online
Keywords: graphene quantum dots, neutrophils, myeloperoxidase, hypochlorous acid, sensors
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1. Introduction

Unique electronic and optical properties of graphene quantum
dots (GQDs) [1], flakes of multilayer graphene having a lat-
eral size of tens of nanometers, originate from quantum
confinement and edge defects [2], although exact mechanisms
are not clearly identified [3] and vary significantly depending
on the production method [4, 5].

GQDs are chemically inert [6], biocompatible [7], non-
cytotoxic or cytogenic [8] and exceptionally reliable for
biomedical applications [9]. Passivation of GQDs with oxy-
gen-containing functional groups makes their fluorescence
sensitive to redox reactions [10]. These reactions are asso-
ciated with the overproduction of reactive oxygen (ROS) and
chlorine species (RCS) [11, 12] and play a crucial role in the
progression of various disorders. GQD fluorescence is also
sensitive to the presence of metal ions (e.g. Fe3* [13], Mn>*
[14], etc) that exist in active centers [15] of critically essential
enzymes. For GQDs produced by the L-glutamic amino acid
pyrolysis, peroxidase-like activity was demonstrated [16].
Such a sensitivity of fluorescent GQDs to redox processes in
biological systems makes them a promising candidate for the
development of low-cost, easily controllable, effective sen-
sing of oxidants. In this regard, establishing the exact
mechanisms of the interaction of oxidants with GQDs is an
important and urgent problem.

Neutrophils are a significant part of white blood cells
involved in the immune response being the first-line defense
in the human body. The primary function of neutrophils is the
elimination of pathogens and microorganisms as well as
damaged cells by phagocytosis and ROS and RCS production
[17, 18]. Neutrophils contain azurophilic granules filled with
the enzyme myeloperoxidase (MPO) [19]. Phagocytosis is
accompanied by the fusion of azurophilic granules with
phagocytic vacuole and MPO release toward phagocytosed
pathogens [20]. The main product of MPO activation is
hypochlorous acid (HCIO), which is a strong oxidant and
induces the destruction of pathogens inside the phagolyso-
some [21]. However, when neutrophils cannot engulf the
pathogen or necrotic cell, granules can fuse with the plasma
membrane and MPO is secreted in the extracellular milieu
resulting in the oxidative stress-associated damage of sur-
rounding tissues and inflammatory reaction [22, 23]. Neu-
trophil-driven inflammation has been considered as a general
mechanism underlying many pathological conditions,
including atherosclerosis, sepsis, cardiovascular, respiratory,
autoimmune and neurodegenerative diseases, and cancer
[24, 25]. Therefore, maintaining a balance between the
deleterious and beneficial effects of neutrophils is one of the
crucial tasks of the inflammation; and effective detection of
abnormal neutrophil activation and MPO release allows early-
stage diagnosis and thus facilitates treatment and reduces
disease complications.

In this paper, we demonstrate that green fluorescent
GQDs can be employed as an accurate and specific sensor of
oxidant content, predominantly HCIO, in both model and
cellular systems. Selective modification of GQD structure by
hypochlorous acid and GQD inertness towards H,O, is

demonstrated by Fourier transform infrared (FTIR) and sur-
face-enhanced Raman spectroscopy (SERS). Measurements
of the concentration- and time-dependence of the GQD
absorbance, excitation spectra, fluorescence lifetime and
spectra allow us to detect hypochlorous acid in a wide range
of concentrations (0.01-10.0 mM). Interaction of GQDs with
human neutrophils induces their accumulation inside the cells,
which is tracked by fluorescence microscopy. Moreover, high
concentrations of GQDs are shown to activate neutrophils and
MPO release, accompanied by hypochlorous acid production.
We confirmed that GQDs are the specific and accurate sensor
of RCS in biological systems by visualizing the HCIO over-
production via monitoring the fluorescence change.

2. Materials and methods

2.1. Graphene quantum dots (GQDs)

GQDs (green luminescent, water-dispersed, CAS 7440-44-0,
Sigma-Aldrich, USA) were used throughout experiments.
Due to data provided by supplier topographic height is about
1.0-2.0nm, diameter is < 5nm. For living cell studies,
GQDs were dissolved in phosphate-buffer saline (PBS),
pH = 7.2, at final concentration of 2.5-50.0 g ml~'. PBS
consisted of: 136.9 mM NaCl, 2.7 mM KCI, 2.0 mM MgSOy,,
20mM CaCl,, 89mM Na,HPO, x 7H,0, 1.5mM
KH,PO,. Hydrogen peroxide (H,O,, Sigma-Aldrich, USA) or
sodium salt of hypochlorous acid (NaClO, Sigma-Aldrich,
USA) were added to the water suspension of GQDs at a final
concentration of 0.01-10.0 mM and kept in the dark for 30
and 90 min.

