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Oxidative stress leads to multiple changes in properties of cells and of biological liquids that can cause various
pathologies including cardiovascular and metabolic diseases. Modern test systems make it possible to assess the
concentration of oxidized molecules in the blood plasma, but do not provide direct information about oxidation
of cell membranes. In this work, we presented an effective, scalable, and inexpensive technique for
manufacturing biomimetic SERS sensors for the detection of biomembrane oxidation. The main feature of this
technique is the use of rose petals as templates for scalable manufacturing of SERS substrates with a cavity
structure that promotes the capture and immobilization of blood cells on the grooved inner surfaces of micro-
cavities. To obtain the SERS effect in these microcavities, the silicone replicas of rose petals were covered with an
Au thin film (100 nm) and spherical Au nanoparticles by the sequential deposition and annealing processes. The
application of SERS substrates with a cavity structure enables to perform studies on individual erythrocytes and
detect first signs of their membrane oxidation, which can be used for early diagnostics of various blood and
metabolic diseases.

1. Introduction Modern diagnostic testing systems can be used to assess the level of some

ROS and products of ROS interaction with cell molecules in biological

The development of personalized medicine and early-stage di-
agnostics requires new highly sensitive and selective techniques based
on the use of new materials and methodological approaches. One of such
approaches is based on monitoring the development of oxidative stress
in the blood cells.

Oxidative stress develops due to the high amount of reactive oxygen
species (ROS) that are excessively generated inside cells and/or cannot
be detoxified by the defense antioxidant systems. Due to their high
reactivity, ROS interact with lipids, proteins, DNA, and RNA, causing
various damages that compromise cell health and contribute to disease
development, including cancer, vascular, and metabolic disorders.

liquids, but they cannot provide information about the oxidative stress-
related damage of cell membranes and can be misleading in the result
interpretation [1-3]. To monitor the oxidative stress development and
to detect the cell damage as a marker of oxidative stress, we propose a
new highly sensitive technique based on the use of surface-enhanced
Raman spectroscopy (SERS) and a biomimetic approach.

SERS is a powerful and versatile tool in chemical and biochemical
diagnostics [4-6]. This technique exploits the effect of surface plasmon
resonance and unique molecular vibrational modes to identify the
structure of analytes down to the single-molecule level. In the last
decade, it has been demonstrated that SERS can also be used to perform
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studies on individual cells, bacteria, and viruses in their natural envi-
ronments [7-9]. Generally, a colloidal-based SERS approach is preferred
for studies of such microscale objects due to a Raman signal of higher
intensity compared to flat SERS substrates [10,11]. Previously, the
colloidal-based approach has even been used for SERS studies of
erythrocyte membranes [12]. However, its widespread use is highly
limited due to a hypoosmolar effect of a colloidal solution on cells and to
a low reproducibility of the obtained signal. Various factors, such as
surface chemistry, charge, adsorbed molecules, external environment,
and dynamic interaction between target and colloidal nanoparticles, can
compromise the stability of SERS colloids, resulting in constant fluctu-
ations of a detected SERS signal [13].

To improve reliability of a SERS signal at a single-cell level while
maintaining its high intensity, several research groups proposed to use
solid SERS substrates covered with microcavity structures [14-16]. Such
microcavities promote the immobilization of cells on their inner surfaces
and provide a significant enhancement of SERS signal intensity due to
the increase in the effective contact area of a cell membrane with plas-
monic nanoparticles located on the inner surface of microcavities [14].

So far, several highly technological techniques have been applied to
produce SERS surfaces with microcavity structures, including X-ray/UV
lithography, etching, electroplating, molding, etc. [17-19]. However,
these methods commonly require complex and costly fabrication pro-
cesses with highly sophisticated templates, which is crucial for their
transfer from laboratory prototyping to mass production. To address
these issues, a number of research teams proposed to use biological
surfaces patterned with complex hierarchical microstructures as tem-
plates for cheap and scalable SERS substrate manufacturing.

