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The manuscript presents the potential of surface-enhanced Raman spectroscopy (SERS) and tip-enhanced
Raman spectroscopy (TERS) for label-free characterization of extracellular microvesicles (EVs) and their iso-
lated membranes derived from red blood cells (RBCs) at the nanoscale and at the single-molecule level,
providing detection of a few individual amino acids, protein and lipid membrane compartments. The study
shows future directions for research, such as investigating the use of the mentioned techniques for the
detection and diagnosis of diseases. We demonstrate that SERS and TERS are powerful techniques for iden-
tifying the biochemical composition of EVs and their membranes, allowing the detection of small mole-
cules, lipids, and proteins. Furthermore, extracellular vesicles released from red blood cells (REVs) can be
broadly classified into exosomes, microvesicles, and apoptotic bodies, based on their size and biogenesis
pathways. Our study specifically focuses on microvesicles that range from 100 to 1000 nanometres in dia-
meter, as presented in AFM images. Using SERS and TERS spectra obtained for REVs and their membranes,
we were able to characterize the chemical and structural properties of microvesicle membranes with high
sensitivity and specificity. This information may help better distinguish and categorize different types of EVs,

rsc.li/analyst

Introduction

Studies of extracellular microvesicles (EVs) delivered from red
blood cells (RBCs) are a rapidly evolving area of research, and
scientists are continuously working to understand the full
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leading to a better understanding of their functions and potential biomedical applications.

range of functions and implications of these structures. The
release of EVs from RBCs (REVs) contributes to a variety of
physiological and pathological processes, including inflam-
mation,' coagulation,” and immune regulation.> REVs can be
classified into three main categories based on their size. The
smallest exosomes (REXs), with a diameter ranging from 30 to
100 nanometres, are formed within the endosomal system and
are released during the fusion of multivesicular bodies with
the plasma membrane.? Microvesicles,”® also known as RBC
microparticles (RMPs), ranging in size from 100 to 1000 nano-
metres, are formed by membrane blebbing and outward
budding of the plasma membrane and are released into the
extracellular space.”™" Apoptotic bodies, ranging in size from
1000 to 5000 nanometres, are formed during programmed cell
death and their release is mediated by the plasma membrane
breakdown.

Before the formation of REVs (>100 nm), erythrocyte mem-
branes become more rigid and lose their flexibility, and the
cytoskeleton becomes disrupted, leading to membrane bleb-
bing followed by EV formation (Fig. 1). During such processes,

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic representation of the composition of (A) red blood
cell extracellular vesicles (REVs) above 100 nm, (B) RBC membrane bleb-
bing and (C) normal RBC membrane. The process of RBC membrane
blebbing followed by REV formation is accompanied by a redistribution
of sphingophospholipids, aminophospholipids, cholesterol, and proteins.

significant changes in the distribution of membrane lipids
occur.”® Normally, aminophospholipids (AP) such as phospha-
tidylserine (PS), phosphatidylethanolamine (PE) and phospha-
tidylcholine (PC) are found predominantly in the inner leaflet
of the erythrocyte membrane. However, as presented in Fig. 1,
during membrane blebbing and REV formation, PS becomes
exposed on the outer surface of the blebs and REVs.
Externalization of PS is considered to be mediated by the acti-
vation of enzymes known as scramblases and floppases that
flip PS from the inner leaflet to the outer leaflet of the mem-
brane. Simultaneously, an increase in the levels of PE and PC
on the REVs occurs. Sphingophospholipids (SP) such as sphin-
gomyelin (SM) and ceramide (Cer) are also present in the
erythrocyte membrane and play an important role in regulat-
ing the membrane structure and function. An increase in
cholesterol in blebs and REVs is due to the activation of
enzymes known as cholesterol esterases, which hydrolyze
cholesterol esters to free cholesterol.™*

REVs are derived from RBCs, but the composition of their
membranes is not identical. According to Yang et al," in
REVs, cytoskeletal proteins such as spectrin, actin, and bands
4.1, 4.2, and 4.9 are partially or even completely absent, but
glycosylphosphatidylinositol (GPI) connexins and lipid raft
markers such as ganglioside M1 or stomata are relatively
enriched. REVs carry a variety of proteins, as well as meta-
bolites, cytokines, and growth factors that influence cellular
function and signalling.’® Due to their role in cellular com-
munication REVs are highly enriched with tetraspanins (CD9,
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CD63, CD81, and CD82), which are involved in fusion and cell
penetration. The CD47 protein enables REVs to escape macro-
phage clearance. REVs’ cytosol contains heat shock proteins
(HSP70, HSP90) attached to antibodies involved in antigen
anchoring, multivesicular body (MVB) formation proteins
(Alix, TSG101) engaged in exosomal release'® and specific pro-
teins such as denaturated hemoglobin or enzymes (carbonic
anhydrase, acetylcholinesterase'®) (Fig. 1A). Similar to RBC
membranes, REVS’ membranes contain membrane-associated
proteins (stomatin, flotillin), glycoproteins (glycophorin, Gp)
and anion transport proteins (Band 3)."> Amino acids (AAs),
the building blocks of proteins, are also a crucial component
of extracellular vesicles.®

Modern proteomic techniques such as mass spectrometry
have been instrumental in identifying many membrane pro-
teins in EVs, shedding light on their molecular composition
and function.'” EVs contain transmembrane proteins that
span the lipid bilayer one or several times, with both external
hydrophilic domains and a hydrophobic domain (typically
with an alpha-helix structure) directly interacting with mem-
brane lipids.

