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Abstract. The electronic properties of single human red blood cells under mechanical deformations were inves-
tigated using a combination of dual beam optical tweezers and UV-vis absorption spectroscopy. The mechanical
deformations were induced by two near-infrared optical traps with different trapping powers and trap configura-
tions. The deformations were applied in two ways: locally, due to the mechanical forces around the traps, and by
stretching the cell by moving the traps in opposite directions. In the presence of local deformations, the single cell
undergoes a transition from an oxygenated state to a partially deoxygenated state. This process was found to be
reversible and strongly power-dependent. Stretching the cell caused an opposite effect, indicating that the electro-
nic response of the whole cell is dominated by the local interaction with the trapping beams. Results are discussed
considering light-induced local heating, the Stark effect, and biochemical alterations due to mechanical forces, and
are compared with reports of previous Raman spectroscopy studies. The information gained by the analysis of a
single red blood cell’s electronic response facilitates the understanding of fundamental physiological processes and
sheds further light on the cell’s mechanochemistry. This information may offer new opportunities for the diagnosis
and treatment of blood diseases. © 2012 society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.9.097006]
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1 Introduction

The optical trapping of single cells for the analysis of their phy-
sical properties can open doors to a range of diagnostic methods
with highly specialized targets and provide new insights into
several areas of life sciences. Human blood constituents, parti-
cularly red blood cells (RBCs), are very important objects of
such studies. The RBC, with its simple architecture, can be con-
sidered as important for biochemistry as the hydrogen atom is
for physics.! RBCs are more common than other blood cells and
carry information about donor health conditions. As the central
component of the circulatory system, RBCs have specific
evolved mechanisms for responding to changes in local envir-
onment. In the human body, RBCs continuously encounter var-
ied chemical surroundings and also experience large mechanical
deformations as they pass through vessels or smaller capillaries
with diameters often smaller than the cells themselves. They can
survive such repeated passages owing to their high deformabil-
ity properties. Studies on RBCs under tunable mechanical forces
intend to simulate the natural cell environment and can play a
crucial role in understanding the cell biological response to
mechanical perturbations.” Tt has been shown, for example,
that the mechanical properties of RBCs are affected by malaria,
spherocytosis, elliptocytosis, or sickle cell anemia.’
Sophisticated approaches for RBC analysis combine optical
tweezers with spectroscopic techniques like Raman or fluores-
cence spectroscopy to obtain insight into molecular properties
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and extract biochemical information at the single-cell level.
From a spectroscopic point of view, the most important consti-
tuent of RBCs is hemoglobin (Hb), the main role of which, phy-
siologically, is the transport of oxygen from lungs to tissues and
participation in the return transport of CO, from the tissues to
the lungs. This is possible because of the ability of hemoglobin
to reversibly bind oxygen with the divalent iron atom of the
heme conserving its valence. The chemical state of hemoglobin
strongly depends on its local environment and oxygenation
state. The Raman technique was used for the study of single
RBCs, including investigations on their excitation wavelength*’
and environmental effects.*%’ More recently, the direct mechan-
ical perturbation of RBC structure was also investigated via this
method.®!! One important finding of these studies was the evi-
dence found for mechanically induced cell deoxygenation.
Based on this evidence, it can be hypothesized that force
induced effects may potentially complement the commonly
accepted models describing oxygen binding and release by
blood, such as the alkaline Bohr effect, stereochemical mechan-
ism, and heme—heme interactions.' Despite the number of such
structural (Raman) studies, there is still little known about the
electronic properties of hemoglobin at the single-cell level. UV-
vis absorption spectroscopy is one of the simplest, label-free
techniques yielding direct insight into electronic transitions.
Sensitivity of the UV-vis absorption spectroscopy to external
perturbations (e.g., temperature, electric field, or pressure) for
bulk samples is very well known. It is particularly sensitive
to the binding of oxygen by hemoglobin and, therefore, has
often been used to monitor oxygenation state transitions in
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both bulk hemoglobin solutions!> and more recently, single
RBCs.">!* To the best of our knowledge, no study has been
conducted on the single RBC’s absorption spectroscopy in the
presence of external mechanical force.

