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Raman microspectroscopy and imaging provides insights
into heme aggregation and denaturation within
human erythrocytes
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Abstract. The oxygenation process of a human erythrocyte is moni-
tored using a Raman microimaging technique. Raman images of the
1638 cm™' band are recorded in the oxygenated and deoxygenated

Hinocs state using only 120 s of laser exposure and ~1 mW of defocused
[(\ZA;[:?S fo?%lx)irsgztroscopy and School of Chemistry laser power. The images show hemog|0b|n oxygenating and deoxy-
Victoria 3800, Australia genating within the cell. Prolonged laser imaging exposure (<180 s) at
E-mail: bayden.wood@sci.monash.edu.au low temperatures results in photoinduced and/or thermal degradation.
The effect of thermal degradation is investigated by recording spectra
of erythrocytes as a function of temperature between 4 and 52°C. Five
bands at 1396, 1365, 1248, 972, and 662 cm™" are identified as mark-
ers for heme aggregation. Raman images recorded of cells after pro-
longed laser exposure appear to show heme aggregation commencing
in the middle and moving toward the periphery of the cell. UV-visible
spectra of erythrocytes show the Soret band to be broader and red
shifted (~3 nm) at temperatures between 45 and 55° indicative of
excitonic interactions. It is postulated that the enhancement of the
aggregation marker bands observed at 632.8-nm excitation results pri-
marily from excitonic interactions between the aggregated hemes in
response to protein denaturation. The results have important medical
implications in detecting and monitoring heme aggregation associated
with hemopathies such as sickle cell disease. © 2005 Society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.1854678]
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1 Introduction (S=0) and resides much closer to the plane. The binding of
An important indicator of disease or dysfunction in an eryth- O, to the sixth coordination position of the Fe atom triggers a
rocyte is theO, storage capacity. Current dioxygé®,) de- biochemical cascade that characterizes the T to R state tran-
termination is only carried out on bulk cells to determine an Sition. As the Fe atom moves into the porphyrin plane, it
average cell concentration, while individual c&} concen- essentially pulls the proximal F8 histidine coordinated to the

trations that can be correlated with the health/viability of the F€ in the fifth position, which shifts the F hefixthe resulting
individual cells are really required. Information from single Conformational change is transmitted to the subunit interfaces,
cells provides insights into the heterogeneity of the total cell Preaking salt bridges between terminal amino acid groups on
population and a means to ascertain variability within that the subunits and leading to the T-to-R state transition. Conse-
population. Raman spectroscopy has already proven to be gluéntly, O, binding at one heme site is communicated to
powerful technique to monitor the molecular dynamics of the N€ighboring heme site’s. o .

R (relaxed with a highe©, concentrationto T (tense with UV resonance Raman studies investigated the role of aro-
lower O, concentratioh of hemoglobin(Hb).! Early reports matic amino acid _re5|dues_ in the T-to-R state trgnsmon. By
using Hb solutions by Spiro and Strealasnd Brunner, selectively enhancmg tyrosine and trypt.op.han reS|due§ of mu-
Mayer, and Sussnédemonstrated the sensitivity of the tech- t@nt Hbs using 200- and 212-nm excitation, dramatic band
nique in the detection of heme perturbation resulting from Fe Shifts and intensity enhancement were observed between the
displacement from the porphyrin plane. In the deoxygenated two qu.aternary statéssThgse alterations were attributed to the
state, the Fe atom is in a ferrous high spin s(&e 2) and formation z?md dest_ructlon _of hydroggn bonds_ and demon-
lies approximately 0.4 A out of the porphyrin plahén the strated which tyrosine residues are involved in the T-to-R