For instance, two research groups fabricated SERS sensors based on
lotus and rose petals covered with silver nanoparticles [20,21]. Other
groups used silicone replicas of rose, taro, gladiolus, and banana leaves
or petals to produce microstructured SERS substrates for the detection of
low molecular weight compounds such as Rhodamine 6G, malachite
green, and herbicide detection [22-24]. However, the applicability of
such biomimetic substrates to the analysis of high molecular weight
compounds and large biological objects such as cells has not been
studied yet.

In this work, we demonstrated that a similar biomimetic approach
can be used to obtain SERS sensors for living cell analysis, which is
highly promising for various biological and medical applications. One of
the main challenges in the implementation of this strategy was choosing
a biological surface with a microcavity structure that promotes the
capture and immobilization of studied cells. Upon a thorough study of
various biological surfaces (plant leaves, flower petals, insect wings,
etc.), we revealed that negative replicas of rose petals are most effective
for the capture and immobilization of blood cells, which have been the
subject of our research for many years. In our previous work [25-27], we
demonstrated that SERS of red blood cells is a useful tool for detecting
even early signs of such metabolic diseases as diabetes, hypertension,
obesity, etc. So, the development of an effective and inexpensive tech-
nology for mass production of SERS sensors capable of even single
erythrocyte analysis is of great practical importance for medicine and
biology. To achieve this goal, we proposed a biomimetic technique
inspired by a microstructure of rose petals. The detailed description of
this technique and experimental proof of its effectiveness for
manufacturing of highly sensitive single-cell SERS sensors are given
below.

2. Materials and methods
2.1. Manufacturing the silicone substrates with a cavity structure

The fabrication of biomimetic silicone substrates was performed by a
soft lithography technique. A silicone elastomer for the rose petal

replication was prepared using commercially available Sylgard-184
(Dow Corning, Midland, MI, USA) with a base/curing agent mixing
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ratio of 10:1. Fresh roses (Rose Hybrid Tea) of four different colors
(white, pink, yellow, and red) were purchased from the local market.
Several pieces (~2 cm?) of each rose were fixed in a petri dish and
poured with liquid silicone that was allowed to cure for 2 days at 20 °C.
Then silicone replicas were peeled off using tweezers and washed with
distilled water.

2.2. Fabrication of plasmonic nanostructures on silicone replicas of rose
petals

The layered structure of Au/SiOz/Au (with respective thickness of
100 nm/5 nm/ 6.5 nm) was deposited on silicone replicas of rose petals
by a Nano Master NEE-4000 electron beam evaporation system (Nano-
Master, Austin, TX, USA) at a high vacuum (~10°® Torr) and room
temperature (23 °C) with a deposition rate of 0.5-1 A/s. The nominal
thickness of deposited Au and SiO, films was controlled by a built-in
quartz oscillator sensor. Then, silicone substrates with a deposited Au/
Si0y/Au films were annealed in a CVD Oxford PlasmaLab 100 chamber
(Oxford Instruments, Abingdon, UK) at 550 °C and high-vacuum (~10°
Torr) for 15 min to obtain isolated spherical Au nanoparticles (AuNPs)
uniformly distributed on a SiO5 surface. The size of obtained particles is
variated from diameter of 30-60 nm.

2.3. Preparation of erythrocytes

All procedures were performed in accordance with the European
Communities Council Directive (2010/63/EU) and approved by the
Institute of Bioorganic Chemistry ethical committee. Animals were kept
under standard housing conditions with a reversed 12-h light/dark cycle
with free access to water and food. The 2- to 3-month-old C57BL/6 mice
were divided into control and high-fat diet (HFD) groups. The HFD
group received the fat-enriched chow (Sniff Diets, Soest, Germany) and
the control animals had the standard chow for 2 months prior to the
blood sampling. Each group consisted of 5 animals. 50 pl of blood was
taken from the tail vein of control mice and mice on HFD and was fully
saturated with oxygen before experiments. Blood was 2.000 times
diluted with the physiological saline for erythrocytes (saline composi-
tion in mM: 145 NacCl, 5 KCl, 4 NagHPOj4, 1 NaH5PO4, 1 MgSO4, 1 CaCl,,
pH 7.4). The obtained diluted blood was immediately placed on SERS
substrates, and experiments were run in 1-2 min to ensure erythrocytes
attachment to the surface of SERS structures.

