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ABSTRACT Raman spectroscopy was used to monitor changes in the oxygenation state of human red blood cells while they
were placed under mechanical stress with the use of optical tweezers. The applied force is intended to simulate the stretching
and compression that cells experience as they pass through vessels and smaller capillaries. In this work, spectroscopic evidence
of a transition between the oxygenation and deoxygenation states, which is induced by stretching the cell with optical tweezers, is
presented. The transition is due to enhanced hemoglobin-membrane and hemoglobin neighbor-neighbor interactions, and the

latter was further studied by modeling the electrostatic binding of two of the protein structures.

INTRODUCTION

In a biological system, proteins, enzymes, and other molec-
ular structures function with a delicate balance between
small mechanical forces and chemical reactions. Some com-
mon and well-known examples are the stretching and twist-
ing of DNA during its protein binding processes, and the
protein conformational changes that occur along with bio-
chemical processes.

For the latter case, hemoglobin (Hb) is a classical example
of a protein that undergoes conformational or domain
changes upon experiencing a chemical reaction—in this
case, ligand binding. Hb, the main component of the cyto-
plasm of the red blood cell (RBC), is a globular protein
that facilitates oxygen transport via binding to heme groups.
Oxygen binding is a cooperative effect: the affinity increases
due to stress-relieving conformational changes in the protein
as a result of successive ligand binding. The protein is gen-
eralized by a two-state model between two alternate struc-
tures: 1), a deoxygenated (deoxy), low-affinity, tense (T)
structure; and 2), an oxygenated (oxy), high-affinity, relaxed
(R) structure (1). The connection between chemical binding
and conformational change has led to the idea of using an ex-
ternal force to affect the oxygenation of the Hb (2).

There are two requirements to perform such an experi-
ment. First, a tool is needed to isolate a cell and apply forces.
Second, a method is necessary to monitor the chemical
changes of the Hb under such a stress. Optical tweezers
have become an established tool to accomplish the first
task (3,4). With the use of a multibeam trap, a cell can be iso-
lated and manipulated in a number of ways (5,6). The trap-
ping system can then be coupled to a monitoring method,
such as Raman spectroscopy (7). Raman spectroscopy has
proved to be an important characterization tool for biological
systems. The Raman fingerprint of a biological cell can yield
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a vast amount of information about the cell’s structural
makeup (8) and chemical changes (9), and can even be
used as a form of cell identification (10) or imaging (11).
In the basic configuration of the combined Raman tweezers
system, a beam is used to trap a cell while the same or an-
other beam simultaneously excites its Raman spectrum.
The cell is thus isolated and can be studied without the ef-
fects of neighbor interactions. The typical powers and wave-
lengths for trapping and Raman excitation of living cells are
below the lower limits of cell heating and photodegradation
(12), as further exemplified by demonstrations of the prolif-
eration of a cell in an optical trap (3,13).

From a Raman perspective, the RBC is an interesting sys-
tem because of its relatively basic structure, and, although
these cells offer a dense vibrational spectrum, the frequency
regions have been well characterized (14,15). Studies fo-
cused on the oxygenation of the RBC have consistently re-
vealed differences in spectrum between the oxy and deoxy
states (14—17). There is general agreement regarding the as-
signment of certain bands as ‘‘oxygenation markers”, i.e.,
Raman peaks that change in intensity and/or frequency based
on the oxygenation state of the RBC.

A number of studies have used optical tweezers to apply
force to biological systems to study their general properties
or reactions (4,18). Included in these efforts have been
many studies of the mechanical properties of RBCs. The
unique deformability of these cells allows them to pass
through small capillaries and slits in organs, often with diam-
eters half the size of the cell. Studies of the mechanical struc-
ture of the membrane have related it to polymer physics (19).
Mechanical force measurements have led to elasticity esti-
mations (20-23), and stretching measurements have been
used to distinguish between healthy and sick cells (22,24).
The idea of a relation between RBC oxygenation and me-
chanical force has been discussed in some studies in refer-
ence to enhanced transport across a deformed permeable
membrane (25) and the possibility of increased kinetics in
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the Hb (2). However, thus far there has been no direct mea-
surement of this relation.