oxygenated state, the Fe atom is in a ferrous low spin stateState transitiol. While the molecular dynamics of the allos-
teric transition in Hb have been extensively studied in solu-
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tion, few studies have focused on the nature of this transition that preresonance with th@, band accounts for the enhance-
within the red blood cell. ment at 632.8-nm excitation, but a Raman excitation profile
Raman microspectroscopy has proven to be an ideal tool torecorded in 10-nm intervals from 573 to 633 nm of crystal-
detect and monitor heme groups within single cells. The Ra- lized HbA, clearly showed the enhancement at 633 nm to be
man confocal technique has found application in monitoring independent of resonance or preresonance Raman scattering
myeloperoxidase in living neutrophfland eosinophil peroxi-  from the Q, band? This enhancement enables high-quality
dase in living eosinophilic granulocytdshe technique was ~ Raman spectra of erythrocytes to be obtained at the 632.8-nm
used to detect intracellular NADPH-oxidase activity in neu- excitation wavelength.
trophilic and eosinophilic granulocytes following mitogenic We present Raman images of functional erythrocytes in
stimulation? Raman imaging, on the other hand, can provide both the oxygenated and deoxygenated state. The effects of
information on the spatial distribution of molecules within thermal denaturation and photoinduced damage are investi-
cells’® Ramser, Fant, and &' reported effects that influ-  gated by recording spectra of cells as a function of tempera-
enced Raman images and spectra of single functional eryth-ture and laser exposure. It is hypothesized that the unusual
rocytes using 514-nm excitation. These included changes inRaman profile of erythrocytes at temperatures greater than
the cell membrane due to a surface-induced effect possibly 42°C and/or after prolonged laser exposure results from exci-
mitigated by the poly-L-lysine used to attach the cells, and a tonic effects as a consequence of heme aggregation in re-
photoinduced fluorescence effect possibly resulting from the sponse to thermal denaturation and/or photoinduced degrada-
conversion of oxyHb to metHb. The fluorescence effect tion of the Hb. The study provides a methodology and
masked any chance of obtaining reliable images of cells in the approach to ensure that images of erythrocytes are true Ra-
oxygenated and deoxygenated state. man images and not the result of heme aggregation in re-
Our initial work focused on the Raman characterization of sponse to protein denaturation.
the T-to-R state transition of Hb within a functional single red
blood cell (RBC) using 632.8-nm excitatiotf. Erythrocytes
immersed in phosphate buffered saline were affixed by poly-
L-lysine t(_) an alumin_um Coa_lted P_etri_dish and spectra re- 9 Experiments
corded using a water immersion objective. Cells were deoxy- .
genated by passiny, over the suspension and reoxygenated 2-1 Erythrocyte Preparation
by exposing the suspension to atmosphe@g. In one Blood (1 CfTF) was obtained by venipuncture from healthy
study® spectra were recorded at 1-min intervals and pro- volunteers and placed in glass tubes containing acid citrate
cessed with a principal componenC) analysis. The PC1  dextrose as an anticoagulant. The blood was centrifuged
scores plot exhibited a sigmoidal curve, which was the recip- (2200 rpm for 5 minto produce a buffy coat. A 2@d aliquot
rocal of the percent 0D, saturation versus the partial pres- of blood collected from underneath the white blood cell layer
sure curve normally observed in hemoglobin solutidi$ie was diluted to 10 crhwith phosphate buffered salifBBS at
inflection point on the curve correlates to the-R state tran- ~ 25°C. Cells were transferred to a 80-mm-diam glass Petri dish
sition point. Consequently, it was possible to identify and sputter coated with aluminum. The Petri dish was further
characterize spectra of totally oxygenated and totally deoxy- coated with 0.01% poly-L-lysine hydrobromidgSIGMA
genated cells as well as examine the spectrum correspondingClayton, Victoria, Australia mol. weight between 70,000
to the transition point® The transition point spectrum exhib- and 15,000 Kdhsolution and dried with a hair dryer prior to
ited spectral features indicative of both oxygenated and the addition of the suspension. The Petri dish was placed into
deoxygenated states as expected from a cell containing Hba temperature-controlled celPhysitemp™, TS-4LPD, large
with varying degrees of oxygenatidh At 632.8-nm excita- Petri dish stagewith a TS-4 thermoelectric controlléPhys-
tion, thermal degradation and cell damage are minimized anditemp™, Clifton, New Jersgy A Perspex lid was developed
the spectra have excellent signal to noise. All bands observedto enclose the Petri dish and seal the water immersion objec-
at this excitation wavelength are essentially from the heme tive from the atmosphere. The lid had inlet and outlet pipes
group, with little or no contribution from the protein or other for gas exchange, along with inlet holes for temperature and
cellular macromolecules. By comparing spectra of the cells in pH probes. Figure 1 depicts a schematic of the purpose-built
both the oxygenated and deoxygenated states with heme deRaman cell for the analysis of single cells, along with a pho-
rivatives such as hemin, hematin, adtA, , along with cells tograph of the device on the temperature-controlled transla-
containing methemoglobifmetHb and carboxy-Hb, it was  tion stage. The cells were allowed to set#el0 min) before
shown that the major differences between the oxygenated andspectra were recorded.
deoxygenated states reflected changes in the spin states of the
Fe atoms? The change in spin state is accompanied by dra-
matic heme perturbation as the Fe atom translocates in and
out of the porphyrin plane. This heme perturbation is charac- 2:1-1  MetHb erythrocytes
terized by the porphyrin core deforming and possibly ruffing The metHb RBCs were prepared by resuspending washed
to accommodate the Fe atom as it descends into the porphyrinRBCs in 0.1% sodium nitrate solution and leaving the suspen-
plane on binding t@,.** Consequently, the bond lengths and sion to stand fo 1 h atroom temperature. The cells were
angles are modified, which in turn is detected with the Raman washed a further three times in 0.9% saline prior to analysis.
technique. In previous publications we have shown unusual The conversion of oxy to metHb RBCs was confirmed by
band enhancement occurring at 632.8 nm, where no obviousUV-visible spectroscopy that clearly shows the 635-nm band,
electronic transition is observed in oxyRBCs. It is possible which is indicative of the metHb formation.
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TETEEIRE were recorded as a function of temperature between 25 to 65°
| X60water in 5° intervals with slow stirring. At each 5° interval, three
l RG] SRS spectra were recorded in the 350- to 650-nm region. A similar
experiment was also performed on isolated Hb that was pre-
oo —». . Gas outlet pared by lysing 1QuL of red cells in 10 ml of distilled water.
——“—:) To enable direct comparison, spectra were baseline corrected
v il RBCs with three points(360, 460, and 600 njrand min/max nor-
% malized to the Soret band using OPUS™ spectroscopic soft-

Al coated \ PBS ware.
petiidish ) rd

Perspex cove

x60 water

immersion objective 2.4 Raman Spectroscopy and Imaging

in Perspex cover

External Gas outlet Raman spectra of functional erythrocytes were recorded on a
temperature : : fole Renishaw system 200@Renishaw plc, Wootton-under-Edge,
P - Gloucester, UK using a 632.8-nm excitation line from a
Gas inlet hole—Pg ip E % rman He-Ne laser and equipped with a modified BH2-UMA Olym-
Fomprsinns - cover pus optical microscop@lympus Australia, Mt. Waverly, Vic-
controlling unit Al cosiod toria, Australia and water immersion objectivi&eiss, 60X,
petri dish numerical aperture 0)9Spectra were recorded between 1800

| Motorised and 300 cm?® with a resolution ofca 1 to 2 cm’. The
520.5-cmi* band of a silicon wafer was used to calibrate the
instrument on a daily basis. Unless otherwise stated, all spec-
tra presented were recorded using 10 s of laser exposure with
1 scan accumulation. In all experiments, the laser power was
kept constant at 2:00.1 mW for a 1- to 2um laser spot size.
Spectra were baseline corrected and cosmic ray signals re-

Fig. 1 (top) Schematic of purpose-built Raman cell for single red
blood cell analysis. (bottom) Photograph showing positioning of Ra-
man cell mounted on the Physitemp™ temperature control unit and

placed in position on the microscope stage. moved in OPUS™ Spectroscopic Softwaigruker Optics,
Karlsruhe, Germanyand GRAMSs spectroscopic software, re-
spectively.

2.2 Single Crystal Preparation Raman images were recorded with the laser defocused to

MetHb monoclinic crystals and oxyHb orthorhombic crystals 12 #M to encapsulate the cell. Before image collection, the
were prepared using the method of DrabKiigriefly, 4 ml of image filter was calibrated to the band of interest by recording

packed red cells were isolated from fresh human blood col- a spectrum across the filter and comparing the result with a

lected in acid citrate dextrose heparinized tubes and washed'°'Mmal Raman spectrum of the cell. The filter image was off-
three times in 0.9% saline. The metHb cells were resuspendedS€t corrected by approximately 20 ch After each image
in 0.1% sodium nitrate solution and left to stand foh at was r_ecorded, normal Raman spectra were acqulreatcu-
room temperature before being washed a further three timesmulation, 10-s exposureo assess the effects of laser expo-

in 0.9% saline. For both oxyHb and metHb cells, stroma free SUr€- TWO types of Raman imaging experiments were per-
solutions(~8 to 10 mM were prepared by dilution with 4 ml formed to investigate the effects of prolonged laser exposure

of distilled water and 0.4 ml of toluene, followed by thorough 2nd thermal effects. The Raman parameters and methodology
mixing, overnight refrigeration, and siphoning off of the clear [OF these experiments are given in the next section.

