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ABSTRACT The article presents a noninvasive approach to the study of erythrocyte properties by means of a comparative
analysis of signals obtained by surface-enhanced Raman spectroscopy (SERS) and resonance Raman spectroscopy (RS).
We report step-by-step the procedure for preparing experimental samples containing erythrocytes in their normal physiological
environment in a mixture of colloid solution with silver nanoparticles and the procedure for the optimization of SERS conditions to
achieve high signal enhancement without affecting the properties of living erythrocytes. By means of three independent tech-
niques, we demonstrate that under the proposed conditions a colloid solution of silver nanoparticles does not affect the properties
of erythrocytes. For the first time to our knowledge, we describe how to use the SERS-RS approach to study two populations of
hemoglobin molecules inside an intact living erythrocyte: submembrane and cytosolic hemoglobin (Hbgy, and Hb.). We show that
the conformation of Hbg, differs from the conformation of Hb.. This finding has an important application, as the comparative study

of Hbgn, and Hb, could be successfully used in biomedical research and diagnostic tests.

INTRODUCTION

Conformations and properties of molecules in different
compartments of living cells merit attention, for it has
become clear that purified molecules in a test tube behave
differently when compared to those in their natural cellular
environment. To this end, live-cell studies with Raman spec-
troscopy (RS) have recently attracted great interest, because
RS provides information about the structure of biomolecules
in vivo with no effect on the cell’s integrity (1-3). RS
requires a relatively high concentration of molecules, usually
>107*-10M, and therefore high numbers of cells.
Surface-enhanced RS (SERS) is another Raman tool, which
utilizes the effect of plasmon resonance and charge transfer
when a molecule is found in the vicinity of a nanoparticle
(NP) or a nanostructured surface, usually silver (Ag) or
gold (Au) (4,5). Due to plasmon resonance and charge trans-
fer, the cross section of Raman scattering and therefore the
intensity of the Raman signal are both greatly enhanced.
This has made possible studies of molecules at concentra-
tions <<107°M and so-called single-molecule studies (6).
NP plasmon resonance occurs only when the distance
between the NP surface and the studied molecule is relatively
small. It reaches the highest intensity at optimal distances at
~15-20 nm from the NP surface and decreases significantly
for greater distances (5,7-9). The challenging aspect of this
is to use SERS to study single molecules inside an individual
living cell or in a very diluted cell sample. However, despite
the numerous advantages of SERS, large biomolecules and
living cells are still difficult to study using this method,
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and only a few results have been reported on SERS of
proteins and cells (10-13). The possible invasivity of NPs
for living cells is another complication in SERS studies. So
far, there are no reports on NP effect on living cells or on
optimization of SERS conditions to maintain cells in an
unaffected live state while, at the same time, achieving the
highest possible enhancement.

Erythrocytes are widely used objects in biomedical
research and in diagnostic tests (14). Since many drugs are in-
jected directly into the blood stream, it is important to have
methods for analyzing drug effects on various hemoglobin
subpopulations and on erythrocytes as such.

All hemoglobin molecules in erythrocytes can be divided
into two groups: free cytosolic Hb and submembrane hemo-
globin that interacts with plasma membrane. There are two
possible sites of interaction of Hby,, with plasma membrane:
the cytosolic part of an anion exchanger AE1 (band 3) and
membrane lipids (Fig. 1) (15-17). Interaction of Hb with
AE1 exchanger is quite well studied in an in vitro system
of purified Hb and erythrocyte membrane or purified Hb
and cytosolic part of AE1 protein (15—17). That interaction of
Hb with membrane lipids is possible, and could be artificially
observed (18) seems to be insignificant for living erythro-
cytes, as lipids are normally masked by membrane proteins
or cytoskeleton (19,20). Therefore, the dominating part of
submembrane Hb is bound to AEl exchanger. Cytosolic
domain of AE1 exchanger also interacts with spectrin and
ankirin, which, together with band 4.1, actin, tropomyosin,
and tropomodulin bound on the transmembrane protein gly-
cophorin, form submembrane cytoskeleton (21-23) (Fig. 1).
A widespread method for the study of erythrocytes and
isolated Hb is absorption spectroscopy (AS) (16,24-28).
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Despite its virtues (simplicity in handling and in data anal-
ysis), AS does not provide any detailed information about
Hb structure. In addition, due to the significant difference in
concentrations of Hbg,, and Hb, (Hby,, < 0.5% Hb,) (15), it
is impossible to study the properties of Hby,, in an intact
erythrocyte with AS. However, such a difference in concen-
trations does allow us to study Hb. molecules in erythrocytes
by means of RS or resonance RS, because the contribution
from Hby, to the RS spectrum is negligible. To investigate
Hby,,, molecules, we suggest the use of SERS. Adding NPs
to a highly diluted blood sample yields an enhancement of
Raman scattering only from those Hb molecules that interact
with the plasma membrane (located at = 15-20 nm from the
outer membrane surface)—i.e., from Hbg,, (Fig. 1). As cyto-
skeleton and submembrane proteins obstructs Hb from
approaching lipids of plasma membrane, the amount of free
cytosolic Hb, under membrane can be significantly less than
the amount of Hb bound to AE1 protein. We could therefore
expect Hb, not to contribute essentially to SERS spectra of
erythrocytes.

