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Hydroxyethyl starch (HES) is a commonly used intravenous fluid in hospital settings. The merits and
demerits of its application is still a debatable topic. Investigating the interaction of external agents like
intravenous fluids with blood cells is of great significance in clinical environments. Micro-Raman
spectroscopy combined with an optical tweezers technique has been utilized for conducting systematic
investigations of single live red blood cells (RBCs) under the influence of external stress agents. The
present work deals with a detailed biophysical study on the response of human live red blood cells in
hydroxyethyl starch using optical techniques. Morphological changes in red blood cells were monitored
using quantitate phase imaging techniques. Micro-Raman studies suggest that there is a significant
reduction in the oxy-haemoglobin level in red blood cells suspended in HES. The spectra recorded by
using different probe laser powers has shown that the cells are more vulnerable in HES under the

influence of externally induced stress than in blood plasma. In addition, the spectral results support the
Received 4th July 2020 ibility of h tion and membrane d for red blood cells in HES under externall
Accepted 17th August 2020 possibility of heme aggregation and membrane damage for re ood cells in under externally
induced stress. Principle component analysis performed on the Raman spectra were able to effectively

DOI: 10.1039/d0ra05842d discriminate between red blood cells in HES and in blood plasma. The use of Raman tweezers can be
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Introduction

Investigation of whole blood and blood components is an area
of importance in clinical diagnostics, blood transfusion,
oncology etc. Spectroscopy tools and in particular Raman
spectroscopy have been in the forefront for more than four
decades in blood related research. This technique based on
inelastic light scattering can provide the constituents of any
material of interest because the method provides molecular
fingerprints of the sample." The low scattering cross-section of
water molecules, minimal sample preparation protocol and the
absence of external labelling agents makes this technique more
acceptable for assessing biological samples. Recently Barker
et al. have demonstrated the potential of Raman spectroscopy as
a promising tool for monitoring the biochemical features of
Huntington's disease and its progression by studying blood
serum.> Similar reports have also appeared in the Lancet this
year, recommending the use of Raman spectroscopy as a cost
effective tool for identifying colorectal cancer (CRC) which can
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highly beneficial in elucidating biochemical alterations happening in live, human red blood cell.

reduce colonoscopies and the other diagnostic requirements for
patients in the Urgent Suspected Cancer (USC) pathway for
CRC.? Raman spectroscopy based blood tests have also provided
better performance as compared to the conventional USC
pathway for cancer prediction.® Parlatan et al. have used the
combination of Raman spectroscopy and statistical classifica-
tion models for the diagnosis of endometriosis from blood
serum thereby discouraging the necessity for laparoscopy.*
Similarly Raman technique along with multivariate analysis
tools have been found effective in monitoring the prostate
specific antigen (PSA) levels in serum samples, which can pave
way for the detection of prostate cancer at a later stage.’
Researchers have enabled the discrimination of iron deficiency
anemia and sickle cell anemia with 95% accuracy from blood
samples using Raman spectroscopy and partial least squares
(PLS-DA) discriminant analysis.® Ullah et al. reported the ability
of Raman technique for asthma screening by demonstrating the
effective classification of serum spectra from asthmatic and
healthy individuals using PLS-DA.” Raman spectroscopy anal-
ysis have been reported as a potential tool in order to evaluate
the therapeutic response in patients suffering from breast
cancer. The relative changes of biomolecules such as trypto-
phan, tyrosine, phenylalanine, proteins, carotenoids and lipids
in blood plasma have been observed in the Raman spectrum
which was good enough to discriminate pre and post treatment
conditions.® Reports have also pointed out that the futuristic
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use of this technique as a primary tool for lung cancer detection
since the spectral variations in blood serum were able to
differentiate between healthy and individuals with lung cancer.
In addition to diagnosis, spectral differences can also lead to
the staging of cancers, which is crucial in deciding the treat-
ment strategies.® Discrimination of human and non-human
samples from blood stains were estimated with a portable
Raman spectrometer and principle component analysis, which
suggested that the potential of this technique in forensic
applications.' Researchers have also demonstrated the possi-
bility of this technique for the discrimination of individuals
based on their chronological age by analyzing the blood stains.
With the support of chemometrics, they were able to identify
newborn from adolescent and adult donors without any false
negative cases." Gender discrimination from the blood stains
have been also realized by combing Raman spectral analysis
with statistical tool such as support vector machines (SVM) and
artificial neuron network (ANN)."?

Despite the ubiquitous applications of Raman spectroscopy,
it also suffers from major pitfalls while performing single live
cell (e.g. blood cells) studies in physiological conditions.
Brownian motion of micron sized live cells in aqueous solutions
restricts the application of Raman spectroscopy for studying
single cells. Inherent functionality of the cells will be perturbed
during its immobilization on a substrate via physical (freeze
drying) or chemical approaches (chemical fixing)."* Wood et al.
have also noticed considerable variations in the heme envi-
ronment of red blood cell (RBC), which resulted in the forma-
tion of hemichrome and hemochrome respectively during cell
fixation and dried cell samples.** This limitation can be coun-
tered by the use of Optical Tweezers (OT), which is able to
optically trap the live cell in an aqueous environment using
a focused laser beam. The net trapping force resulted from laser
beam on a dielectric particle (e.g. blood cell) is the cumulative
effect of the scattering force which acts in the light propagation
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direction and gradient force which acts along spatial light
gradient (inset of Fig. 1).