2.4. Preparation of liposomes

Liposomes were prepared from fresh raw egg yolk using the method
from [28] with minor modifications. Oxidative stress in liposomes was
induced by means of the Fenton reaction according to the protocol
described in [29]. The estimation of ROS amount in the control liposome
samples and the samples after the Fenton reaction was performed by
electron paramagnetic resonance (EPR) spectroscopy with a ROS-
sensitive spin probe 1-Hydroxy-4-isobutyramido- 2,2,6,6-tetrame-
thylpiperidinium chloride (TMT-H) [30]. EPR spectra were recorded at
25°C with a RE-1307 EPR spectrometer (Analitpribor, Smolensk, Russia)
at the microwave power and time constant of 22 mW and 0.1 s,
respectively. The concentration of TMT-H in liposome samples was 0,1
MM, and incubation time before measurements was 15 min. For each
sample, 10 EPR spectra were recorded. The qualitative estimation of
ROS amount was done by the intensity of the central line in TMT-H EPR
spectra (Ip). To perform SERS measurements on control and oxidized
liposomes, we used two-times diluted (with the phosphate buffer solu-
tion) liposome suspensions prepared from the initial liposome sample
and from the liposomes incubated with HyO, and FeSO4 for 30 min.

2.5. SERS measurements

SERS experiments were performed using a confocal scanning Raman
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microscope Horiba LabRAM HR Evolution (Horiba, Kyoto, Japan)
equipped with a linearly polarized laser 532 nm, spot size of ~0.43 pm,
and 600 lines/mm diffraction grating. The laser wavelength was chosen
at 532 nm due to the resonance absorbance of hemoglobin (Hb) at this
wavelength, so the influence of scattering from transmembrane proteins
or cytoskeleton on the measuring signal can be neglected. All the spectra
were collected using the x50 objective (NA = 0.75) and 10 s of inte-
gration time. Laser power on a sample was 3.5 mW. The mean values of
SERS spectra and their relative standard deviations (RSD) were calcu-
lated from 6 independent measurements in each case.

2.6. Reflectivity measurements

The reflection spectra of the fabricated substrates were recorded by a
Biolam M-1 microscope (LOMO, St. Petersburg, Russia) in a backscat-
tering configuration, equipped with a halogen light source, polarizers,
and a fiber-coupled grating spectrometer QE65000 (Ocean Optics,
Orlando, FL, USA) with a wavelength resolution of 1.6 nm and an
objective magnification of 100x (NA = 0.8). The microscope images
(1600 x 1200 pixels) were captured with an optical microscope (Nikon
LV150L, Tokyo, Japan) equipped with a color digital camera DS-Fi3.

2.7. SEM measurements

The scanning electron microscopy (SEM) (JSM-7001F, JEOL, Tokyo,
Japan) was used for the visualization of micro- and nanostructures on
substrate surfaces.

3. Results and discussions
3.1. Fabrication and SEM analysis of biomimetic SERS substrates

The entire fabrication process of biomimetic SERS substrates is
demonstrated in Fig. 1.

Rose petals of four different colors (white, pink, yellow, and red)
were used as master molds to produce silicone substrates patterned with
microcavity structures (Fig. S1 and S2). Here, silicone rubber or poly-
dimethylsiloxane (PDMS) was chosen for the replication due to its high-
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level flexibility, extensibility, and outstanding biological properties. The
use of PDMS enabled us to obtain high resolution replicas of rose petals
that can be easily peeled off without any apparent damage. The SEM
studies of rose petal surfaces and their silicone replicas confirmed the
accuracy of replication.

According to SEM images of rose petals (Fig. 2a,b), their surface is
covered with periodic convex structures (20-30 pm in diameter) sepa-
rated by a web of trenches (~2 pm in width). At the top of these convex
structures, there are submicron cuticular foldings (0.8-1.0 pm in width)
that spread from the center to the edge. On the other hand, the inverted
silicone replicas of rose petals (Fig. 2¢-d). demonstrated that their sur-
face is covered with honeycomb-like cavities of corresponding sizes with
submicron foldings at their walls and bottom. Furthermore, PDMS rep-
licas of red, yellow, pink, and white rose petals exhibited similar cavity
structure, but different cavity depths (Fig. S3). To ensure that roses of
the same color have the same microstructure of their petal surfaces, rose
petals taken from a dozen roses of each color were examined.