In this work, we report the first (to our knowledge) direct
measurement of a mechanically induced transition between
the oxy and deoxy states of the Hb in an RBC. With the
use of two optical traps, the RBC was held and stretched
while the Raman spectrum was excited with an additional
beam. Changes in known oxygenation marker bands showed
a transition to a deoxy state when an oxy RBC was stretched.
We propose that the transition is due to an applied strain to
the Hb molecules, which is a result of enhanced Hb neigh-
bor-neighbor and Hb-membrane rates of interaction that
occur upon cell stretching. The Hb neighbor-neighbor inter-
action was examined by modeling a simple two-Hb binding
system and relating the effects of the resulting configuration
to the oxygen affinity.

With this work, we present a robust optical system that
provides a novel approach to studying isolated cells by us-
ing, simultaneously, optical tweezers force microscopy and
chemical monitoring by Raman spectroscopy.

MATERIALS AND METHODS
Raman measurement

The multitrap Raman setup employed in this study has been described else-
where and used successfully for Raman studies of living cells (26). Fig. 1 is
a depiction of the setup used.

Briefly, a diode laser operating at 785 nm was used for the excitation of
Raman spectra with an average power of ~5 mW at the sample. The cells
were placed inside a custom-made sample holder with an 80-um-thick cov-
erslip. The holder was placed on an inverse Olympus IX 51 microscope
equipped with a 100 x 1.3 NA oil immersion objective and a micrometer-
controlled x-y stage. The backscattered light was collected by the micro-
scope objective; it first passed through a holographic notch filter and then
through a confocal system with a 100-um pinhole. The spectrometer had
a 600 lines/mm grating and was fitted with a thermoelectrically controlled
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FIGURE 1 Schematic of the confocal Raman spectroscopy system with

a dual-spot optical trap.
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charge-coupled device (CCD), cooled to —100°C. A CCD camera attached
to the microscope provided optical images during experiments. Raman spec-
tra were recorded with a spectral resolution of 3 cm ™.

A 1064 nm diode laser was used for the dual-spot trap. The expanded and
collimated beam was directed through an interferometer before entering
a second collimating lens system, which conjugates the image from the mov-
able mirror planes to the back of the microscope objective. The movement of
the mirrors in either arm of the interferometer will then result in x-y move-
ment of the trap without changes in its intensity and shape, thus keeping the
trapping potential of the traps the same. By allowing one of the collimating
lenses in front of the interferometer to be movable, the trap beams can be
slightly shifted axially such that they are in the same x-y plane as the Raman
excitation beam. The beams were passed through the same microscope
objective with an average power of ~10 mW at the sample.

For the measurement, we held the cell with the dual-spot trap and aligned
it such that the Raman beam passed through its center. Raman spectra were
then recorded for the cell in its equilibrium and stretched positions. We de-
fine the equilibrium position as the point where both beams trap the cell such
that it is hindered from rotation while being minimally constrained in the
stretch direction. The traps are positioned to keep the cell as close to its
free length as possible to achieve this. For the stretched position, the cell
was stretched to the maximum extent possible with the given power of the
1064 nm traps. At this power, the force applied to the cell, which is in the
range of tens of pico-Newtons, is suitable for RBC stretching without irre-
versible damage (19,20). The in vivo aspects of this measurement are dem-
onstrated by the fact that no dielectric beads are used to attach to the cell, and
the power and acquisition times fall well under the limits for cell heating and
photodegradation (4).

Sample preparation

Human serum albumin (HSA) and phosphate buffered saline (PBS, pH =
7.4) were obtained from Sigma-Aldrich (Madrid, Spain). The aqueous solu-
tions were prepared by using deionized water. For the Raman measurements,
blood obtained by venipuncture from healthy volunteers was diluted 1:100
with a mixture of HSA (2 mg/mL) and PBS. All Raman spectra were re-
corded immediately after blood was taken and diluted in the media solution.
To demonstrate the in vivo aspects and Raman sensitivity of the system, the
oxygenation of the RBCs was not done chemically. Although this increased
the necessary cell sample size, the data show that consistent results were still
obtained for oxy RBCs found in the blood sample.