2.2. Fourier transform infrared spectroscopy

FTIR spectra were recorded using Bruker Alpha II FTIR
spectrometer with a Diamond Crystal ATR (Bruker Inc.,
Germany). Cleaning of the crystal was performed using a
Kimwipe with iPrOH and dried before measuring the back-
ground spectrum. The spectra were recorded between 4000
and 400 cm™', r = 100s. 5-10 pl of a sample were placed
directly on the diamond crystal plate and the measurement
was carried out after the sample was completely dried. The
spectrometer was operated with the Opus 7.8 software.

2.3. Raman spectroscopy

Raman spectroscopic studies were performed using Raman
spectrometer RamanFlex 400 (PerkinElmer, Inc.) equipped
with a CCD camera thermo-electrically cooled to —50 °C.
The working power was adjusted to 50 mW, the excitation
wavelength was A\ex = 785 nm, the diameter of the laser spot
was ~200 pm, spectra were accumulated 30 times per 10s to
exclude possible irradiation-induced damage of the sample.
Spectra were collected from 5 different points and then
averaged. Simple background correction was performed.
Laser beam was focused inside the cuvette containing GQDs
dispersed in water (1 mg ml ") in case of liquid samples or on
the substrate with dried sample.
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2.4. Surface-enhanced Raman spectroscopy

SERS measurements were performed using gold-plated black
silicon-based SERS-active substrate (bSi/Au) [26] using
Raman spectrometer RamanFlex 400 (PerkinElmer, Inc.). 10
1 of GQD water dispersion (1 mg ml~") or GQD water dis-
persion treated with 10 mM NaClO or H,0, for 30 min were
placed on the bSi/Au and dried in air for 30 min. Measure-
ment parameters were the following: Ao, = 785 nm, acquisi-
tion time 30 cycles per 10, laser diode power 50 mW. Partial
removal of the surfactant from the GQD-containing bSi/Au
substrate was carried out via 5 min treatment of the latter with
oxygen plasma. It was problematic to completely remove the
surfactant, since a compromise had to be found: prolonged
plasma treatment caused strong oxidation of gold and the
elimination of the sample from the substrate surface; after
insufficient plasma treatment, residual surfactant on GQDs
remained.

2.5. UV-vis absorption spectroscopy

Absorbance of GQD water solutions was measured in a 1 cm
path length quartz cuvettes using UV-vis spectrophotometer
JASCO V-670 (Jasco, USA). To avoid the self-absorption
effect, GQD and fluorescein concentrations were held low
enough with an absorbance value not exceeding ~0.1.

2.6. Fluorescence spectroscopy

Fluorescence spectra and time-decay measurements were
conducted using time-correlated single-photon-counting
fluorescence spectrometer F900 (Edinburgh Instruments Ltd,
USA). Sample excitation was performed with a picosecond
semiconductor pulsed diode laser EPL-470 emitting 72 ps
pulses at 470 nm with a repetition rate of 5 MHz (200 ns)
(Edinburgh Instruments, Ltd, USA). Measurements were
performed in quartz cuvettes of 1 cm at RT. The fluorescence
was measured at 90° to the incident excitation beam. The
temporal evolution of the fluorescence at A., = 530 nm was
fitted: using a built-in software (Edinburgh advanced lifetime
analysis software) with the following function:

Fit=A+B;-e /" +By-e /7, (1

where 7; and 7, are characteristic lifetimes of the fast and
slow components of the fluorescence, respectively, B, , are
relevant pre-exponential factors, A describes an additional
background intensity. Sample parameters b;,, which are
extracted from the two-exponential fitting and are presented
in the results and discussion section for data analysis, are
relative fluorescence intensities of the ith component, which
are defined as:

BioTin

by =

=2 2
: Bi1i + Bam

Fluorescence excitation spectra were collected using spectral
fluorimeter Solar CM2203 (Solar, Belarus). The range of
excitation wavelengths was 250-520 nm, fluorescence emis-
sion was recorded at \.;, = 530, 550 and 580 nm.

2.7. Calculation of fluorescence quantum yield

The fluorescence quantum yield was calculated using the
following equation [27]:

K Ar

=, 21 3
WfFfo 3)

2
where F is the integrated fluorescence intensity, A is the
absorbance at the excitation wavelength of 470 nm, the sub-
script f stands for a reference compound (fluorescein, Sigma-
Aldrich, USA) and s corresponds to the sample. Several
measurements of ¢, value were performed for different con-
centrations and excitation wavelengths and then averaged.

