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Abstract. Near-infrared laser �785-nm�-excited Raman spectra from a
red blood cell, optically trapped using the same laser beam, show
significant changes as a function of trapping duration even at trapping
power level of a few milliwatts. These changes in the Raman spectra
and the bright-field images of the trapped cell, which show a gradual
accumulation of the cell mass at the trap focus, suggest photoinduced
aggregation of intracellular heme. The possible role of photoinduced
protein denaturation and hemichrome formation in the observed ag-
gregation of heme is discussed. © 2010 Society of Photo-Optical Instrumentation
Engineers. �DOI: 10.1117/1.3497048�
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Introduction

he increasing interest in the use of Raman spectroscopy for
tudies of the chemical composition and conformation of
acromolecules in individual cells stems from the fact that

his technique avoids the necessity of any exogenous stain.
owever, due to the inherent weak nature of the Raman sig-
al, a long acquisition time �often tens of seconds to few
inutes� is required1,2 to acquire spectra with a good SNR.
he cell should therefore be immobilized. But the physical or
hemical methods used for immobilization of cells in micro-
aman techniques often lead to undesirable surface-induced
ffects on the cells or lead to strong background spectra origi-
ating from the substrate/immersion medium.3,4 The use of
adiation forces5 exerted by a tightly focused optical beam to
mmobilize cell without direct contact helps to avoid these
roblems and therefore Raman optical tweezers3 or a setup
acilitating acquisition of Raman spectra from an optically
rapped cell, are receiving much attention. In particular the
se of near-IR radiation for Raman studies is gaining rapid
nterest due to much reduced fluorescence background that
ften obscures the small but important Raman bands. The
ear-IR �NIR� Raman optical tweezers have already been uti-
ized for several interesting studies such as monitoring the
eal-time heat denaturation of yeast cells,6 the transition from
he oxygenated to deoxygenated condition of a red blood cell
RBC� on application of mechanical stress,7 sorting and iden-
ification of microorganisms,8 etc. Note here that Raman spec-
roscopy is a powerful technique to monitor the oxygen-
arrying capacity of RBCs since the binding or the
issociation of oxygen with heme leads to significant confor-
ational changes that can be sensitively monitored by this

echnique. However, since optical trapping of cells requires

ddress all correspondence to: Raktim Dasgupta, Raja Ramanna Centre for Ad-
anced Technology, Laser Biomedical Applications and Instrumentation Divi-
ion, Indore-452013, India. Tel: 917-312-488-427; Fax: 917-312-488-425;
-mail: raktim@rrcat.gov.in
ournal of Biomedical Optics 055009-
the use of high-numerical-aperture �NA� lenses �typically
NA �1.2�, even at a trap power level of few milliwatts, the
intensity at the sample is very high ��MW cm−2�. Therefore,
the possibility of photoinduced damage to the trapped cells
must be carefully examined. Previous studies on Raman spec-
troscopy of RBCs utilizing Ar:Kr ions,9,10 He–Ne �Ref. 11�,
and NIR �Ref. 12� lasers to excite Raman spectra have shown
significant photoinduced damage for long exposure times.
With a power of �0.75 mW �irradiance at the sample
�80 kW cm−2� at Ar:Kr ion laser lines �488, 514, and
568.2 nm� used to excite Raman spectra, significant changes
in the Raman spectra acquired from RBC trapped using a
830-nm laser beam were observed as a function of time.9

These changes were attributed to the formation of methemo-
globin �met-Hb� due to photoinduced irreversible binding of
oxygen to the heme groups. However, note that in the studies
carried out by Ramser et al.,9 the resonant absorption of the
laser wavelengths by met-Hb led to a high-fluorescence back-
ground, which may obscure observation of small changes that
may be crucial for understanding the role of other possible
pathways of photoinduced damages. Micro-Raman studies11

carried out by Wood et al. using a He–Ne laser beam
�632.8 nm, irradiance �113 kW cm−2� also showed signifi-
cant changes in the spectra as a function of the exposure time.
The observation that these changes were similar to that ob-
served in Raman spectra of an RBC acquired at elevated tem-
perature led them to suggest that the laser-exposure-induced
changes may arise due to hemoglobin �Hb� aggregate forma-
tion resulting from photoinduced protein denaturation.
Though in the study carried out by Ramser et al.,9 no photo-
damage was observed in cells trapped for duration of up to
10 min by NIR trapping laser light �830 nm, irradiance
�13 MW cm−2�, in the study carried out by Wood et al.12

using 785-nm excitation, significant damage above 18 mW

1083-3668/2010/15�5�/055009/11/$25.00 © 2010 SPIE
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irradiance �1 MW cm−2� for exposure durations �200 s
as observed. In this study, the RBCs were fixed onto the
lass substrate using poly-L-lysine, which may also lead to
nwanted surface-induced effects and may also hinder obser-
ation of early stage of photodamage.4

