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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 an 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 the electromagnetic and 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 cells nucleic acids/proteins/lipids. Specifically, the bSi/Au SERS-active substrate
offers a unique opportunity to investigate the living cells' malignant transformation using
characteristics 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 the

lab-on-a-chip SERS biosensors that can be integrated into silicon-based photonics device.
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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-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 the surface-enhanced Raman scattering
spectroscopy (SERS). This technique allows one to detect low bio-molecules concentrations®®’
changes in cell metabolism® or cells viability’, discriminate individual vesicles'® as well as to real-
time control of biochemical changes'"'>!* by using so-called SERS-active substrates, which
conventionally based on noble metal (Au, Ag, Cu) nanostructures'*!>!6, They allow enhancement
of the Raman signal due to the surface plasmon resonance, associated with the collective motion
of the conductive electrons in the vicinity of “hot spots” at high curvature metal structures'’. This
makes 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 the metal micro- and nanostructures deposited on the
glass are widely available on the market’, their performance is often limited by low curvature of

metal nanoparticles and/or small surface density of the hotspots, that do not allow analytes’
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detection at concentrations at the ppb level®!

. To improve the sensitivity, we suggest employing in
SERS the substrates based on the black silicon (bSi), which has been proposed in 1997 to increase
absorbance and suppress reflectivity of the silicon’? by forming cone-shaped structures of

micrometers height over the sample surface?®. These properties made bSi a versatile material for

various applications, such as solar cells?*, THz emission sources®’, microfluidic devices®,

127 29,30
9

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 high-intensity 532 nm
laser by detecting individual algal cell (Chlorella vulgaris)*' on bSi substrates covered with 200-
400 nm thick gold layer*'*2. Unfortunately, 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 Raman signal with low power
NIR lasers, i.e. decrease of laser power and increase of enhancement factor (EF) are needed. The
latter implies decreasing the thickness of the gold layer to be deposited on the 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)**.
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The chemical (also referred to as the charge transfer) mechanism occurs when the studied
substance forms chemical bonds with the material of the substrate. These bonds lead to the 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 depend on the morphology of the bSi surface (cones height
and base diameter, the density of the cones) and the gold layer thickness.

In this paper, we propose effective, non-invasive, label-free, high-speed SERS detection of trace
amount of small organic molecules and living rat glioma cells C6 utilizing bSi covered with 25+50
nm gold layer. Using 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 bSi/Au substrate and reveal contributions of EM and CM mechanisms in 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.

RESULTS AND DISCUSSION

Experimental results

Scanning electron microscope (SEM) images of bSi and bSi/Au are presented in Fig. 1, (a,b)
and (c,d), respectively. Figure 1e shows the transmission electron microscopy (TEM) image of an
individual silicon cone covered with the golden layer. One can observe that substrates consist of
vertically oriented quasi-regular cone-like structures. The height and a base diameter of cones
comprising a bare bSi substrate are 495+19 nm and 221+£24 nm, respectively, while the apex
curvature radius is 26+4 nm (Fig. 1, b). On the bSi/Au substrates, the height of the cones 1s 497421

nm at the apex curvature radius of 36+5 nm. It is worth noting that the roughness of the gold layer
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is as high as 10-50 nm (Fig. 1, d) due to nanoscale irregularities and nano-roughness 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 SiO2/Au surface. SEM image of the SiO2/Au is
presented in Fig. 1S (Supplementary Information). This surface was obtained in 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 Fig. 1S, b. As the conditions were the same
both for bSi and SiO> we used SiO2/Au SEM image to obtain nanoparticles size distribution
assuming that the Au structures on the SiO, and bSi would be very similar. Since hemispheres
with the diameters in the range from 40 to 60 nm (almost 70% of all hemispheres) give the major
contribution to the SERS enhancement, for further simulations we assumed that 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 S0,
substrate, which was confirmed by the AFM method earlier (see 3°). 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. But assuming that Au roughness on the
flat S102 and on the conical Si surface is of the same order (the conditions of Au deposition were
the same), it will add the same multiplier to the values of both surface areas, thus bSi/Au to
S102/Au surfaces ratio could be estimated to be also about 2.4.