2.8. Neutrophil isolation

Neutrophils were isolated from the whole blood of healthy
volunteers (8 persons) invited to donate blood for research in
the Republican Scientific Practical Center for Transfusiology
and Medical Biotechnology (Minsk, Belarus) after written
consent (within the framework of the project No 20210397,
Belarusian State Program of Scientific Research ‘Conv-
ergence-2025’). The heparinized peripheral blood was mixed
(1:5) with Dextran 500 (Sigma-Aldrich Chemie GmbH,
Germany). In 30 min leucocyte-rich plasma was centrifuged
(30 min, 400 g) in a histopak-1077 density gradient according
to the standard protocol [28]. Residual erythrocytes were
removed using hypotonic lysis during 20 s, after which the
osmoticity of the solution was restored by the addition of
0.3 M NaCl solution. Cells were washed with 0.15 M NaCl,
and the resulting cell fraction was suspended in RPMI
(Sigma, USA) (pH 7.2). 5 x 10° cells ml™" were routinely
obtained for further investigations. The content of viable
neutrophils in the cell suspension was at least 96%.

2.9. Fluorescence microscopy

Neutrophils for fluorescent microscopy were prepared as
follows. Freshly isolated neutrophils were exposed to 50 pg
ml~! of GQDs and allowed to adhere to the glass or silicon
wafer surface for 30 and 90 min at 37 °C. Adherent cells were
washed twice with PBS, fixed with 4% paraformaldehyde
(Sigma-Aldrich, USA) for 10 min at room temperature. The
fixed cells were washed with PBS and deionized water.

The cytoskeleton of neutrophils was assessed using the
CytoPainter Phalloidin-iFluor 532 (Abcam, UK) the MPO
distribution in neutrophils was visualized using the MPO-
FITC antibodies (Beckman Coulter, France). Adherent cells
fixed with 4% paraformaldehyde were treated with 0.2%
Triton X-100 for permeabilization. Samples were rewashed
with PBS and incubated in the dark with CytoPainter Phal-
loidin-iFluor 532 at a final concentration of 5 uM or with 20
1 of MPO-FITC antibodies for 30 min at room temperature.
The stained cells were washed with PBS and deionized water.

Fluorescence imaging was performed with an inverted
Nikon Eclipse Ti-U microscope with 60x NA 1.2 WI Plan
Apo VC objective (Nikon) in the wide-field epi-illumination
mode. The excitation source was 488 nm CW DPSS laser
(Crystalaser). The excitation light was reflected to the
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objective by the ZT405/488/532/640rpc-UF2_LaserTIRF
dichroic mirror (Chroma) and the resulting fluorescence was
filtered off the excitation light with FF01-446/510/581/703
fluorescence filter (Semrock). Fluorescence images were
detected with DU-897E-CSO-UVB EMCCD (Andor). Images
were additionally magnified 1.5x by the choice of the
microscope tube lens so that the corresponding imaged
sample area was 91 x 91 pmz. For each sample, 20 movies
of 20 frames each with 0.1 s integration time were acquired.
Images for analysis are averages of all frames in a movie.

3. Results and discussion

3.1. GQD characterization via Fourier-transform infrared
spectroscopy

In order to characterize the GQDs functional groups, we
measured FTIR spectra shown in figure 1. Assignments of
functional groups are summarized in table 1. The broad band
around 3312 cm™" corresponds to the stretching vibration of
the O—-H group attached to the GQD edges (see figure 1(b)).
The impact of O-H vibrations from water adsorbed on GQDs
could not be excluded due to the specificity of measurement
procedure. The peaks at 1587 and 1659 cm™' bands corre-
spond to C=C skeletal vibrations, while a broad peak cen-
tered at 1016cm™' corresponds to the merged C-O-C
symmetric stretching and C-O-H bending vibrations.
1258 cm ™" and 1735 cm ™" correspond to the stretching of the
C-0 and C=0 bonds in the carboxylic acid group, respec-
tively, evidencing the presence of the defects in the hexagonal
carbon lattice of the graphene sheet [29].

Among FTIR bands that are not relevant to the GQD
structure are strong bands at 1357 em™!, 1456cm™!, and
2928 cm™!, which correspond to C-H bending and C-H
chain stretching vibrations, respectively. These bands may
indicate the presence of some surfactant, which could be
likely used for GQD functionalization and dispersion [39].
However, C-H stretching may also arise from edge carbon
atoms that have not been functionalized by oxygen-contain-
ing groups.

3.2. GQD characterization via Raman and surface-enhanced
Raman spectroscopy

Typical Raman spectrum of GQD water suspension shown in
figure 1(c) (line 1) is featured with characteristic D band (A,
mode) and G band (E;; mode) [40] at 1358 em™! and
1589 cm™!, respectively. The sensitivity of the Raman
spectrometer is insufficient to reveal functional groups
attached to the graphene flakes, while D and G peaks are
strongly broadened and poorly resolved. The later may indi-
cate the presence of either excessive structural defects, which
suppress the performance of the GQDs in the biosensing, or
organic molecules associated with the surfactant, which was
used to stabilize the suspension.