layer of Hb. The Hb solutions were then dialyzed against

(NH,4),S0, (700 gm plus 1 L of waterby transferring~2-ml 2.5 Oxygenation and Deoxygenation Experiments

Hb solutions into dialysis tubin@visking size 2-18/32Medi- Deoxygenation was achieved by equilibrating the erythrocyte
cell International Limited and leaving the Hb solution in the  suspension with nitrogen. This was achieved by pasbipg
tubing until the volume reduced by approximately 45%. The gas over the top of the suspensi@nunt per min through the

Hb supernatant was then approximately 14 to 17.5 mM by inlet and outlet holes in the Perspex Petri dish lid of the
titer*® Crystallization was accomplished by adding several purpose-built Raman cell. Oxygenation was achieved by stop-
drops of concentrateNH,),SO, and monitoring the crystal  ping theN, flow and allowing the system to equilibrate with

formation with the microscope. atmosphericO,. Seven experiments that entailed recording
o Raman spectra and/or images at various times and tempera-
2.3 UV-Visible Spectroscopy tures during the oxygenation and deoxygenation process were

Absorption spectrg350 to 650 nm measurements were mea- performed in duplicate or triplicate.

sured with a Cary 5000 UV-visible spectrometer coupled with ] ]

a temperature control accessory. The measurement parameter&a@man spectra on oxygenation/deoxygenation

were set to 0.4-nm bandwidth, 1-s integration time, 40 nm/ With the temperature held constant at 4/G,gas was passed
min scan speed, and data were recorded at 0.4-nm intervalsover the suspension for 20 min. Spectra were recorded at
10 ulL of packed washed red cells were resuspended in 10 ml 5-min intervals during this interval during this deoxygenation
of 0.9% saline. Approximately 2 ml of suspended red cells process. The suspension was then allowed to equilibrate with
were placed in a quartz cuvette. A second quartz cuvette wasatmosphericO, and spectra were recorded at the 25 and 30
filled with 0.9% saline and served as a background. Spectramin mark. MetHb erythrocytes were prepared by immersing
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10 uL of washed erythrocytes into a 0.1% solution of sodium
nitrite made up to 10 cfwith PBS. The erythrocytes were
incubated for one hour at room temperature prior to deposi- \
tion onto the Petri dish and spectra were recorded as described
earlier.

Temperature (°C) A

25
35

Raman images on oxygenation/deoxygenation

Raman images were collected at 10-min intervals for 50 min
from a single cell deoxygenated undés flow at room tem-
perature. ThéN, flow was then turned off and images of the
same cell were recorded every 10 min from the 60- to 90-min
mark as the cell gradually oxygenated. For each image, the
laser was defocused to the size of the erythrocyte and the T ; ' ' i
image was collected with 180 s of continuous laser exposure. 400 450 Wavelen?&h - 550
A Raman spectrum was recorded immediately following each

image acquisition.

Arbitrary units

Raman spectra as a function of temperature

Raman spectra of single erythrocytes were recorded as a func-
tion of temperature in the oxygenated state. Spectra were re-
corded every 4°G+0.1°C) from 4 to 52°C as measured with
the Physitemp™ microprobe, with the probe tip located

mm from the cell. Spectra were baseline corrected and plotted
in a 3-D matrix plot using the Statistica™ software package.

~ Temperature (°C)

25-40
"~ 45-55

Arbitrary units

Raman spectra as a function of temperature cycling

Raman spectra were recorded of a single cell in a suspension
at 4°C, 42°C, and again on recooling to 4°C.

Effects of laser exposure 400 450 500 550 600

To test the effect of continuous laser exposure, a fresh suspen- Weeisagh ()
. A .
sion of ceI_Is was COO|Qd to 4°C. A single cell was exposed to Fig. 2 (a) Absorption spectra of hemoglobin recorded as a function of
the laser light for 3 min, and a spectrum was recorded. The temperature at 632.8-nm excitation. Spectra were acquired in 5°C
cell was allowed to relax without any laser exposure for 15 intervals from 25 to 60°C. The spectrum of red blood cells recorded at
min before another spectrum was taken. A third spectrum was 25°C is plotted on the same plot for comparison. (b) Absorption spec-
record@ 2 h after the initial laser exposure. These spectra tra recorded of intact red blood cells as a function of temperature. For
were compared to assess the long-term effects of eXtendecglaorlty the spectra hoave been grouped in ranges of 25 to 40°C, 45 to
5°C, and 60 to 70°C.
laser exposure.

Raman images under reduced power flux

Raman images of a single cell were recorded on the same cell o~ o

at 4°C with only 120 s of constant laser exposure per image. recorded from 25 to 60°C in 5°C intervals, and a spectrum of
Only three images were recordéeiery 40 min for 120 min red blood cells recorded at 25°C. The absorbance spectra of
the same cell. Power at the sample was set to 50% of full ture range. These spectra differ significantly in terms of rela-

power, i.e.,~1 mW. tive band intensity, band width, and position compared to the
spectrum of the red cells recorded at 25°C. The full-width-
Power dependence study half-maximum of the Soret band-416 nm is considerably

In the final experiment, erythrocytes were cooled to 4°C and 9reater in the red cells and is red-shifted 3 nm. The ratio of
Raman spectra were recorded as a function of power using ath€ Qo band to the Soret band in RBCs is larger than in iso-
set of neutral density filters. For each power measurement,/ated Hb. Figure &) depicts UV-visible spectra of RBCs as a
five spectra were recorded from five different erythrocytes. function of temperature. Spectra were recorded every 5°C
The power dependence experiment was also repeated at 42°clTom 25 to 65°C. For clarity, the spectra presented have been
To ensure that observed changes were not the result of instru-9rouped into three temperature intervals 25 to 40°C, 45 to
mental artifacts, a power-dependence profile of the silicon 95°C, and 60 to 65°C. UV-visible spectra recorded of RBCs

band at 520.5 cit at room temperature was also recorded. 1" the 45 to 55°C range clearly show broadening and a red
shift (~3 nm) of the Soret band compared to spectra recorded

3 Results in the physiological tolerant temperature regi@® to 40°Q.
) ) The Q bands are also slightly broader and red shifietb 2
3.1  Electronic Absorption Spectroscopy nm) at the higher temperature. At 55°C, the cells start to lyse,

Figure Za) shows ultraviolet-visible spectra of isolated Hb releasing Hb into the saline. The free denatured Hb causes a
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I J T T I T
1800 1600 1400 1200 1000 800 200
Raman Shift (cm™)

7 T I T I I T 4 ‘ ] T I Fig. 4 Raman spectra recorded of an oxygenated cell gradually
1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700 600 deoxygenated (0 to 20 min) and then reoxygenated (25 to 30 min).
The asterisks show the bands that appear to increase due to constant
laser exposure, while the other named bands follow the oxygenation
cycle of the cell.

