
Research Article Vol. 14, No. 8 / 1 Aug 2023 / Biomedical Optics Express 4097

Analysis of SARS-CoV-2 spike RBD binding to
ACE2 and its inhibition by fungal cohaerin C
using surface enhanced Raman spectroscopy

CHRISTOPH WETZEL,1,* LINDA JANSEN-OLLIGES,2 MARC
STADLER,3,4 FRANK SURUP,3,4 CARSTEN ZEILINGER,2 AND
BERNHARD ROTH1,5

1Leibniz University Hannover, Hannover Centre for Optical Technologies, Nienburger Str. 17, 30167
Hannover, Germany
2Leibniz University Hannover, Centre of Biomolecular Drug Research, Schneiderberg 38, 30167 Hannover,
Germany
3Helmholtz Centre for Infection Research GmbH, Department Microbial Drugs, Inhoffenstraße 7, 38124
Braunschweig, Germany
4Technische Universität Braunschweig, Institute of Microbiology, Spielmannstraße 7, 38106 Braunschweig,
Germany
5Leibniz University Hannover, Cluster of Excellence PhoenixD, Welfenplatz 1, 30167 Hannover, Germany
*christoph.wetzel@hot.uni-hannover.de

Abstract: The structure of the SARS-CoV-2 spike RBD and human ACE2 as well as changes in
the structure due to binding activities were analysed using surface enhanced Raman spectroscopy.
The inhibitor cohaerin C was applied to inhibit the binding between spike RBD and ACE2.
Differences and changes in the Raman spectra were determined using deconvolution of the amide
bands and principal component analysis. We thus demonstrate a fast and label-free analysis of
the protein structures and the differentiation between bound and unbound states. The approach is
suitable for sensing and screening and might be relevant to investigate other protein systems as
well.
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1. Introduction

The SARS-CoV-2 virus with its many variants is an obstacle to accurate and reliable detection
as well as to appropriate sustainable immune defence strategies. The individual virus variants
have different infectivity in the population, infiltrate the immunological defences and constantly
trigger new waves of infection despite successful rapid vaccine development. This is due to a
high permutation rate of certain virus areas that are also relevant for the immune defence [1–5].
A relevant entry into the cell is connected with the high affinity for the ACE2 receptor, which is
found on the outer side of many cell types [1,5–7]. In the last years, existing detection methods
in conjunction with vaccination strategies have become established around the world and have
shown their effectiveness in limiting outbreaks in the population [1–5]. On the other side, this
gives the virus and its subtypes a great deal of leeway to continuously cause new dangerous
outbreaks. Cost-effective methods are needed to identify the characteristics and different types
of the virus. Established methods for detection of the SARS-CoV-2 virus are for example
real-time quantitative polymerase chain reaction (RT-qPCR) and enzyme-linked immunosorbent
assays (ELISA) [8–10]. Biosensors coated with metal nanoparticles or graphene can enable
an improvement as well as a fast and sensitive detection of the virus [10–12]. However, these
techniques are good for detection but not suitable for structural analysis which is important to
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determine the different types of a virus and develop defence strategies. X-ray crystallography or
cryogenic electron microscopy are able to investigate and visualize the molecule structure of the
SARS-CoV-2 spike receptor binding domain (RBD) and the ACE2 receptor in detail, but this is
relatively time and cost intensive [6,13,14]. Raman-based detection methods, in particular surface
enhanced Raman spectroscopy (SERS), have several advantages as label-free, non-invasive and
in situ optical methods and also provide fast results to detect and analyse the molecule structure
of different proteins, bacteria and virus types including the SARS-CoV-2 virus. [9,15–24].

In previous work, a Raman signature of heat stress proteins (HSP90, HSP70) that can serve
as a biomarker could be identified and it was also possible to identify temperature-dependent
state changes of the human connexin channel Cx26 via resonance Raman spectroscopy [16].
Furthermore, the tetramer formation of bacterial potassium channel KcsA from Streptomyces
lividans by evaluation of the change of the Raman signature could be determined [17]. This
was possible because the protein amounts were sufficiently large, whereas this is often not the
case with in situ detection scenarios such as investigating SARS-CoV-2. To measure also small
amounts of SARS-CoV-2 and its proteins, there are several approaches to analyse and detect
the virus with surface enhanced Raman spectroscopy [9,15,20–25]. Combined with machine
learning, SERS is capable of detecting or classifying different types of the virus [9,25]. Also,
customized and improved SERS substrates optimise the detection for small amounts of the virus
[20,21,23].