To reveal the Raman bands corresponding to the func-
tional groups attached to the GQDs or to the surfactant, we

employed the SERS techniques by depositing suspension on
the black silicon sputtered with gold (bSi/Au) [26]. From the
SERS spectrum of the suspension presented in figure 1(c)
(line 3) one can see numerous bands indicating the presence
of organic molecules in the suspension. Band positions with
their assignments in Raman spectra of GQD water solution in
SERS spectrum of GQD on bSi/Au are summarized in
table 2. The bands in the SERS spectrum of GQDs in the
range from 280 to 1050 cm ™" are not typical for GQDs but
may arise from some surfactant molecules or can be assigned
with oxygen-containing groups or hydrocarbon in GQDs (C—
O-C bending, CH, bending, rocking, and twisting vibrations,
C-0 and C—C stretching). Bands at 1126 and 1151 cm™" are
assigned as the vibration of C-O functional group in GQDs
[41]. There is also a strong overlap of D band in GQD
spectrum and some other active vibrations in the region
around 1358 cm ™! for Raman and SERS spectra of GQDs.
This overlapping in spectra makes obtaining the extent of
sp2/sp3 hybridization of carbon atoms impossible and, thus,
analyzes the quality of the GQDs [42].

GQDs on bSi/Au were treated with oxygen plasma for
Smin to remove most of the organic substances (see
figure 1(c), spectrum 2, and table 2), but the appearance of the
band at 564 cm™" indicates that this procedure caused oxi-
dation of the gold layer on bSi/Au substrate as this band is
assigned to AuO. The D band is detected as 1376 cm ™! witha
wide wing centered at 1280 cm~'. The lower frequency band
originates from the edge defects of GQDs [41]. The G band
splits into two peaks at 1555 and 1583 cm ™" in SERS spectra
for both GQDs and GQDs treated with oxygen plasma. This
may be a signature of the symmetry breaking due to the
adsorption of the GQD to the gold nanostructures providing
plasmonic enhancement of the Raman signal [41, 45]. Ip/Ig
ratio calculated for plasma-treated GQDs on bSi/Au substrate
equals 0.84, which is in good agreement with the data
reported in [42].

3.3. GQD UV-vis and fluorescence properties

UV-vis absorption spectra of the GQD water solutions
(2.5-50.0 g m1™") are presented in figure 2(a). GQDs exhibit
absorption peaks at 276, 356, 460 and 488 nm. The absorp-
tion peak centered at 276 nm corresponds to the 7—7" trans-
ition of sp2 carbon atoms and originates from the quantum
confinement effect [29]. An absorption peak at 356 nm is
associated with the n—7" transition and is mainly due to the
oxygen functional groups (C=0/COOH) at the GQD edges
[29, 43, 46]. Its strong broadening may originate from the
functionalization of GQDs with carboxylic groups of surfac-
tant molecules bounded to the GQD edge.

Absorption peaks at 460 and 488 nm are rarely observed
in as-prepared GQDs. They may be associated with various
surface functional groups, which form surface states having an
energy between 7 and 7 states of C=C. The electron transi-
tions associated with these states may lead to the observed
absorption peaks [47] and may originate from C—O group [46].
Alternatively, the peaks at 460 and 488 nm may be a result of
the high dimension of conjugation in GQDs [48]. UV-vis
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Figure 1. GQD characterization via vibrational spectroscopy: (a) FT-IR spectra of GQDs, GQDs treated with 10 mM of H,O, and NaClO for
30 min; (b) suggested structure of GQD based on FT-IR spectra; (c) Raman spectroscopy and SERS studies of GQDs (1—Raman spectrum
of 1 mg ml~! of GQD water suspension, 2—SERS spectrum of GQD treated with oxygen plasma, 3—SERS spectrum of GQDs); (d) Raman
spectrum of 1 mg ml~" of GQD water suspension and SERS spectra of GQDs, GQDs treated with 10 mM of H,0, and NaClO for 30 min; (e)
SERS spectra of GDQs treated with oxygen plasma in control and after 90 min exposure to 10 mM of NaClO; (f) SERS spectra of GDQs
treated with oxygen plasma in control and after 90 min exposure to 10 mM of H,O,.

absorbance spectrum also exhibits intense background origi-
nating from the scattering on the nanoparticles and decreasing
with the wavelength increase. The scattering origin of the
background is confirmed by the absence of the background in
the corresponding excitation spectra (see figure 2(c)).
Fluorescence spectra of GQDs (2.5-50.0 ug ml™") at the
470 nm excitation wavelength are presented in figure 2(b). In

the whole concentration range, the fluorescence spectrum
exhibits a single maximum at ., = 530nm. By using
fluorescein as a reference, we estimated the quantum yield
(QY) of the 530 nm emission as (17 & 4) %, P = 0.95 (see
equation (3) in the materials and methods and supporting
information figure S1 available online at stacks.iop.org/
NANO/33/095101 /mmedia for QY evaluation).
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Table 1. Band assignments of FT-IR spectra of GQDs, GQDs treated with 10 mM of H,0, and NaClO for 30 min.