The deposition of Au/SiOy/Au layers on the obtained silicone rep-
licas with a subsequent annealing of the upper gold layer resulted in the
formation of the complex hierarchical structure (Fig. 2e,f). Notably, the
coating of silicone replicas with Au and SiO; thin films does not
significantly affect replica micromorphology since the resulting thick-
ness of coating layers is only about 100 nm (Fig. 2e). However, the
highly magnified SEM images of the coated silicone replicas (Fig. 2f)
demonstrated that golden nanoparticles of predominantly round shape
and various sizes (from 10 to 60 nm) have formed on the walls and
bottom of honeycomb-like cavities as a result of the upper gold layer
annealing (Fig. S4). Thus, the obtained SERS substrates exhibit the hi-
erarchical structure consisting of microcavities, submicron foldings, and
gold nanostructures of ranging sizes which is highly promising for a
SERS analysis of living cells due to the favorable conditions for multiple
reflection and scattering of electromagnetic waves.

3.2. Reflectivity properties of biomimetic SERS substrates
The optical properties of biomimetic SERS substrates were charac-

terized by reflection spectroscopy before and after the annealing process
(Fig. S5). According to the obtained results (Fig. S5a), the reflectance
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Fig. 1. The schematic illustration of manufacturing the biomimetic SERS substrates.
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Fig. 2. SEM images of a-b) a rose petal; c-d) a PDMS replica covered with the Au/SiO»/AuNPs structure; e)-f) AuNPs formed on the top of the biomimetic substrate
after an annealing procedure.

spectra of unannealed SERS substrates based on silicone replicas of capacity of percolated thin gold films [31,32]. On the other hand, the
white, yellow, pink, and red rose petals are reminiscent of the spectrum reflectance spectra of annealed SERS substrates (Fig. S5b) demonstrated
from bulk gold. However, the observed absorption of spectra at wave- the appearance of a wide resonance in the range from 550 to 630 nm,
lengths above 700 nm can be attributed to the high optical absorption which is due to the absorption of incident light by AuNPs, surface
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Fig. 3. The effect of HFD on body weight of mice and SERS studies of their blood properties: a) the increase in mice body weight after two-month HFD; b) schematic
representation of the erythrocyte cross-section on the biomimetic SERS substrate; c) SERS spectra of 2000-times diluted blood from control mice (black spectrum) and
HFD mice (red spectrum). SERS spectra are shown as mean spectra calculated from 6 independent measurements with RSDs of less than 10%; d) relative input of
C—=O group vibrations normalized on the total amount of Hb; e, f, and g) relative input of methine bridges, asymmetric pyrrole ring, and C,-CH3 bond vibrations
normalized on symmetric pyrrole rings vibrations. *p < 0.05; **p < 0.01 (non-parametric t-test).
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plasmon modes propagating along SiO,-Au boundaries, and gap surface
plasmon modes relatively weakly localized between AuNPs and the Au
thin film. Notably, the transformation of the upper gold film into AuNPs
upon annealing causes the decrease in absorption in the long wavelength
region. The behavior of the obtained spectra is quite typical for such
systems and well described earlier [33,34].

3.3. SERS analysis of erythrocyte membrane oxidation

Cell membranes are among first targets for ROS. Membrane oxida-
tion may lead to the irreversible change in the cell properties and to the
cell death. The lipid and protein carbonyl (C—=O) group content is a
commonly used marker for oxidative modification of lipids and proteins,
providing significant evidence of oxidative stress in clinical samples.
Generally, C=0 groups in proteins are generated due to the oxidation of
protein backbones and amino acid residues such as proline, arginine,
lysine, and threonine by ROS molecules. C=0 groups can also be a sign
of lipids oxidation [35,36].