In this work, we demonstrate a SERS-based structural analysis of the spike receptor binding
domain (RBD) and the ACE2 receptor binding and its prevention by the inhibitor fungal cohaerin
C. The inhibition of the spike RBD to ACE2 binding by cohaerin C was described in previous
work by Jansen-Olliges et al. [26]. For this study, four different samples, which include the
ACE2 receptor, the fragment of the spike protein as well as mixed samples with ACE2 and
the spike RBD (AS-complex) and ACE2, the spike RBD and the inhibitor fungal cohaerin C
(ASI-complex) were investigated. We analysed differences and changes in the structure of these
four scenarios using deconvolution of the amide bands and principal component analysis (PCA)
of the measured SERS spectra. The presented approach demonstrates that a rapid and label-free
discrimination of the protein structure of the SARS-CoV-2 spike RBD and the ACE2 receptor as
well as the observation of structural changes due to binding interactions is possible. This opens
the potential for future sensing and screening applications in various other fields as well [27–29].

2. Materials and methods

2.1. Measurement principle

The measurement method with the four different scenarios can be seen in Fig. 1. In the AS-
complex insights into the changes of the structure of the bound ACE2 receptor and spike RBD
can be investigated while in the ASI-complex this binding is prevented by the inhibitor cohaerin
C. For a structural analysis, the deconvolution of the amide bands and the principal component
analysis (PCA) reveal information about the primary and the secondary structure in form of
α-helical and β-sheet structures. The distribution and changes of Raman signals associated
with the secondary structure can be used to differentiate between the samples. Consequently, a
determination of bound and unbound states of the spike RBD and the ACE2 receptor is possible.

2.2. Materials

A fragment of the spike protein with ACE2 binding activity was purchased from Genaxxon
bioscience (S5340.0100) corresponding to accession no. YP_009724390.1 containing the se-
quence: RVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNSASF-
STFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCV
IAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFP
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Fig. 1. SERS measurement scheme. The proteins are prepared on a silver SERS-substrate
and afterwards illuminated with laser light at a wavelength of 532 nm. The Raman scattered
light is collected and the Raman spectrum is analysed. Differences and similarities are
determined from four different samples: The ACE2 receptor, the spike RBD, a mixed sample
with ACE2 and spike RBD (AS-complex) and a mixed sample with ACE2, spike RBD and
the inhibitor (ASI-complex). With the help of the Raman spectrum the relative amount of
secondary structures can be investigated and the four different scenarios can be identified.

LQSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCVNF. Cohaerin C
was isolated in a similar manner as described previously [26,30] from stromata of Jackrogersella
cohaerens, collected from Fagus sylvatica wood. The binding affinity of cohaerin C was described
and characterized by Jansen-Olliges et al. [26].

Silver coated SERS substrates from Ato ID (Vilnius, Lithuania) were used. According to the
product specification the substrate is made of an stochastic nano-pattern with a size from nano-
to micrometers. Analytes on the substrate can experience a hot spot, which can lead to a strong
enhancement of the Raman scattering. To compensate this phenomenon a wide laser spot of at
least 20 µm diameter is needed to average signals from hot spots and surrounding nano-patterns.
The substrate is manufactured to enhance most of the Raman signal with an relative enhancement
ratio of 106. Regarding reproducible measurements a deviation of 10% is very common.

2.3. Expression and purification of ACE2

The DNA encoding the human ACE2 receptor was codon usage optimized, synthesized, and
provided in a pET28a bacterial expression vector (by Synbio Technologies LLC, Monmouth
Junction, NJ, USA) named pET28a_hACE2. The plasmid encoding human ACE2 was transfected
into E. coli BL21(DE3) cells and pre-cultures were prepared. The next day, the main cultures
(Terrific Broth) were inoculated with precultures (1:50) and incubated at 37 ◦C for 6 h. The
cell suspension was cooled to 8 ◦C, induced with 1 mM isopropylthiogalactoside (IPTG), and
maintained at 8 ◦C for 70 h. After harvesting by centrifugation (8,500 xg, 15 min) the cells
were either stored at -80 ◦C or directly resuspended in buffer A (20 mM Tris-HCl, pH 8.0,
50 mM KCl, 2 mM β-mercaptoethanol, 2 mM imidazole, 0,05 % Tween-20, 10 % glycerol)
and lysed twice with a French press using 14,000-16,000 p.s.i.. Cell lysates were incubated
with 2.5 % glycerol, 2.5 % PEG400, 1 % N-lauroylsarcosin, 5 M urea for 1 h at 37 ◦C and
subsequently centrifuged at 20,000 xg and 4 ◦C for 1 h. A Ni-Indigo column (Cube Biotech)
was equilibrated with buffer A (20 mM Tris-HCl pH 8.0, 50 mM KCl, 0,05 % Tween-20, 2 mM
β-mercaptoethanol, 10 % glycerol) and supernatant (1:2 diluted with lysis buffer) was loaded on
the column. Hexa-histidin-tagged (6x-His) human ACE2 was eluted with 500 mM imidazole in
buffer A and further purified by size-exclusion chromatography using buffer A and concentrated
to 3 mg/mL using Amicon centrifugal spin filters (30K) in storage buffer (20 mM Tris-HCl, pH
7.5, 50 mM KCl, 2 mM β-mercaptoethanol, 10 % (v/v) glycerol). The presence and purity of the
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protein were detected by SDS-PAGE and immune blotting using monoclonal anti-His antibody
(antibodies-online GmbH, Germany) and secondary anti-mouse alkaline phosphatase (Merck
KGaA, Germany). The susceptibility assay of the of recombinant purified ACE2 receptor for
spike and substances was described earlier [26].