Studying the protein content of REVs is an active area of
research, as it holds promise for diagnostic and therapeutic
applications. Understanding specific proteins and their func-
tions in REVs can provide insights into their roles in inter-
cellular communication and disease progression.

We have previously reported®'® that atomic force
microscopy (AFM) is a powerful imaging technique to analyse
the size of REVs formed in situ on the membrane of intact
RBCs. The high resolution, non-destructive, in situ imaging
capabilities, ability to probe mechanical properties and versati-
lity of AFM make it a great technique for REV characterisation.
However, to understand the role of REVs, it is important to
analyse their chemical composition. Traditionally, this has
been done using labelling techniques such as fluorescent or
radioactive tags, which can specifically target certain mole-
cules within the REVs.>'® However, these methods can be
time-consuming and expensive and can alter the natural com-
position of the REVs. On the other hand, label-free techniques
do not require any modification of REVs and can provide infor-
mation on their natural chemical composition. Finding a suit-
able technique that could analyze the chemical composition of
REVs in a label-free manner is important because it would
allow for a more accurate and comprehensive understanding
of the roles of REVs in various biological processes. It could
also provide a basis for developing diagnostic and therapeutic
approaches that can target REVs and their biomolecules.
Label-free techniques that provide the possibility of measure-
ments with high sensitivity, molecular specificity, non-destruc-
tiveness, spatial resolution and versatility are based on Raman
scattering (RS). RS was previously found to be a method that
can identify and quantify various biomolecules within animal
cells, such as proteins, lipids, carbohydrates and nucleic
acids."® With the application of RS, i.e. with surface-enhanced
Raman scattering (SERS) and tip-enhanced Raman scattering
(TERS), REVs could be analysed at the nanoscale or even at the
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single-molecule level. Both SERS and TERS amplify the Raman
signal from all types of biomolecules present in the RBC and
REV membranes in close proximity to metal, either metal sur-
faces or nanoscale metal tips.

For instance, REVs contain helical fragments of proteins on
their outer membranes. Upon their interaction with gold nano-
particles or a gold tip apex, they result in signal amplification
in SERS and TERS. Aromatic amino acids, e.g., tryptophan
(Trp), tyrosine (Tyr), and phenylalanine (Phe), possess an aro-
matic ring in their side chains. The n-electrons in these aro-
matic rings can strongly interact with the metal surface, result-
ing in an enhancement of Raman signals during SERS and
TERS experiments.”® Furthermore, all other biomolecules
present on the cell membranes (peptides, lipids, carbo-
hydrates) that possess Raman-active bands could potentially
be enhanced in SERS and TERS; hence these techniques could
be used to analyse the lipid and protein composition of the
RBC and REV membranes.

SERS and TERS are powerful spectroscopic techniques used
to enhance the Raman signals of the molecules adsorbed on
or proximal to metal surfaces. These methods are particularly
useful for studying complex biological systems, such as cells,
extracellular vesicles or biomolecules, where traditional
Raman spectroscopy may not provide sufficient sensitivity.

Although SERS and TERS can be highly effective in enhan-
cing the Raman signals of specific molecules (proteins or
lipids), the overlapping of bands from different molecules can
complicate the analysis of results. Different molecules may
have similar vibrational modes, leading to the overlapping of
bands in the Raman spectra. Additionally, TERS provides the
distribution of the sample components with nanometer
spatial resolution and allows the analysis of spatial correlation
between distributions of specific components/particular func-
tional group characteristic of membrane lipids and proteins.

Therefore, the objective of this work was to design the
appropriate methodology and define the capabilities of the
application of SERS and TERS techniques for RBC membrane
and REV analysis, especially for the identification of proteins
and lipids. We focused on the RBC membranes and REVs deli-
vered from RBCs obtained from 24 weeks old male C57BL/6]
(N = 3) mice.?**

Experimental
Materials and methods

Animals, blood collection and RBC isolation. All experi-
ments were carried out according to the Guidelines for Animal
Care and Treatment of the European Union and were approved
by the First Local Ethical Committee on Animal Testing at
Jagiellonian University in Krakow. All methods are reported in
the paper in accordance with ARRIVE guidelines (https://arrive-
guidelines.org). For the experiments, 24-week-old healthy wild-
type C57BL/6] (N = 3) mice were used. Mice were anesthetized
with intraperitoneal injection of ketamine/xylazine 100 mg
kg™" and 10 mg kg™, respectively, and the whole blood was
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collected by open cardiac puncture, using heparin (10 units
per pl) as an anticoagulant as previously reported.”*>*>2° The
whole blood was subjected to centrifugation, and the super-
natant together with the remaining buffy coat (containing
white blood cells and platelets) was removed. The RBCs iso-
lated from 3 animals were pooled and washed with a Ringer-
Tris buffer solution supplemented with albumin and glucose.
Subsequently, centrifugation was performed until the white
blood cell count did not exceed 200 pl™" as previously reported.
The RBC fraction was divided in two and used for RBC mem-
brane isolation or subjected to incubation to produce REVs.