To quantitatively evaluate the performance of the bSi/Au SERS-active substrate we employ 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 the gold through S-H groups. That is by washing the sample in the ethanol
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one can remove the non-bunded molecules and obtain a monolayer of 4-MBA molecules

covalently bonded to the substrate.
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Figure 1. SEM images of bSi (a, b) and bSi/Au (c, d) substrates; (¢) TEM image of the silicon
cone covered by 25-50 nm thick gold layer. Gold structures on the bSi substrate are marked with

arrows. White color corresponds to Au components (1), dark grey area corresponds to Si (2)

Raman spectra of 4-MBA molecule monolayer deposited on SiO»/Au and bSi/Au substrates are
presented in Fig. 2 (a) and Fig. 2 (c) respectively. At the same measurement conditions (10 pW,
30 s accumulation time) 4-MBA bands are no detectable when the molecule monolayer is
deposited on the plane SiO»/Au substrate, while these bands are clearly resolved for 4-MBA
monolayer deposited on the bSi/Au surface. All observed bands are in good correspondence with

the Raman spectrum of the bulk 4-MBA (Fig. 2b) described elsewhere 3% 3¢,
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36 Figure 2. Comparison of Raman spectra of 4-MBA monolayer on SiO2/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
41 substrate. The spectrum of a living cell was recorded in aqueous Hepes-buffer solution. Buffer

43 spectrum was subtracted from living cells Raman spectra. The excitation wavelength is 785 nm.

46 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
51 shown) because this resonance is suppressed by the covalent bond, which S-H group forms with

53 the gold layer.
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The enhancement factor of the SERS-active bSi/Au substrate can be found from the following

equation’’:

Ipsijau /
NbSi/Au

I
bulk /Nbulk

EF =

: ey

where Igi/au (Npsi/aw) and Ipyge (Npygi) are Raman intensities (numbers of irradiated molecules)
of 4-MBA monolayer on the bSi/Au substrate and bulk 4-MBA on the SiO; substrate obtained at
the same laser power and time accumulation, 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 area of the bSi/Au substrate is 2.4 times larger,
i.e. it is equal to 3.07 um?. That is at the surface density of 0.5nmol/cm?, 37 the number of adsorbed
molecules on the bSi/Au substrate is Npg;/a, = 9.2 X 10° . Since the penetration depth of the
laser radiation into the bulk 4-MBA sample is about 10 um and the molecular density 1.5 g/cm?,

the number of molecules in the irradiated volume is Ny, x = 7.5 X 101°. Therefore at the

measured intensity radio of bsi/ Au/lb = 2.3 x 105 for the vi2 (a1) aromatic ring breathing mode
u

at 1077 cm™ | Eq.(1) gives the SERS enhancement factor EF ~ 2 X 108,

From the top-down SEM images of bSi/Au substrate (see Fig. 3, a) 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 Fig. 3, b SERS mapping of the substrates with 4-MBA
monolayer in 3 randomly selected 10x10 pm areas with 1pm resolution are performed. Images are
reconstructed using a 1077 cm™ band in 4-MBA SERS-spectrum. Equal SERS-signal intensities

indicate very good uniformity over the whole sample area.
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36 Figure 3. Uniformity of bSi/Au SERS substrate. (a) — Top-down SEM image of bSi/Au substrate,
38 inset gives 1x1 um area. (b) — Map of the background-corrected Raman intensity. 1077 cm™ C-S
stretch vibration peak, a 50x objective (NA 1.0) were used. The map resolution is 1 pum. 1,2,3 —
43 separate 10x10 pm maps taken randomly from a 75x115 um area. Inset gives a SERS spectrum of

45 4-MBA monolayer from 1x1 pm pixel.

48 Experimental determination of 4-MBA SERS spectra stability on the bSi/Au substrate over a
long time period was performed (see Supplementary Information Fig. 2S). Measurement of the
53 SERS spectrum of 4-MBA molecules was repeated in 8 months. Both spectra (initial and after 8

55 months of storing in the air) demonstrate the same intensities for the same samples, performed
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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=0O band (1706 cm’
1)), however, these changes do not affect the SERS substrate efficiency. Moreover, data presented
in Fig. 3S (Supplementary Information) indicate, that bSi/Au substrate provides a possibility to
obtain SERS spectra of 4-MBA molecule with extremely low laser power (two spectra for
comparison — 0.5 mW and 1 pW).