We therefore studied photoinduced changes in RBCs as a
unction of the duration of laser exposure in Raman optical
weezers employing an NIR �785-nm� laser source. The use
f Raman optical tweezers helped in the acquisition of good
uality spectra by manipulating the trapped cell away from
he surface, thereby minimizing unwanted background origi-
ating mostly from the substrate and immersion medium. Fur-
her fluorescence coming from the trapped RBC itself, which

ay suppress the small spectral alterations present at early
tages of photodamage, was minimized by using NIR excita-
ion. The changes observed in the Raman spectra and bright-
eld images as a function of exposure time suggest initiation
f aggregation of hemoglobin in the trapped RBC at a much
ower exposure value than reported previously. The spectral
hanges suggest simultaneous occurrence of protein denatur-
tion and hemichrome formation. The possible involvement
f nonlinear light absorption effect in the observed photoin-
uced changes in the cells is also discussed.

Materials and Methods
igure 1 shows a schematic of the experimental setup. The
85-nm cw beam from a Ti:sapphire laser �Mira 900,
oherent Inc.�, pumped by a 532-nm diode-pumped solid

tate laser �Verdi-5, Coherent Inc.�, was chosen for both trap-
ing and exciting the Raman signal. The laser beam was fil-
ered to obtain a smooth profile and then introduced into a
omebuilt inverted microscope equipped with a high-NA ob-
ective lens �Olympus 60�, NA 1.42�, forming an optical
rap. For trapping and acquisition of Raman spectra we used
aser powers varying from 3 to 9 mW, measured at the speci-
en plane. The laser spot size at the focus was �0.5 �m and

he RBCs were trapped �15 �m above the bottom cover
late of the sample holder. A holographic notch filter �notch
lter 1�, was used to reflect the 785-nm trapping/excitation
eam at an incident angle of �12 deg. The Raman signal
ackscattered from the trapped RBC was collimated by the
bjective lens and passed back along the same optical path-
ay. Notch filter 1 transmits the Raman signals above

Fig. 1 Experimental setup. The solid line shows the trapping/e
ournal of Biomedical Optics 055009-
800 nm, which are then passed through a 100-�m confocal
pinhole to reject most of the off-focus Rayleigh scattered laser
light. It was thereafter passed through another notch filter
�notch filter 2� that further removes the Rayleigh scattered
laser light. The beam was then focused onto the entrance slit
of an imaging spectrograph �Shamrock SR-303i, Andor
Corp.�. The spectrograph is equipped with 600-lines /mm and
1200-lines/mm gratings blazed at an wavelength of 900 nm
and incorporates a back-illuminated CCD �iDus DU420-BR-
DD, Andor Corp.� camera thermoelectrically cooled to
−80 °C. To allow observation of the trapped RBCs a green-
filtered halogen illumination source and a video CCD camera
system were used.

Calibration of the spectrometer was performed using tolu-
ene �Spectroscopic grade, Aldrich� and assignment of the
peaks was made from standard spectra. The spectral reso-
lution of the Raman system was about 4 cm−1 with a
1200-lines /mm grating and the Raman spectra can be re-
corded in the range from �950 to �1600 cm−1. The reso-
lution with a 600-lines /mm grating was �6 cm−1, but spec-
tra could be recorded over a region of �500 to 2100 cm−1

region. We recorded spectra without a cell in the trap and then
subtracted this background spectra from the Raman spectra
acquired from the trapped RBC to remove the background
arising from the buffer, substrate, and objective immersion
oil.6,13

The absorption spectra of met-Hb, hemichrome, and oxy-
hemoglobin �oxy-Hb� were monitored over �400 to 900 nm
using a Cintra 20 �GBC, Australia� UV-visible spectrometer.
The measurement parameters were set to a 1-mm slit width,
500 nm /min scan speed, and data were recorded at �1-nm
intervals. About 2 ml of samples were placed in a quartz cu-
vette, while another quartz cuvette filled with 1.5 mM phos-
phate buffer served as background.