2.4. Sample preparation

The ACE2 receptor and the spike RBD were prepared on silver coated SERS substrates RandaS
(Ato ID, Vilnius, Lithuania). After dipping the substrate for 10 s in 20 % ethanol and following
drying, 9 µM of ACE2 and the spike protein fragment were applied in PBS buffer on the
SERS substrate. The proteins were incubated for 16 h at 4 ◦C in a wet chamber and then dried.
Afterwards Raman spectra of the proteins were measured with an in-house Raman spectroscopy
setup. Investigated samples were the ACE2 receptor, the SARS-CoV-2 spike RBD, ACE2 mixed
with the spike RBD and ACE2 mixed with the spike RBD and the inhibitor fungal cohaerin C.
Mixed samples were prepared with 9 µM of each protein and 1 % of dimethyl sulfoxide (DMSO)
in PBS buffer. The sample with the inhibitor fungal cohaerin C was prepared in the same way
with additional 150 µM of the inhibitor.

2.5. Raman setup and spectra processing

Surface enhanced Raman measurements were done with an in-house Raman spectroscopy setup
with an excitation wavelength of 532 nm which can be seen in Fig. 2. For excitation the
fiber coupled 532 nm solid-state laser RLTMLL-532-200 from Roithner Lasertechnik GmbH
(Wien, Austria) was used. First, the laser light of the fiber is collimated by the hastings triplet
TRH064-010-A from Thorlabs GmbH (Munich, Germany) and reflected in a 30◦ angle by the
longpass edge filter LP02-561RU-25 (Semrock inc., USA). Then the laser light is focused for
excitation of the sample by the objective lens NPL Fluotar 100x from Leitz Wetzlar. Raman
scattered light is then collected and collimated by the same objective lens, reflected by the
longpass edge filter LP02-671RU-25 (Semrock inc., USA) and focused by the hastings triplet
TRH254-040-A into the fiber bundle BFL105LS02 from Thorlabs GmbH (Munich, Germany).
The collection fiber is connected to the Raman spectrometer WP 532 (Wasatch Photonics inc.,
USA) where the Raman scattered light is analysed. The position of the prepared samples was
adjusted using the xyz-stage Max313D/M from Thorlabs GmbH. To control if the sample is
visually damaged the camera Altair GPCAM2 AR0130 Mono (Altair Astro, United Kingdom)
was used. The setup is similar to the one described in Kniggendorf et al. [31].

For the measurements, Raman spectra of different positions on the SERS substrate were taken
with an integration time of 10 s. To take the variations of the measured spectra into account,
at least 70 different positions on each sample were measured. The spot size of the laser and
the detection area size on the sample was about 450 µm2. The maximum laser power on the
samples during the measurements was 5 mW. To analyse and compare the results, the measured
Raman spectra were processed in Matlab (The MathWorks, Inc.,USA) in the following way:
First the dark spectrum was subtracted and the spectra were smoothed with the locally estimated
scatterplot smoothing (loess) algorithm using the in Matlab implemented function smoothdata.
Because the PBS buffer caused a fluorescence signal, the SERS spectrum was baseline corrected
by the algorithm of Matthias Koch et al. [32]. Here, a bandwidth of 200 cm−1 was applied
in the algorithm, being the maximal width of the Raman bands in the investigated region. In
a last step, for better comparison, the Raman spectra were vector normalised for the region
1200 cm−1 to 1750 cm−1, as the background glass signal from the SERS substrate can influence
the region 800 cm−1 to 1200 cm−1. The Raman spectra processed in this way were analysed
using deconvolution of the Raman bands and principal component analysis (PCA).

For the deconvolution process of the amide bands the positions of hidden peaks in these bands
can be determined by using the second derivative of the Raman spectra [33,34]. To obtain more
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Fig. 2. Schematic measurement setup. The laser light is collimated by a hastings triplet,
reflected by the longpass edge filter and focused on the sample by an objective lens. Raman
scattered light is collected and collimated with the same objective lens and focused into the
collection fiber by a second hastings triplet. Spectra are recorded by the spectrometer. The
prepared sample was placed on a xyz-stage.

consistent results, the positions of the peaks were calculated in a Raman spectrum which was
averaged over all measurements of each sample. Afterwards, the determined positions were used
as starting parameters to fit signals with a Gaussian profile in Raman spectra which were averaged
over 5 spectra. Using the function fit in Matlab with the Trust-Region algorithm the signals in
the amide band were computed. The minimal bandwidth for fitted signals was 9 cm−1 being
the minimal spectral resolution of the optical setup. Since the amide bands were normalised
for the analysis, the amplitude can vary from 0 to 1. The area of the fitted Gaussian profiles
was used to determine the relative amount of secondary structure components within the amide
bands. Standard deviations were calculated from the determined hidden peaks of multiple Raman
spectra for different measurement positions. The measurement and spectra processing of one
measurement spot takes approximately 20 s on average.