GQD, 10 mM H,0, (30 min),
-1

GQD, 10 mM NaClO

GQD, cm ! cm (30 min), cm™ Assignments

841 841 841 C-0, C-C stretching, CH, rocking [30, 31]

1016 1016 983 merged from C-O-C stretching and C-O-H bend-
ing [30, 32]

1051 1053 C-O bending [14, 33]

1258 1270 1272 C-O stretching [30]

1357 1353 1353 C-H bending [14, 30, 34]

1456 1454 1456 C-H bending [30, 33]

1587 1587 1591 C=C of GQD [34], aromatic ring stretching [35, 36]

1659 1659 1665 C=0 bending vibrations [14, 37], ar. C=C stretching of

GQD [14, 33, 38]

1735 1733 1733 C=0 [30, 34, 38], [32, 37]

2928 2928 2926 C-H stretch [14, 34, 37, 38]

3312 3368 3368 O-H stretching [37, 38]

Table 2. Band assignments of the Raman spectra of GQD water solution, SERS spectra of GQDs and GQDs treated with oxygen plasma.

Plasma-trea-
GQDs GQDs on ted GQDs
disp., bSi/Au, on bSi/Au,
cm™! cm™! cm™! Assignments
520 521 Si substrate
564 AuO (oxidation after plasma cleaning)
580 Possible surfactant-associated bands (C—O—C bending, CH, bending, rocking, and twisting
vibrations, C-O and C-C stretching, etc)
650
811
839
899
990
1055 1028 1049
1126 C-0 in GQDs [41]
1148 1151 C-0 in GQDs [41]
1235 1231 C-0O-C from GQDs [43], CH, twisting vibration [44]
1280 1273 1280 wide Edge defects on GQDs [41], COOH or ring type C—OH functional groups [29]
1358 1358 1376 D band (a;y) [40]
1473 1444 w C=C vibration, characterizing the passivated functional groups [41], CH,—CH, anti symmetric
bending vibration [44]
1496 1494 CH,—-CH, symmetric bending vibration [44]
1564 1555 G band split due to symmetry break [41, 45]
1589 1589 1583 G band (E;, mode) [40]

Excitation spectra measured in the range of 250-520 nm
at the emission wavelengths of 530, 550, and 580 nm are
presented in figure 2(c). The excitation spectra have three
pronounced maxima around 273, 460 and 490 nm, which
partially correspond to the absorbance peaks shown in
figure 2(a), except band at 360 nm, attributed to n—7" trans-
ition of C=0 bond. This indicates that functional groups in
GQDs mainly contribute to the fluorescence.

Figure 2(d) shows the fluorescence spectra at excitation
wavelengths of 273, 360, 460, 470, and 490 nm, which cor-
respond to peaks in the excitation spectra shown in
figure 2(c). One can observe from figure 2(d) that the fluor-
escence has maximum at 530 nm and its position does not

depend on the excitation wavelengths corresponding to the
maximum peak positions in the absorbance spectrum. GQD
fluorescence may demonstrate both excitation-dependent [46]
and excitation-independent behavior [49]. Excitation depen-
dance originates from (i) significant fluctuations of GQD size
distribution, (ii) existence of isolated sp2 clusters in the sp3
carbon matrix with various sizes with specific excitation and
emission dependent on the sp2 cluster size, or (iii) to a large
amount of local atomic defects producing isolated emission
centers [50]. Excitation-independent behavior, on the con-
trary, is explained by the size and surface state uniformity of
sp2 clusters in GQDs [51], indicating high uniformity in size,
structure and surface passivation with functional groups of
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Figure 2. Absorbance (a), fluorescence spectra with Ao, = 470 nm (b), excitation spectra (c), fluorescence spectra at various excitations (d),
and fluorescence time decay (e) and lifetime parameters (f) of GQD suspensions with different GQD concentrations.

GQDs in our case. It is worth noting that excitation at 360 nm
results in 4-times weaker fluorescence peaks. (Figure 2(d))
demonstrating low radiative relaxation efficiency of the
transitions in C=0O groups.

The fluorescence decay profiles of GQDs under excita-
tion with the 470 nm laser and calculated lifetimes at different
GQD concentrations in water are presented in figures 2(e), (f).
One can observe that the fluorescence decay is well
approximated by a double exponent with the fast component
71 = 2.7ns and slow component 7, =4.9ns at relative

impacts of 60.3% and 39.7%, respectively. Both components
and their impact do not change in the whole range of GQD
concentrations.