SERS-active substrates (for instance, silicon Ag-capped Si nanopillar systems %), 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 Supplementary
Information, Fig. 4S Water-drop hydrophilicity assay of bSi/Au and plastic (Nunc)) and therefore
biocompatible. Hydrophilicity, adhesion, and SERS-activity provide a tremendous advantage of
the bSi/Au substrates over the existing once 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 Propidium lodide (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 Fig. 5S, Supplementary Information).

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
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signal accumulation time. These factors led to some changes in SERS spectra bands intensities

demonstrating high dynamics of intracellular processes. For instance, one can observe from Fig. 4

oNOYTULT D WN =

that the intensity of the CH3 symmetric stretch band at 1380 cm! varies slightly from measurement
10 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
15 developed for biosensors. These include a uniform and dense hot spot distribution and a high
17 enhancement factor that will enable real-time monitoring of the cell activity with high accuracy

and about one-micron spatial resolution.
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Figure 4. SERS spectra of a living rat glioma cell on the bSi/Au substrate, measured at one point
in one-minute intervals. Specific markers indicate the intensity changes of some characteristic

bands.

In the present study, we investigate the living cells by averaging 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 Fig. 2d. Similar to 4-MBA monolayer (see Fig 2a), we do not
observe Raman bands of living cells seeded on the reference SiO2/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
identify specific molecules in living cells such as specific proteins or lipids*’, but they can serve
to detect relative concentration changes of bio-molecules. By using 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 cells transformation**>. Specifically, relatively high
intensities of 787 cm™ (U, C, T, O-P-O symmetric stretch), 827 cm™! (O-P-0), 1322 cm™ and 1574
cm’! (A, G) bands indicate the high content of nucleic acids characteristic for cancer cells; strong
bands at 1243 cm!, 1273 cm’!, 1288 cm! correspond to the bands of Amide I1I giving information
on the secondary structure of proteins (1243 for B-sheet and 1288 for a-helix); high intensity of
506 m™!, 520 cm™ and 540 cm™! reveals high content of proteins with disulfide bonds enriched with
cysteine. 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 player in
the redox balance in cells is the glutathione/glutathione-disulfide (GSH/GSSG) ratio. It has been

shown® that decreased GSH/GSSG ratio (increased GSSG fraction) is the key factor in cancer
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progression. Thus, bSi/Au SERS-active substrates offer unique opportunity to investigate the cells
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 signal only from the attached to the substrate part of the cell. BSi/Au
substrate is biocompatible and exhibits nice adhesive properties (as it was demonstrated
previously). It was shown that 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.

SERS spectra of C6 glioma cells do not exhibit strong lines of Amide I, but nevertheless, it is
supposed, that there is some weak impact of 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 |
1s not so significant and even was shown to be suppressed in SERS and TERS of protein specimens
4 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, protein impact in 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.

Table 1. The major peaks location in a “fingerprint” region of Raman spectra of main
biomacromolecules, SERS spectrum of C6 rat glioma cells, and their assignments (Raman spectra

band locations and their assignments are taken from *°)
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Raman spectrum | SERS spectrum peaks | Peak assignments
peaks location | location (cm™!) for C6 rat
(cm™) glioma cells
723-728 727 C-N head group in Adenine
763 768 Pyrimidines (Cytosine, Thymine, Uracil)
782-792 787 Uracil, Cytosine, Thymine ring breathing;
O-P-O symmetric stretch
813 817 RNA, A-type DNA
828 827 O-P-O
898 894 Adenine, nucleotide backbone
1084-1095 1088, 1097 PO2 stretch
1173-1180 1180, 1188 Cytosine, Guanine, Adenine
1304-1342 1322, 1342 Adenine, Guanine
. 1487 1484 Guanine, Adenine
? 1510 1509 Adenine
g 1578 1574 Guanine, Adenine
“ 500-550 506, 520, 540 Disulfide S-S stretch (conformation dependent)
755-760 753 Trp ring br.
850-855 852 Pro C-C stretch (Collagen); Tyrosine ring br.
935-937 930 Pro C-C stretch (Collagen); C-C backbone stretch (o-
helix)
1000-1006 1003 Phe symmetric ring br.
1014 1018 Trp symmetric ring br.
1030-1033 1032 Phe C-H in-plane bend
1066; 1080-1083; | 1069, 1128 C-N stretch
1125-1128
1155-1158 1155 C-C/C-N stretch
1225-1280 1243, 1273, 1288 Amide III (random coil 1225-1240;
" B-pleated sheet 1240-1260; a-helix 1260-1300)
é 1600-1610 1600, 1610 Phe, Tyr C=C in-plane bending
E_ . 719 714 CN+C (choline)
— o
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955-975 953,961, 972 CHj; deformations
1030-1130 1042, 1110 skeletal C-C stretches (cis 1030-1040; chain trans 1055-
1066;
chain random 1080-1085; chain 1092-1098; trans 1127)
1365-1380 1380 CH3 symmetric stretch
1440-1460 1437, 1457 CH; scissors
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Finite elements method: electromagnetic enhancement contribution to SERS