There are at least two ways to apply deformations with opti-
cal traps®!! (Fig. 1): by holding the RBC in one or more traps
and by stretching the cell using at least two traps. In the first
case, the radiation forces attract the cell’s constituents with
high refractive indices to the trap center, consequently inducing
mechanical deformations mainly near the trap (within an area of
about 1-um diameter). In the second case, optical traps addition-
ally stretch the cell by moving in opposite directions. In this
case, the deformation also occurs in the part of the cell where
no optical beams exist. Studying both local and redistributed cell
deformations is important in understanding the interaction of
RBCs with tissues. Low-frequency RBC-membrane fluctuations
can originate from nonthermal (ATP-driven), internally gener-
ated forces.'® In other words, living cells not only sense external
forces but can also actively probe the mechanical properties of
their environment by imposing forces. Although the spatial
force distributions of these metabolic driven motions largely
remain unknown, both localized and distributed mechano-
sensing is possible.

In this work, we experimentally demonstrated the manner in
which specific mechanical deformations induced by optical
traps affect the optical absorption of the heme protein within
the cell. We propose that the absorption changes are mainly

iy Pinhole

Fig. 1 Top: Two types of deformations which can be applied to the RBC
by the optical traps: (a) deformations are applied directly holding RBC in
the traps, and (b) the optical traps additionally stretch the cell. Arrows
represent hypothetical force (F) distribution. Bottom: Experimental
setup.
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due to mechanical deformations as heating and the Stark effect
could not fully explain the observations. We demonstrate a rela-
tionship between mechanical stress and electronic response of
the cell and propose mechanisms that may be responsible for
cell deoxygenation.

2 Materials and Methods

The linear optical absorption technique can be combined with
optical tweezers using either coherent'® or incoherent' light
sources; both these approaches have inherent benefits and draw-
backs. Coherent sources, while being quite expensive and spec-
trally limited, provide very bright and highly focused light to a
relatively small volume of a cell. On the other hand, incoherent
sources are much cheaper and allow a probe of the overall prop-
erties of the whole cell at the expense of lower light intensity and
the loss of some quantitative information (e.g., absolute absor-
bance value).

We used an incoherent broadband source for wide-field
illumination of single erythrocytes whose transmittance was
monitored in a wide wavelength range using an array detector.
The transmitted light intensity was normalized to a signal
obtained without the cell present, and the absorption was sub-
sequently calculated. This approach was used to investigate the
spectral changes due to the external perturbations induced by the
traps themselves and by the cell stretching (see Figs. 1 and 2).

2.1 Experimental Setup

The experimental setup comprises a dual-beam optical trapping
system combined with an absorption spectrometer (Fig. 1). The
optical tweezers setup has been described previously.®!7 A
985-nm beam was used as a dual trap. The beam was split,
expanded, and collimated before it reached the trapping

Active area

Fig. 2 (a) Image of the single, stretched (20%) RBC recorded in the pre-
sence of a 1-mm pinhole in the imaging channel. The brighter part
around the cell determines the measured field of view. During the
absorption measurements the identical pinhole was used in the spectral
channel in order to eliminate the background while the imaging chan-
nel was used without the pinhole. (b) Movement of the trapping beams
along the cell during typical stretching experiments (here, up to 17%)
recorded by removing an IR filter from the imaging channel allowing the
detection of IR reflection from the coverslip surface. The stretching leads
to an increase in the distance between the trapping beams, and the
effective interaction of the cell with the beams is reduced.
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objective (100 X 1.3 numerical aperture oil immersion, Nikon).
The back focal plane of the trapping objective was conjugated
with movable mirror planes of an interferometer. Movements of
the mirrors in either arm of the interferometer result in move-
ments of the traps in the focal plane of the objective without
changes in intensity and shape, thus maintaining the trapping
potential. The out-of-plane positions of the two trapping
beams were controlled by moving one of the lenses in front
of the interferometer.