Raman shift (cm-")

Fig. 3 Raman spectra of oxygenated, deoxygenated, and metHb-
erythrocytes recorded at 4°C along with a spectrum of a photodam-
aged cell and spectra of crystallized oxyHb and metHb, all recorded
with 632.8-nm excitation (10-s laser exposure, one accumulation).
deoxygenated cell, especially in the 1620- to 1500-tme-
gion showing a characteristic three-band profile indicative of
dramatic blue shift and narrowing of the Soret band, and the high-spin heme complexes. Differences between met and
Q bands are considerably weakened at these very high tem-deoxy erythrocytes include the increase in relative intensity of

peratures. the 1610-cm® band and the enhancement of the 1516-tm
] shoulder band. The spectrum of the cell following prolonged
3.2 Raman Spectroscopy and Imaging laser exposure has a number of characteristic features that

Figure 3 depicts Raman spectra of oxygenated, deoxygenateddistinguish it from the other cell types. These include the dra-
metHb-erythrocytes recorded at 4°C with one accumulation matic increase in the relative intensity of bands at 1396, 1365,
and 10 s of laser exposure. The figure also shows a spectruml248, 972, and 662 cnl. It is important to note that these

of a red cell recorded after 200 s of intermittent focused laser bands also appear enhanced in the single crystal spectra for
exposure along with spectra of recrystallized metHb and both oxyHb and metHb.

oxyHb crystals. The minimal laser exposure, long resting time  Figure 4 depicts a time series of spectra of erythrocytes
between measurements, and low temperature of the suspengradually deoxygenating in the first 20 min and then reoxy-
sion minimizes thermal denaturation and photodegradation. genated from this point onward. Spectra were recorded at
The spectra of the fully oxygenated and deoxygenated cells5-min intervals using minimal powe(25% of the initial

are similar to those previously reported by our group at room powen and at 4°C. The spectra show the dioxygen marker
temperaturé®**6|n the oxygenated state, the 1500 to 1650 band(v,o) at 1638 cm* clearly decreasing during deoxygen-
cm ! region has a profile consistent with the heme Fe atom in ation and then rapidly increasing when the cell suspension is
a low-spin stat€ S=0) with bands at 1638, 1618, 1604, 1582 exposed to the atmospheric dioxygen. The intensity of the
(shouldey, 1565, and 1546 cit.'? The 1638-cm* band is totally symmetricA; ; mode at 1564 cm' assigned tw, also
known as a marker band f@, concentration. In the deoxy- appears to cycle witlD, concentration. Other bands, includ-
genated state, this region has three dominant bands at 1608ing the pyrrole in-phase breathing modes at 1396 and 1365
1581, and 1544 cit, consistent with the Fe atom in the cm ! along with the methine deformation mode at 1249 ¢m
high-spin(S=2) state? The band at 1226 cnt appears to and bands at 975 and 662 chincrease during the entire
shift to 1213 cm? in the deoxygenated cell. The spectrum of experiment, indicating a photoinduced effect caused by mul-
the metHb-erythrocyte is similar to the spectrum of the tiple spectral acquisitions on the same cell.
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Small spectral changes were observed in the 755- to 745 and
10 min. 2 : 30 min. 1650- to 1500-cm'® region. In particular, the bands at 755

; cm ! and 1638 cm® appear to follow the oxygenation-
deoxygenation cycle.

To investigate the origin of this phenomenon, spectra of
erythrocytes were recorded every 2°C from 4 to 52°C. Five
spectra were recorded from five different cells at 4°C inter-
vals. The spectra were averaged and then baseline corrected
using eight baseline minima points. Figure 6 depicts baseline-
corrected interpolated matrix plots of different spectral win-
dows showing the Raman counts as a function temperature.
Due to laser exposure, the actual temperature of the cell
would be a few degrees higher than that recorded by the
probe, which is~2 mm from the cell. This approximation is
based on the calculations and approximations by Ramser,
Fant, and KW At the higher temperature6<42°C), the
spectra are very similar to the spectra presented in Kaj, 5
which were recorded after sustained laser exposure resulting

from multiple Raman images recorded from the same cell.
_— The spectra exhibit dramatic changes in band intensity as the
10,50 temperature increases. Bands at 1609, 1398, 1366, 1250,
' 1170, 1123, 998, 972, and 666 chincrease, while bands at
8 1638, 1565, 1621, and 1226 chdecrease in intensity. As the
& temperature increases, so to does the signal-to-noise ratio
fé’ (SNR). Figure 7 depicts a plot of signal to noise for the 1250-
gg% to 1200-cm* (signa) and 1800- to 1700-cit (noise region
at each temperature. The SNR measurements were calculated
0 60 140 130 d0m0  8a oo e using the SNR function based on the root mean square of
Wavenumber (cm'") deviations(i.e., standard deviationn OPUS™ spectroscopic

software from five spectra recorded from five separate cells at
each temperature. The SNR values were averaged for each

90 min

Raman Counts

Fig. 5 (a) Raman images of the 1250- to 1210-cm™' region recorded

on the same cell during deoxygenation (0 to 50 min) followed by

reoxygenation (50 to 90 min) using 632.8 nm. Each image was ac- temperature and plotted as a function of temperature. The line
quired with 180 s of continuous defocused laser exposure. (b) Corre- through the points indicates the general trend, which shows
sponding Raman spectra recorded after each image presented in (a). the SNR gradually increasing as the temperature increases.