We performed 3D FEM modeling of the interaction of the light wave propagating along the
substrate normal with 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 to the cone axis
(see Fig. 5). We also took into account that nanoparticles may have different sizes and

compositions.

Page 18 of 48
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Figure 5. (a) top-view SEM image of bSi/Au showing horizontally (perpendicular to the
wavevector E) oriented bi-spheres and dumbbell-like particles; (b) side-view SEM image of

bSi/Au showing vertically (along the wavevector E) oriented bi-spheres and dumbbell-like
particles; (c) elementary nanostructures selected for numerical simulation of the E-field

enhancement.

We assume that the nanoparticles were irradiated with a plane electromagnetic wave and
consider the complex refractive indices of nanoparticles’ materials dependent on the wavelength.
Au dielectric properties in the optical and (IR) frequency ranges were simulated by COMSOL

Multiphysics via the Drude model taking into account the experimental data presented in 4’ and
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the fact that the wavelength of the incident radiation is much larger than the characteristic
nanoparticles 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 Fig. 1 we reveal
that the radius of the Si core and thickness of the gold shell varies in the 36+44nm and 13+21nm
ranges, respectively.

The numerical simulation showed that there are three absorption bands (see Fig. 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 (Fig. 6, a). The decrease of the Au layer thickness also leads to the

red-shift of the absorption band, but the absorption cross-section maximum decreases (Fig. 6, b).

@ , _ () ,
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Figure 6. Absorption cross-section as a function of wavelength simulated for Si@Au spherical
nanoparticle. (a) changing Si-core radius from 34 nm to 44 nm at Au-shell thickness of 21 nm, (b)

changing Au-shell thickness from 13 nm to 21 nm at a Si-core radius of 38 nm.

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 nano-gap sizes but also on the orientation of the pair to the EM wave propagation
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direction (Fig. 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. Red absorption
maximum arises from the nano-gaps in overlapped structures and is red-shifted with the increase

of the distance between the spheres (Fig. 7, a).
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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 nm (overlapped spheres) to 55 nm (non-
overlapped spheres). The electromagnetic wave propagates (a) along and (b) perpendicular to the

bi-sphere axis.

If the bi-sphere axis is oriented perpendicular to k (i.e. 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 red or NIR spectrum range (Fig. 7, b).

The system of non-overlapped Au spheres was further modified into a dumbbell-like structure,
which well model Au droplets on the Au layer. A bridge between the two spheres led to the
appearance of an additional absorption peak, which red-shifts with the increase of the distance

between the spheres (Fig. 8, a) and disappears for non-overlapped Au spheres (Fig. 8, b). For non-
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overlapped Au spheres “green” absorption maximum blue-shifts with the increase in the distance
between the sphere centers (Fig. 8, b) approaching the plasmon resonance of the individual Au

nanoparticle at 560 nm.
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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.

Figure 9 presents the numerical simulation of the E-field enhancement in nanostructures having
an absorption maximum at 785 nm. For Si@Au (44nm@?21nm) nanoparticle with the absorption
maximum of 785nm, the E-filed enhancement on the outer Au surface is as high as 20 (Fig. 9, a)
giving EF = 1.6x10°. In the overlapped Au nano-spheres (Fig. 9, b), there exists a 70-fold E-field
enhancement in the nano-gaps between the overlapped spheres (EF = 2.4x107). E-field
enhancement on the sphere surface gives EF equal to approximately 10*+103. For non-overlapped
Au spheres, the E-field enhancement occurs only in the gap between the spheres with EF of the

order of 10* (Fig. 9, c). But for the refined model on the Au dumbbell structure E-field
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enhancement occurs over the whole structure surface, but the most significant E-field enhancement

in the space between is as high as 10° (Fig. 9, d).