Absorption spectra were recorded using a 150-W halogen
lamp (OSLI-EC, Thoralabs) conjugated with a liquid light
guide as a probe source. As the light from the lamp is incoher-
ent, it is impossible to focus it to the spot size smaller than the
RBC’s thickness (about 2 ym). Note that the trapped RBC aligns
in the trap and its concavity is normal to the transverse plane.
Therefore, we used a wide-field illumination method.'®> The
light intensity at the sample was enhanced by passing it through
a microscope condenser (20 X 0.4 NA, Edmund Optics). Cell
images after the objective were split by a semitransparent
(50/50) mirror. A part of light was then used for imaging
the cell while the other part was passed through a 1-mm pinhole
to focus it on an optical fiber (600-um core) coupled with an
absorption spectrometer. The main role of the pinhole is to
reduce the background light from the area of the cell image
[Fig. 2(a)]. The size of the pinhole was optimized to illuminate
the entire cell even in its stretched state [see Fig. 2(a)]. The
actual position of the (active) field of view (in the spectrometer
channel) was determined by absorbing 3-uym beads (Duke
Scientific, R0300) and by monitoring changes in the transmit-
tance (in real time, short acquisition time =0.3 s, number of
accumulation times =1) of a trapped bead while it approaches
the active region. Figure 2(a) shows the field of view obtained
by placing the 1-mm pinhole in the imaging channel, thus
indicating the actual size of the field of view. During the mea-
surements, the pinhole was removed from the imaging channel
and placed in the spectrometer channel, enabling the observation
of the whole microscope image during experiments. Conse-
quently, the image shown in Fig. 2(a) was no longer available
and the position of the active area had to be determined empiri-
cally, for instance, using the beads. Furthermore, the active
region did not have a clear boundary, and its size depends
not only on the pinhole diameter but also on experimental con-
ditions (intensity of probe light, camera sensitivity). The posi-
tions of both traps in the focal plane of the trapping objective
were adjusted within the field of view limited by the pinhole.
Excellent sensitivity and spectral resolution were obtained
using a thermoelectrically controlled Andor charge-coupled
device (CCD) camera (DV401A-BV) coupled with a 1200
lines/mm grating spectrometer (Andor, SR163). The camera was
cooled down to —60°C and was operated in the full vertical bin-
ning (FVB) mode. A second CCD camera (Hamamatsu C3077)
provided optical images during stretching experiments. The
images were used for calculations of cell deformations. Experi-
ments were performed at room temperature (22°C).

The main difference between our method and the one
described in Ref. 13 is that we used a fiber only to guide the
transmitted light from the microscope, while in Ref. 13, the
fiber also acts as a pinhole (core size 50 ym). We have tested
the approach used in Ref. 13 and found it impossible to reduce
the active area to a size smaller than the RBC thickness (about
2 um) even for a very small core size fiber (50 ym) for which the
signal-to-noise ratio was already significantly affected. Note that
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the absorption spectra shown in Ref. 13 are fitted data and not
raw data. Hence, we used a much larger pinhole, realizing a
better signal-to-noise ratio at the expense of absolute absorbance
information.

2.2 Data Processing

Relative absorbance was conventionally calculated as log (1 /),
where [, is the reference signal (recorded in the absence of
RBC) and [ is the transmitted light intensity, both corrected
for the CCD dark signal. As the noncollimated probe beam
was used, the absorbance of single cells in a strict sense was
not determined but the relative absorbance was calculated. Spec-
tra were recorded separately in two different spectral windows
with a total acquisition time of 17 s (for both transmittance and
reference signal measurements) and with the baseline corrected.
The only exception to this acquisition time was for the measure-
ment in the absence of the traps where such a long detection was
not possible. This is because the sample moved out of the field
of view, and hence, we could not visualize it for longer than 3 to
5 s (the total acquisition time was 3 to 5 s depending on the
sample). Note that a shorter total acquisition time (i.e., lower
number of points to average) does not affect the value of the
measured relative absorbance (it may only affect the signal-
to-noise ratio). In all figures (expect derivative plots), we
show the raw data without smoothing or fitting.

We used two traps to hold and stretch the cells during
experiments. The deformation of stretched cells was conven-
tionally calculated as Deformation(%) = (AL/L,) x 100,
where AL = L — L is the difference between the stretched
(L) and relaxed (L) axial lengths of the cell along the stretching
direction.

2.3 Sample Preparation

A blood sample of about 50 p from a healthy human donor was
washed three times in Alsever’s solution by centrifugation
(3 min each at 2000 rpm). The settled precipitate was diluted
in 1000 ul of Alsever’s solution and stored at 4°C. The stock
solution was used within two days to ensure that most of the
cells were in viable conditions. The samples for measurements
were prepared by dissolving 20 ul of stock solution in 1000 yul of
buffer; these samples were injected into a custom-made fluid
chamber with precise, stepmotor-driven flow control. The cham-
ber was placed on an inverted microscope with a micrometer-
controlled stage.