Protein binding modeling

The Protein Data Bank x-ray crystallographic structure 1HHO (27) was the
starting point for the computational investigations. This structure corre-
sponds to the oxy R species. Two 1HHO tetramers were rigidly docked us-
ing the FT-dock (28) and pyDock (29) programs. FT-dock is a geometric
recognition search engine for rigid-body proteins that is based on the Fourier
correlation algorithm of Katchalski-Katzir et al. (30). The protein-protein
poses produced by FT-dock were scored, i.e., energetically ranked, using py-
Dock. The pyDock scoring system uses Coulombic electrostatics, a dis-
tance-dependent dielectric, and an implicit desolvation energy term that
uses special atomic solvation parameters, and has been successful in scoring
rigid-body docking sets (29).

RESULTS

Images of the RBC in the equilibrium and stretched states are
shown in Fig. 2. The elongated RBC reflects the maximum
stretching that could be achieved, which is approximated
from the image to be ~40% of the original size. Fig. 3 is
a sample raw Raman spectrum with the cell trapped in its
equilibrium position. The large background due to the water
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FIGURE 2 Camera image of the RBC trapped by two beams in the equi-
librium (/eft) and stretched (right) conditions.

and media, along with the low signal/noise ratio due to the
low Raman scattering cross section of the cell, necessitates
background removal and smoothing. A five-point adjacent
averaging smoothing was applied, followed by subtraction
of the Raman spectra of the media alone. The resulting spec-
tra, given in Fig. 4 for both the equilibrium and stretched
conditions, are divided into the three well-characterized
regions of the Hb (14,31). Many of the peaks align well be-
tween the two states, except for the small regions that are
highlighted in gray. Fig. 5 contains the expansions of these
ranges to clearly visualize the changes. The highlighted
bands were isolated and the curved background was re-
moved to obtain a fair comparison of frequency position
and intensity. The background removal technique is based
on a simple geometric algorithm and is unique in that a fit
is not required (32). It was previously employed to study
low Raman signals (33). To further verify the absence of
spurious peaks due to the data processing, multiple Raman
spectra of the media of RBC samples were measured and
put through the same smoothing and background removal
(using a control measurement of the media alone) procedure.
In all instances, only a flat line resulted at the noise level.
For the success rate statistic, only cells that initially gave
oxy Raman peaks were considered. In the experiment, 25
cells satisfied that criterion, and 14 of those cells gave results
that were completely consistent with Figs. 4 and 5 after being
stretched. The rest of the cell sample yielded a mixed consis-
tency without complete agreement between all of the fre-
quency regions in the Raman spectra. There are a number
of reasons for this, including variances from cell to cell in ox-
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FIGURE 3 Sample raw Raman spectrum of an RBC trapped with two
beams in its equilibrium position.
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FIGURE 4 Raman spectra of equilibrium (top spectra) and stretched (bot-
tom spectra) states of the RBC after smoothing and background subtraction.
The spectra are separated into three well-characterized regions. The shaded
areas represent the bands that changed consistently between equilibrium and
stretched conditions for the majority of the sample of cells.

ygenation levels, elasticity, and the amount of Hb in the ex-
citation volume before and after stretching. The acquisition
time was 30 s for each spectrum. To test for possible photo-
degradation effects, Raman spectra were recorded for RBCs
held in the dual-spot trap before and after a time period of
2 min. Minimal to no changes were seen in the spectra.

DISCUSSION
Changes in Raman spectra due to stretching

A strong band at 750 cm ! (Fig. 5 a) was measured from the
RBCs, which came from the C-N-C breathing stretch
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FIGURE 5 Close-up views of the highlighted bands from Fig. 4. For each graph, the top and bottom spectra are from the equilibrium and stretched states,

respectively.

vibration in the porphyrin ring. When the RBC was
stretched, we observed that this peak shifted up slightly in
frequency and its linewidth became narrower. The amount
of shifting and narrowing varied from cell to cell; however,
the direction (an upward shift in frequency and a decrease in
linewidth) was consistent. In the sample spectrum shown
here, there is an increase of 3 cm™! (750 em ! to 753
cm ") for the peak position and a decrease of 9 cm ™' (23—
14 cmfl) for the linewidth. Both shifts are close to the me-
dian values for the cell group. Peak positions and linewidths
were determined by fitting the curves to a Voigt profile and
extracting the Lorentzian component. A frequency shift of
this peak was observed previously in a study comparing
the Raman spectra of healthy and sick blood cells (15). In
that study, the frequency increase observed was attributed
to closer packing of the porphyrin structures in the infected
cells, which would lead to a ‘“‘stronger” vibrational mode.
In our case, the stretching of the RBC could place a strain
on the Hb structures that alters the breathing mode by chang-
ing its frequency or by dampening out-of-plane vibrations
and other modes that add disorder, thus reducing the broad-
ening effects in this Raman band.