¥ 8.05x10™°

V¥ 6.89x107

Figure 9. E-filed enhancement maps at the irradiation wavelength of 785. (a) Si@Au
(44nm@21nm), (b) Au bi-sphere (r = 25 nm, distance 47.5nm), (c) Au bi-sphere (r = 25 nm,
distance 55 nm), (d) dumbbell-like structure (ro = 13.5 nm). A and V are maximum and minimum

values of the E-filed enhancement, respectively.

Based on the results of FEM simulations and their comparison with the experimental
measurements of 4-MBA SERS spectra we may conclude, that SERS-active bSi/Au substrate is
very efficient for detecting biological objects as it allows to use NIR laser source for sample
irradiation and provides extremely high E-field enhancement. The major mechanism in Raman
signal enhancement is the local surface plasmon resonance (LSPR). Simulation results indicate
that the EF due to local 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).
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bSi/Au possesses a significant advantage over the conventional plane SERS-active surfaces with
Au hot-spots because it enables confining the living cells and biomolecules into a 3D enclosure
surrounded with the hotspots. For Au nanoparticles of the average diameter of 50 nm LSPR should
appear for 500-530 nm excitation. This statement is proved both by the existing data and our
simulation results (see Fig. 7). In our experiments we used 785 nm laser for excitation, thus LSPR
did not take place. Living cell sample measurement was provided for only 30 s with 785 nm laser
(this excitation wavelength is not resonant to lots of the living cell components such as proteins,
DNA, RNA, as 532 nm *; however, its application is favorable as it is not damaging to cells and
tissues and can provide non-destructing 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 the flat
SiO2/Au. But 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 Fig.
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 complexes 4-MBA/Au. Simulated Raman and SERS spectra in comparison
with experimentally obtained ones, as well as optimized geometries of 4-MBA molecule and 4-
MBA/Au (insets) are presented in Fig. 10. Simulated spectra display a 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
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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 modes enhancement in general, whereas
the modes involving the vibrational coordinates, which are relaxed by the electronically excited
state would be enhanced preferably. In our experiments, we observe a significant increase in vi»
(a1) aromatic ring breathing mode (1077 cm™) and vs, (a1) totally symmetric v C-C (a1) (1587 cm’
1) intensities, which is well confirmed by DFT simulations, considering chemical mechanism
(molecule adsorption on the Au surface, charge transfer) impact in 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 one order of magnitude (supporting the primary
contribution of EM mechanism as follows from FEM modeling and comparison of both
contributions with the experimental observations). It has been demonstrated in °!' that for 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 785 nm laser and
have pure EM origin. In our study enhancement of 1075 cm™ 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 Fig. 3S,
Supplementary Information). According to the procedure of the molecular monolayer formation

2

and data, presented in 2, we suppose vertical configuration of the molecules on the bSi/Au

substrate. 4-MBA molecules flat orientation to the surface could be identified by strong out-of-
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plane y(CCC) vibration of the aromatic ring. In the SERS spectrum of 4-MBA molecules on
bSi/Au surface this band at 713 cm! responsible for y(CCC) as well as 848 cm™! corresponding to
B(COO) are practically vanished, while 1706 cm™! corresponding to C=0 stretching vibrations of
non-dissociated COOH groups is present. These experimental data are in good agreement with the
results of DFT calculations (no y(CCC) and B(COO") bands, while C=0 at 1713 cm! is present,
see Table 2 and Fig. 10) and confirm the vertical orientation of the 4-MBA molecules on the
bSi/Au substrate 3.

The appearance of a band 848 cm’!, assigned to the COO™ stretching mode, in the SERS
spectrum likely indicates that some 4-MBA molecules are deprotonated. pK, of the 4-MBA is 4.2
for free 4-MBA and 5.6 for covalent band to gold nanoparticles *¢. At pH 7 4-MBA is totally
deprotonated > as ethanol pH value 7.33. During samples drying procedure in the presence of
humid air the 4-MBA molecules protonation via hydration. However, a small part of them

remained deprotonated, as we observe due to the 848 cm™! band.
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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 (a) and (b), respectively). Intensity is presented in arbitrary units as a scale bar.