3 Results

3.1 Effects of Local Deformation on Absorption
Spectra

Let us first consider the changes in absorption when the cell is
held in the optical traps but no stretching is applied [Fig. 1(a)].
Figure 3 shows the representative UV-vis absorption spectra of a
single RBC in the absence and presence of optical traps with
different total trapping powers (up to 12.9 mW). The spectra
of the single RBCs show characteristic electronic bands typical
of oxy-hemoglobin. The Soret (or B) band located at 410 nm is
followed by the Q band centered at 575 nm and its vibronic
repetition at about 540 nm. The hemoglobin spectra are domi-
nated by the heme group and are usually interpreted on the basis
of the molecular orbital or the density functional theory (DFT)
of metalloporphyrins. According to these calculations, the Q
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Fig. 3 Optical trap effect on the absorption spectra of the single RBC in
the region of the (a) Soret and (b) Q bands measured at different trapping
powers. The observed spectral changes are reversible.

and Soret bands are mainly attributed to the z-to-z* transitions
between e <—ay, and e <—ay,, respectively.'®

To record the spectra in the absence of the traps, the cell was
initially trapped using low power (0.7 mW), and the trapping
beams were switched off for a short time (about 3 to 5 s) to
allow the spectra recording without noticeable (controlled by
imaging) cell displacements or rotations. The cell was then
retrapped and the spectra were recorded with the same cell at
increasing power. To avoid the photodegradation, the trapping
beams were always switched off during power adjustment. For
the same reason, the power-dependent measurements were
recorded only at a given distance between the trapping beams
(about 3 ym). At this distance, the RBC membranes were not
stretched, as observed via imaging. However, it is probable
that relative locations of the beams affect the cell state at least
via redistribution of stresses within the cell. Different cells were
used for measurements in the Soret and Q spectral windows but
following the same procedure.

The spectra (Fig. 3) are found to be strongly dependent on
the power of the traps. At low power (0.7 mW), the trap effect on
the spectra is almost negligible. At higher powers of the trapping
beams, a significant drop in the Q band intensity close to the
absorbance maxima occurs with a simultaneous increase in
absorbance at about 560 nm. This effect is accompanied by
the red shift (about 5 nm at maximal power) of the vibronic
band and a slight Q band broadening. A different behavior is
observed in the Soret band, which becomes strongly inhomoge-
neous, suggesting the appearance of a new band (at about
430 nm); the appearance of this band is confirmed via fitting
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analysis (data not shown). The inhomogeneity of this band in
the presence of traps is clearly visible but a possible contribution
of the increase in power to the broadening of the native band
with power cannot be disregarded. The observed spectral
changes should be measurable using the single trap. The main
advantage of the two traps is that all degrees of freedom of the
RBC motion are well constrained, preventing eventual cell reor-
ientation, especially when turning the trapping beams on and
off. Moreover, two-point trapping is favorable over a single trap
because the energy of the beams is partially distributed over the
cell. Hence, we approximately double the volume of interaction
with the beams by simultaneously reducing the other effects
such as local heating.

Control experiments were performed by repeatedly cycling
between low (0.7 mW) and high trapping powers to check
the reversibility of the absorbance changes and determine the
degree of photodamage. We found that the spectra regain the
previous shape when the trap power is reduced [Fig. 4(a)].
This also indicates that the cells are not photodamaged at the
optical powers and exposure times used, as confirmed by an
additional test experiment when the absorption spectra were
measured over 99 s of continuous illumination [Fig. 4(b)]. At
longer illumination times, the cell slowly starts to degrade, as
is reflected in the decrease (with time) in the integral intensities
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Fig. 4 (a) The photostability of the RBCs monitored via the Q absorption
band recorded (at 0.7 mW) before (black line and crosses) and after (red
line and circles) three consecutive 17 s scans with variable trapping
powers. (b) Absorption spectra of the cell recorded continuously
over initial 33 s (black line and crosses), after 66 s (red line and circles),
and 99 s (blue line and triangles) at 8.2 mW. The acquisition time for
each spectrum is 33 s, and spectra are taken without time delay. There
are no significant changes in spectra indicating that the sample is photo-
stable at these trapping powers and exposure times.
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of both the Q and Soret bands (data not shown). The presence of
traps leads to the evident increase of the Soret band intensity at
430 nm with power; hence, photodecomposition can be
excluded in this case. The presented changes in the absorption
spectra are therefore due to the effect of the trapping beams on
the cell. Similar trap-induced effects were observed for 20 cells.