In this article, we demonstrate a new approach of a
comparative SERS and RS study of living erythrocytes,
with emphasis on the optimization of the SERS conditions
necessary to achieve the highest possible signal enhancement
without affecting the cell properties. We propose to use this
approach to study two subpopulations of hemoglobin mole-
cules: submembrane hemoglobin (Hby,) and cytosolic
hemoglobin (Hb,.) inside intact living erythrocytes, and we
show how to distinguish one subpopulation from the other.

MATERIALS AND METHODS

Preparation of Ag NP colloid, experimental
samples of erythrocytes, hemoglobin, and
erythrocyte ghosts, and the optimization
of SERS conditions

Ag NP colloid solution was prepared by the reduction of AgNO; with
hydroxylamine hydrochloride in NaOH solution, described as variant C
by Leopold and Lendl (29). The reaction between AgNO; and hydroxyl-
amine hydrochloride resulted in the formation of Ag NPs in the solution
(containing Na®, Cl~, and NO;~ ions in mM concentration), nitrogen
oxides, and N,, which evaporate during the NPs maturation. In SERS exper-
iments we used erythrocyte samples prepared from whole blood taken from
male Wistar rats and diluted 10* times with the appropriate physiological
buffers (Alen saline or Tris-based saline). Considering the low concentration
of ions in Ag NP solution, it was necessary to compensate for the low osmo-
larity in the mixture of the Ag NP solution and the erythrocyte sample. We
therefore used two successive dilutions of blood: 1), 100-times dilution of
blood with normal physiological saline (first dilution results in sample 1);
and 2), 100-times dilution of sample 1 with hyperosmolar physiological
saline (second dilution results in sample 2). The hyperosmolar physiological
saline was prepared by increasing the concentrations of all normal physio-
logical saline components to obtain an experimental sample with a normal
concentration of ions after mixing sample 2 with Ag NP solution. Sample
2 was mixed with Ag NP solution in a certain volume ratio immediately after
the preparation of the sample 2, so erythrocytes were exposed to hyperosmo-
lar conditions for no more than 10 s. The sample 2 and Ag NPs mixing
resulted in experimental erythrocyte sample (EES) with normal osmolarity
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FIGURE 1
region with transmembrane proteins, cytoskeleton, submembrane hemo-
globin (Hby,,) bound to the AE1 exchanger, cytosolic hemoglobin (Hb,),
and Ag nanoparticles next to the cell membrane. Distances between the
plasma membrane and the cytoskeleton and the size of proteins are taken
from the literature (22,24,25).

Schematic drawing of an erythrocyte in the submembrane

for erythrocytes. The composition of both normal and hyperosmolar
Tris-based and Alen saline, and details of their preparation, are available
in the Supporting Material.

A SERS spectrum was recorded directly after the preparation of EES and
was the result of 10 accumulations recorded for 10 s each.

SERS and RS spectra were obtained using a ChiralRaman setup
(BioTools, Jupiter, FL) with a 532-nm laser. Considering the absorbance
of Hb at this wavelength, we had resonance SERS and resonance RS. It is
important to note that, due to this resonance condition, we selectively probed
heme in Hb molecules in an intact erythrocyte and the possible input of
scattering from transmembrane proteins or cytoskeleton is negligible.

Previously, we had found that varying the Ag NP content in the sample
had a great influence on the SERS spectra of myoglobin (12). In our exper-
iments, pronounced and clear SERS spectra of erythrocytes were observed
when an iterative optimization of the volume ratio of Ag NP solution to
the EES was carried out, with the best results coming from [Ag NP solution]:
[EES] = 2:3 ratio (see Fig. S1 in the Supporting Material). A further
increase in the volume fraction of Ag NPs in the experimental sample
yielded only a slight enhancement of the SERS signal, which we found to
be unnecessary, so a limitation of the effect of higher Ag NP concentration
in the sample could be avoided. We should note that varying the volume
ratio of Ag NP solution does not affect peak-shape or relative peak intensi-
ties (Fig. S1). Moreover, independent experiments with fixed amount of Ag
NPs showed that SERS spectra of erythrocytes taken from different blood
samples were similar (Fig. S2). This is evidence of high stability of used
Ag NP colloids and signal enhancement. We also observed that SERS
spectra of the same erythrocyte sample recorded at 0, 15, and 45 min are
identical to each other (Fig. S3). This is evidence of 1), the temporal stability
of the signal enhancement; 2), temporal stability of erythrocyte-Ag NP
complex; and 3), absence of the erythrocyte photodamage by laser light.
In addition, we found that the SERS spectra of erythrocytes did not depend
on the type of physiological saline used for blood dilution. This indicates the
stability of Ag NPs in both Alen and Tris-based salines.