RBC membrane separation. The RBC membranes were pre-
pared by overnight freezing of the RBCs suspended in 0.9%
NaCl (haematocrit = 10%). Subsequently, the sample was
thawed and centrifuged at room temperature for 10 minutes at
3000g, as previously reported elsewhere.>®>>?® The excess
hemoglobin released from the sample was removed by triple
washing and re-centrifugation, each time followed by the
removal of the supernatant.

REV isolation and analysis.>®> We applied the procedure of
REV isolation according to the protocol by Chang A. L. et al.
Briefly, isolated RBCs were placed into a sterile plate, mounted
on a laboratory rocker and incubated for 14 days at 4 °C, pro-
tected from light. After the allotted time, first the cellular
portion of the RBCs and then the cellular debris and platelets
were removed by centrifugation (300g, 10 min; 10 000g,
10 min, respectively). Subsequently, REVs were washed with
PBS and centrifuged at 16 600g for 36 min.

CFSE and TER-119 assessment with flow cytometry

To confirm the presence of red blood cell-derived extracellular
microvesicles in the obtained material, the samples were
stained with 40 pM and 20 pM of CFSE CellTrace Cell
Proliferation Kit (Invitrogen, Cat No. 34554) together with
1:100 anti-TER-119 antibody (BioLegend, Cat No. 116228),
according to the protocol provided by the manufacturer.
Unstained samples served as the control group. Analyses were
conducted using a standard flow-cytometry method.
Multiparametric flow cytometry acquisition was performed
with a BD LSII flow cytometer (Becton Dickinson). Daily instru-
ment quality control was performed to ensure identical oper-
ation. Stained samples were diluted in PBS. For each sample,
150 000 000 events were acquired in log mode for height
forward side scatter (FSC-H), area forward scatter (FSC-A) and
fluorescent signals.

Singlets were gated according to the FSC-H to FSC-A ratio.
Subsequently, the population of REVs was separated from cel-
lular debris and other microvesicles according to the simul-
taneous presence of fluorescence signals derived from CFSE
and anti-TER-119. Cytometric analysis confirmed the presence
of REVs in the material obtained (ESI - Fig. SI17).

SERS measurement of isolated RBC membranes and RS
measurements of standards

Gold nanoparticles (AuNP)*” (Ted Pella, gold colloids, size
60 nm, 2.6 x 10" particles per ml, Cat No. 15709-20) were

This journal is © The Royal Society of Chemistry 2024
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added to a suspension of isolated RBC membranes. A drop of
the solution was transferred on the CaF, substrate for SERS
measurements. A set of protein (glycophorin, E-cadherin),
amino acid (His, Tyr, Trp, Phe) and lipid (SM, PE, PC, CHL)
standard compounds were measured in their solid form as a
reference.

SERS and RS measurements were performed using a WITec
CRM alpha 300 confocal Raman microscope (WITec GmbH,
Ulm, Germany) with an air-cooled semiconductor laser operat-
ing at 633 nm and a CCD detector cooled to —60 °C. The laser
was connected to the microscope with a 50 pm diameter
optical fibre. The spectrometer monochromator was calibrated
with the radiation spectrum of a xenon lamp (WITec UV light).
The Zeiss W Plan-Apochromat water-dipping objective (63x/1.0
NA) was used for SERS and the Zeiss EC Epiplan-Neofluar air
objective (20%/0.5 NA) for RS measurements. The laser power
at the sample position was about 5 mW (2.12 x 10° W cm™?) in
case of SERS and 10-20 mW in case of normal RS measure-
ments of standard compounds.

SERS measurements were performed in the line-scan mode.
During the experiment, hundreds of individual Raman spectra
were obtained from the droplet of the RBCs’ membrane solu-
tion. The SERS signal occurred solely in the places where a part
of the RBC membrane molecule interacted with the surface of
the AuNP. The acquisition time per spectrum was 0.5 s and the
spectral resolution was approximately equal to 4 cm™.

Normal RS measurements of standard compounds were
measured in single-point mode. Each standard was measured
three times, and the acquired single spectra were subsequently
averaged. Each single spectrum was accumulated 20 times
with 1s integration time.

Raman measurements and data analysis were performed
using WITec Project Plus 2.10 (WITec GmbH), OPUS (Bruker
Optics), and OriginPro (OriginLab) software. All SERS spectra
were pre-processed (cosmic ray removal, smoothing—13
smoothing points, background removal) and normalized.