3.2 Effects of Distributed Deformation

Now we consider the overall effect when both the local defor-
mation and the stretching are applied to the cell [Fig. 1(b)]. The
corresponding absorption spectra for single cells at relaxed and
stretched states are presented in Fig. 5. This figure shows that
the stretching of the cell causes opposite effects on the absorp-
tion spectra that are induced with the increase of the trap power:
the Q band intensity increases close to its maxima with a simul-
taneous decrease of absorbance at about 560 nm. Both the Q and
Soret bands become narrower, and with stretching, two distinct
bands are clearly resolved in the Q band. This effect is reversible
(see Fig. 5). Such spectral behavior, which is opposite of the
previous case, suggests that the stretching reduces the interac-
tion of the cell with trapping beams. In order to confirm this
hypothesis, a stretching experiment was conducted for the
cell trapped near the coverslip surface, enabling the monitoring
of the relative positions of two trapping beams [see Fig. 2(b)].
This was possible by removing the IR blocking filter from the
imaging channel and recording the image of the IR light
reflected from the coverslip surface. The image indicates that
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Fig. 5 Absorption spectra of a single RBC in the (a) Soret and (b) Q
bands for the relaxed (black lines and crosses) and stretched (red
lines and circles) cells (power 4.5 mW). This effect is reversible: the
absorption spectra of cells relaxed back after stretching (green lines
and squares) are almost identical to the initial spectra. The inset in
Fig. 5(b) shows images of the relaxed and stretched (17%) cell.
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the overall overlap of the trapping beams with the cell is strongly
reduced with a possible slipping of the traps along the cell with
stretching. Consequently, the absorption spectra of the cell tend
to restore the previous unperturbed shape. This behavior is
reproducible from cell to cell for 40 studied cells stretched
even as high as 33%.

The reasons for the difference in the relative absorption
among cells can be partly explained by the variation in the
size of the cells and/or Hb concentration. For example, the
higher value of relative absorbance in Fig. 5(b) as compared
to that in Fig. 3(b) (at 4.5 mW) is attributed to the difference
in size [larger cell shown in Fig. 5(b)]. Similarly, we can explain
the differences between the plots in Figs. 3(b) and 4(b) (at
8.2 mW) by size.

4 Discussion

The above absorption spectroscopy studies show that RBCs pos-
sess a complex absorption behavior with the possible formation
of new (deoxy) species. This behavior can be driven by various
processes as the electronic structure of heme and other metal-
loporphyrins is sensitive to external perturbations. The observed
trap-induced absorption changes can potentially result from: 1.
trapping light-induced heating, 2. the Stark effect (both due to
the high intensity of trapping light), and 3. chemical alterations
induced by optical forces. Below we consider each of these
effects in details.