For RS measurements, we used blood diluted 100 times by normal phys-
iological saline (Alen or Tris-based salines). An RS spectrum is the result of
10 accumulations recorded for 10 s each. As in SERS measurements, the
Raman spectra of erythrocytes were similar for both salines. In all following
SERS and RS experiments, we used Tris-based salines.

To compare SERS and RS spectra of erythrocytes and cytosolic Hb, we
isolated Hb from the cytoplasm of erythrocytes from the same blood sample
used for the SERS and RS erythrocyte studies. The isolation of Hb was done
in a phosphate buffer with low osmolarity, pH 7.2 (see Supporting Material).
Hemolysis evoked disruption of the erythrocytic plasma membrane and
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leakage of cytosolic Hb. into the buffer. Centrifugation (4500 x g, 10 min)
was used to separate the supernatant with isolated cytosolic hemoglobin
from the ghosts of erythrocytes containing Hby, and the remains of Hb..
For RS measurements, we used supernatant that had been diluted four times,
and for SERS measurements, supernatant diluted 200 times.

To illustrate the similarity of SERS spectra of erythrocytes and membrane-
bound Hb, we made ghosts of erythrocytes with Hb bound to the AEl
exchanger of the ghost membrane (Hbag;). Erythrocyte ghosts are closed
vesicles that consist of erythrocytic plasma membrane with submembrane
cytoskeleton and transmembrane proteins, and do not contain unbound cyto-
solic Hb. Preparation of erythrocyte ghosts with membrane-bound Hbag;
was done as described in Salhany et al. (30) using ice-cold phosphate buffer
(pH 7.4; for details, see Supporting Material). For SERS measurements,
samples with erythrocyte ghosts were diluted 1000 times. Volume ratio of
solution with erythrocyte ghosts or isolated Hb to Ag NPs was as in SERS
experiments with erythrocytes: [Ag NP solution]:[erythrocyte ghosts or
isolated Hb] = 2:3. Taking into account resonance Raman conditions (due
to the wavelength of the laser light), we can be sure that SERS spectrum of
erythrocyte ghosts results from vibrations of the heme bonds in Hbag;.

Methods used for the study of the effect of Ag NP
on erythrocytes

Estimation of erythrocyte hemolysis was done by absorption spectroscopy.
Resistance of erythrocytes toward hemolysis is a marker of the stability of
the plasma membrane and, therefore, is a proper parameter for the study of
the effect of exogenous factors on erythrocytes. The procedure for the
preparation of the erythrocyte suspension with 107 cells/uL. was the same
as in experiments with preparation of erythrocyte ghosts. Ninety microliters
of adjusted erythrocyte suspension was diluted with 810 uL of hyperosmolar
Tris-based saline and then mixed with Ag NP solution in the volume ratio
[Ag NP solution]:[erythrocyte sample] = 2:3. After this procedure, we
obtained an experimental erythrocyte sample with Ag NPs of normal osmo-
larity. This sample was incubated for 10 min at room temperature and
centrifugated (1500 rot/min, 10 min). Supernatant was used for the registra-
tion of absorbance spectra (performed with a model No. 556 spectrometer;
Hitachi, Tokyo, Japan).

We also prepared two control samples. The first control sample (hereafter
referred to as the ‘“‘control sample 1””) was prepared in the same way as the
erythrocyte sample, except for adding 3 mM of NaCl solution instead of Ag
NP solution (the osmolarity of 3 mM NaCl solution is close to that of Ag NP
solution). The second control sample (hereafter referred to as the control
sample 2) was prepared by the dilution of 90 uL of the erythrocyte suspen-
sion with 810 uL of normal Tris-based saline and then mixed with normal
Tris-based saline in the same ratio, 3:2, as erythrocyte samples were mixed
with Ag NP solution or NaCl. The comparison of erythrocytes-Ag NPs
sample with NaCl sample shows the effect of Ag NPs on erythrocyte prop-
erties, and the comparison of the NaCl sample and the control sample shows
the effect of hyperosmolar saline on erythrocytes. The optical density of
a supernatant was estimated at a wavelength of 540 nm. The concentration
of Hb in the supernatant was calculated according to the Beer-Lambert law.
The percentage of hemolysed erythrocytes was calculated from the number
of erythrocytes in the erythrocyte suspension, the concentration of Hb
released from the hemolysed erythrocytes, the mean concentration of Hb
in rat erythrocytes (5 x 10> M), and the mean erythrocyte volume (50 fL).