Blood �1 ml� was collected by venipuncture from healthy
volunteers in glass tubes containing EDTA �5.4 mg /3 ml� as
an anticoagulant. RBCs were separated from these anticoagu-
lated blood samples by centrifugation at 3000 rpm for 3 min.
The separated RBCs were then washed with phosphate buffer
saline �PBS� and suspended in 1.5 mM phosphate buffer con-
taining 290 mM sucrose. This buffer maintains the osmolarity
of the suspending media and inhibits the adherence of cells to
glass surface.14 Appropriate dilutions of the cells in buffer

n beam, whereas the dotted line indicates the Raman signal.
xcitatio
September/October 2010 � Vol. 15�5�2
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olution were then used for experiments. For experiments
ith RBCs containing met-Hb the washed RBCs were resus-
ended in 0.1% sodium nitrate solution and the suspension
as allowed to stand for �1 h at room temperature.11 The

ells were thereafter washed in PBS and resuspended in the
ame buffer. Oxy-Hb solution was prepared following method
escribed in Ref. 15. For preparation of hemichrome solution,
he method described in Ref. 16 was used. The formation of

et-Hb and hemichrome was confirmed from UV-visible
pectroscopy showing marker band at �635 and �537 nm
or met-Hb and hemichrome, respectively.16

Results and Discussion
o study the effect of laser exposure on RBCs held in Raman
ptical tweezers, first we acquired consecutive time-lapsed
aman spectra in the wave number region of
25 to 1700 cm−1 with an acquisition time of 30-s for each
pectra over a total time period of 3 min. The results are
hown in Fig. 2. The trapping/excitation power used was
7 mW and for exposure time of a few tens of seconds sig-

ificant changes could be seen for the Raman bands at 1244,
366, and 1544 cm−1 along with a small decrease in intensity
f the band at 563 cm−1 and a gradual increase in SNR. As
he spectral region above 1000 cm−1 undergoes most signifi-
ant changes, we investigated this region in detail. Further, for
mproved statistical validation, spectra were recorded from
lood samples collected from five healthy volunteers. For
ach blood sample, at least seven RBCs were studied. Figure
�a� shows the Raman spectra acquired at time intervals of 0
o 5 and 175 to 180 s, from seven RBCs in the blood sample
f a healthy donor. Significant time-dependent changes can be
een in all the spectra. Notably, when we apply no baseline
tting to the acquired spectra, there was also a significant
ifference in the baseline offset between the spectra collected
t 0 to 5 and 175 to 180 s. Figure 3�b� shows the mean spec-

ig. 2 Temporal evolution of Raman spectra observed from trapped
BCs with trapping/excitation laser power of �7 mW, recorded over
525- to 1700-cm−1 region using a 600-lines/mm grating. The spec-

ra shown are the mean of three cells. Iterative polynomial fitting was
pplied to the baseline to remove the background. The Raman bands
howing temporal change in intensity are indicated.
ournal of Biomedical Optics 055009-
tra from five samples. The spectral changes with time are
noted to be similar for RBCs collected from all the five blood
samples.

To observe the effect of laser power on the time evolution
of the spectra, the spectra were recorded at laser powers of
�5, �7, and �9 mW. Figure 4 shows the temporal evolution
of the mean Raman spectra �recorded between 950 and
1600 cm−1� from trapped RBCs, at room temperature �
�25 °C�. For clarity, spectra collected over only seven time
intervals are shown as representative of the observed time
lapse changes. The spectra collected at increasing exposure
times show substantial baseline shift with time.

From Fig. 4 we can see that with increased exposure du-
ration, the Raman spectra show change in many Raman
bands. Notably most of the significant Raman bands observ-
able in RBC spectra are contributed by intracellular hemoglo-
bin as the cytoplasmic proteome in red blood cells is com-
posed of 98% hemoglobin17 and therefore while acquiring
Raman spectra of RBCs the signature of Hb supersedes all
other proteins.11,12,18 The assignment �Table 1� for some im-
portant Raman bands follows from the work by Abe et al.19

and Wood et al.12 Band assignments were considered for only
oxygenated Hb as the cells were kept at equilibrium with
atmospheric oxygen.