As noted before, the spectra in Fig. 6 closely match those
presented in Fig. 5. Consequently, the images presented in
Figure 5 depicts a time series of Raman images centeredFig. 5 and the corresponding spectra reflect spectral changes
on the 1249-cm' band of a single erythrocyte gradually that accompany denaturation of the Hb. The fact that oxygen-
deoxygenating to 50 min because of nitrogen exchange. Theation appears to reduce the SNR can be explained in terms of
cell is then reoxygenated by exposure to atmosph@sicThe excitonic interactions, as is discussed later. To further inves-
1249-cm* band was chosen as the imaging band because oftigate the effects of thermal denaturation, a suspension of cells
its radical intensity change from constant exposure. Based onwas cooled to 4°C and a spectrum recorded of a single cell.
the filter bandpass, the actual wavenumber region imaged was-urther spectra of the same cell were recorded after first
found to be approximately 20 cmh Each image was recorded warming the suspension to 42°C and then cooling to 4°C;
at room temperature by defocusing the laser to encapsulatethey are presented in Fig.(8. The top spectrum closely
the cell and acquiring the image with 180 s of constant laser matches the bottom spectrum and is characteristic of oxyHb,
exposure. The first image recorded after 10 min of deoxygen- while the middle spectrum is a close match to spectra re-
ation shows a homogenous green background. The intensitycorded at high temperatures and/or after continuous laser ex-
of counts increased as the cell became more deoxygenategosure, proving that the thermal denaturation effect can be
with continuous laser exposure. After 50 min the cell is com- reversed if the damage is not too severe. Moreover, this result
pletely deoxygenated and the image is bright red, indicating a conclusively demonstrates that the spectrum that characterizes
high number of Raman counts. Figure 5 also shows the cor-the thermal and/or photodamaged cell with enhanced bands at
responding Raman spectra collected directly after each image1396, 1365, 1248, 972, and 662 chis not metHb simply
was recorded. The raw spectra show a marked increase inbecause metHb cannot be converted back to oxyHb. The ef-
both the baseline and enhancement of many bands as the celfiects of laser exposure were investigated by exposing the cell
deoxygenates. At the 50-min mark, the cell is reoxygenated to continuous laser exposure at a low temperature for 3 min at
and the subsequent images from the 60-min mark to 90 min 4°C before recording a spectrum. Spectra were then recorded
show a decrease in the overall band intensities and baselineat 15 and 120 min after the laser exposure. The resultant spec-
However, the actual relative intensities do not change from tra, shown in Fig. &), show that the change induced by
the deoxygenated to the oxygenated state, and the spectra doonstant laser exposure is irreversible. The spectra are a close
not resemble those of the oxygenated cell depicted in Fig. 2. match to those recorded following the 180-s image acquisi-
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Fig. 6 Interpolated plots showing baseline corrected Raman spectra as a function of temperature for the (a) 1700 to 1500, (b) 1270 to 1190, (c)

1200 to 900, and (d) 800 to 600 cm™' regions.

5.5 -

|

35

S/N RMS

25 |
0 10 20 30 40 50
Temp deg C

Fig. 7 A plot of the signal-to-noise ratio for the 1250 to 1200 cm™
(signal) and 1800 to 1700 cm™ (noise) region at specified tempera-

tures.

tions presented in Fig. 5 and the thermally affected cells pre-
sented in Fig. 6.

The effects of thermal degradation and photoinduced deg-
radation were minimized by reducing the temperature of the
solution to 4°C and recording only three images per cell over
a 120-min periodi.e., one image every 40 minEach image
was recorded using only 120 s of constant laser exposure
rather than 180 s. Figure 9 depicts Raman images, centered on
the 1638-cm® band, of a single erythrocyte initially deoxy-
genated and then oxygenated. The 1638tband was cho-
sen because of its radical change during deoxygenation, as
shown in Fig. 3. We previously established that cells are to-
tally oxygenated after 20 min using this approatihe im-
age at 20 min therefore represents the cell fully oxygenated.
The 1638-cm® images appear to show the cell oxygenating
and deoxygenating. The blue areas on the image represent low
O, concentration, while the red indicate high concentra-
tion. This image totally contrasts the corresponding image at
90 min in Fig. 5, which shows the fully oxygenated erythro-
cyte predominantly blue. The corresponding spectra recorded
immediately after each image are also depicted in Fig. 9. The
spectra of the oxygenated and deoxygenated erythrocyte in
Fig. 8 are a good match to the corresponding spectra pre-
sented in Fig. 2 and show minimal effects due to thermal
denaturation. In this case, the background contribution to the
baseline is minimal; consequently, these can be regarded as

Journal of Biomedical Optics 014005-7 January/February 2005 * Vol. 10(1)



Wood et al.

998
977

933

200
679
416

1800 1600 1400 1200 1000 800 600 400 200
Raman Shift (cm)

Spectrum recorded after
3 min laser exposure

1465
1394
1363

1337

1305

1245
1170
1129

L/

Spectrum recorded after
w 15 minutes of cooling

1600 1400 1200 1000 800 600
Raman Shift (cm™)

Spectrum recorded after
mz hours of cooling

Fig. 9 Two Raman images recorded on the same cell, (a) deoxygen-
ated and (b) oxygenated. Each image was recorded at 4°C with only
120 s of constant laser exposure and 40 min rest between images.
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ration point at 80% power for some bands at the higher tem-

Fig. 8 (a) Raman spectra recorded of a single cell in sequence, first at
perature.

4°C, heated to 42°C, then cooled again to 4°C. Each spectrum was
recorded at the center of the cell with 10 s of focused laser exposure
and only one accumulation. The thermal changes in the spectrum are
shown to be reversible. (b) Raman spectra recorded of a single cell in
sequence. Cell was cooled to 4°C and exposed to 100% laser power

3.3 Discussion
By applying 632.8-nm excitation, high-quality Raman images

for 3 min. The cell was then allowed to cool and spectra were taken
after 15 min and 2 h. Each spectrum was recorded at the center of the
cell with 10 s of focused laser exposure and one accumulation. In this
case, the induced effect was irreversible.

of single erythrocytes undergoing oxygenation and deoxygen-
ation can be acquired if the effects of thermal degradation and
photodegradation are minimized. In the current study this was
achieved by reducing the temperature of the suspension, re-

ducing the exposure time of the laser, reducing the laser

power, and limiting the number of multiple images acquired
true Raman images and not the result of thermal or photoin- per cell. Using this conservative approach, most of the cells
duced denaturation of Hb. retain their discoid morphology and there is no evidence of