Estimation of the fluidity of the plasma membrane of erythrocytes was done
by electron paramagnetic resonance spectroscopy (EPR). As a probe, we em-
ployed a spin-labeled stearic acid analog 16-doxylstearic acid (16-DS; Sigma,
St. Louis, MO). It is known that the nitroxyl radical of 16-DS locates at2.2 nm
from the surface of plasma membrane (31). The procedure for the preparation
of the erythrocyte suspension with 107 cells/uL was as in previous experi-
ments. A quantity of 0.8 mL of erythrocyte suspension was diluted with
1.2 mL of hyperosmolar Tris-based saline and then mixed with 0.8 mL of
Ag NP solution. The obtained erythrocyte-Ag NPs sample was centrifugated
(1500 rot/min, 10 min at room temperature). We removed 2 mL of supernatant
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and subsequently added 1.2 mL of hyperosmolar Tris-based saline and 0.8 mL
of Ag NP solution. After the second centrifugation, 2 mL of supernatant were
removed and the number of erythrocytes was counted in the Gorjaev chamber;
it was equal to 107 cells/uL. Control samples were prepared in a similar way,
except for adding 0.8 mL of 3 mM NaCl solution instead of Ag NPs solution.
The 16-DS probe was dissolved in ethanol at a concentration of 25 mM and
added to the sample with erythrocytes and Ag NPs with a final concentration
of 0.1 mM. After 2 min of extensive shaking, the sample was sucked into glass
capillaries. EPR spectra were registered at room temperature on a model No.
RE-1308 EPR spectrometer (Radiopan, Smolensk, Russia) with a constant
magnetic field, microwave power, and time constant of 3338 Gs, 22 mW,
and 0.1 s, respectively. Each measurement was performed in triplicate, and
each was the result of seven accumulations. From the parameters of EPR
spectra of an 16-DS probe incorporated into the plasma membrane of eryth-
rocytes, we calculated the rotation correlation time 7, as an estimation of
membrane fluidity (32). The decrease in 7 corresponds to the increase in the
membrane fluidity and vice versa.

The morphology of erythrocytes was monitored by optical microscopy
using cell fixation in glutaraldehyde according to Gedde et al. (33) with
modification. Erythrocyte morphology is an important complex character-
istic, dependent upon the physico-chemical and mechanical properties of
plasma membrane, and the distribution of membrane lipids, ion fluxes,
membrane surface charges, submembrane cytoskeleton, intracellular pH,
etc. (34,35), and, therefore, is an important integral parameter in many
studies (14,36,37). Two microliters of blood was mixed with 600 uL of
hyperosmolar Tris-based saline and then mixed with 400 uL of Ag NP solu-
tion (experimental sample) or 3 mM NaCl solution (control sample 1). The
control sample 2 was prepared as a dilution of 2 uL of blood with 1000 uL
of normal Tris-based saline. After 10-min incubation of obtained samples,
20 uL of 25% glutaraldehyde was added to samples (the final concentration
of glutaraldehyde was 1%). After 1 h of incubation, samples were centrifu-
gated (1750 x g, 10 min at room temperature) and supernatant was replaced
with an equal volume of distilled water. The procedure was repeated four
times. For the morphology analysis, a drop of a final sample was placed
on the object plate and dried at room temperature. For each sample, three
object plates were prepared. Using an Axioplan 2.0 microscope (Carl Zeiss,
Oberkochen, Germany), we made light-field photographs of the erythrocytes
and then calculated the number of erythrocytes taking the form of a disco-
cyte, an echinocyte, and a stomatocyte. The percentage of each form was
estimated as a ratio of the number of cells in this specific form to the total
number of counted erythrocytes. Details of erythrocyte morphology and
its significance in the determination of erythrocyte viability are discussed
in more detail in the Supporting Material.