The obtained values are in good agreement with those
published in [52]. We assume that the fast component corre-
sponds to size-independent GQD interband transition [52, 53],
while the relaxation mechanism responsible for the slow
component of the fluorescence decay is still unclear. It has been
demonstrated in [53] that the slow component is size-depen-
dent and is sensitive to edge-state variations. For the GQDs
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Figure 3. Concentration dependence of the modification of spectroscopic properties of GQDs (50 pg ml~" in water): (a) and (b) GQD
absorbance spectra, (c) and (d) GQD fluorescence spectra, (e) and (f) GQD fluorescence time decay profiles, (g) and (h) GQD fluorescence
lifetime data, under 0.01-10 mM NaClO and H,O, treatment for 30 min, respectively.

modified via esterification, a strong dependence of slow
component on the type of ester group is demonstrated [52].

It is worth noting that the shape of the absorption and
fluorescence spectra as well as fluorescence lifetime do not
depend on the GQD concentrations indicating that there were
no agglomerations in the suspension.

3.4. GQD spectroscopic and structural changes under the
action of NaClO and H>0»

Neutrophil immune response is accompanied by the produc-
tion of ROS and RCS. Quantitative measurement of their

levels in blood or biological fluids (i.e. plasma) as well as in
the suspension of isolated neutrophils is of paramount
importance. This is because it indicates the redox status of the
organism giving an opportunity to reveal a pathological state
at the early stages.

To show the potential of using GQDs as a specific sen-
sing system for ROS/RCS, a model experiment was per-
formed by treating GQDs with 10 mM NaClO and 10 mM
H,0, for 30 min. The FT-IR structural analysis revealed that
after treatment, bands at 1016 and 1051 cm™' disappear, and
a new band at 983 cm ™! arises (figure 1(a) and table 1)
because NaClO modifies oxygen-containing functional
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Figure 4. Time-dependent changes of spectroscopic properties of GQDs (50 g ml~" in water): (a) and (b) GQD absorbance, (c) and (d)
GQD excitation spectra, (e) and (f) GQD fluorescence spectra, under 10 mM H,0, and 10 mM NaClO treatment, respectively. Fluorescence

measurements were performed using A.x = 470 nm for excitation.

groups C-O-C, C-O-H and C=0. NaClO also damages the
C=C bond resulting in the shift of the relevant band position
from 1659 to 1665 cm™'. In contrast to the NaClO, H,0,
causes no changes in the GQDs functional groups.

SERS of GQDs treated with 10 mM NaClO and 10 mM
H,0, for 30 min also evidences that H,O, does not interact
with GQDs in the presence of the surfactant, while NaClO
causes significant changes in SERS spectrum (figure 1(d) and
table 1). Since the Raman spectra of organic molecules and
GQDs are overlapped (see section 3.2), the interpretation of the
SERS results is a difficult task. To avoid the surfactant effect,
GQDs on bSi/Au substrate were pretreated with oxygen plasma
to remove organic molecules and then exposed to NaClO and
H,0,. NaClO treatment of GQD leads to a drastic decrease of
the intensity of the GQDs SERS spectrum and causes Au

oxidation as bands corresponding to AuO and Au-OOH
appear. H,O, does not affect the GQDs structure (figure 1(f)).

NaClO significantly modifies GQD UV-vis and fluor-
escence properties in a dose-dependent manner. Treatment of
GQD water suspension (50 ug ml™") with 10 mM NaClO
entirely eradicates the absorption peaks associated with the
functional groups (maxima at 356, 460 and 488 nm) and
significantly reduces the strength and redshifts the peak at the
wavelength of 276 nm (figure 3(a)). This is more likely due to
carbonic core damage that also seen from FT-IR and SERS
spectra. The same concentrations of H,O, induce no changes
in GQD UV-vis absorbance spectrum (figure 3(b)). An
increase in absorbance in the spectral range of 200250 nm
corresponds to the absorbance of H,O, and is not associated
with the GQDs (see supporting information figure S2).
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Figure 5. Mechanism of NaClO interaction with epoxide groups in GQDs: (a) two-step scheme of epoxide group modification; (b) epoxide

ring opening mechanism.

A significant decrease in absorbance under the NaClO
treatment also causes the suppression of the GQDs fluores-
cence (figure 3(c)) and shifting of the peak position from 530
to 550 nm. As it was expected, over the range of concentra-
tions, H,O, does not affect GQDs fluorescence (figure 3(d)).