We hypothesized that the anomalous enhancement of nu-Heinz bodies. The majority of cells can remain affixed to the

merous bands in the spectra of red cells at high temperaturesPetri dish for up to three hours when placed in temperature-
and/or prolonged laser exposure results from strong excitonic controlled buffered growth media without any change to mor-
interactions between aggregated heme moieties. To test thisphology or accumulation of Heinz bodies, even aftgr120 s
hypothesis, a power-dependence study was performed on cellof laser exposuréd0 min apart To determine whether or not
at 4 and 42°C, respectively. For normal Raman enhancementthe images recorded are true Raman images and not the result
there is a linear relationship between power and the intensity of protein denaturation or some other degradation process, it
of Raman bands. However, when there are excitonic interac-is essential to record spectra directly after each image. Spectra
tions, a nonlinear relationship between power and band inten-recorded following multiple imaging and prolonged laser ex-
sity is predicted. Excitonic interactions are expected in the posure on the same cell showed evidence of heme aggregation
erythrocyte due to the closely packed arrangement of Hb en-in response to photoinduced denaturation of Hb. The spectral
abling energy in the form of an exciton to migrate throughout changes associated with heme aggregation include an increase
the cell. Figure 10 depicts the power dependence of the in signal to noise, dramatic enhancement of many bands, and
520.5-cm ! band of silicon along with the power dependence a general increase in background counts. At high temperatures
of a number of bands from the heme moiety in the red blood (<42°C), the proteins within the cell naturally start to dena-
cell at 4 and 42°C. As expected, the silicon mode clearly ture. Hb denaturation is accompanied by aggregation of the
shows a linear dependence as a function of power. However,heme moieties. The aggregation is facilitated by the extremely
both the 4 and 42°C power-dependence measurements on Hihigh concentration of Hb within the red blood cell, which is
within the erythrocyte show a nonlinear dependence. More- ~22 mMZ’ Spectra recorded of a single cell undergoing
over, the enhancement of vibrational modes as a function of oxygenation/deoxygenation enabled the identification of vi-
power is greater at 42 than 4°C and appears to reach a satubrational modes that become enhanced when hemes aggre-
014005-8
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background and band intensity on reoxygenation. It is impor-
tant to note that while the overall band intensity and back-
ground decreased on reoxygenation, the relative band intensi-
ties remained essentially unchanged for the majority of bands.
Moreover, the band thought to be an indicatorQsf concen-
tration, assigned to o at 1638 cm?, appears relatively un-
changed, indicative of Hb dysfunction. It is possible tBatis

still binding to the Fe center, just not cooperatively, or alter-
natively that theéD, molecule is behaving as an “intermolecu-
lar spacer.” In this case, th®, molecule may create distance
between the aggregated porphyrins, thereby reducing the ex-
800 ' ' ’ ‘ citonic interactions. Thus, it would seem reasonable to sug-
gest the Raman images presented in Fig. 4 indicate the extent
of heme aggregation within the cell. The Hb within the cell
appears to initially aggregate in the center, with aggregation
then continuing toward the periphery of the cell. Areas of
dense aggregation are indicated by red in the image, while
areas of less dense aggregation are green and the least dense
are blue.

8800 4°C

20000 Silicon
7800 - 520.5 cm'!

6800 -

5800 -

counts

4800 -
3800
2800

1800 +

counts

3.4 Excitonic Interactions in the Red Cell?

When discussing the origin of Raman enhancement observed
in the red cell at 632.8 nm, it is important to note that it is
extremely difficult to obtain Raman spectra of Hb solutions at
both low and extremely high concentratio(i6 to 18 mM

0 20 40 60 80 100 ! : =X :
% power using f[hls excitation _wavelength. LoHgapplied 632.8-nm
excitation to Hb solutions and reported only weak bands be-
Fig. 10 Plots showing Raman counts for a number of selected bands low 600 cm'*. The spectra recorded of single crystals of
as a function of power and temperature. (a) Plot of Raman counts oxyHb and metHb exhibit bands that are rather broad and
versus power at 4°C. Inset shows power-dependence study of the featureless compared to their cellular counterparts. The ex-
520.5-cm™" silicon band at room temperature. (b) Corresponding plot tremely high-quality spectra recorded of single red cells com-

at42°C. pared to both crystal and solution indicates an extreme order-

ing of the hemes within the cell. It is hypothesized the

enhancement observed when applying 632.8-nm excitation to
gate. These include bands at 1396, 1365, 1249, 972, and 662 single red cell results primarily from excitonic interactions
cm L. The 1396 and 1365 cil bands are assigned to pyrrole  between highly ordered and orientated heme groups within
in-phase breathing vibrations, while the 1248-¢nmode is the cell. This enhancement becomes stronger when the heme
assigned to a methine deformation mode. We suggest all thesegroups within the cell aggregate in response to photo and/or
bands are marker bands for heme aggregation as they conthermal degradation. The enhancement of many bands, the
tinue to become enhanced at high temperatures and/or afteiincrease in signal to noise, and the general increase in the
prolonged laser exposure. The appearance of heme aggregabackground counts is a consequence of the close packing of
tion bands along with th®, marker band at 1638 cm in- aggregated hemes enabling energy in the form of an exciton
dicates that the cell contains a mixture of functional Hb and to migrate throughout the aggregated network.
aggregated heme. Multiple Raman images recorded on the The theory of excitons was developed by Frenkel and
same cell with 180-s laser exposure at room temperature en-Wannier in the 19308 2! The exciton model is based on the
abled us to visualize the aggregation process. The hemes apguantum mechanical precept that electronic energy is distrib-
pear to initially aggregate within the center of the cell, with uted throughout the aggregateThis arises because interac-
the aggregate increasing in size and gradually occupying thetions between induced transition dipole moments form a su-
entire cell. perposition of states, resulting in an electronic band of states

It is hypothesized the spectral changes observed in redthat enables the movement of electrons throughout the