AFM measurements of isolated REVs

Isolated REVs were placed on a CaF, slide and dried in the air
at room temperature. AFM measurements were performed on
a CRM alpha 300 Raman confocal microscope (WITec, Ulm,
Germany) combined with atomic force microscopy. Standard
force modulation probes with a nominal spring constant of 2.8
N m™' (WITec, Ulm, Germany) and AC mode was applied.
Samples of isolated REVs were illuminated by a dry Zeiss EC
EPIPLAN 20%/0.4 objective. AFM images of 512 x 512 lines
from an area of 10 x 10 pm were collected in air. In order to
determine the size (diameter and height) of each REV, topo-
graphic cross-sections of the obtained AFM images were ana-
lysed separately. To define the diameter of REVs, cross sections
were made in two perpendicular planes. The average diameter
of each REV was calculated as the mean of two values of dia-
meter (presented in figures as diameter 1 and 2) measured in
the middle of the height on REV cross-section profile. Data
analysis was performed using OriginPro software. The
obtained data of the average REV diameters did not have a
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normal distribution, so they are presented in the figure as a
box showing the Q1-Q3 quartiles, median line and min-max
whiskers.

TERS measurement of isolated REVs

AFM cantilevers (VIT P/TK) were coated with 5 nm of a Ti
wetting layer and then with 400 nm of Au using an evaporation
system (under the pressure of 10”7 mbar) with a constant
deposition rate of 0.05 nm s~ VIT P/TK (TipsNano) probes
coated with Ti/Au were used for EVs imaging in the air prior to
TERS spectra acquisition. The spring constant of these cantile-
vers was 25-95 N m™", and the resonance frequency was in the
range of 200-400 kHz. AFM topographies were collected in AC
mode using a SmartSPM microscope (Horiba) at a scan resolu-
tion of 256 x 256 pixels, scan rates of 0.1-0.4 Hz and scan sizes
of ca. 500 nm.

Based on the acquired AFM topographies and phase
images, areas of interest for TERS spectra and map collection
were selected manually. TERS measurements were performed
using a SmartSPM microscope (Horiba) integrated via
OmegaScope with a Labram HR Raman spectrometer (Horiba)
equipped with a CCD camera cooled to —79 °C. A HeNe laser
operating at 633 nm was applied with a laser power of
12.5 mW (1.3 x 10° W cm™?). TERS spectra were acquired in
the spectral range of 650-1800 cm™" with a spectral resolution
of 2 em™". The acquisition time of spectra was set depending
on the signal-to-noise ratio (SNR). We also carefully monitored
the TERS signal in terms of features of amorphous carbon as a
result of the thermal decomposition of the sample.?® Based on
an investigation into spectral features (the presence of the Phe
and amide bands), we continuously diagnosed the TERS signal
and adjusted the beam power to prevent sample thermal
decomposition, as demonstrated elsewhere.?® Calculation of
Pearson correlation coefficients was conducted in the MATLAB
(RRID:SCR_001622) environment from MathWorks (Natick,
USA) using built-in functions, assuming that the relationship
is approximately linear.

A knife-edge method was applied to calculate the spatial
resolution of TERS mapping. Details of the procedure were pre-
viously described.*® According to calculations, the best-esti-
mated spatial resolution was ca. 86 + 44 nm as presented in
Fig. SI4.7 The relatively high value of uncertainty results from
the Shannon-Nyquist theorem.

Results and discussion

Deciphering the chemical composition of isolated red blood
cell membranes via SERS analysis

The first step of the analysis was focused on deciphering the
chemical composition of isolated RBC membranes using SERS
[Fig. 2A]. This step was necessary to disentangle the source of
information obtained via TERS analysis from the microvesicles
released by the RBCs.

The exemplary SERS spectra of RBC membranes, collected
at a wavelength of 633 nm in the presence of gold nano-

Analyst, 2024,149, 778-788 | 781
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(A) Exemplary SERS results of RBC membrane measurements using SERS (633 nm) with Au nanoparticles. (B) Raman spectra of standards of

cholesterol (CHL), sphingophospholipids (SP) including SM, and aminophospholipids (AP) including PE i PC. (C) Raman spectra of standards of amino

acids (His, Tyr, Trp, Phe) and proteins (E-CDH, Gp).

particles, are presented in Fig. 2A. The spectra contain bands
originating mainly from proteins and membrane lipids (sphin-
golipids: ceramide®>** and SM, as well as aminophospholi-
pids: PS,** PE, PC).