The principal component analysis was performed with the function pca in Matlab. Here, the
spectra were not averaged as it was the case in the deconvolution process.

3. Results

SERS spectra of the ACE2 receptor and the SARS-CoV-2 spike RBD were obtained and analysed
for the four different scenarios described above. In Fig. 3 the mean Raman spectra of all measured
positions on the SERS substrate are shown before and after baseline correction. Additionally,
possible background signals are presented. Assigned signals of the spectra are described in
Table 1. The signal positions in the Raman spectra are similar and can be assigned to same bonds.
The analysis is split in the region from 800 cm−1 to 1200 cm−1 and the region of amide bands
between 1200 cm−1 and 1750 cm−1.

3.1. Analysis of the spectral region 800 cm−1 to 1200 cm−1

From the spectra shown in Fig. 3(a), it can be seen, that in the region from 800 cm−1 to
1200 cm−1 the shape and intensity of the ACE2 sample and both mixed samples are very similar
in comparison to the measured spectrum of the spike RBD. All spectra show signals at 827 cm−1

and 854 cm−1 which can be assigned to the tyrosine doublet [35–39]. It needs to be considered
that in the presented spectra the signals of the glass background around 800 cm−1 and 854 cm−1
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Fig. 3. SERS spectra of the samples and the background. The spectra in (a-c) are baseline
corrected. (a) The mean Raman spectra of ACE2, spike RBD, the ACE2-spike complex
(AS-complex) and the ACE2-spike-inhibitor complex (ASI-complex) are shown. The Raman
spectra are baseline corrected and for a better comparison vector normalised for the region
1200 cm−1 to 1750 cm−1. The shaded area around the graphs shows the standard deviation
of the measurements. (b) Possible background signals of PBS and the glass substrate. If
the glass signal is stronger the PBS signal is weaker and vice versa. (c) Signals of the
ASI-complex and fungal cohaerin C in PBS. (d) SERS spectra with fluorescence signal and
the computed baseline.

are included. Another feature of the SERS spectrum of ACE2 is a more intense peak at 927 cm−1,
which originates from protein N-C-C bonds and α-helical structures [36,37,39]. In the spectrum
of the spike RBD this signal is shifted to 934 cm−1 and is less intense. Peaks of phenylalanine at
1005 cm−1 and 1030 cm−1 can be detected in all samples [36–39]. Signals between 1050 cm−1

and 1180 cm−1 are caused by carbon bonds, e.g. C-H, C-N and C-O bonds [35–38]. In this
range the Raman band in the SERS spectrum of the spike RBD is weaker than in the other SERS
spectra. Here, as well, the glass background with a broad signal around 1054 cm−1 influences
this part of the spectrum.

It can be concluded that in the region from 800 cm−1 to 1200 cm−1 in mixed samples signals
of the ACE2 receptor are more dominant than the ones of the spike RBD. The mixed samples
show similar features compared to the SERS spectra of ACE2. Differences caused by binding
interactions are very weak in this section. Also it needs to be considered that the glass signal of
the SERS substrate can influence results in this region, since the strength of the glass signals can
vary.

A better comparison is possible in the region 1200 cm−1 to 1750 cm−1 since the glass substrate
exhibits no signals there and the signal strength of the spike RBD and the ACE2 receptor are
similar. This can be seen in Fig. 3(a) where the mean spectra of all measurements are shown.
Differences caused by binding interactions can be identified more clearly. Also, the amide I band
and amide III band of the Raman spectra, which display signals in this region, reveal information
about the secondary structure of the proteins.
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Table 1. Signals of the measured SERS spectra from ACE2 (A),
spike RBD (S), the ACE2-spike complex (AS) and the

ACE2-spike-inhibitor complex (ASI).