RESULTS AND DISCUSSION
Spectral analysis

It is well established that almost all peaks in Raman spectra of
erythrocytes correspond to the bond vibrations in the heme of
all hemoglobin molecules (Fig. 2). Bond vibrations depend
on the conformation of heme, which is affected by the ligand
(O,, CO, or NO), the position of the Fe?™ ion with respect to
the heme ring, and the conformation of the globin (2,38—40).
The assignment of the major peaks is shown in Table 1.
For the comparison of different spectra, and to have SERS
spectra independent of the exact Hb amount in the studied
samples, we have normalized the spectra to the sum of inten-
sities in the region of 1618—1503 cm™'. This region origi-
nates from certain vibrations of heme bonds in all of the
Hb molecules in the sample and is therefore proportional to
the total amount of Hb. Fig. 3 a shows a normalized SERS
spectrum of erythrocytes mixed with Ag NP solution in the
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FIGURE 2 Heme molecule with numbered C atoms.

optimized volume ratio [Ag NP solution]:[EES] = 2:3. High
blood dilution, used in SERS experiments, produces full
oxygenation of Hb molecules in erythrocytes, and this,
indeed, is confirmed by all the pronounced peaks in the SERS
spectra, which are attributed to oxyhemoglobin (Hb-O,). The
RS spectrum of erythrocytes (prepared from the same blood
as for SERS experiments) also consists of peaks attributable
to Hb-O, (Fig. 3 b).

A comparative analysis of SERS and RS spectra from the
erythrocytes shows that most of their peaks have the same
maximum position. However, the SERS spectrum appears
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to be much more detailed with higher intensities in the
low-frequency range, which is almost unpronounced in the
RS spectrum. The absence of complete similarity between
SERS and RS spectra of the same molecule is well known
and is explained by the NP-evoked enhancement of vibra-
tional transitions that are weak or even unpronounced in
RS (5). This SERS peculiarity makes the direct comparison
of SERS and RS spectra of erythrocytes quite problematic.
However, in the last section of the article, we discuss how
the combination of RS and SERS can be used to distinguish
between cytosolic and submembrane hemoglobins.

The effect of nanoparticles on erythrocyte
properties

We found that erythrocytes, when mixed with Ag NPs,
showed higher resistance to hemolysis compared to erythro-
cytes exposed to dilution in hyperosmolar Tris-based saline
and then mixed with NaCl solution, and to erythrocytes in
the control sample 2 (Fig. 4 a). This result indicates that
there is no Ag NP-evoked damage to erythrocytic plasma
membrane. Therefore, SERS spectra of erythrocytes originate
from Hb inside the intact living erythrocytes, but not from
Hb., which may have leaked from the erythrocytes due to
hemolysis.

We found that erythrocytes mixed with Ag NPs show no
changes in plasma membrane fluidity in the deep hydrophobic
regions (2.2 nm from membrane surfaces) in the comparison
to erythrocytes mixed with NaCl solution (Fig. 4 b). The
absence of alteration in the membrane fluidity indicates that
1), Ag NPs do not affect the lipid phase of the membrane,
i.e., the order of lipid molecules and their interactions with

TABLE 1 Positions and assignments of bands in RS and SERS spectra of erythrocytes and hemoglobin

Frequency (cm™") Bond of heme molecule Symmetry of vibration Sensitivity of vibration Form of Hb
1640 C.C,., C.C,H, C,Cy Blg, »10 Redox and spin state of Fe, presence of ligand HbO,
1620-1623 (CCy)vinyl HbO,,dHb
1608 C.C,., C.C,H, C,Cy Blg, »10 Redox and spin state of Fe, presence of ligand dHb

1588 C.C,, C.C,,H A2g Spin state of Fe, diameter of heme ring Usually HbO,
1565-1566 CyCi, CpCy, Blg/Alg Redox and spin state of Fe HbO,

1552 C.Cp, C.CH A2g Spin state of Fe, diameter of heme ring Usually dHb
1502 C.C, C.Cy, CN Alg Redox and spin state of Fe HbO,
1430-1435 C.Cn B2g Spin state of Fe, diameter of heme ring Usually HbO,
1401 C,Cy, C,Cy, C,CCy B2g Redox state of Fe, presence of ligand HbO,

1375 Pyrrol half-ring, symmetric Alg, v4 Redox state of Fe, presence of ligand HbO,

1345 CoyinyH HbO,

1305 All above v21 Redox and spin state of Fe, presence of ligand HbO,

1172 Pyrrol half-ring, asymmetric B2g, »30 Redox state of Fe, presence of ligand HbO,

1155 v44 HbO,

1127 C, — CH; Blg, v5 HbO,

1090 = C2vinylH Hb02

1003 Phenylalanine

974 HC, = HbO,, dHb
827 C,H Blu, »10 HbO,, dHb
795-789 Alg, v6 HbO,, dHb
754 Heme breathing Blg, v15 HbO,, dHb
676 C,Cy, C,Cp, C,C,N Blg, v7 HbO,

Data are from the literature (2,38-40).
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FIGURE 3 (a) SERS spectrum of erythrocytes mixed with Ag NP solu-

tion in a volume ratio of [Ag NP solution]:[experimental erythrocyte sample]
= 2:3 and (b) RS spectrum of erythrocytes prepared from the same blood
sample as in the SERS experiment. SERS and RS spectra are normalized
to the sum of the intensities in the region of 1618-1503 cm ™. Position of
peaks is indicated by vertical lines.

one another and transmembrane proteins; and 2), that there is
no penetration or deep intercalation of Ag NPs into the plasma
membrane of erythrocytes.