The bands in the region between 1500 and 1700 cm−1 are
known to serve as spin state markers. The normal mode at
1544 cm−1 primarily consists of C�–C� bond stretching and
is sensitive to photooxidation of heme.18 The 1366-cm−1 band
assigned to local coordinate �4 involve pyrrole half-ring
stretching vibration and are known as oxidation state
marker.18,20 The band at 1244 cm−1 is associated with C–H in
plane vibrations of methine hydrogen in porphyrin
macrocycle.18,20,21 The 563-cm−1 band comes from Fe–O2
stretching and is indicative of oxygenation state of the central
iron atom.22

The observation of enhanced intensities of the 975-, 1244-,
and 1366-cm−1 Raman bands is consistent with the previous
report by Wood et al.11 Since similar spectral changes were
observed during thermal denaturation of Hb, they attributed
these changes to the aggregation of heme moieties as a con-
sequence of photoinduced denaturation of Hb. Further, the
peak at 1544 cm−1 is resonantly enhanced with laser wave-
length of 785 nm and the decrease in intensity of this peak
can be ascribed to conversion of oxy-Hb to met-Hb, in which
oxygen is irreversibly bound to heme, as indicated in previous
studies.9,23 Note here that high-spin met-Hb is less stable than
hemicrome, a low-spin component in which the sixth coordi-
nation site of the iron is occupied by the imidazole group of
the distal histidine, and can be spontaneously converted to the
latter.22,24 Additionally, any possible denaturation of intracel-
lular Hb due to light damage action also helps the formation
of hemichrome as disruption of globin structure facilitates the
coordination of the imidazole group of the distal histadine
with the iron atom.22 Therefore, we recorded met-Hb and
hemichrome Raman spectra to correlate with the observed
photoinduced changes. The spin marker bands in the spectral
region �1500 to 1600 cm−1 for met-RBC and hemichrome
are shown in Figs. 5�a� and 5�b�. The spectra shown in Figs.
5�a� and 5�b� were acquired with an excitation/trapping power
of �3 mW to ensure no photoinduced changes in the spectra.
September/October 2010 � Vol. 15�5�3
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ig. 3 �a� Raman spectra acquired from trapped RBCs at �5 mW of trapping power. In each graph the bottom spectra are acquired at 0 to 5 s and
op spectra are acquired at 175 to 180 s. The large baseline shift can be seen for spectra collected at the 175- 180-s interval. Further, several
aman peaks �indicated by arrows� located at 975, 1244, 1366, and 1544-cm−1 suffer significant change in intensity due to prolonged laser
xposure. �b�. Mean Raman spectra from five blood samples at 0 to 5 s �left� and 175 to 180 s �right�. From each sample, spectra were acquired
rom � seven cells. The changes are indicated by arrows. All spectra were acquired with a 1200-lines/mm grating.
ournal of Biomedical Optics September/October 2010 � Vol. 15�5�055009-4
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he spectral changes noted for met-Hb and hemichrome when
ompared with photoinduced changes shown in Fig. 5�c�, in-
icate predominant formation of hemichrome in the damaged
ells. A reduction in the 563-cm−1 peak, as seen from spectra
n Fig. 2, is also indicative of this above fact.22 Therefore,
hotoinduced degradation of Hb inside optically trapped
BCs may be an interplay of photoinduced denaturation of
b as well as photooxidation affected hemichrome formation.

As the photodamage observed for RBCs due to laser ex-
osure can be largely attributed to Hb denaturation phenom-
na, similar to what was observed11 for heat-treated RBCs, it
s important to investigate the possible role that the elevated
emperature at the trap focus might play. The steady state
emperature rise in optical trap has been estimated by Ramser

ig. 4 Time evolution of Raman spectra observed from trapped RBCs
orresponding irradiance at the specimen is �a� �2.55, �b� �3.57,
ntensity are indicated.
ournal of Biomedical Optics 055009-
et al. to be less than 1 K, considering water as the prime
absorber of laser power.9 However, note that as RBCs contain
a very high concentration25 of Hb ��5 mM� and the absorp-
tion coefficient of Hb at the NIR region is much higher than
that of water, light absorption by intracellular Hb cannot be
neglected for reasonable estimation of temperature increase.
The temperature increase at the focus can be given as,26

�T = P�b�ln�2�R

�
� − 1� + db� ln	�2�rp/��2 + 1


2
�� ,

�1�

where P is the trapping laser power, R is the distance of the
focus from the cover glass surface, � is the laser wavelength,

pping/excitation laser power of �a� �5, �b� �7, and �c� �9 mW. The
� �4.58 MW cm−2. The Raman bands showing temporal change in
with tra
and �c
September/October 2010 � Vol. 15�5�5
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Table 1 Assignment and spectral position �in inverse centimeters� of the Hb Raman bands undergoing
significant temporal intensity change, as shown in Fig. 4. For comparison bands observed by
Wood et al.12 for oxygenated Hb are also shown.