The most common bands enhanced in our SERS measure-
ments and yet absent in the reference lipid spectra were the
amide vibrations, commonly observed in proteins.*® Amide I
appeared at 1690 and 1642 cm™' in spectra 1 and 3, respect-
ively. The amide I band being present at 1690 cm™" is typically
associated with a protein having a high proportion of p-sheet
secondary structure. The Raman band at 1642 cm™" is indica-
tive of the presence of random coils and turns in the protein’s
secondary structure; the position of this band is close to the
amide I band on the E-CDH spectrum®® [Fig. 2C]. Amide II
bands, typically present in the range of 1480-1575 cm™", are
very weak in the Raman spectra.’® Strong bands present in the
SERS spectra 1-5 at 1587 and 1553 cm™' may originate from
the protein backbone. The prominent band at 1587 cm™*
could be assigned to the C=C out-of-phase stretching of the
phenylalanine’s ring. The band at 1553 cm™" originates from
the indole ring stretching vibrations of tryptophan. Strong
bands at 1475 and 1472 cm™" in spectra 4 and 5, respectively,
could come from histidine. The band at 1402 cm™", derived
from C-H and CH, bending in proteins, was enhanced in spec-
trum 5.>*°° Amide III bands are observed at the wavenumbers
of 1292, 1283, 1249, 1244, 1233, and 1222 cm™'. In the pre-
sented SERS spectra, bands from hydrophobic amino acids
inside chains were recognised. The signals from glycine or

782 | Analyst, 2024,149, 778-788

proline, such as the 1031 cm™' band, may arise from C-N
stretching, while the 941 em™" band could be attributed to
proline and valine within the 924-943 cm™" range.’® The pres-
ence of a strong band at 994 cm™" in spectrum 3 and a weak
band at 1031 cm ™" in spectrum 4 suggests the enhancement of
the phenylalanine signal from the proteins. Besides the amide
I and amide III regions, the spectra show marker bands, in
particular for the aromatic residues such as tryptophan (at
around 763, 883 and 1553 cm™') and tyrosine (at around
868 cm™1).%¢

Most bands in the fingerprint region that could be assigned
to membrane lipids exhibited SERS enhancement [Fig. 2A].
Their positions were comparable to those observed in all refer-
ence membrane lipid spectra (Fig. 2B, Table 1). The position
of the band at 1671 cm™" is close to the position of C=C
stretching bands of cholesterol, SM and ceramide.***? In spec-
trum 5 (Fig. 2A.5.), the band at 1442 cm™' is characteristic of
CH, scissoring in lipids and could come from PC, PE, SM as
well as from CHL. Cholesterol-associated bands from C-C and
C-H stretching were present at 1330, 1333, and 1183 cm™".
Ethanolamine from PE appeared in the SERS spectrum at
883 cm ™' (Fig. 2A.1.). C-C ring breathing of tyrosine is present
at 850 cm™".>® The positions of the bands at 712 and 763 cm ™"
in the SERS spectra suggest that choline groups from PC and
SM were enhanced. Upon comparing the spectra of the Raman
standards with the SERS spectra, it becomes evident that the
bands up to about 600 cm™" are attributed to the CH groups
and steroid ring of cholesterol.

This journal is © The Royal Society of Chemistry 2024
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Table 1 The assignment of bands of SERS spectra obtained from RBC membranes based on Raman spectra of aminophospholipids (AP), sphingoli-
pids (SP), cholesterol (CHL) presented in Fig. 2B as well as amino acids (AA) and proteins presented in Fig. 2C

AP

PE

PC

SP
SM

CHL
CHL

AA

Proteins

His

Tyr Trp Phe

E-CHD

Gp

Assignment

1736

1658

1436

1296

1263

1120
1083

881

754

1736

1653

1441

1299

1260

1120
1083

1066

869

760

715

1668
1642

1439

1293

1125
1086

1060

889

875

766

712

1671

1439

1332

1176

1132
1086

700

603
542
490
422

1602

1479

1447

1410

1357
1332

1260

1188

1159

1060

977

875

804

603

1613 1600

1584

1550

1360
1340

1262

1213

1176

1034
1011
1003

878

842
828

760

621
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1645

1554

1450

1354

1324

1288

536

1655

1450

1340
1310

831

C=0 stretchlng31 32

C=C in-phase stretching of the ring®*~*°
C=C stretching (E 1sorner)31’32
Cc=C stretchlngg isomer)*"*>
Amide 1, a-helix*****”

Amide I, random coi
C=C out of phase stretching of the ring**
Amide II, weak®"*%%”

Indole ring v1brat10r1
N-H imidazole ring*’
CH deformation®®
C=C and N-C stretching imidazole ring*®
(CH,/CH3) scissoring®>*%*!

CH, scissoring®?

N-C stretching imidazole ring*°

Fermi resonance (Trp)*®~®

131,36,37

37,38

CH deformation®'3*

N-H band in the imidazole ring®*
N-C stretching and N-H bending™
Amide III, a-helix**3%37

CH, in-phase twisting®?

Phenolic C-O stretching®”

C-H, NH; bending in the im. ring
=C-H in plane deformation®?
C—C stretching®

C-N stretching and NH; bending in the imidazole ring
C-C, C-H stretching in the steroid ring®*

35,39

35,39

C-H, N-H bending in the im. ring®>*°
C-C stretching?®*3*1°

C-C stretching®

C-H, NH; mixed vibrations*®

C—C stretching®

C-C in phase stretching and C-C-H in phase deformation®*

Benzene ring breathing®”**

C-C-C deformation of the ring**
NH; rocking, C-H bending®

C-C-N' symmetric stretching40
-C-NH, asymmetric stretching®”

N-H stretching of the indole ring®’**
C-H, NH; mixed vibrations*®
N'(CHj;); asymmetric stretching
Fermi resonance (ring breathing)*’
Fermi resonance (ring breathing)*’
Im. ring. def, CH, NH; bend.*®
N*(CH3); symmetric stretching®*??