Microscopical monitoring showed no change in
morphology of erythrocytes mixed with Ag NPs and erythro-
cytes exposed only to hyperosmolar conditions (control
sample 1) in the comparison with the control erythrocytes
(control sample 2) (Fig. 4 ¢ and Fig. 5, a—c). The stability of
erythrocyte shape indicates that the procedure of experimental
sample preparation, short-term exposure of erythrocytes to hy-
perosmolar conditions, and mixing with Ag NP solution do not
affect plasma membrane properties, ion fluxes, and cytoskel-
eton. This result is in a complete agreement with data from
the hemolysis test and EPR spectroscopy. Therefore, we can
conclude that we found experimental conditions in which
Ag NPs do not enter erythrocytes and do not affect the proper-
ties and integrity of plasma membrane. Thus, SERS with the
above-specified Ag NP solution and experimental conditions
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can be used successfully for a noninvasive study of submem-
brane hemoglobin in intact living erythrocytes.

How to distinguish submembrane hemoglobin
from free unbound cytosolic hemoglobin

For this purpose, we compare 1), Raman spectra from intact
erythrocytes and from hemoglobin isolated from the cyto-
plasm of erythrocytes (Hb;.); and 2), SERS spectra from
erythrocytes, isolated Hb;. and Hb, bound to AE1 exchanger
of erythrocyte ghosts (Hbag;). Importantly, erythrocyte
ghosts contain only Hbag, and no cytosolic Hb; therefore,
they represent a valuable model for studies of membrane-
bound Hb (30).

RS spectra of erythrocytes and Hb;. show no differences
(Fig. 6). This similarity indicates that Hb. and Hb;. have
similar properties, i.e., the same heme conformations, which
can be explained by full Hb oxygenation evoked by experi-
mental conditions. As we have shown that RS spectra of
erythrocytes (Hb.) and isolated Hb;. show no difference,
we can suppose that the SERS spectra of Hb, in intact eryth-
rocytes and isolated Hb;. should also be similar. Therefore,
we can assume that if Hb, defines the SERS spectra of eryth-
rocytes, we should observe similarity between SERS spectra
of erythrocytes and Hb;., and a difference between SERS
spectra of erythrocytes and Hbg; bound to AE1 exchanger
in erythrocyte ghosts. However, the SERS spectra of eryth-
rocytes and Hb. are different, and the SERS spectra of eryth-
rocytes and erythrocyte ghosts show remarkable similarity
(Fig. 7).

Firstly, in SERS spectra of Hb,, peak at 1640 cem ! (vibra-
tion of C,C,,, C,C,H, and C,C, heme bonds) has a well-
defined shoulder at 1623 cm™ ' (vibration of (C,Cy)vinyl
bond), whereas in the same region of the SERS spectra for
erythrocytes and Hbag; of erythrocyte ghosts there are no
defined peaks or shoulders at 1640 and 1622 cm ™', but only
one broad peak at 1630-1635 cm ™" (Fig. 7 ¢). Such a broad
peak can be due to the increase in the relative input of the
(C1Cy)vinyl bond vibration, which results in the similar

FIGURE 4 (a) Estimation of the hemolysis of erythro-
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cytes in the control (open color) and in the samples with
NaCl or Ag NP colloid solutions (light and dark shading,
respectively). (b) Plasma membrane fluidity of erythrocytes
in the samples with NaCl and Ag NP colloid solutions
(light and dark shading, respectively). The value 7 is a rota-
tional correlation time of the spin-probe 16-DS with a
nitroxyl radical located at 2.2 nm from the surface of the
plasma membrane. The absence of change in the 7-value
indicates the same membrane fluidity for erythrocytes
mixed with NaCl or Ag NP colloid solutions. (¢) Data
from the morphological analysis of the effect of Ag NPs
on the shape of erythrocytes. In panels a—c, data are shown
as mean *+ SE. In all cases the number of independent
experiments were n = 5. The asterisk (*) indicates p < 0.05
according to the Student’s ¢- test in the comparison of eryth-
rocytes, mixed with Ag NPs, and with the control and NaCl
samples.
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FIGURE 5 Reflected-light microphotographs of control erythrocytes
(control sample 2) (@) and of erythrocytes mixed with NaCl (control sample
1) or Ag NP colloid solutions (b and ¢, respectively). Bar indicates 10 um.