Simulated vibrational bands were fitted with Gaussian profile with a bandwidth of 30 cm™.

Table 2. 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

4-MBA 4-MBA 4-MBA on 4-MBA/Au
{exp.} {theor.} bSi/Au {exp.SERS} {theor.SERS} Peak assignment
(cm™) (cm™) (em™) (em™)
- - 521 498 V(CS) 54
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6(COOH) deformation
631 622 631 642 Vb >
+6( COOH) deformation
- - 693 - v(CH) out-of-plane >*
- - 713 - vap + 7(CCC) out-of-plane 3634
806 772 - 766 Vioa ¥

in-plane aromatic ring breathing
mode +-COH deformation

- - 848 - B(COO) %
909 905 - . B(SH) ™

- - 1013 - in-plane ring breathing, b, 364954
1097 1083 1077 1059 vi2 (a1) in-plane aromatic ring

breathing mode + v(CS), a,
33,49,54,55,56

- - 1142 - vis (b2) 8(CH) deformation 3354
1179 1171 1180 1162 vo (a1) 6(CH) deformation
33,36,49,55,56
1290 1278 - _ v 36
- - — 1326 6(OH) deformation

S( C-Ar) deformation

- - 1418 - v (COO") stretching mode 333640
- - 1480 - v(CC) + y(CH) 3+
1598 1589 1587 1585 Vsa (a1) totally symmetric aromatic

ring vibration 33,36,49,54,55,56

- 1743 1706 1713 v (C=0) stretching mode

Note: the vibrational modes indication v — stretching, B — bending, & — deformation, y — out-of-
plane deformation

CONCLUSIONS
Detection of single organic molecules and living cells with high throughput, speed, and

resolution is a very challenging biosensing task. Creating a SERS-active biosensor platform one
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should aim to use NIR light for excitation, low power values to prevent possible living cell damage,
as well as to minimize 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 spots density and EF must satisfy the
requirements of uniformity, sensitivity resistance to external influences, easy low-cost
reproducibility 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 the 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 significantly 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 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 one order of the EF magnitude
vs seven 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
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demonstrated that the bSi/Au substrate has tremendous potential for the real-time cellular
dynamics SERS observations. 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 50 nm thick golden layer leads to the formation
of specific size-geometry hot spots to enhance the bSi-for-SERS selectivity and sensitivity.

Applying these bSi/Au substrates for SERS biochemical changes detection overcomes the
limitations of other biosensing platforms and provides precise information on biochemistry of cell
behavior, cell-substrate contact, metabolism. BSi/Au can be implemented for high-throughput
screening due to outstanding bSi-for-SERS sensitivity and ease of use. Proposed bSi/Au substrates
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

reproducibility.

METHODS

Materials and substrates preparation

The silicon used in the experiment was lightly p-doped, 0.5 mm thick silicon wafers. The bSi
was formed in a cryogenic, inductively coupled plasma reactive ion etcher as reported in >7, °¥. As
a plain reference substrate quartz slides (SiO2) were used.

Before the vacuum deposition of gold, the substrates were rinsed with ethanol for 10 minutes,
washed in deionized water, and dried in a dry stream of N>. The Au films were deposited on the

bSi1 and Si0O; substrates using Quorum Q150T ES Plus-Turbomolecular pumped coater. Sputtering
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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 bSi/Au and SiO2/Au substrates were held
in N> atmosphere to prevent undesirable absorption of impurity molecules by these substrates.
Both bSi/Au and SiO2/Au slides were incubated in the 4-Mercaptobenzoic acid (4-MBA,
HSCH4CO>H; Sigma, USA) solution at a final concentration 5 - 103 mol/L for 4 hours to provide
the molecular monolayer formation on the gold-covered surface of the SiO; slides and bSi through
—SH group. Then all samples were washed with ethanol flow for 10 min to remove the trace
amounts of 4-MBA molecules not bounded to the surface, dried with N>, and kept in hermetically
closed containers before SERS measurements. For SERS of living cells prepared bSi/Au and
Si02/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.