cells at high temperatures and/or after prolonged laser expo-aggregaté? In the case of a pure solid, the characterization of
sure result from excitonic interactions between the metal- vibrational modes of a crystal in terms of amplitudes of indi-
loporphyrins as a consequence of heme aggregation in re-vidual atomic displacements is not appropriztach excited
sponse to Hb denaturation. On aggregation, the intermolecularelectronic state is “in resonance” with excited states localized
distance between heme groups within the cell dramatically at other points in the lattic€. Frenkel designated these run-
decreases. This facilitates migration of energy in the form of ning states of excitation “excitons” representing particles of
an exciton throughout the porphyrin network. The multiple excitation’® Consequently, true electronic states are linear
Raman images and subsequent spectra recorded on the sammmbinations of these localized excitations each belonging to
cell after prolonged laser exposure revealed a number of in-a wave vectoK in the reciprocal lattic® Wannier portrayed
teresting observations. First, there is a general decrease iman exciton as a conduction-band electron and a valence-band
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hole, bound together but with a considerable separation, trav-modes®> However, the fact that no broadening of the Soret
eling through the crystal in a state of total wave vedtof® band was observed in the temperature study of isolated Hb
Forstef* developed a generalized theory of energy transfer indicates these contributions are minimal at temperatures
(ET) accounting for all types of ET between donor and accep- greater than 45°C.
tor models, including biological systems. Akins et al??**-4°demonstrated that the enhancement of
The transfer rate for electric dipole or long-range energy Raman scattering is concomitant with the formation of aggre-
transfer known as Heter energy transfer can be written as  gates for a variety of molecules, including cyanine dyes ab-
sorbed onto surfac&s364%and N-protonated porphyriri$-3°
They advanced the theory of aggregated enhanced Raman
scattering(AERYS) by incorporating molecular excitonic con-
cepts in a quantum theory analytical expression for aggre-
gated molecule®® The enhancement of vibrational modes can
be explained in terms of an increase-size effect and near-
resonance terms in the polarizabifffAkins et al??> showed
that off-resonance Raman measurements for cyanine dyes in
number of moleculesry is the donor lifetime, and is the various physical states strongly suggest that molecular aggre-
distance between the donor and acceptor chromopRofé® gation leads to an enhancement in the Raman scattering of
Forster ET rate has an inverse sixth power dependence of theintramolecular vibrational modes of the monomeric species
donor-acceptor separation and has been used to determine inand even greater relative enhancement of intermolecular

_8.8x 10 2k2¢p

n*7por®

J, 1)

K+

wherek is the orientation factorpy is the donor quantum
yield, J represents the overlap integral function between do-
nor emission and the acceptor absorption spectiuis, the

termolecular distances in biological systefh3he ET is also
directly proportional to the orientation fact&f, which may
vary from 1 to 4 and is defined by the angles between donor
and acceptor transition momentsForster distances of the
order 10 to 100 A are possible depending on the type of
chromophore and degree of orderfigin early study by Der-
vichian, Fouret, and Guini&t analyzing small angle x-ray
scattering(SAXS) of hemoglobin(Hb) from intact red blood

modes directly involved in the formation of the aggregate. In
the case of red cells, excitation at 632.8 nm is too far away
from the Qy (—570 nm to be true resonance Raman scatter-
ing and possibly too close to be called off-resonance Raman
scattering. As mentioned before, we have recorded a Raman
excitation profile of crystallizedHbA, and have shown that
the spectrum at 633-nm excitation appears to be independent
of resonance or preresonance Raman scattering fror@ghe

cells showed that the scattering curve displayed a distinct band. While we cannot rule out a small electronic transition
maximum at #=0.25 radians corresponding to an interpar- contributing to the enhancement of numerous bands at 632.8
ticle distance of 62 A. The authors concluded that the Hb nm for cells and crystals, it would appear that aggregation
molecules in the cells were not distributed randomly. Péfutz  enhancement is the dominant mechanism at work.
showed that the close packing of Hb is an inevitable conse-  Further supporting the excitonic hypothesis is the power-
quence of the high Hb concentratid84%), because if the  dependence study, which clearly shows a nonlinear response
molecules were distributed randomly, the interparticle dis- for cells at both 4 and 42°C. At the higher temperature, the
tance would have to be 75 A and a concentration of 34% measured Raman counts for each band are much greater com-
could not be achieved. The inter-Hb molecule distance within pared to the corresponding measurements at 4°C, and the line
the red cell is well within the range to enablérEer type appears sigmoidal in shape if the broad baseline is removed
long-range excitonic interactions between heme chro- prior to the plot. Conversely, for normal Raman enhancement
mophores. the intensity of Raman bands are directly proportional to the
Kasha, Rawls, and El-Bayouffiifurther developed the ex-  applied power. If excitonic interactions are influencing Raman
citon theory to explain the systematic spectral changes ob-band intensity, then a nonlinear relationship between power
served in the Soret band in the absorption spectra of porphyrinand Raman band intensity is predicted. The nonlinear power-
arrays, as exemplified by the work of Kim et al. ameso- dependence plots reported herein provide evidence supporting
mesocovalently linked zindl) porphyrins?® The UV-visible the hypothesis that excitonic interactions are responsible for
spectra presented in this study clearly show a broadening andthe anomalous enhancement observed in the Raman spectra of
red shift of the Soret band and to a lesser extent the Q bandsred blood cells at 632.8 nm. Moreover, this anomalous en-
when comparing a suspension of red cells in saline with iso- hancement is greater at higher temperatures, indicating that
lated Hb in distilled water. On heating the intact red cells, the the aggregation and therefore the excitonic interactions are
Soret band becomes broader and both the Sore@Qgrzhnds also greater at higher temperatures. Based on these results, it
exhibit a distinct red shift. Between 60 and 65 deg the cells would seem reasonable to conclude that exposing red cells to
lyse, releasing denatured Hb into the surrounding solution. the higher temperature and/or prolonged laser exposure
The Soret band is now considerably blue shifted compared to causes denaturation of the protein leading to heme aggrega-
the intact cells. Such broadening and shifting of the Soret tion. The aggregation enhances the probability of excitonic
band has been interpreted by others to be indicative of exci- interactions, and thus also the Raman intensities of many
tonic coupling resulting from porphyrin aggregaton®? It bands along with the background counts.
should be noted that other contributions can also affect the Goldbeck et af! using Soret circular dichroisniSCD)
Soret band width such as inhomogeneous broadening due tanoted that at high concentrations Hb formed tetramers that
conformational heterogeneity, homogenous broadening due tohad a different SCD profile than those of low concentrations
finite life time of the excited state, vibronic coupling with  of Hb, which apparently formed dimers. While they could not
high-frequency nuclear vibrations, and Gaussian broadeningrule out the possibility that a change in protein conformation
due to coupling with a “bath” of low-frequency vibrational  or distant heme-aromatic residue interactions was occurring
014005-10
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coincidentally with the excitonic-like feature observed in the posure results in photoinduced denaturation of the Hb, giving
spectrum, they did provide evidence that these effects wererise to an unusual Raman profile that is characterized by the
small and the heme-heme excitonic interaction predicted by dramatic enhancement of many bands, an increase in signal-
Woody** was the most compelling explanation. to-noise ratio, and a general increase in background counts.
Recently, Ramser et &t.recorded images of an erythro- The same effect can be observed when heating the cells to
cyte deoxygenated with sodium dithionite using 514-nm ex- temperatures greater than 42°C. Five bands are identified as
citation and an integration time of 480 s. They also observed marker bands for heme aggregation, namely 1396, 1365,
an increase in background, which masked any differences be-1248, 972, and 662 cm, while two are correlated t®,
tween the images of oxygenated and deoxygenated cells. Theyconcentration{1638 and 1564 citt). The correlation between
reasoned the background was due to fluorescence resultinghermal degradation and the unusual Raman spectra is con-
from the thermally activated auto-oxidation of Hb to metHb, firmed by performing Raman measurements as a function of
and that metHb simply has a higher intrinsic fluorescence than temperature on a population of cells. The spectra at high tem-
oxyHb** MetHb is in the ferric high-spirfS=5/2) state and peratures closely resemble those recorded after prolonged la-
therefore cannot bin@,. The 632.8-nm excitation spectrum  ser exposure. It is hypothesized that the enhancement is a
of metHb encapsulated in a single living cell prepared and consequence of Hb aggregation in response to thermal and/or
reported as previously describéis presented in Fig. 3. This  photoinduced denaturation, increasing the probability of exci-
spectrum is very different to spectra recorded after prolonged tonic interactions between the hemes. There are five main
Raman imaging and/or increasing the temperature. In particu-arguments supporting this hypothesis.
lar the bands at 1396, 1365, 1249, 972, and 662'show an
increase in relative band intensity at high temperatures and/or 1. The spectra of cells after prolonged laser exposure have