intensities of peaks at 1640 and 1623 cm ™" and the formation
of the envelope peak with maximum at 1630—1635 cm ™

Secondly, in the SERS spectra of erythrocytes and
erythrocyte ghosts, the ratio for the intensities at 1375 cm ™'
(pyrrol half-ring symmetric vibration—C,Cy,, C,N bonds)
and 1172 cm™' (pyrrol half-ring asymmetric vibration)
(I1375/11172) 1s significantly higher than for the same ratio
of Hb,. (Table 2, Fig. 7 b). This result indicates that in heme
of Hbag; and Hb molecules, seen by SERS in erythrocytes,
asymmetric vibrations of pyrrol half-ring are dumped and
therefore the intensity of peak at 1172 cm™' is lower in
comparison with the peak at 1375 cm™'. It is worth
mentioning that the ratio /;37s/[117, for SERS spectra of
erythrocytes was practically the same (at ~1.2—1.3) for all
tested volume ratios of [Ag NPs]:[experimental erythrocyte
sample] = 2:8; 3:7; 2:3; 3:2 (Fig. S1). We should also note
that the general view of SERS spectra of erythrocyte ghosts
(number of peaks and peak positions) is completely the
same, as for erythrocytes and Hb;.

In view of the obtained data, we conclude that the differ-
ence between SERS spectra of erythrocytes and Hb;. and the

=3

a Y 0.12
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similarity between SERS spectra of erythrocytes and Hbag,
in erythrocyte ghosts is a result of 1), the significant contri-
bution of the membrane-bound Hbyg; (the same as Hby,,)
to SERS spectra of erythrocytes; and 2), of the difference
between membrane-bound and free cytosolic Hbs.

The features of SERS spectra of erythrocytes and erythro-
cyte ghosts are due to vibrations of the heme bonds in
membrane-bound Hb, which are different from the vibra-
tions of heme bonds in free Hb. This finding indicates several
peculiarities of Hbg,, conformation.

Firstly, Hby,, undergoes conformational changes due to
the interaction with an AE1 exchanger (16,27) and, hence,
differs from the conformation of free Hb;.. Due to this inter-
action, the heme molecule of Hby,, is distorted and changes
its conformation. This results in the obstruction of the vibra-
tion of some heme bonds, namely, asymmetric vibrations of
the pyrrol half-ring, observed from the decrease in the inten-
sity of the peak at 1172 cm ™', in comparison with the peak at
1375 cm™! (symmetric vibrations of the pyrrol half-ring).
Hb, or Hb;. do not interact specifically with membrane;
therefore, there are no geometrical restrictions such as for
Hbg,,,. The heme molecule of Hb,;.,/Hb, is more relaxed and
intensities of symmetric and asymmetric pyrrol half-ring
vibrations are similar. The same explanation can be applied
to the difference in group vibration of the C,C,,, C,C,H, and
C.Cy bonds and the (C;C,)vinyl bond in Hbg,,, and Hb;.. The
vinyl residue can rotate around the pyrrol C,, atom, and we
can suggest that the position of the vinyl relative to the pyrrol
ring can be different in the heme of membrane-bound Hb and
free Hb;,.

Secondly, because of Hby,, interaction with the AEIl
exchanger, heme molecules in Hby,, could be specifically
oriented toward plasma membrane and therefore toward
Ag NPs. It is more likely that there is no specific orientation
of Hb;. molecules and their heme bonds toward Ag NPs or,
at least, their orientation is different in the comparison to
Hb,,,,. Thus, due to the specific orientation of Hby,, heme
toward Ag NPs, its symmetry can be changed and vibrational
modes can be presented differently in the comparison with
the heme of Hb;.. This can explain the change in the relative
input of the symmetrical and asymmetrical pyrrol half-ring
vibrations in the heme of Hby,,/Hbag; of erythrocytes and
erythrocyte ghosts in comparison with the similar input of
the same vibrations in Hb;.. This suggestion is based on
evidence that intensities and position of peaks in SERS
spectra of small molecules depend on the orientation of the

FIGURE 6 (a) A sample with high concentration of
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tube) was used to obtain Raman spectra of isolated cytosolic
Hb (Hby) (b and ¢, lower spectra). (b) A comparison of
Raman spectra of Hb. and Hb;. reveals no differences in