Raman-Shift Sample Assignments

827 cm−1 All Tyrosine [35–39]

854 cm−1 All Tyrosine [35–39]

899 cm−1 All Tryptophan [36,37]

927 cm−1 A,AS,ASI α-helix, N-C-C, C-C [36,37,39]

934 cm−1 S α-helix, N-C-C, C-C [36,37,39]

978 cm−1 A,AS,ASI Tryptophan [37]

1005 cm−1 All Phenylalanine [36,37]

1030 cm−1 All Phenylalanine [36,37]

1054 cm−1 A,AS,ASI C-O, C-C [36]

1090 cm−1 All C-N, C-C [35,36]

1110 - 1130 cm−1 A,AS,ASI C-N, C-C [35–37]

1170 - 1185 cm−1 S,AS,ASI Tyrosine, Phenylalanine [39]

1205 - 1215 cm−1 All Phenylalanine, Tyrosine [35,36,38]

1220 - 1240 cm−1 All β-sheet [35,36,38,40]

1240 - 1270 cm−1 All unordered structure [35,36,38,40]

1265 - 1280 cm−1 All α-helix [36,38]

1281 - 1300 cm−1 All α-helix [35,36,38,40]

1320 cm−1 All C-H (def) [35–37]

1340 cm−1 All Tryptophan [36]

1356 cm−1 All Tryptophan [36]

1440 cm−1 S,AS C-H (def) [36,37]

1465 cm−1 A,AS,ASI C-H (def) [36,37]

1560 cm−1 All Tryptophan [37]

1580 cm−1 All Phenylalanine, Tyrosine [39]

1605 cm−1 All Phenylalanine [35,37,38]

1616 cm−1 All Tyrosin, Tryptophan [35,37,38]

1620 - 1645 cm−1 All β-sheet [33,35,36,41]

1645 - 1665 cm−1 All α-helix [33,35,36,38,39,41]

1665 - 1680 cm−1 All β-sheet [33,35,36,41]

1660 - 1700 cm−1 All unordered structure/β-turn [33,35,36,41]

3.2. Analysis of the spectral region 1200 cm−1 to 1750 cm−1

In the following, the SERS spectra of the measured samples are analysed in the region 1200 cm−1

to 1750 cm−1. The amide bands are deconvolved and differences and changes in the secondary
structure are determined. Since signals in the amide bands can be enhanced slightly differently,
because of the SERS effect or influences from the fluorescence, an exact determination of the
distribution of the secondary structures is challenging. However, a determination whether a
certain structure exists in larger quantity than others is possible.
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3.2.1. Comparison and changes of the secondary structure

To investigate the structural changes, first the amide I band is analysed. In Fig. 4 the deconvolved
amide I band of the different samples, which were investigated, is shown. Here, signals around
1635 cm−1 and 1675 cm−1 can be assigned to a β-sheet structure [33,35,36,41]. The signal of the
α-helical structure can be located in the range from 1645 cm−1 to 1665 cm−1 [33,35,36,38,39,41]
and between 1660 cm−1 to 1700 cm−1 signals of unordered structures and β-turns can appear
[33,35,36,41]. Hidden peaks within the amide I band, which explain the shape of the band, are
found as described in section 2.5.

Fig. 4. Left: The distribution of the secondary structure in the amide I band. The relative
amount of the signal stemming from the β-sheet was determined by taking the average of the
two signals around 1635 cm−1 and 1675 cm−1. Random and other structures were averaged
from signals between 1680 cm−1 and 1705 cm−1. Right: Example of the deconvolved
amide I band of the investigated samples. Raman spectra were measured and processed as
described in the section 2.5.

It can be seen that the deconvolved signal in the spectrum of ACE2 around 1661 cm−1, which
can be assigned to the α-helix, is very intense in comparison to the other signals in the amide I
band. In particular, signals at 1637 cm−1 and 1676 cm−1 from β-sheets are less intense. In case
of the spike RBD the intensity of signals of β-sheets are stronger than the signal at 1658 cm−1

originating from the α-helix. Thus, it can be concluded that ACE2 has a relatively larger quantity
of α-helical structures while the spike RBD shows more characteristics of β-sheet structures.

The determined distribution and changes in the secondary structure of the spectra of the mixed
samples can be seen in Fig. 4 on the left side. Compared to the ACE2 receptor, both samples have
less intense alpha-helix signals and stronger peaks in the range of β-sheet structures. While the
secondary structure of the AS-complex is more similar to the one of the spike protein fragment,
the ASI-complex shows more characteristics of the ACE2 receptor. In the latter case the signal
strength of α-helical structures is less in the AS-complex where the spike RBD binds to the
ACE2 receptor. The Raman spectra of the ASI-complex, where the binding interaction of the
spike RBD and ACE2 is inhibited, contain more intense signals of α-helical structures.

The amide III band can be additionally used to verify results of the amide I band analysis. The
results in this amide band are less pronounced, because other bonds, such as C-H deformations,
can also appear in this region and overlap or influence the signals. Consequently more mixed
or other signals are expected. In Fig. 5 the deconvolved amide III bands for the four different
types of samples are shown. In this band, signals from 1220 cm−1 to 1240 cm−1 can be assigned
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to a β-sheet structure [35,36,38,40], whereas peaks of unordered structures can be found in the
range of 1240 cm−1 to 1270 cm−1 [35,36,38,40]. Signals of the α-helical structure are between
1265 cm−1 and 1300 cm−1 [35,36,38,40].