32,33

in-phase symmetric breathing vibration of the benzene and pyrrole

ring37,38

-C-NH, symmetric stretching®**?

In plane deformation of the ring®'
N*(CH;); 2ymmetrlc stretching®**?

Amide Iv**?

Amide V**3°

Amide vI**?¢

Phenyl ring breathing vibrations®*

Ring def., C-C-N bend*

S_SS6

Rocking/twisting of the CH groups, steroid ring®***
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SERS spectra obtained in this study exhibit a high level of
compatibility with data obtained from conventional Raman
spectroscopy, indicating the effectiveness and sensitivity of
this technique for erythrocyte membrane studies. The presence
of gold nanoparticles enhances the detection range, thus
making it suitable for measuring low concentrated samples.
SERS spectra from 1 to 5, acquired from the erythrocyte mem-
branes, reveal bands originating from the plasmon-enhanced
resonance of various membrane fragments. The high compat-
ibility with the existing literature supports the use of these
data in the analysis of microvesicle membranes derived from
the erythrocyte membranes. The part of our work presenting
TERS research shows correlations with the single-point
spectra, facilitating the assessment of the similarities in
chemical composition between the erythrocyte membranes
and the microvesicles.

The strongest bands in the SERS spectra are located in the
spectra region of around 1525-1590 cm ' (Fig. 2A.1-4,
Fig. SI2T Supplement: average spectrum from 15 SERS spectra)
and they are originated from the aromatic ring’s vibrations
(Trp, Tyr, Phe). In some spectra, the most intense bands could
be related to the presence of histidine (Fig. 2A.5). Aromatic
rings contain a system of alternating single and double bonds,
creating a conjugated w-electron system. This allows for an
efficient charge transfer and delocalization of electrons within
the ring structure. When these aromatic molecules are
adsorbed onto the AuNp, the n-electron system of the aromatic
ring can couple with the localized surface plasmons of metal
nanoparticles. This coupling leads to several effects that con-
tribute to the strong enhancement of Raman signals from aro-
matic rings in SERS.*?

Common Raman bands coming from other biomolecules
are also present in the SERS spectra, but their signals are lower
than those of the aromatic rings of Trp, Tyr, and Phe (Fig. 2A).

In order to identify lipid bands in the SERS spectra, exemp-
lary spectra were obtained with a 633 nm laser for typical
membrane lipids: SM, PE, PC, and CHL and are presented in
Fig. 2B and their assignment is given in Table 1. The position-
ing of bands in the Raman spectra of lipids was consistent
with the literature data for measurements of these compounds
using a 532 nm laser.*?

Exemplary spectra of amino acids and erythrocyte proteins
were measured with 633 nm laser and presented in Fig. 2C to
enable the identification of the protein bands on the SERS
spectra. The side chain of His contains a five-membered imid-
azole ring with two nitrogen atoms within its structure, mani-
fested as distinctive Raman bands: 1602, 1479, 1447, 1357,
1332 1260, 1188, 1159, 804, and 603 cm™'.*>*° The bands at
1060, 977, 875, 804 and 603 cm™" in the His spectrum may be
assigned to the different vibrations of the C-H and NH;.**
Aromatic amino acid back chains’ bands could be visible on
the proteins’ spectra. Bands’ characteristic of three aromatic
amino acids: Tyr, Trp and Phe are shown in bold in Fig. 2C.
These bands are associated with aromatic ring vibrations:
1613, 1176, 842, 828 cm™" (Tyr), 1550, 1360, 1340, 1011, 878,
760 cm™* (Trp), 1600, 1584, 1034, 1003, and 621 cm™" (Phe).
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Moreover, phenolic C-O stretching at 1262 cm™" is character-
istic for Phe. These bands do not overlap with other bands in
the proteins’ spectra and could be used in the SERS spectra
analysis.>® Additional bands on the aromatic amino acids’
spectra are also assigned and presented in Table 1. Two mem-
brane proteins: E-cadherin (E-CDH) and glycophorin (Gp), are
measured and presented in Fig. 2C and assigned in Table 1.
Their spectra contain bands from amide bands, disulfide
bonds, C-C stretching and, interestingly, aromatic amino acid
chains: Trp Fermi resonance at 1340/1310 cm ™" (Gp) and 1354/
1324 cm™' (E-CDH), the Phe band at 1006 cm™' E-CDH, Gp,
Tyr Fermi resonance at 831 cm™* (Gp), respectively.

In our studies, we were able to determine the presence of
AP and SP in extracellular vesicles, which reflects the complex
lipid composition of these vesicles and suggests that they may
play a key role in the biological activities and functions of
REVs. The specific lipid composition of extracellular vesicles
can affect their stability, interactions with target cells and
overall biological effects. Unfortunately, using spectroscopic
techniques, we were unable to distinguish bands coming from
a single group of lipids. However, it was possible to distinguish
the lipid moiety from protein-derived chemical group modes.
Moreover, differentiation between different amino acids and
even specific proteins was accomplished.