To demonstrate the applicability of the proposed SERS substrates to
the detection of the oxidative stress in biological membranes, we per-
formed experiments with erythrocytes from healthy mice subjected to
the normal and high fat diets (Fig. 3a) [37]. High fat diet is known to
increase the total organism weight and the amount of cholesterol
affecting composition of lipids in cell plasma membranes and in lipid
droplets in cell cytoplasm [37,38]. The possible negative effects of a
high fat diet are widely discussed supposing the increased probability of
the oxidative stress development [39,40]. Presumably, HFD could affect
erythrocytes, especially their membrane and submembrane regions, due
to the significant change in the blood plasma composition.

The submembrane region of erythrocytes (Fig. 3b) consists of the
submembrane cytoskeleton and the membrane-bound hemoglobin
(Hbpp) - Hb molecules bound to the cytosolic domain of the membrane
anion exchanger AE1 and located in 15-20 nm from the extracellular
surface of the erythrocyte plasma membrane [27]. Besides, under
various hemoglobinopathies, oxidation/degradation products of cyto-
solic Hb and Hby,}, can attach to lipids in the inner plasma membrane
surface of erythrocytes.

The SERS studies of erythrocyte samples taken from mice on 2-month
HFD demonstrated that SERS spectra of erythrocytes had the highest
intensity and the most detailed structure on SERS substrates based on
silicone replicas of red rose petals, which is due to their more highly
textured surface as compared with substrates based on white, yellow,
and pink rose petal replicas (Fig. S6a). The increased depth of micro-
cavity structures and multiple submicron foldings on their walls and
bottom provide better conditions for much higher Raman enhancement.
Besides, optical microscope images of erythrocytes placed on micro-
structured SERS substrates based on red rose petal replicas demon-
strated that blood cells had been effectively captured and evenly
distributed on the grooved inner surface of microcavities (the insert
image of Fig. 3c). As a result, SERS spectra of living erythrocytes on
these substrates exhibited intensive and reproducible peaks with
following maxima positions: 750, 1124, 1166, 1300, 1375, 1584, and
1638 cm™! corresponding to vibrations of pyrrole rings, methine
bridges, and CHgs radicals (C,-CH3 bond) of heme in Hbpy, (Fig. 3c)
[41-43]. The detailed peak assignments are given in Table S1. The
observed spectrum structure is in complete agreement with our previous
works [12,25-27,41]. Besides, there is a wide peak at 1780 em~! cor-
responding to carbonyl group C=O0 vibrations [35,36].

Importantly, we did not observe any SERS spectrum from erythro-
cytes on the smooth surface covered by spherical Au nanoparticles
(Fig. S6b), demonstrating the importance of the complex morphology of
the proposed SERS substrates based on rose petal replicas. Besides, the
enhancement factor of these biomimetic substrates was estimated at 10°
which is comparable with the results obtained for erythrocytes by a
colloidal-based SERS technique [12].

Further, to study effect of HFD on erythrocytes, we analyzed
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following ratios [27]:

I1780/1750 — the relative input of C—=0 group vibrations normalized
on the total amount of Hby,,. The ratio increase corresponds to the in-
crease in the relative amount of C=0O groups in plasma membrane
proteins and lipids;

T1638/11375 — the relative input of methine bridges normalized on
symmetric pyrrole rings vibrations. The ratio increase corresponds to the
increase in the affinity of Hb to Oo;

11166/11375 and 11124/11375 — the relative input of asymmetric pyrrole
ring vibrations and Cp-CH3 bond vibrations normalized on symmetric
pyrrole ring vibrations, respectively. The ratios depend on the heme
surrounding and increase with decreasing in the local protein stiffness.

We found that HFD led to the increase in Iy7g0/I750 ratio demon-
strating the increase in the relative amount of carbonyl groups in
erythrocyte membranes (Fig. 3d). We attribute this effect to the oxida-
tion of membrane lipids as a side-effect of the HFD that is known to
increase the probability of oxidative stress development [40].