Fig. 5. Left: The distribution of the secondary structure in the amide III band. Here, the
relative amount of the α-helix was determined by taking the average of the two signals
around 1280 cm−1 and 1300 cm−1. Random and other structures were averaged from signals
between 1240 cm−1 and 1270 cm−1. Right: Example of the deconvolved amide III band of
the investigated samples. Spectra are measured and processed as described in the section 2.5.

From the deconvolution in Fig. 5 it can be seen, that the differences in the distribution of the
secondary structure are not as clear as it is the case in the amide I band. Peaks around 1245 cm−1

and 1270 cm−1 were considered as mixed signals since here also signals of unordered or random
coil structures can influence this area. However, the ratio of Raman signals from β-sheet and
α-helical structures is similar to the results of the amide I band. The ACE2 sample and the
ASI-complex have more intense signals of the α-helical structure while in the spectra of the spike
RBD and the AS-complex the α-helical structure is less intense and the peak in the range of the
β-sheet structure is relatively strong in comparison to the other two types of samples.

For a comparison with the secondary structure of X-ray diffraction analysis from data of the
protein data bank (PDB) according to PDB ID 6vw1 [42,43], the Define Secondary Structure
Proteins (DSSP) algorithm [44] was applied using the secondary structure server [45]. ACE2 and
spike RBD measurements were compared to the structure of the human ACE2 and the chimeric
SARS-CoV-2 RBD, whereas the mixed samples were compared to the structure of the whole
complex according PDB ID 6vw1 [42,43]. The comparison with the X-ray diffraction data
shows that the SERS estimation of the relative amount of the α-helix and β-sheet structures of
individual samples, such as ACE2 and the spike RBD, is consistent with this method. In Fig. 6
it can be seen that the ratio between α-helix and β-sheet structures is similar. In case of the
ACE2 sample, most differences can be observed in the β-sheet structure. Since overlapping of
the signals in the amide bands is still possible, a larger variance between the SERS estimation
and the X-ray diffraction data of few existing structures, such as the β-sheet structure, can be
expected. Other structures than α-helix and β-sheet cannot be compared completely since not all
structures can be determined in the amide bands of the Raman spectra very well. Consequently,
larger differences of other structures between the two analysis methods can appear. In case of
the mixed samples the ASI-complex also shows similar distributions compared to the X-ray
diffraction data of the whole complex. Here, the determined structure from the SERS spectra
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is still dominated by Raman signals of α-helical structures, but in comparison to ACE2 also
the amount of β-sheet structures from the spike RBD increased. This change can be seen very
well in both mixed samples. However, the AS-complex differs more from the X-ray diffraction
data. Here the sheet structures in the SERS analysis are more intense and more similar to the
secondary structure of the spike RBD.

Fig. 6. Comparison of data from the SERS analysis with X-ray diffraction data of human
ACE2 and chimeric SARS-CoV-2 RBD from the protein data base (PDB) according to PDB
ID 6vw1. Determined secondary structures from SERS measurements of the amide I and
amide III bands are combined in this comparison.

3.2.2. Differentiation of measured SERS-spectra using principal component analysis

With the principal component analysis (PCA) the features of each SERS spectrum can be
determined and a distinction between individual measurements is possible. In comparison to
the analysis of the deconvolved spectra, the ratios and strength of the different Raman bands
are considered. In the PCA the same amount of measurements for each sample was used, so
that the influence on the analysis is the same. Here, the spectra are compared and analysed in
the spectral region between 1200 cm−1 and 1750 cm−1, because, as explained earlier, at lower
wavenumbers Raman signals of ACE2 are dominant, differences are less pronounced and the
background signal of the glass substrate disturbs the measurements. In Fig. 7 the results of
the PCA are shown. The PCA of the spike RBD and the ACE2 spectra displays that these two
samples are well distinguishable and each Raman spectrum has certain characteristics (Fig. 7 (a)).
The measurements can be separated by the first principal component (PC) which explains 88.36 %
of the variance. The other principal components explain variations which exist in all spectra
in the same way and consequently cannot be used for determining differences. By comparing
ACE2 and the spike protein fragment, the normalised Raman spectra of ACE2 show a relative
strong amide III band and an intense peak around 1465 cm−1. The normalised spectra of the
spike protein have a peak around 1440 cm−1 and the intensity of the amide I band is higher than
in the Raman spectra of the ACE2 receptor. In fact, the signal responsible for C-H deformations
is slightly shifted and the ratio of the amide I and amide III band is different.