Band
Assignment Local Coordinates

Band Position
�cm−1�

Band Position
�cm−1� �Ref. 12�

�11 ��C�C�� 1544 1547

�4 ��pyr half-ring�sym 1366 1371

�42 	�CmH� 1244 1248

�46 	�pyr deform�sym
and/or 
�CbH2�sym

975 974

��Fe–O2� ��Fe–O2� 563 567
ig. 5 �a� Raman spectra of RBC containing oxy-Hb and met-Hb. �b� Raman spectra from oxy-Hb solution and hemichrome solution. The spectra
ere recorded at an excitation/trapping power of �3 mW over a recording time of �30 s. Spectra shown are the mean from five acquisitions. �c�.
he time-lapse spectra from photodamaged RBCs at an excitation/trapping power of �9 mW. The 1544-cm−1 Raman peak is indicated by arrow.
ournal of Biomedical Optics September/October 2010 � Vol. 15�5�055009-6
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nd rp is the effective radius of the red blood cells. The coef-
cient b is defined as

b �
�

2�K
, �2�

here � is the absorption coefficient, and K is the thermal
onductivity of water. Note that db is the differential change
f b for the RBCs with respect to water.

Taking the values as �water�3 m−1 �Ref. 27�, Kwater
0.6 W /mK �Ref. 26�, �Hb� 370 m−1 �Ref. 28�, KHb
0.45 W /mK �Ref. 29�, and the mean radius for the RBCs

s �3 �m, the temperature rise at the focus for laser power
f 5 to 9 mW, was estimated to be between 2 to 3.7 K. As
he experiments were performed at room temperature
�25 °C�, the elevated temperature at the focus was
29 °C, not sufficient for causing heat denaturation to the

ells.
The Raman spectra also show a marked increase in base-

ine and a gradually increasing intensity for all the Raman
ands with laser exposure time. Wood et al. also observed the
ame effect and ascribed it to excitonic interaction mechanism
etween the metalloporphyrins resulting in migration of en-
rgy throughout the aggregated heme network.11 However, in-
rinsic fluorescence coming from photogenerated
emichrome30 may also contribute to the baseline enhance-
ent. Therefore, we investigated the time evolution of the

right field images of the cell. Figure 6 shows time-separated
mages of a trapped cell at �9 mW of laser power. Note here
hat RBCs were suspended in isotonic buffer so that they

aintained their natural biconcave shape. Though the equilib-
ium orientation of the biconcave RBC under optical trap is
ide-on type,31–33 we observed that for small trapping power
�10 mW� used in our studies the cells can be captured by
ptical forces but they do not turnover. This is possibly caused
y the small gradient force that resulted in our case, which is
nable to generate sufficient torsional moment required to
urnover the cells.34

As we can see from bright-field images of the trapped cell
n Fig. 6, the change in density of the cytoplasmic mass starts
t the center, and gradually the entire cell is affected and the
ajority of the cell mass becomes densely packed at the trap

ig. 6 Images of a trapped RBC with �9 mW of laser power showing
rap focus, with duration of laser exposure of �a� 22, �b� 25, �c� 28, �
ournal of Biomedical Optics 055009-
focus. A plausible explanation for this observation is that in an
optically trapped RBC, the precipitated heme, resulting from
protein denaturation and photooxidation, is attracted toward
the trap focus, and this may lead to the formation of heme
aggregate at the trap focus. We also checked the effect of
relaxation on the cells when they were released from the trap
after 36 s. Monitoring the cell for �10 min showed no sign
of it regaining its normal physiology, and therefore we could
conclude that the laser-induced effects were not reversible.