We also found that the increase in the I;43g8/11375 ratio indicates a
change in conformation of heme in Hb, and the increase in its affinity
to O2 (Fig. 3e). We believe that this effect can be caused by changes in
the conformation of AEl exchanger (that binds Hby,,) affected by
cholesterol, the amount of which increases in plasma membranes under
HFD [44,45]. We did not observe changes in vibrations of C,-CH3 heme
radicals or in the motility of heme pyrrole groups (Fig. 3f,g), which in-
dicates the absence of significant changes in conformation of the globin-
protein part of Hby,,. Summarizing, we demonstrated that it is possible
to monitor oxidation of plasma membrane lipids of erythrocytes and to
investigate oxygen-binding properties of Hbgp,.

3.4. SERS-based monitoring of the lipids oxidation

To demonstrate the applicability of the proposed SERS substrates to
the detection of lipids oxidation in other types of biological membranes,
we performed experiments with liposomes subjected to the oxidative
stress evoked by OH' radicals from the Fenton reaction. Liposomes is a
widely used experimental model of organelle and plasma membranes
that can be applied to analyze the effect of various stimuli on lipids in
their membrane environment. SERS spectra of liposomes prepared from
the yolk lecithin consist of several intensive peaks with maxima posi-
tions at 1135 and 1520 cm ™! attributed to bond vibrations in beta-
carotene from the yolk (Fig. 4a). The less intensive peak at 1780 em !
is attributed to C=0 vibrations in membrane lipids [35].

To estimate change in the C—=0 group amount due to the oxidation
process, we analyzed relative intensity of peak at 1780 cm ™~ normalized
on the intensity of beta-carotene peak at 1520 cm! (I1780/11520) and the
change in the absolute intensity of 1780 em™! peak (I37g9) (Fig. 4b,c).
We have found that conditions of the Fenton reaction [28] caused the
significant increase in the intensity of the peak at 1780 cm™! and of the
I1780/I1520 ratio, which indicates the increase in the relative amount of
C=O0 groups due to the membrane oxidation. The initiation of the
oxidation stress and the lipid peroxidation in the samples under the
Fenton reaction was confirmed by independent techniques [46], which
demonstrated the increase in the amount of membrane degradation
products (Fig. 4d) and reactive oxygen species causing lipid oxidation
(Fig. S7). Thus, the relative intensity of peak at 1780 ecm™! corre-
sponding to C=0 group vibrations can be used for the estimation of
membrane oxidation.

4. Conclusions

In this article, we presented an effective, inexpensive, and scalable
biomimetic technique to produce SERS substrates for the detection of
the membrane oxidation in living cells. The proposed technique is based
on the use of rose petals as templates to obtain silicone substrates with
microcavity structures. Such microstructures promote the capture and
even distribution of blood cells on a substrate surface, which results in a
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Fig. 4. Monitoring of liposome oxidation by SERS: a) SERS spectra of control liposomes (black spectrum) and liposomes after the Fenton reaction inducing lipid
peroxidation (red spectrum). SERS spectra are shown as mean spectra calculated from 6 independent measurements with RSDs of less than 10%; b) and c) ratio of
peak intensities I;7g0/I;520 and the intensity of the peak at 1780 cm™! estimated from SERS spectra of control liposomes (gray boxes) and liposomes under oxidation
evoked by the Fenton reaction (red boxes); d) concentration of lipid peroxidation products in the control (gray box) and in the oxidized (red box) liposome samples.

*p < 0.05; **p < 0.01 (non-parametric t-test).

SERS signal of high reproducibility all over a substrate surface. Besides,
the microcavities covered with AuNPs provide a close contact of plas-
monic nanoparticles with living erythrocytes. As a result, the high
intensive SERS spectra of membrane-bound hemoglobin in its natural
cellular environment can be obtained to estimate its conformation and
oxygen-binding properties. In addition, the proposed SERS-active sub-
strates provide intensive and stable enhancement of Raman scattering
from C=O0 groups in lipids and proteins of biomembranes, which can be
used to evaluate membrane oxidation and the oxidative stress devel-
opment. Overall, the proposed biomimetic SERS substrates demonstrate
high efficiency for a single-cell analysis and detection of even early signs
of the oxidative stress in cell membranes, which is highly promising for
the early diagnostics of various metabolic diseases such as diabetes,
hypertension, obesity, etc.
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