The important trend noted in this study is that when we ob-
served the narrowing of this band, consistent changes were
seen in the regions that contain bands that are known to be
affected by the state of oxygenation of the Hb. The most
striking effect is observed in the band at 1625 cm '
(Fig. 5 e), assigned to the C-C vibration of the polyporphyrin
side chain, which disappears upon stretching. This disap-
pearance was observed in previous studies that compared
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Raman bands between oxy and deoxy RBCs (14-17,34).
Upon dissociation of oxygen, the planar structure deforms
out of plane (termed porphyrin doming), consequently caus-
ing this band to disappear. A complete disappearance was
not seen here, most probably due to the mixed oxygenation
states of each heme in the cell; however, the sharp decrease
that occurs after stretching indicates a strong transition to-
ward deoxygenation.

We also observe changes in other regions that are indica-
tive of the oxygenation and spin state of the center iron atom.
Bands appearing around 1500 cm ™' are assigned as spin-
state markers (14,16,17,34) because these vibrations are
from C-C bonds in the ring that are affected by the spin state
of the iron atom. From Fig. 5 d, we measure a small band at
1567 cm ™" and a shoulder peak at 1548 cm ™" in the equilib-
rium state of the RBC. The former is typical of low-spin fer-
rous iron (Fe*"), which is a characteristic of bound oxygen.
For the deoxy state, the iron is most likely in a high spin
state, and in this condition the Raman band should split to
a lower and a higher band, which also is observed here at
1546 cm ™' and 1578 cm ™' in the stretched state. All three
values agree with previous studies of oxy, deoxy, and vary-
ing iron oxidation states of Hb (14,17). We also observe that
the center low spin peak reappears as a stronger band posi-
tioned at a slightly lower frequency in the stretched state.
This is most likely due to the presence of Hb structures
that have not changed completely to the deoxy condition,
or to an alteration of the vibration due to the external strain.

The 1200-1300 cm ™! region contains the in-plane bend-
ing vibrations of the methine C-H (16). These bonds are
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affected by the coordination between the iron atom and the
porphyrin ring. The measured bands for this region are given
in Fig. 5 b. We measure peaks at 1243 cm ™" and 1222 cm ™"
in the equilibrium that shift to 1236 cm ™' and 1218 cm ™" af-
ter stretching. A third peak is observed in both conditions at
1206 cm ™', with a higher intensity measured in the stretched
state. The decrease in frequency of these bands between the
equilibrium and stretched states agrees with previous obser-
vations of these bands between oxy and deoxy RBCs
(14,16,17). The change is due to the decrease in strength
of the coordination between iron and the porphyrin ring as
the atom is pushed out from the center during the oxy-to-
deoxy transition.

The 1350-1400 cm ™' region contains bands that come
from C-N stretching in the heterocyclic ring that surrounds
the iron atom. The frequencies of the band are affected by
the oxidation state of Fe because of the electron back dona-
tion from the Fe that weakens the bond. Thus, this region
contains the ‘‘oxygenation state marker” of the heme
(15,16); however, this dependence has been questioned
(14,35,36). A band around 1350 cm™ ! has typically indi-
cated the ferrous (Fe”) state of iron, and with bound oxygen
the shift to a ferric-like (Fe3 T) state gives a band around 1370
cm™! (16,17). However, a number of studies have produced
mixed results for this region. In some, both bands have ap-
peared in the oxy and deoxy Hb due to the higher electron
back donation of Fe2+, which either weakens the C-N stretch
mode, causing a lower Raman frequency, or increases the
mode because the lower electron density around the iron
atom causes it to act more ferric (15). In other studies, this
band was simply invariant to oxygenation (14,35). Here,
we find three peaks in the 1360—1380 cm ™' region for the
equilibrium state (Fig. 5 ¢). In the stretched condition, the
lower and higher bands drop in intensity, and the middle
peak close to 1370 cm ™' remains. A smaller peak at 1350
cm ! also appears. Thus, we find evidence of oxy markers
in the equilibrium condition that seem to change to deoxy,
based on either the decreased intensities or the appearance
of the band at the lowest frequency in this region in the
stretched condition.