Fig 7 shows the time evolution of the intensity of Raman
bands at 975, 1244, 1366, and 1544 cm−1, relative to the
baseline. As the peak intensities are influenced significantly
by adjacent Raman bands, to estimate the actual intensities of
the Raman peaks, Lorentzian fitting was performed that can
effectively minimize the error contributed by overlapping re-
gions of adjacent bands. Also, the temporal change in baseline
offset of the spectra and mean Raman signal amplitude are
shown. The mean Raman signal amplitudes were estimated
over other Raman peaks 	996 ��45�, 1170 ��30�, 1210 ��5

+�18�, 1434 ��28�, and 1551 cm−1 ��11�
 that do not show
significant temporal variation. We can see that for peaks at
975, 1244, and 1366 cm−1, initially the intensity increases
slowly until a particular point of time is reached, where a
steep increase in intensity could be noted. The time intervals
at which the steep increases in intensity could be seen are 90
to 100, 50 to 60, and 30 to 40 s for excitation powers of �5,
�7, and �9 mW, respectively. The similar time variation
patterns of these Raman bands can be understood by consid-
ering their primary association with photoinduced denatur-
ation of Hb inside RBC. The rapid intensity variation of the
Raman bands associated with photodenaturation at specific
time intervals is also in quantitative agreement with the mi-
croscopy data presented in Fig. 6, which show that the rate of
dense packing of erythrocyte cell mass rises sharply at
�33 to 34 s at a trapping power of �9 mW. Since inside the
RBC, Hb is present in a very high concentration,11 initiation
of aggregation by the photoinduced effect may lead to intra-
cellular concentration of Hb beyond the critical supersturation
ratio and thus induce rapid polymerization nucleation. Nota-
bly, the change in mean Raman signal amplitude 	Fig. 7�f�

also follows the heme aggregation pattern. We believe as both

ng appearance of the cell, due to condensation of the cell mass at the
e� 33, �f� 33.6, �g� 33.9, and �h� 36 s.
changi
d� 31, �
September/October 2010 � Vol. 15�5�7
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ig. 7 Temporal variation of relative intensity of Raman bands at �a� 975, �b� 1244, �c� 1366, and �d� 1544 cm−1. The �e� temporal variation of
aseline shift in the acquired spectra and �f� the mean Raman signal amplitude are also shown.
ournal of Biomedical Optics September/October 2010 � Vol. 15�5�055009-8
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lastically and inelastically �Raman scattering� scattered light
re expected to be proportional to the number density of the
catterers, therefore, an aggregated cell mass at the laser focus
s expected to result in increased Rayleigh scattered and Ra-

an scattered light.
The decrease in intensity of the Raman band at 1544 cm−1

Fig. 7�d�
 follows a linear relationship with exposure time.
he intensity of this peak is inversely related to the extent of
hotoinduced hemichrome formation and therefore suggests
n increased level of hemichrome with prolonged laser expo-
ure. The hemichrome is known to give strong intrinsic fluo-
escence that may result in enhanced background in the
pectra.30 We noted a similar linear variation for the baseline
ffsets present in the acquired spectra 	Fig. 7�e�
.

As discussed earlier, based on the 785-nm-excited micro-
aman spectra of RBC Wood et al.12 estimated a safe upper

imit to be �18 mW. However, results presented in Fig. 7
how that significant photoinduced damage can occur at much
ower trap power level ��5 mW� for an acquisition time of

100 s. Note that in contrast to Raman optical tweezers,
here cells are optically held in suspension, the cells were
xed on an aluminum-coated Petri dish by poly-L-lysine,12

hich could often result in unwanted surface-induced effects
nd may also lead to an enhanced background in the acquired
pectra, that may mask the small changes that are clearly
dentifiable in our data.

Note that optical tweezers are increasingly being used for
anipulation of different cell types and for manipulation of

ighly motile cells, such as sperm, and the employment of
undreds of milliwatts of laser power is often necessary. In
uch studies, it has been shown that cells can be trapped with
undreds of milliwatts of 1064-nm laser power over several
inutes without causing significant photodamage.35 The ob-

ervation of severe photdamage suffered by the RBCs when
rradiated with a few milliwatts of 785-nm laser wavelength
ossibly results from the fact that RBCs have significantly
igher light absorption due to a high concentration of intrac-
llular Hb. The molar absorption of oxy-Hb �predominant
orm of Hb present in the cells studied in our experiments� is

0.1 mm−1 mM−1, orders of magnitude higher than water
major cellular constituent of the sperm cells� absorption
0.005 mm−1 mM−1� in this spectral region.27,28 Therefore,
hile the trapping of sperm cells with hundreds of milliwatts
f NIR laser power for minutes produces minimum damage,
rapping of RBCs using a 785-nm laser results significant
amage to the cells. The choice of a 785-nm laser beam for
aman optical tweezers is primarily driven by the facts that at

onger wavelengths, the Raman scattering efficiency �vary as
�−4� is extremely low. For RBCs, using a wavelength of
785 nm also offers the advantage of resonance enhance-
ent of the Raman spectra.12 Therefore, use of
80 to 850 nm as the excitation wavelength has become a
tandard for studying7,12,13 Raman spectra of RBCs. This is
lso aided by the availability of efficient CCD-based detectors
t this spectral region.