4.1 Optical-Beam-Induced Heating

In the optical tweezers experiments, the optical beams are tightly
focused, resulting in large intensities at their focused area and
the consequent possible heating due to light absorption in the
neighborhood of the focused area. In the simplest case of a
trapped single micron-sized polystyrene or silica particle, the
most important contribution to heating is from light absorption
in the solvent around the particle and not in the particle itself.'°
Water is heated more than the polystyrene particle due to its
higher extinction coefficient (14 m~' for water versus 6 m~!
for polystyrene beads at 1064 nm). The estimated temperature
increase due to water heating was about 8°C/W.'” This increase
leads to about a 0.1°C jump in our experiment at 12.9 mW. For
comparison, this value of temperature increase is measured to be
~15°C/W and 12°C/W for micron-sized spherical liposome
vesicles having bilayer membranes and for Chinese hamster
ovary (CHO) cells, respectively (as measured using Stokes-
shifted fluorescence).”’ Here, the liposome absorption is
assumed to also be governed by absorption in water. The situa-
tion is more complicated for RBCs. The molar extinction coef-
ficient of HbO, at 985 nm is about 1112 M~'cm~',*' and
the mean corpuscular Hb concentration in cells is about
5 mmol/L.* Multiplying these values yields the RBC extinc-
tion coefficient of about 556 m~!, which is significantly higher
than that for water. Exact calculations of the temperature
increase in RBC are quite complicated and beyond the scope of
this work. Nevertheless, we roughly estimated a possible
temperature increase, assuming a direct proportionality of the
extinction coefficient and heating factor. Multiplying the RBC-
to-water extinction coefficient ratio (at 985 nm) and the highest
reported heating factor for water (15°C/W), we estimated that
the maximal increase of temperature in our experiments
should not exceed 0.5°C, 3°C, 5°C, and 8°C for 0.7, 4.5, 8.2,
and 12.9 mW, respectively. Note that these obtained values
are upper limits and correspond to the case where the total
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absorbed (via RBC) light converts to heat (no dissipation). A
better estimation would require the solution of the heat transport
differential equation for a strongly heterogenous system (like
RBC) or direct temperature measurements, ideally with a sensor
placed inside the cell.

To the best of our knowledge, the temperature dependence of
absorption spectra for a single cell has not yet been studied. For
solutions, such data are available at relatively high concentra-
tions.”> A prominent effect of the temperature increase from
20°C to 40°C was a small decrease in the absorptivity of
oxy-, carboxy-, and deoxyhemoglobin in the Q band region
but only near the absorbance maxima. The effect was more pro-
nounced for HbO, than for Hb. Despite the fact that the tem-
perature jump was 20°C, the drop in the absorbance maxima
was much smaller than that observed in our measurements.
More importantly, in contrast to our experiments, the spectra
shape was almost the same, and no noticeable changes in
absorptivity was observed with the temperature increase at
560 nm. We observed a strong and instantaneous reversible
effect at low power (4.5 mW); hence, it is unlikely that this
is caused solely by a thermal effect when temperature rise of
<3°C is expected. Another argument against the temperature
jump explanation is the evidently growing (with the power of
the traps) integral intensity of the Soret band. An exactly oppo-
site behavior is expected with the temperature increase, mainly
due to phonon coupling (see e.g., Refs. 24 and 25). In addition, a
simple thermal broadening of the Soret band cannot justify the
observed changes since a new band (at higher powers) becomes
strongly inhomogeneous.

All the above arguments indicate that the local heating, even
though it cannot be completely excluded, has a rather secondary
effect on our measurements. In other words, the heating caused
by the traps may facilitate the decrease of absorption near the Q
bands maxima (or broadening) to some extent but it cannot be
considered the sole explanation of the observed behavior.

4.2 Stark Effect

Another potential mechanism is associated with the Stark effect
near the focus of the traps. The tightly focused beam gives rise to
intensities on the order of MW /cm? even for beams of several
milliwatts. Based on the assumption of a diffraction limited spot
size, the electric field strength at the focus point is on the order
of 10% V/m. The effect of such large electric fields should be
considered, particularly in absorption measurements. The elec-
tric field may perturb the charge distribution directly (Stark
effect) or deform cells via the field-induced polarization and
consequently change the protein conformation. In general,
the Stark effect might result in shifts of all optical transition fre-
quencies and redistribution of oscillator strengths. It may also
result in the access to transitions that are normally forbidden
(by selection rules) or the splitting of degenerate energy levels.
According to the perturbation theory, the Stark spectrum (AA)
line shape is proportional to the second derivative of the absorp-
tion spectrum.?® We calculated this function in the absence of the
traps, and the derivative spectra were compared with difference
spectra shown in Fig. 6. While the similar shapes of derivative
and difference spectra were obtained in the Q band, there is a
considerable disagreement in the Soret band. We found that the
difference spectrum, particularly in the Soret spectral range, dif-
fers significantly from the previously reported Stark spectra of
deoxymyoglobin.?’” The Soret band is due to the presence of Hb
in its native form and it is very sensitive to alterations in the
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the absence of the traps (red lines) with difference spectrum (black lines
and circles) in the region of the (a) Soret and (b) Q bands. Raw data were
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culation. The difference spectra were obtained by the subtraction of the
spectra in the presence (8.2 mW) and absence of the traps, and multi-
plied by 150 and 4000 in the the Soret and Q range, respectively, for
comparison with the second derivative. Characteristic oscillations in the
derivative plots, which are particularly strong in the the Soret region, are
due to interference effects enhanced by numerical differentiating (see
also plots of the reference signal:blue dashed lines).

surrounding environment.”® A strong disagreement of the differ-
ence spectra with both the derivative and Stark spectra®’
indicates that the Stark effect hypothesis appears to break down
and it cannot alone explain the changes observed in the experi-
mental spectra.