Overall, we observed strong evidence of a transition from
oxy to deoxy Hb when an RBC is stretched. The measured
Raman bands for the equilibrium and stretched conditions
of the cell agree with those previously measured in oxy
and deoxy states, respectively. Many of the oxygenation or
spin state markers are based on the position of the iron
atom relative to the porphyrin ring and the resulting deforma-
tion of this ring. Thus, an external strain applied to the Hb
can account for these band changes.

Mechanisms for mechanically induced
change in oxidation

One cause of this change could be related to the membrane
becoming more permeable due to the stretching. However,
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earlier studies have questioned the significance of the mem-
brane in affecting oxygen diffusion altogether (37,38). A
second explanation could be based on pressure effects. An
early study observed no shift in the oxygenation equilibrium
of bovine Hb when the pressure was increased from 1 to 680
atm (39). This early experimental procedure was brought
into question in a recent study that measured the apparent
specific volumes of human deoxy and oxy Hb (40). How-
ever, the change in volume reported was a minimal increase
of only 0.2% when going from T to R. Another work showed
that the Raman spectrum of oxy Hb changed under even
higher pressure (GPa range); however, the altered spectrum
differed from deoxy Hb, which led to the conclusion that
the dissociation was thermally induced (41). Considering
our experimental conditions, the creation of such high pres-
sures, which seems necessary to alter the Hb protein either
thermally or by changing its specific volume, is not possible
in the RBC during stretching. Thus, there must exist a more
prevalent mechanism for the change in oxygenation ob-
served in our data.

The stretching of the RBC affects the Hb in two ways that
promote both the release of oxygen and the transition from
the oxy (R) to the deoxy (T) condition. First, stretching in
this manner causes the elongation of the cell to a more ellip-
soidal form, which increases the area/volume ratio (due to
the membrane folding) and the area of contact of the mem-
brane with the cytosol (19). Previous studies have estab-
lished the roles of the membrane in regulating RBC oxygen
transport and glucose metabolism (42,43). The former is
the main cycle of the O,-CO, exchange, where the band 3
macrocomplex in the membrane accepts carbon dioxide
and transforms it into a release of protons in the vicinity of
the membrane-cytoplasm interface. Thus, the oxygen re-
lease, a result of the acidification of the local area, occurs
most rapidly for oxy Hbs that are in this region. A secondary
role that enhances this effect is the glucose regulation due to
binding of deoxy Hb to the cytoplasmic side of band 3 (43).
The deoxy Hb has a higher affinity to this binding than the
oxy Hb and competes with glycolytic enzymes for this site
(43,44). The enzyme inhibition results in the increase of glu-
cose flux, which leads to the production of ATP and organic
phosphates, and the latter further promotes oxygen release
from free Hbs. The Hb-membrane interaction occurs, quite
obviously, close to the membrane, and thus an increase in
the area of contact between the cytoplasm and membrane
would lead to enhancement of the oxygenation transition.

The second effect of stretching is an increased rate of in-
teraction between neighboring Hbs. Elongating the RBC
can lead to a decrease in the internal volume due to the out-
flux of water and solutes when the cell is under stress (45).
The result is an increase in Hb concentration, which pro-
motes the neighbor-neighbor interaction of Hbs. The interac-
tion could inhibit movement of the protein, which would
affect the oxidation state because the oxidation/deoxidation
of the Hb is an interplay between chemical bonding and
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physical conformational changes of the structure. The con-
struction and orientation of the heme group are such that
a small displacement of the iron atom will be amplified
throughout the rest of the subunits. Following the model of
Perutz (1,46), when an oxygen atom binds to the iron center
of the porphyrin ring of a heme group, the iron atom is pulled
in to the ring center. This leads to a large movement of the
proximal histidine relative to the ring. The histidine move-
ment causes changes in the structures, with the most notable
being the movement of the F-helix toward the heme group.
This movement induces other conformational changes that
finally break the salt bridges that hold the Hb in its deoxy
form. With the salt bridges removed, the oxygen affinity is
raised because the subunits are no longer constrained, thus
demonstrating the cooperative aspect of oxygen binding in
Hb. Such a mechanism was proposed upon inspection of
the oxy and deoxy crystallographic structures (1). Recently,
this interplay between conformational changes and binding
affinities was quantified by means of theoretical modeling
using mixed quantum mechanics and molecular mechanics
techniques (47). It was shown that the residues involved in
the quaternary contacts are responsible for the differential
in affinity. In particular, the largest contributions are as-
signed to the anchor points around the F-helix. The confor-
mational quaternary changes introduce constraints to the
F-helix in the T structure and hinder the necessary iron mo-
tion, reducing the oxygen affinity.