The similarity between the chemical composition of
erythrocyte membranes and EVs can indeed pose challenges
when trying to differentiate them using certain analytical tech-
niques. Both erythrocyte membranes and EVs are composed of
phospholipid bilayers and proteins, which are major com-
ponents in their structure; however as presented in Fig. 1,
some chemical groups are present in the majority only on the
REVs’ surface. On the other hand, the similarity in compo-
sition can lead to the overlapping of bands in Raman spectra,
making it difficult to distinguish between the two objects
based solely on their chemical signatures.

AFM experiment

Obtained topographic AFM images (Fig. 3A) allowed the analysis
of REVs’ diameter (Fig. 3B) by determining this parameter in
each analysed object in two perpendicular planes at the half-
height on the topographic cross-section and calculating the
average (Fig. 3C). The performed analysis enabled the determi-
nation of diameter distribution and the average diameter of
REVs (Fig. 3D). AFM analyses show that most of the REVs can
be characterized as RMPs (89% of measured REVs) their sizes
spanning between 100 and 500 nm. Only a small portion of
REXs with a diameter below 100 nm was observed (11% of ana-
lysed REVs). For further TERS measurements, REVs with a dia-
meter of around 200 nm were selected, in order to analyze only
those microparticles that definitely belong to the RMP group
and were created due to the process of membrane blebbing and
outward budding of the plasma membrane.

TERS experiment

Fig. 4 shows the representative results of the TERS experiment
on REVs (Fig. 4A and B). More TERS spectra are shown in the

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (A) Representative AFM topography image of RBC extracellular
microvesicles (REVs) settled on the CaF; slide. (B) A magnification of
selected REVs marked with a blue square in panel A. (C) Cross-sections
of a single REV marked on panel B enabling the determination of REV
diameter. (D) Analysis of the diameter distribution of REVs collected
from the measured surface area of 200 pm? (including RBC exosomes —
REXs and RBC microparticles — RMPs).

supplement in Fig. SI3.1 In all single-point TERS spectra pre-
sented in Fig. 4C, the amide II bands indicating the N-H
bending, C-N, and C-C stretching vibrations are well pro-
nounced. The position of bands at 1579 and 1572 cm™" may
suggest the presence of Trp (indole ring vibration***®) or
His*® in the peptide chain of proteins composing microvesi-
cles. However, this spectral position is also characteristic of
the B-sheet secondary structure or unordered regions of pro-
teins.”” Thus, proteins present in the structure of REVs may
contain a relatively high load of these secondary structures.
Moreover, amide II bands present at 1543 cm™', and
1500 cm ™" in the third TERS spectrum (brown) indicate the
local contribution of proteins abundant in a-helix secondary
structure, and His, respectively.*®*® However, the unambigu-
ous interpretation of the bands in the amide II region is chal-
lenging. As mentioned above, band characteristic of protein
secondary structure may overlap with bands attributed to aro-
matic amino acid residues (Trp, Tyr, Phe, His). Here, it is
worth noting that the observed low intensity or the absence
of the amide I band in the TER spectra is to some extent
related to the photo-dissociation of the peptide backbone in
the plasmonic hot-spot upon interaction with hot carriers
(electrons) from the metalized probe apex.*’

Bands at 1457 cm™" and 1463 cm™", pronounced in TERS
spectra 1 and 2, respectively, represent CH, CH,, and CH;
deformational vibrations in proteins.*®*” However, methyl
and methylene motions in this spectral region are also
characteristic of CHL, SP, and AP. Therefore, a clear-cut deter-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

mination of the origin of these vibrations in the TERS spectra
is challenging. In all single-point TERS spectra presented in
Fig. 4C(1-3), the band present in the spectral range of
1380-1350 cm™ ' may correspond to the Ca~H/N-H bending
mode characteristic for f-sheets in proteins** or CH; sym-
metric bending in CHL. A distinct band visible at 1272 em™
in TERS spectrum 2 (orange) is specific for the symmetric
stretching of the PO,™ group characteristic of aminophospho-
lipids like PE and PC. This spectrum also displays bands at
1214 em™' and 1191 ecm™', which may suggest the contri-
bution of fB-sheet secondary structure and side residues of
amino acids composing proteins (e.g., Tyr), respectively.'”
The position of the band at 1188 cm™" in TERS spectrum 3
(brown) corresponds to the C-C stretching in SM or amino-
phospholipids (PS, PE). The general spectral characteristics
of this TERS spectrum corresponds well to the SERS spectrum
1. These spectra may reflect a local presence of a SM mixture
with proteins in the RBC membranes (SERS) and EVs (TERS).
Bands at 947 and 948 cm ™" present in TERS spectra 1 and 2,
respectively, are characteristic of the CH banging vibration of
CHL. The spectral positions pronounced in TERS spectrum 1
(blue) correspond well to bands enhanced in SERS spectrum
2 in Fig. 2. The general spectral shape of these bands
suggests that TERS spectrum 1 and SERS spectrum 2 were col-
lected at spots abundant in CHL and proteins. TERS spec-
trum 2 shows similarities in the spectral shape of SERS
spectra 3-5 (also shown in Fig. 2). The positions of bands
suggest the local spectral characteristics of AP with protein
inclusions.