Measurements of the fluorescence temporal evolution also
reveal changes in the GQDs structure and mechanisms of
radiative transition. 0.01-0.1 mM of NaClO induces neither
changes in 7; and 75, nor in their impact. However, the GQD
treatment with 10 mM of NaClO leads to the decrease in both
71 and 7, values from 2.7 and 5.0ns to 1.7 and 3.8 ns,
respectively. This is accompanied by a dose-dependent
decrease in the relative impact of the fast component and an
increase in the relative impact of the slow component from
62% to 17% and from 38% to 83%, respectively (figure 3(g)).
This may be due to the disruption of the carbonic core and
modification of C-O-C/C=0/COOH functional groups.
Interestingly, H>O, induces the opposite changes in the fluor-
escence lifetime. Specifically, both 7, and 7, increase from 2.7
and 5.0ns in control to 3.7 and 6.1 ns in the 10 mM H,0O,
sample, respectively. Simultaneously, the relative impact of 7,
increases from 62% to 74% and that of 7, decreases from 38%
to 26% in H,O, dose-dependent manner (figure 3(h)).

These changes in absorption and fluorescence properties
under NaClO treatment is also time-dependent. During the
90 min treatment of GQDs with 10 mM NaClO, the absorption
peaks undergo significant redshift over time and disappear
entirely in the end (figure 4(b)). An insignificant decrease in
absorption caused by H,O, is observed over the first minutes
and does not change for the rest of the measurement
(figure 4(a)). This behavior is repeated for the excitation
spectra (figures 4(c), (d)). In 90 min the fluorescence intensity

10

of GQDs exposed to 10 mM NaClO drops by more than 14
times compared to GQDs in the control sample (figure 4(f)). At
the same time, GQDs fluorescence is insensitive towards HO,
over the same time interval.

Significant redshift in fluorescence spectra under NaClO
treatment indicates that the contribution of radiating transi-
tions in C=0 bonds increases [43]. This could be associated
with the increase of C=0 groups and disruption of the car-
bonic core of GQDs. Together with FTIR and SERS data,
indicating the modification of epoxy-groups in GQDs by
NaClO, we suppose the following two-step mechanism of
GQDs modification (figure 5(a)). In an aqueous solution,
NaClO dissociates and hydrolyzes to give hydroxide ions:

NaClO — Na* + ClO™,
ClO™ + H,0O = HCIO + OH".

An epoxide ring is easily opened under basic conditions by
the nucleophilic attack of a hydroxide ion on one of the
carbons of the epoxide ring, forming two hydroxyl groups at
the adjacent carbons. The mechanism of this process is pre-
sented in figure 5(b).

In the presence of hypochlorous acid as an oxidizing
agent, the hydroxyl groups can be oxidized to carbonyl
groups, the bond between the adjacent carbinol carbons being
broken (figure 5(a), phase II).

The epoxide ring-opening requires certain conditions: an
acidic/basic pH of the medium and the presence of a good
nucleophile (a species that has an electron pair and can easily
donate, e.g. OH™ formed during the hydrolysis of NaClO). On
the contrary, in the presence of hydrogen peroxide, no
pH shift from neutral values occurs and H,O, is a poor
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Figure 6. Neutrophil activation process via adhesion over 30 min: (a) MPO distribution in neutrophils without GQDs; (b) F-Actin distribution
in neutrophils without GQDs; (c) MPO distribution in neutrophils exposed to 50 g ml~" of GQDs; (d) F-Actin distribution in neutrophils
exposed to 50 pg ml~" of GQDs. MPO antibodies stained with FITC (ex/em: 470 nm/530 nm). F-Actin stained with CytoPainter Phalloidin-

iFluor 532 (ex/em: 532 nm/620 nm). Scale bar 15 pm.

nucleophile, so the treatment by a H,O, solution does not
affect the structure of GQDs.

Thus, GQDs demonstrate a high potential to be used in
an oxidant sensing system with high specificity to the hypo-
chlorous acid that causes structural modification of GQDs.
Concentration- and time-dependent changes in UV-vis
absorption, fluorescence spectra and lifetime caused by

hypochlorous acid make the characterization of oxidation
processes in biological systems simple and accurate.

3.5. GQD sensing of human neutrophil activation and
hypochlorous acid release

Insensitivity of GQDs to H,O, and high specificity to NaClO
allows one to investigate the halogenating activity of MPO in
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neutrophils, as GQDs react only with HCIO and do not sca-
venge H,0,, which is the substrate for MPO [54].