4.3 Mechanical Deformation

Now we consider how the mechanical deformations of the cell
induced by the trapping beams may change the RBC absorption
spectra. The measured absorption bands originate from the heme
groups embedded in a hydrophobic protein backbone with char-
acteristic conformation. The changes in the shape and position
of absorption bands could therefore indicate possible conforma-
tional changes of the surrounding proteins. The permanent
damage of proteins (e.g., unfolding or denaturation®®) can be
excluded as the process is completely reversible. There are
well-known reversible conformational changes that accompany
Hb oxy-deoxy transitions.?’ The oxy and deoxy forms of hemo-
globin possess different absorption spectra (particularly in the O
band region) since the binding of oxygen rearranges the electro-
nic distribution and alters the orbital energy. The spectra of
oxy-hemoglobin are dominated by two distinct peaks in the visi-
ble (Q) range, as is shown in Fig. 3 for a single cell in the
absence of the traps. In contrast, the deoxy-hemoglobin or deox-
ygenated erythrocytes (e.g., sodium dithionite treated) exhibit a
single broad band centered at about 560 nm.'**' In normal
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conditions, the cells have a mixture of oxygenated, deoxyge-
nated, and partially deoxygenated forms of Hb, which coexist
within a delicate balance, depending on the chemical surround-
ing (e.g., pH, O, partial pressure, membrane tension). Our
power dependence studies show that the intensity ratio of
deoxy peaks to that of oxy peaks (Asgonm/As75nm) iNCreases
with the trapping power. This behavior is expected when a par-
tial conversion of the cell from the oxygenated state to deoxy-
genated state occurs. An evidence of the partial cell
deoxygenation is also clearly visible in the Soret region where
the red-shifted absorption appears with the power increase, lead-
ing to the strong band inhomogeneity. These results are consis-
tent with the well-known change in the quaternary structure that
accompanies the hemoglobin deoxygenation.! The optical traps
induce mechanically conformational changes of the proteins
leading to the oxygen release. The varying degree of cell deox-
ygenation can be obtained by adjusting the power of the traps.
These results and interpretation agree well with similar Raman
studies where power-dependent, reversible, optical-trap-induced
partial cell deoxygenation was observed.'! The data clearly indi-
cate that the effect also completely dominates the cell’s electro-
nic response. The physical picture describing the observed local
effect seems to be complex, and direct theoretical predictions are
not available yet. We hypothesize that optical forces deform the
proteins mechanically by attracting different cell constituents
(including membrane, cytoskeleton, and cytosol) leading to
the increase in neighbor-neighbor (Hb—Hb), Hb—membrane,
or Hb—cytoskeleton interaction and forcing hemoglobin confor-
mational changes.®!! The observed local effect can be also
directly related to the folding of RBCs in the presence of an
optical trap (power dependent process).”® Even if forces are
applied locally [Fig. 1(a)], they are accompanied by the redis-
tributed deformation of the whole membrane, since the trapping
leads to significant changes of the RBC shape (from the normal
biconcave disk shape into a rod-like shape). Such folding can
result in the mechanical squeezing of the cytosol and cytoske-
leton inside the cell. Note that, in principle, any change in the
RBC shape may potentially affect Hb mechanically since the Hb
binds with the inner wall of the RBC membrane (with possible
intercalation)®'*? as well as to the entire cytoplasmic domain of
band 3 (see Ref. 33) and spectrin (see Refs. 34 and 35). An
explanation beyond these qualitative arguments will have to
await further experiments. In particular, the role of the cell fold-
ing remains to be elucidated. The study of the time evolution of
absorption bands in the presence of external perturbation can
further clarify this issue (the folding and unfolding of RBCs
are relatively slow processes®”). Time-resolved absorption mea-
surements of a single RBC are planned for further research.
To further explore the potential role of the membrane shape
on the chemical state of hemoglobin, we performed stretching
experiments where the membrane was intentionally deformed
with two traps moving apart. The obtained results indicate
that the membrane stretching apparently does not lead to cell
deoxygenation. On the contrary, a higher degree of the overall
cell oxygenation is evident. This behavior can be explained by
reduced interaction of the cell with the trapping beams. Stretch-
ing can also result in cell unfolding, which in turn may facilitate
cell oxygenation. These observations at first glance are in con-
trast to previous Raman experiments®*¢ where it was found that
the deoxygenation of RBC occurs with membrane stretching.
There are a few reasons to explain this apparent discrepancy.
The Raman and absorption spectroscopic results differ due to
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different experimental realizations and sensitivities. We suppose
that the stretching-induced deoxygenation is a much weaker
effect occurring locally in the cell, and hence, the absorption
measurements are completely masked by the above described
local interaction with trapping beams. The confocal Raman
spectroscopy probes a limited volume inside the cell while
the wide-field illumination during the absorption measurement
yields the response of the whole cell. As we have reported, the
presence of the optical traps leads to partial cell deoxygenation,
monitored via the absorption changes. However, this deoxy-
genation is presumably not evenly distributed over the whole
cell but dominates in the regions close to the traps, leaving
other parts of the RBC in their initial oxygenated state [see
Fig. 2(b)]. In the case of total cell deoxygenation, we see in
the absorption spectra, the full oxy — deoxy cell conversion
with a distinct peak at 560 nm, but this is not the case here.
Since the Raman spectroscopy experiment probed the cell’s
region between the traps, the hemoglobin in the focal volume
was initially in the oxy state (not or slightly affected by the
above described local traps effect). Therefore, stretching-
induced deoxygenation was observed. In addition, Raman sig-
nals usually suffer from an excessive bias toward the surface
layers of probed samples. This might prevent the observation
of the signals from deeper layers of the probed RBCs, confining
their responses to only shallow layers close to the membrane.
The regions close to the membrane presumably undergo max-
imal deformations with stretching and can strongly contribute to
the Raman signal. In contrast, the absorption spectroscopy
method used here probed the whole cell, and no evidence
was found for overall cell deoxygenation with membrane
stretching. The changes in the absorption spectra are dominated
by the direct interaction of the cells with the traps, which masks
a weaker stretching effect (note that, in practice, the sensitivity
of Raman spectroscopy can be better than the sensitivity of
absorption since the background signal is much lower). How-
ever, based on the results presented here, it is evident that
the overall (total) cell deoxygenation does not occur with the
membrane stretching. The oxy — deoxy transitions analyzed
in Ref. 8 can therefore only be a partial effect occurring locally
in the cell, most likely close to the membrane.