Pearson correlation is a useful method for examining pat-
terns and making presumptions about the relationship
between them. A statistical measure obtained during calcu-
lation is the correlation coefficient. It ranges between —1 and
1, where 1 indicates a perfect positive linear relationship
(when one variable increases, the other tends to increase pro-
portionally), —1 indicates a perfect negative linear relationship
(when one variable increases, the other tends to decrease pro-
portionally), and 0 indicates no linear relationship between
the variables. However, it is important to note that correlation
does not imply causation, meaning that a strong correlation
between two variables does not necessarily indicate that
changes in one variable cause changes in the other. The distri-
bution of correlation coefficients was calculated from TERS
maps and the three SERS spectra (spectra 1, 2, and 3 presented
in Fig. 2) representing mixtures of peptides/proteins with
cholesterol and also proteins with AP and sphingolipids pre-
sented in Fig. 4D-F respectively. The distribution of each of
these three spectra on the EVs’ surface was found to be hetero-
geneous. Such heterogeneity is likely related to the formation
of lipid domains triggered by the membrane proteins. Due to
high spatial resolution, TERS enabled nanoscale label-free
observation of protein/cholesterol-rich and lipid-rich domains,
similarly to the results obtained for the cellular membrane by
Zenobi and co-workers.® However, the presence of the
domains was never demonstrated for such small objects as
EVs in a label-free and non-destructive manner.
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Fig. 4 Results of TERS measurements of selected microvesicles in comparison with average SERS results. (A) The topography image of a microvesi-
cle selected for TERS mapping. (B) The topographical image with exemplary spots of TERS spectra acquisition. (C) The single point TERS spectra col-
lected at locations marked in (B). (D—F) Distribution of correlation coefficient calculated from TERS maps imposed on AFM topographies and three
marker SERS spectra (presented in Fig. 2). (G—I) Pearson correlation of TERS spectra most similar to the marker SERS spectra.

Conclusions

This article highlights the use of SERS and TERS in the ana-
lysis of extracellular vesicles, particularly red blood cell-derived
microvesicles and their membranes.

The SERS spectra revealed prominent bands corresponding
to amide vibrations commonly observed in proteins. These
bands were attributed to the presence of specific secondary
structures in the proteins, such as f-sheets and random coils/
turns. Numerous bands in the SERS spectra were attributed to
membrane lipids, including sphingolipids (sphingomyelin)
and aminophospholipids (phosphatidylserine, phosphatidy-
lethanolamine, and phosphatidylcholine). The positions of
these bands matched those observed in the reference mem-
brane lipid spectra. Specific bands corresponding to chole-
sterol were observed in the SERS spectra, providing infor-
mation about the presence and structure of cholesterol in the
RBC membranes. The SERS spectra obtained in the study were
highly compatible with the data from conventional Raman
spectroscopy, demonstrating the effectiveness and sensitivity
of the SERS technique for detecting erythrocyte membranes.

786 | Analyst, 2024, 149, 778-788

In order to characterize the surface of EVs, the TERS tech-
nique was applied. We collected TERS spectra comprising dis-
tinct bands related to various molecular vibrations derived
from the microvesicle membrane components, such as pro-
teins, cholesterol, sphingomyelin, and aminophospholipids.
The TERS spectra obtained from different spots on the REV
surface exhibited heterogeneity, suggesting variations in the
local molecular composition (protein secondary structures,
e.g., p-sheets and a-helixes, as well as lipids, such as chole-
sterol or aminophospholipids). This heterogeneity may be
related to the presence of lipid domains formed by membrane
proteins. TERS provides high spatial resolution, enabling
nanoscale observation of protein-/cholesterol-rich and lipid-
rich domains on the surface of EVs. This level of detail was
previously demonstrated for cellular membranes, but not for
EVs in a label-free and non-destructive manner.

Raman spectroscopy, the basis for both SERS and TERS,
provides specific information on the molecular composition of
microvesicles. This enables the identification of biomolecules
such as proteins and lipids within the microvesicle membrane.
In SERS, vibrations within the membrane components can be

This journal is © The Royal Society of Chemistry 2024
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enhanced, and the technique is highly sensitive, although it
provides information from random parts of the sample,
depending on the nanoparticle’s position.

On the other hand, TERS offers information from the local
parts of the membrane’s outer surface, providing an analysis
of the membrane surface and demonstrating high heterogen-
eity in the calculated TERS correlation maps. Both, TERS and
SERS are powerful techniques for the surface analysis of REVs,
offering high sensitivity, molecular specificity, non-destructive-
ness, high spatial resolution, and versatility. They are expected
to significantly contribute to our understanding of these bio-
logically important entities at the single-molecule level.
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