Regarding differences in the shape of the amide bands, the ACE2 spectra have more intense
peaks at 1245 cm−1 and 1290 cm−1 whereas the whole region from 1270 cm−1 to 1310 cm−1

is more dominant as shown in the first principal component (Fig. 7 (d)). From that, it can
also be concluded that the quantity of the α-helical structure is larger in the ACE2 receptor.
Also, as the whole amide III band is more intense, a determination of the spike RBD features
is more challenging. In the amide I band the Raman signal of the spike protein fragment is
relatively stronger than in the spectrum of the ACE2 receptor. Here, in relation, the first principal
component shows maxima around 1628 cm−1 and between 1670 and 1685 cm−1 which can be
assigned to the features of the β-sheet and β-turn structures. Consequently, the Raman spectra of
the spike RBD reveal more characteristics of a β-sheet structure.
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Fig. 7. PCA analysis of ACE2, spike RBD, the AS-complex and the ASI-complex. Each
point in the scatter plots describes a measurement on a different position on the SERS
substrates (a-c). Raman spectra were measured and prepared as described in section 2.5.
(a) Score plot of each measurement from ACE2 and spike. The Raman spectra can be
separated by the 1st principal component. (b) Score plot of each measurement from the
AS-complex and the ASI-complex. Also, here the spectra can be distinguished by the 1st
principal component. (c) Score plot from the PCA of each measurement from all samples.
While the ASI-complex shows nearly the same features as ACE2, the measurements of
the AS-complex are shifted towards the score from the spike RBD. (d) The 1st principal
components of the comparisons in (a), (b) and (c).

The PCA of the AS-complex and the ASI-complex (Fig. 7 (b)) shows that both types of samples
can be separated by the first principal component. While the AS-complex has a relatively stronger
Raman signal around 1431 cm−1 and a more intense amide III band with peaks at 1610 cm−1

and 1670 cm−1 the ASI-complex has a more pronounced amide I band with a maximum at
1300 cm−1 (Fig. 7(d)). Since the ASI-complex also contains the spike RBD, the peak of β-sheet
structures around 1630 cm−1 can also be found here. This has the effect that Raman signals in the
AS-complex between 1600 cm−1 and 1640 cm−1 are still more intense but the peak is shifted to
1610 cm−1. However, the differences between the AS-complex and the ASI-complex are similar
to the differences between the spike RBD and the ACE2 receptor. This can be investigated by the
PCA of all four types of samples (Fig. 7(c)). Here, the measurements of the spike RBD and ACE2
can also be separated very well by the first principal component of this analysis. Overall, the
AS-complex and the ASI-complex are more similar to the characteristics of the ACE2 receptor.
While most of the measurements of the ASI-complex are overlapping with the measurements of
ACE2, the AS-complex measurements are shifted towards negative PC1 values and therefore
contain more features of the spike RBD. Since the features of the first PC in this comparison
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are very similar to the the comparison of the spike RBD to ACE2 (Fig. 7(d)), main differences
between the spike RBD bound to ACE2 and the unbound state can be described by features of
the spike RBD and ACE2. In conclusion the PCA also reveals that in case the spike RBD binds
to the ACE2 receptor (AS-complex) more features of the spike RBD and of a β-sheet structure
can be investigated in the Raman spectra. If the binding is prevented by the inhibitor cohaerin C
(ASI-complex), features of the ACE2 receptor and of a α-helix structure are more dominant. The
results also show that a distinction of the different samples and the bound and unbound state can
be done very well with this method.

4. Discussion

The SERS-based approach demonstrate that differences and changes mainly in the region of
the amide bands could be observed. Bound and unbound states of ACE2 and spike RBD can
be distinguished by signals in the range of the α-helix and the β-sheet structure as well as by
features of the SERS spectra of ACE2 and the spike RBD.

To understand the interpretation and results better, potential influences are discussed in the
following. To protect the proteins from external influences, the samples have to be prepared
accordingly. For the preparation of the SERS substrate an overnight incubation of the proteins in
a wet chamber was chosen as such mild conditions ensure the optimal protection of the protein’s
secondary structures. Also, for the comparison, all samples were prepared using the same
preparation procedure as described in section 2.4. However, it is possible that influences from
the SERS substrate or the PBS buffer occur.

Since SERS is a surface sensitive technique, in general signals of the whole structure within
a protein complex might not be revealed. Also, Raman signals might be enhanced differently
and influences of the SERS substrate are possible. As mentioned in section 3.1, the signals
assigned to the ACE2 structure in mixed samples are dominant and more enhanced in the region
800 cm−1 to 1200 cm−1. Also, the glass background of the SERS substrate overlaps with signals
of ACE2 and of the mixed samples. Consequently, a analysis and comparison in this region is
challenging. In the region 1200 cm−1 to 1750 cm−1 influences of the SERS substrate are smaller.
Nevertheless, slightly different enhancements of Raman signals of protein structures are possible.
From the deconvolution of the amide bands and comparison to the X-ray diffraction data it can
be seen that in individual samples the determined distribution of α-helical and β-sheet structures
is similar. In case of the AS-complex the distribution differs the most. Here, the spike RBD
binds to ACE2 and features of the SERS spectrum of the spike RBD are more visible. Therefore,
it is possible that additionally to a structural change the SERS effect enhance signals of the
spike RBD structure more when this structure is coupled to the ACE2 structure. In that case the
calculated distribution of the secondary structure might be a little different. However, since only
the Raman spectra of the mixed samples contains significant more features of the spike RBD
structure when the spike RBD binds to the ACE2 receptor, this characteristic can be used to
differentiate between bound and unbound states. Regarding the ASI-complex, the determined
structure from the SERS spectra is more similar to the one of the X-ray diffraction analysis and
features of the spike RBD are less enhanced.