Future experiments should be aimed at combining the
absorption and Raman spectroscopy with optical tweezers in
one experimental setup and simultaneously monitoring the
spectra of the same cells in identical experimental conditions
(solvent, stretching state, etc.) using polystyrene beads
biochemically attached to the cell membrane.

5 Conclusion

In summary, the absorption spectra showed that single RBCs
undergo a partial deoxygenation in the presence of local defor-
mations induced by trapping beams; this result is consistent with
the reports of previous Raman spectroscopy studies. The effect
was found to be strongly dependent on the trap power and fully
reversible. We showed that the local heating and Stark effect
cannot justify the observed changes in the optical absorption.
Therefore, mechanically induced chemical alterations (includ-
ing Hb conformational changes) are the most important contri-
butions. The absorption response of the trapped cell is
dominated by the local interaction with the optical traps, as con-
firmed by the stretching experiments. The changes in absorption
of the stretched RBC were explained by the decrease in the
effective overlap and resulting interaction of the cell with the
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trapping beams. There is no evidence in the absorption measure-
ments for the overall deoxygenation of the whole cell with mem-
brane stretching, although localized deoxygenation near the
membrane cannot be disregarded. Such localized deoxygenation
may facilitate the oxygen exchange with tissue.

Radiation forces that attract cell constituents to the trap cen-
ter or directly stretch its membrane may simulate the real dis-
tribution of the deformations that cells experience as they
squeeze through smaller microcapillaries or actively interact
with the tissue.
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