after prolonged laser exposure, compared to the analogous a similar relative band enhancement profile to the crys-
bands in the metHb spectrum recorded of the intact cell. The tallized deposits of metHb and oxyHb, indicating the
spectrum of metHb is similar to the spectrum recorded of a Hb in these damaged cells is aggregating or partially
deoxygenated cell, especially in the spin-state marker band crystallizing.

region(1650 to 1500 cm'). This is not surprising, given that 2. The broadening and red shift observed in the Soret band
both heme derivatives have a high-spin state configuration for the red cells compared to the isolated hemoglobin at
resulting in significant translocation of the Fe atom out of the the higher temperatures may be interpreted as indicative
porphyrin plane. The oxygenated cell spectrum is consider- of excitonic interactions in response to heme aggrega-
ably different to metHb and deoxyHb red cell spectra, because tion.

in oxyHb the Félll) ion is in the low-spin state configuration,
thus enabling the Fe atom to translocate into the porphyrin
plane. This translocation results in considerable expansion
and ruffling of the porphyrin ring and dramatic changes in ; . .
heme spectr&: A marker band forO, binding, assigned to h|gher_ temperature. l\_lonl_lngar power dependence is an-
v10, appears at 1638 cm in the oxygenated red cell. Raman other indicator of excitonic interactions.

spectra of single crystals of met- and oxyHb show consider- 4. The signal to noise increases after prolonged laser ex-

3. The power-dependence plots of cells in suspensions at 4
and 42°C show a nonlinear curve, with the band en-
hancement and the nonlinearity much greater at the

able broadening in the 1650- to 1500-chregion compared posure and at higher temperatures, indicating the num-
to the isolated cells, indicating a dynamic heme alignment ber of molecules per unit area has increased, which is a
within the single cell. The spectra of the two crystals can be clear indication of aggregation.

discerned by the appearancevaf at 1638 cm* in the oxyHb 5. The interatomic distances between aggregated hemes in
crystal. The unusual enhancement and general increase in  the red cell are well within range to enable excitonic
background intensity observed at 632.8-nm excitation cannot interactions.

be due to thermal auto-oxidation of Hb into metHb, otherwise
the spectra at these high temperatures or after prolonged laser These points support the hypothesis that excitonic interac-
exposure would resemble metHb. Moreover, the spectra pre-tions resulting from porphyrin aggregation explain the un-
sented in Fig. &) show that the spectral effect observed after usual Raman spectral profile observed at higher temperatures
partial thermal denaturation could be reversed when the tem-and/or after prolonged laser exposure. The observed effect can
perature was lowered to 4°C. The spectrum of the cooled cell be understood in terms of excited state excitonic interactions,
exhibited a profile consistent with a fully oxygenated cell. whereby the excited state becomes saturated to a point where
Because metHb is incapable of bindi@y, we can rule out energy in the form of an exciton can migrate throughout the
the possibility that the spectral effect observed at high tem- delocalized environment of the aggregated heme lattice. This
peratures results from the thermal auto-oxidation of Hb to additional energy dramatically alters the electronic properties
metHb, at least in the case of 632.8-nm excitation. of the chromophore, causing nonlinear optical responses and
radical changes in the amplitude of many vibrational modes.
. It appears that the majority of the Raman cross section of Hb
4 Conclusion at high temperatures and after prolonged laser exposure can
High-quality Raman images of red blood cells are obtained be attributed to this process.
using 632.8-nm excitation. This is achieved by keeping the  We further postulate that excitonic interactions occur be-
temperature low(4°C), avoiding prolonged laser exposure tween hemes within the cell when exciting with 632.8-nm
(120 9, and reducing the number of multiple images recorded excitation, regardless of heme aggregation. There are four ar-
on the same cell2 in a 90-min periodl Prolonged laser ex-  guments to support the hypothesis.
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Itis virtually impossible to record spectra of any quality
from Hb solutions irrespective of concentration at
632.8-nm excitation, yet it is relatively simple to record
high-quality spectra of red cells with very low power
(>1 mW). This indicates a different enhancement
mechanism in addition to normal resonance or prereso-

nance Raman scattering occurring on excitation with 1

632.8-nm excitation.

. The spectra of single cells are of a much higher quality

and better resolved than spectra of their crystallized
counterparts, indicating a higher degree of order of

heme groups within the cell compared to the crystal. 13.

The more ordered the system, the more aligned the
chromophores and therefore the higher the probability "
of excitonic interactions.

. The Soret band in the absorption spectrum of the red

cell is broader and undergoes a 3-nm redshift compared
to the spectrum of isolated hemoglobin at low tempera-
ture. Such a peak broadening and red shift of the Soret
band is indicative of excitonic interactions.

. The interparticle distance between hemoglobin mol- 16.

ecules(62 A) in the red cell is well in range to enable

long-range excitonic coupling mechanisms such as Fo 17.

ster energy transfer to take place.

18.
The results of this study have important implications for 4

realizing the potential biomedical application of Raman imag-

ing and spectroscopy to the analysis of single functional 20.

erythrocytes, especially in disorders characterized by heme

aggregation reactions including sickle cell disease and ma-

laria.
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