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. DMEM/F12 medium (Gibco)
supplemented with 10% fetal bovine serum (Sigma) and 80 ug/mL gentamycin sulfate
(Belmedpreparaty, Belarus) were used for cell growth. C6 glioma cells were held in 100%
humidity at 37°C in 5% CO; atmosphere. In the log-phase cells were trypsinized, centrifuged at
1500 rpm, and 10’ cells were seeded in standard 3.5 cm plastic Petri dishes with bSi/Au or SiO2/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 signal from growth medium

components during measurements it was replaced by Hepes buffer solution (pH 7.2) of the
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following content (in mmol/L): NaCl — 131, KCl — 5, MgSO4 — 1.3, CaCl, — 1.3, Hepes — 20,
CeH1206 — 5.

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 532 nm CW DPSS laser
(Crystalaser). The excitation spot diameter was about 200 um. The laser power after the objective
was 60 uW. 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 the long-pass filter (HQ545LP,
Chroma) and imaged with 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 Propidium Iodide (PI) assay. PI is a cell membrane
non-penetrating fluorescent dye, which becomes strongly fluorescent only if in penetrates the cell
membrane and intercalate in DNA molecules. Cells on the bSi/Au substrate were washed twice
with Hepes-buffer, fluorescence measurements were conducted in Hepes-buffer containing 10° M
of PL

Cell death control study was performed by cell permeabilization and fixation with ice-cold
ethanol: cell culture medium was removed, cells on the bSi/Au substrates were gently washed with
Hepes-buffer, the sample was immersed in ice-cold ethanol and stored at 4 °C for 30 minutes. Then
the sample was washed twice with Hepes-buffer, and ones with distilled water. Measurements

were conducted in medium containing 10°° M of PI.
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SEM, TEM and image processing

Scanning electron microscopy (SEM) micrographs of investigated samples were obtained by
Helios NanoLab 650 model microscope, manufactured by FEI. Analysis of bSi and bSi/Au was
performed with a nominal beam voltage of 3 kV. Transmission electron microscopy (TEM) was
performed with transmission electron microscope Tecnai G2 F20 X-TWIN (FEIL, 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 spectra measurements were obtained using the 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 pW for 4-MBA observations (air Objective 50x)
and 10 mW for living cell spectra detection. Such 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. The excitation
wavelength 785 nm belongs to the tissue optical window and is not damaging to cells and tissues.
Irradiation of living cells with the wavelength of 488 and 514.5 nm with only 5 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 10s and the spectra were collected 3
times to obtain a better signal-to-noise ratio. The intensity was estimated as counts per second. For
spectra graphical presentation simple baseline correction was performed.

Electromagnetic enhancement mechanism (EM) simulation
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For evaluation of the local surface plasmon resonance impact in Raman signal enhancement Au
and Si/Au nanostructure models were designed using FEM based COMSOL Multiphysics 5.5
software. The simulation domain is comprised 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 mechanisms (CM) simulation

The equilibrium geometry, electronic structure, and Raman spectra of the complexes 4-MBA-
Au which simulated 4-MBA adsorption on Au, and 4-MBA molecule were simulated using non-
empiric 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 spectra simulation of
4-MBA adsorption on Au. The basis sets for H, C, O, and S atoms were aug-cc-pvdz >, 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 ®'. 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
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based on the long-range correction of the exchange potential®*®* 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 spectra simulations, DFT/CAM-B3LYP/aug-cc-pvdz/LANL2DZ
and DFT/ B3LYP-D3/aug-cc-pvdz/LANL2DZ levels of theory were applied. In our calculations
scaling factor of 0.97 was used ®’.

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

approximation reasonable®®.
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ABBREVIATIONS

UV, ultraviolet; NIR, near-infrared; SERS, surface-enhanced Raman spectroscopy; bSi, black
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9 silicon; EF, enhancement factor; E-field, electromagnetic field; EM, electromagnetic mechanism;
11 CM, chemical mechanism; CT, charge transfer; FEM, finite element method; DFT, density
functional theory; SEM, scanning electron microscopy; TEM, transmission electron microscopy;
16 4-MBA, 4-mercaptobenzoic acid; LSPR, local surface plasmon resonance; GSH, glutathione,

18 reduced state; GSSG, glutathione, oxidized state; PI, propidium iodide.
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