1800 1600 1400 1200 1000 800 600
Frequency shift, cm-1

1750 1700 1650 1600 1550 1500
Frequency shift, cm-1

their structure and peak intensities. (¢) An enlargement of
the high frequency regions of spectra shown in panel b.
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FIGURE 7 (a) A sample with alow concentration of eryth-
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rocytes mixed with Ag NPs (upper tube) was used to obtain
SERS spectra of submembrane Hb inside living erythrocytes
(Hbygy,) (b and ¢, upper spectra). A sample with alow concen-
tration of erythrocyte ghosts (a, middle tube) was used to
obtain SERS spectra of the membrane-bound Hbg; (b and
¢, middle spectra). A sample with a low concentration of
Hb, released from the cytoplasm of erythrocytes (a, lower
tube), was used to obtain SERS spectra of Hb;. (b and ¢, lower
spectra). (b) Comparison of the SERS spectra of Hbgp,
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Hbag1, and Hb;. shows that the ratio for the intensities with
maxima at 1375 cm ™! and 1172 em ™! is similar for Hby,
and Hbag; and different in the comparison of Hbg,, and

Hbag; with Hb;.. (¢) The enlargements of the high-frequency regions of the SERS spectra for Hbg,,, Hbag;, and Hb;. show two peaks with maxima at
1640 cm ™! and 1623 cm ™! for Hb;, and one peak with maximum at 1630-1635 cm™! for Hbgy, and Hbag;.

studied bonds toward NPs (41-43). Therefore, it is natural to
conclude that the orientation of large biomolecules toward
NPs also affects their SERS signal.

Because we concluded from RS and SERS experiments
with erythrocytes and isolated Hb, that 1), conformations
of Hb, and Hb;, are similar, and 2), conformations and/or
orientation of Hbg, and Hb;, are different, we assume that
conformations of Hb,. and Hbg,, are also different or/and
that there is a specific orientation of Hby,, toward Ag NPs
and plasma membrane.

Both assumptions are of significant interest. Differences
in conformations of Hb, and Hby,, could imply different
affinities to O,. In particular, symmetric and asymmetric
vibrations of pyrrol half-ring are sensitive to the redox state
of the Fe atom and the presence of ligand, e.g., O, (38-40)
and the relative intensity of 1375 cm™' peak was already
proposed for the estimation of Hb oxygenation (44). The
possible distortion of heme resulting in the observed change
in the vibrations of pyrrol half-ring can affect Hb ability to
bind O,. Moreover, regulation of O,-binding properties of
Hb. and Hby,, can also be different. By means of AS it has
already been shown that Hb, bound to the cytosolic part of
AE1 exchanger, is less sensitive to 2,3-diphosphoglycerate
and inositol hexaphosphate than free Hb (27,45). We
propose to use SERS to explore Hbg,, properties in intact
living erythrocytes and to compare Hby,, with Hb,.

CONCLUSION

This article illustrates the application of SERS to studies of
submembrane Hb in living erythrocytes.

TABLE 2 Intensity ratios /375/l172 for SERS spectra of intact
erythrocytes, erythrocyte ghosts with membrane-bound Hb,
and isolated Hb from erythrocyte cytoplasm

Intact Erythrocyte Hb;, isolated from
erythrocytes ghosts erythrocyte cytoplasm
11375/11172, mean 1.332% 1.245% 1.005
value
Mean + SE 0.059 0.039 0.007
n 7 7 7

*p < 0.05, according to the Student’s - test in the comparison with Hb.
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Despite numerous data on the application of SERS in
organic chemistry and biochemistry, there is still a lack of
SERS experiments performed on living cells. There is,
furthermore, no analysis of the possible negative effects of
nanoparticles on studied cells. Here we report optimal condi-
tions for SERS studies of living nonmodified erythrocytes
using Ag NPs. We have used three independent techniques
to demonstrate that the proposed conditions of SERS exper-
iments and Ag NPs themselves do not affect the properties of
erythrocytes.

To our knowledge, we are the first to demonstrate that
SERS spectra of erythrocytes differ from SERS spectra of
free isolated cytosolic Hb, but are similar to SERS spectra
of the membrane-bound Hb in erythrocyte ghosts. We
concluded that SERS signal of erythrocytes comes from
Hb,,,, associated with cytosolic domain of AEl exchanger.
Our data indicate that conformations of cytosolic and sub-
membrane Hbs in living erythrocytes are different, which
can cause nonsimilarity in the regulation of their O,-binding
properties. As interaction of Hb with membrane lipids seems
to be insignificant under nonpathological conditions (19), we
expect no contribution from the lipid-bound Hb. However,
we could not completely reject the possible minor contribu-
tion of Hb,, located nearby the membrane, to the SERS
spectrum of erythrocytes.

Further application of SERS to living erythrocytes will
shed light on the interaction of Hb with plasma membrane
and on the influence of regulatory molecules, submembrane
processes, and drugs on hemoglobin properties. Thus, the
combination of SERS and RS can help in the study of the
effects of stimuli on two hemoglobin populations (Hb. and
Hby,,,) and to elucidate whether submembrane hemoglobin
molecules play a significant role in the saturation of the
whole erythrocyte with O,.
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