In our experiments, neutrophil activation was induced via
their adhesion to the Si wafer surface for 30 min [55].
Fluorescence images of MPO distribution and F-actin cytos-
keleton are presented in figures 6(a), (b). MPO is localized in
the cytoplasm of cells inside the azurophilic granules near the
cell membrane [19]. The membrane of neutrophils retains its
integrity and no MPO leakage is detected. Neutrophil adhe-
sion induces the condensation of F-actin along the membrane
edge as well as around enzyme-containing granules
(figure 6(b)). Exposure of adhering neutrophils to GQDs (50
pg ml™") intensifies the activation process, which is accom-
panied by the more vigorous spreading of cells on the surface
and the appearance of wide lamellipodia. In some cases, the
disruption of the membrane integrity and the MPO release to
the outer space (figure 6(c)) is accompanied by the F-actin
reorganization and the disturbance of the shape-supporting
frame in the area proximal to the membrane (figure 6(d)).
Interaction of 50 g ml~" of GQDs with neutrophils during
their adhesion induces GQD phagocytosis. Figure 7 depicts
the fluorescence of accumulated GQDs in neutrophils after 30
and 90 min of cell exposure to GQDs. As excitation/emission
of green fluorescent GQDs is at 488 /530 nm, it could overlap
with the neutrophil autofluorescence. For this reason, fluor-
escence images were collected both for neutrophils
(figures 7(a), (c)) and neutrophils exposed to GQDs
(figures 7(b), (d)). Figures 7(b) and (d) show that GQDs are
accumulated in cells and are observed due to their bright
fluorescence, significantly exceeding the background auto-
fluorescence. Moreover, data shown in figure 6(b) confirm
that 30 min exposure of cells to GQDs leads to the formation
of wide lamellipodia by some cells. The integrity of the
membrane is disrupted for several neutrophils, and the content
of the cell is released to the outer space (figure 7(b), marked
with arrows).

More prolonged exposure of cells to GQDs leads to the
violation of the cell membrane integrity and the release of the
content into the external environment (figure 7(d), marked
with arrows). The shape of the distribution of quantum dots
on the surface around activated cells defines, that neutrophils
are morphologically similar to cells that form neutrophil
extracellular traps. Thus, one can suggest that the activation
of cells exposed to GQDs occurred via the mechanism of
neutrophil extracellular trap formation, which is accompanied
by the release of MPO into the extracellular environment [56].
In this case, the activation of MPO should lead to the pro-
duction of hypochlorous radicals, which should significantly
affect the fluorescent characteristics of GQDs. Indeed, the
GQDs fluorescence spectra measured from both samples
indicate that the activation of MPO and the production of
hypochlorous radicals occurred in both cases. The significant
redshift of fluorescence maxima of GQD in neutrophils
exposed to GQDs for 30 min indicates the damage of the
GQD structure by hypochlorous radicals (figure 7(e), green
line). More extended interaction of cells with GQDs is
reflected in both redshift and a strong fluorescence intensity

decrease what could be assigned to the total disruption of
GQD structure (figure 7(e), blue line).

4. Conclusions

By using the model and cellular systems (human neutrophils),
we demonstrate that GQDs can be used for sensing the
hypochlorous acid content. Structural and spectroscopic
properties of GQDs are not affected by the H,O, in a wide
range of concentrations (0.01-10.0 mM), while hypochlorous
acid causes significant structural changes which are reflected
in the modification of absorbance, excitation, and fluores-
cence properties. Moreover, these changes are not associated
with the organic surfactant (e.g. PEG), which stabilizes the
aqueous GQD suspension. Interaction of GQDs with NaClO
(source of OCI™) leads to the modification of C-O-C/C=0/
C-O-H groups, the damage of the carbonic core of GQDs
and the formation of excessive C=0 groups on the sites of
epoxy-groups localization. As a result, absorption (excitation)
bands disappear in a time- and dose-dependent manner.
Fluorescence spectral peak redshifts. The decrease of the
value and relative impact of the fast component of the GQD
fluorescence lifetime in the presence of NaClO, is probably
associated with the C=C band damage. However, modifica-
tion of oxygen-containing functional groups induces an
increase in both the value and relative impact of the slow
component 7,. All these changes, caused by hypochlorous
acid, but not by H,O, are at the core of the investigation of
the MPO activation in neutrophils. It is demonstrated that
neutrophils accumulate GQDs by the phagocytic pathway.
This process is accompanied by neutrophil activation, MPO
release and hypochlorous acid production. GQDs allow
obtaining data on GQDs distribution in cells and further
disruption of cellular membrane integrity by fluorescence
microscopy, while GQD fluorescence spectra (intensity and
peak position) provide information on the hypochlorous acid
production by neutrophils. Moreover, it is demonstrated that
neutrophil activation and MPO release causes significant
structural damage of GQDs, allowing to assume the initiation
of the biodegradation of GQDs by neutrophils.

Summing up, green fluorescent GQDs are a promising
material for biomedical sensing applications. They enable
selective and accurate sensing of RCS impact in redox pro-
cesses in biological systems. They are biodegradable and,
thus, suitable for various biomedical applications.
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