In addition to the possible influences from the SERS substrate, confounding factors caused by
backgrounds such as fluorescence signals from the PBS buffer, structural changes or the inhibitor
in the ASI-complex can also affect the results. In case of the fluorescence, the signal is very broad
and minor influences on the analysis are possible (Fig. 3(d)). Since the aim of this work is not to
determine exact distributions of the protein structures and all samples were prepared in the same
PBS buffer, it cannot be expected that influences from fluorescence signals have an significant
impact on the performed analysis. The SERS spectrum of the pure inhibitor reveals peaks around
1135 cm−1, 1252 cm−1 and 1366 cm−1 and not in the range of the amide I band (Fig. 3(c)). These
peaks could not be observed in the spectra of the ASI-complex. A structural change and therefore
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a change of the Raman signal of the inhibitor in the complex is also possible. However, since
signals of the ACE2 structure seem to be enhanced more effectively in mixed samples on the
SERS substrate, it can also be assumed that the influence of signals of the inhibitor itself is
relatively weak in the complex.

Regarding the analysis methods, the deconvolution of the amide bands can be influenced
by noise and results might have a larger uncertainty. Consequently, considering also possible
previous discussed influences, this analysis method enables a good first insight into the structure
and the determination whether a certain structure exist in more quantity or not is possible.
Nevertheless, a determination of exact amounts of secondary structures is challenging. However,
the multivariate data analysis, here performed with principal component analysis (PCA), is more
consistent and features of the SERS spectra of each samples can be determined. In the PCA also
the ratio of the signal strength of the amide bands is considered. The performed analysis shows
that both analysis methods show similar results and in combination the Raman spectra can be
investigated in more detail.

Regarding the whole measurement complex, consisting of the optical setup, the SERS substrate
and the preparation, on the one side different factors need to be considered, but on the other side
the analysis and the results show that an estimation of the secondary structure and a determination
of bound and unbound states in the ACE2 and spike RBD complex is possible.

In future work further investigations of different inhibitors, other protein complexes and
different SERS substrates are planned to understand possible influences better and enable a more
precise structural analysis. Moreover, the measurement process can be optimised using better
adapted SERS substrates or a improved optical system. Specifications of the SERS substrate
used in this work can be seen in section 2.2. The deviation of the substrate is about 10% and
a more consistent SERS substrate can lead to a more precise measurement. In this study, a
concentration of 9 µM of the proteins was chosen based on previous work by Jansen-Olliges et al.
[26] to generate a sufficiently strong signal for the SERS analysis. With the optical setup the
signal-to-noise ratio (SNR) of the amide bands varies between 25 to 60 and the SERS substrate
provides a relative enhancement ratio up to 106. As the amide bands exhibit a relatively broad
Raman band, measurements at lower concentrations might be possible. However, since the focus
of this study was not the sensitivity, in further studies also detection limits will be investigated.

5. Conclusion

In conclusion, we demonstrated that by using surface enhanced Raman spectroscopy a fast
structural analysis of the ACE2 receptor, the spike RBD and the changes caused by their binding
activities is possible. To prove this, samples of ACE2, the spike RBD and mixed samples where
the spike RBD binds to ACE2 (AS-complex) and the binding is prevented by the inhibitor fungal
cohaerin C (ASI-complex) were investigated with deconvolution of the amide bands and principal
component analysis. Using deconvolution and PCA to analyse the SERS spectra of the four
different scenarios, the relative amount of α-helical and β-sheet structures could be estimated and
a distinction of ACE2, the spike RBD and its bound and unbound states was possible. In ACE2
and the ASI-complex stronger signals of α-helical structures were found while the SERS spectra
of the spike RBD contain more characteristics of β-sheet structures. In case of the AS-complex,
where the spike RBD binds to ACE2, more features of the spike RBD could be observed in the
SERS spectra. In summary the SERS-based approach enables a rapid and label-free investigation
of the spike RBD and the ACE2 structures as well as insights into the changes due to binding
interactions. Furthermore, the approach can be used to observe the functionality of the inhibitor.
Therefore, future sensing and screening applications not only for spike RBD and ACE2 but also
for protein binding investigations in general appear feasible.
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