The nonbonded interaction of neighboring Hbs could ap-
ply a similar constraint to the structural reorganization of
the protein. At the time of this work, no experimental or
theoretical study of this effect had been conducted (to our
knowledge), so we studied the limit of this mostly electro-
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static interaction by modeling the binding of two Hb
molecules. Using the protein-protein docking algorithms
described in Materials and Methods, we searched for the
most probable interaction between different units. Three
of the first four complexes involved large contacts in the
F-helix. The lowest energy configuration found is depicted
in Fig. 6. As can be seen in Fig. 6 b, the favorable config-
uration results in strong contacts at the F-helix (indicated by
arrows), potentially hindering its movement. Thus, we may
be observing the imposition of constraints limiting the F-helix
rearrangement that are induced (initially) not by quaternary
contacts, as previously seen in the single protein unit, but by
neighbor-neighbor interactions. These interactions may even
lock a low-oxygen-affinity or deoxy Hb into an oxy-like
R structure, which gives another explanation for the invariance
of some Raman bands that are associated with oxygenation
changes.

The strong relation between mechanical forces and chem-
ical changes in the Hb structure leads to the question of
reversibility of the process. The connection of force and
oxygenation should be reversible in terms of general
physiology of the cell and the thermodynamics of the Hb.
For the former, there is a constant exchange of oxygen and
carbon dioxide in the RBC that causes the Hb to go back
and forth between its two structures as the cell ages. The
cell deforms in the respiratory area as well, and thus a height-
ened interaction with the membrane would make a deoxy Hb
more available to free oxygen. For the latter, a force could be
applied to the Hb that would balance the strain in the T struc-
ture of the deoxy, pushing the heme groups further out from
the protein to receive oxygen. The idea that this force could
come from neighbor-neighbor interactions of the Hb is

FIGURE 6 Global representation (a) and close-up
view (b) of the lowest energy configuration of the bind-
ing of two Hb molecules modeled from the protein-pro-
tein docking algorithms. The arrows identify the points
of contact at the F-helix.
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questionable because of the consistent binding at the F-helix.
In our experiments, without changing the conditions of the
cell surroundings, an effect was observed in the reverse di-
rection; however, it was not present at nearly as consistent
a rate as the results presented here. One issue is that the
oxygen content of the media in the ambient air is not high
enough to promote the influx of O,. To better analyze this,
the cell media should be saturated with oxygen to reverse
the gradient across the membrane, which is a future consid-
eration for this work.

Overall, the results fit well with the structure and function
of the RBC and Hb. The effect is realistic when one con-
siders the mechanochemical character of the Hb protein
and the physiological aspects of the RBC in terms of its
unique deformability as it travels through vessels and capil-
laries. Indeed, most proteins could act as mechanochemical
transducers because many aspects of chemical binding and
enzymatic processes involve changes in protein structure
dimensions.

CONCLUSIONS

We have presented Raman spectra of equilibrium and
stretched RBCs, and discussed the spectral changes based
on mechanically induced effects. By comparing the Raman
spectra of equilibrium and stretched RBCs with results
from previous studies of oxy and deoxy RBCs, we conclude
that cells with a significant oxygen concentration were
pushed to a deoxy state when stretched with optical tweezers.
The mechanically induced change in oxygenation state is
based on the enhanced rates of interaction between neighbor-
ing Hbs, and Hb and the membrane, which is a consequence
of stretching the cell. The Hb neighbor interaction is further
studied by modeling the binding of two Hb proteins. The re-
sults of the model show that the Hb components responsible
for its oxy state become constrained. The overall result re-
veals a bidirectional relationship between chemical binding
and mechanical force in the oxygenation cycle of the Hb
structure.
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