Note also that for short exposure durations, the recorded
aman spectra suggested normal functionalities of the cells
nd the observed morphology of the cells in the microscope
ppears to be normal. Significant photodamage was observed
nly for longer exposure times ��30 s at 9 mW to �90 s at
ournal of Biomedical Optics 055009-
5 mW�. Since for a longer trapping duration, the photodam-
age resulted to the cells is also consistent over samples col-
lected from different donors, the presence of any predamage
in the samples is unlikely.

Figure 8 plots the accumulated light dosage �denoted as
Dcritical� required to observe rapid enhancement of Raman
bands associated with a photoinduced aggregation process.
The value of Dcritical estimated for each laser power consider-
ing trap spot size is �0.5 �m for diffraction-limited focusing
and the resultant irradiances were �2.55, �3.57, and
�4.58 MW cm−2 for trapping powers of �5, �7, and
�9 mW, respectively. The time period for the accumulation
of light dosage was estimated from Fig. 7. We can see from
Fig. 8 that reduced light dosages are required at higher trap-
ping powers for the initiation of rapid photoaggregation of
Hb. This loss of linear reciprocity between laser power and
duration of exposure suggests that nonlinear processes may
also contribute to the photodegradation of Hb. Such nonlinear
absorption is known to take place due to very high light in-
tensity present at the trap focus, even while employing cw
NIR sources,36–38 where as hemoglobin is known to have very
high two-photon absorptivity in the NIR region
�780 to 880 nm� with a substantial value39 of �35 GM at
785 nm. The molecular two-photon absorption rate can be
expressed as


2-ph = �2-ph� P

��A
�2

N , �3�

where �2-ph is the two-photon absorption cross section for Hb
��35�10−50 cm4 s photon−1 molecule−1�, P is the laser
power, h� is the photon energy, and A is the focal area. The
quantity P /h�A represents the photon flux density at focus
and could be estimated as �1025 photon cm−1 s−1 for a
trapping/excitation power of �5 mW at 785 nm. The number
of Hb molecules present in laser excitation volume N, can be
estimated by considering that the mean cellular haemoglobin
concentration is �30 to 35 g /dl and the laser excitation vol-
ume is limited by the laser spot size and thickness of the

Fig. 8 Accumulated light dosage on RBC at the time of rapid intensity
enhancement of Raman bands at 975, 1244, and 1366 cm−1.
September/October 2010 � Vol. 15�5�9
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iconcave RBC ��2 �m�, as �106. Therefore a two-photon
bsorption rate �2-ph of �4�107 photons s−1 is predicted,
hich is a modest value.

Figure 9 plots the mean Raman signal amplitude recorded
rom trapped RBC at 25- 30-s intervals as a function of laser
ower. The time interval was chosen so that it is at an early
oint of time before the initiation of any rapid aggregation of
ntracellular mass �see Fig. 7�. From the linear fit and second-
rder polynomial fit applied to the data, we can clearly see
hat the variation of intensity is nonlinearly dependent on the
xcitation laser power. This suggests that as the use of higher
aser power leads to higher power density at the beam focus,
herefore, an increased two-photon-absorption-induced effect

ay result, which possibly caused enhanced photodamage to
he intracellular Hb.

Conclusion
IR laser excited Raman spectra from optically trapped RBC

howed significant photodegradation of hemoglobin even at a
ominal excitation/trap power of �5 mW for an exposure
ime beyond 90 s. The results suggest that this is due to
hotoinduced hemoglobin denaturation and hemichrome for-
ation that eventually leads to hemoglobin aggregation inside

he cell.

ig. 9 �a� Change in mean Raman signal amplitude recorded at
5- to 30-s intervals with varying laser power. The solid line shows a
econd-order polynomial fit and the dashed line shows a linear shows
inear fit to the data. �b� Residuals for linear fit. Large residual values
ndicate minimal linear correlation between data.
ournal of Biomedical Optics 055009-1
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