Optical tweezers have been commonly used to study the cell
deformability under abnormal conditions, where the deform-
ability index has been found to be less in diabetic individuals
compared to normal.*® In a similar fashion, OT has also been
utilized for assessing the RBC deformability in diseases such as
sickle cell anemia, thalassemia, malaria etc.*®'” Increase in the
rigidity of red blood cells was found in iron deficient anemic
cases in an optical tweezers based study report.’®* Raman spec-
troscopy coupled with optical tweezers have been established as
a reliable method for inspecting the biochemical changes at
individual cell level. Nanoparticle induced stress on human red
blood cells has been investigated using Raman Tweezers and
observed an increased adverse effects in silver nanoparticles as
compared to gold nanoparticles.” Raman Tweezers technique
is proven as the best technique for the investigation of the
oxygenation state of red blood cells and malaria infected cells
were found to have reduced oxygen affinity.>® Researchers have
performed blood grouping, where Raman Tweezers analysis
combined with statistical models were able to discriminate AB
group from other blood groups with 100% accuracy.*

Transfusion medicine in clinical settings is an area where
the use of Raman Tweezers has not been explored much.
Raman Tweezers can be a reliable tool for evaluating the impact
of intravenous fluid therapy on human red blood cells, which is
an area of concern. Intravenous fluid therapy involves the
administration of crystalloids and colloidal solutions which
plays a vital part in managing critical conditions in medical
emergencies.”»* Crystalloid solutions are used for patients
hospitalized with sepsis, for the correction of hypovolemia,
shock etc. Colloidal solutions have been using for acute fluid
resuscitation in trauma and in hypovolemic shock in Intensive
Care Unit (ICU) patients. Recent years have been witnessing
a considerable number of studies regarding the use of various
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Fig. 1 Schematic of the indigenously built Raman Tweezers instrument.
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fluids for the intravenous infusion in hospital as well as pre
hospital settings. Debates are still on in connection with safety
concerns and advantages of colloids and crystalloids based
therapies. National Confidential Enquiry into Perioperative
Deaths (NCEPOD) report has pointed out that inappropriate
administration of fluid therapy have been adversely affecting 1
out of every 5 patients.” Colloidal fluids have been a superior
choice for perioperative fluid therapy, even though the scientific
merits regarding its pros over other fluids and cons over the
patients with sepsis and critically ill are limited.*” Even though
various colloids are in use in medical practice in different
nations, hydroxyethyl starch is the most commonly used in
a global perspective than the other competitors.>**® Serious
concerns have been reported against utilizing hydroxyethyl
starch (HES) administration in clinical settings.>” Results based
on multicentric trails reported that the patients with sepsis
administrated with HES had a higher probability of renal failure
and bleeding.***° Moreover the mortality of sepsis patients were
higher in HES administration as compared to crystalloids.”®*®
European Medicines Agency (EMA) have suspended the use of
HES after receiving the petition by German Federal Institute for
Drugs and Medical Devices, addressing the critical concerns
pointed in different clinical trails. But the use of HES has
received permission again after the second review by EMA
committee. As per the global estimates, more than 200 million
units of HES have been in use over the past 10 years.” Some
trials were not able to detect any complications in HES
administration®** regardless of the prior trial results which
questioned the safety of HES solution. To the best of our
knowledge, the potential of Raman Tweezers technique for the
analysis of human red blood cells under the influence of HES
has not been assessed till date. In view of this, the present work
deals with the micro-Raman spectroscopic monitoring of an
optically trapped single, live human red blood cell suspended in
HES as well as the cells under the influence of external stress.

Experimental method

The present set of experiments were conducted after obtaining
permission (Ref: IEC: 68/2018) from the Institutional Ethics
Committee, Kasturba Medical College and Kasturba Hospital,
Manipal. Sample collection was carried out by the Blood Bank,
Kasturba Medical College, Manipal, India. Informed consent
was obtained from human subjects. Whole blood collected from
healthy volunteers was centrifuged for 5 minutes at 3000 rpm in
order to obtain the packed red blood cells (PRBC). PRBC ob-
tained was diluted and suspended in blood plasma/HES solu-
tion prior to Raman measurements in order to avoid the chance
of multiple cell trapping from laser spot. Hydroxyethyl Starch
(HES) 6% solution (Voluven, Fresenius Kabi India Pvt. Limited)
has been used for the present study, since it is the standard
concentration (6 g HES in 100 mL of 0.9% normal saline) in use
under clinical settings. To correct the hypovolemia, one of the
life-threatening condition, HES solution has been transfused at
a maximum dose of 50 mL per kg per 24 hours in resuscitating
patients. All Raman spectra were recorded within an hour after
the blood collection. All the Raman measurements shown in the
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present work were recorded using a home-built Raman Twee-
zers system as shown in Fig. 1. This system was equipped with
a 785 nm wavelength laser (Star bright Diode Laser, Torsana
Laser Tech, Denmark), which is tightly focused onto the sample
solution via a high numerical aperture (1.3x NA), 100x oil
immersion microscope objective of a Nikon Eclipse Ti-U
microscope. The scattered Raman signals are dispersed using
a Horiba Jobin Yvon iHR320 Spectrograph equipped with a 1200
grooves per mm holographic grating. A liquid nitrogen cooled
CCD detector (Symphony CCD-1024 X 256-OPEN-1LS) is
employed to acquire the Raman spectra of optically trapped
cells. The instrument employed in the work has been already
explained in the previous literature.* Baseline correction as well
as normalization of Raman spectra after smoothing was per-
formed in MATLAB via vector normalization method. The
picture of RBC before and under optical trap is provided in the
inset of Fig. 1.

Results and discussions

Raman tweezers set up can be exploited as an effective spec-
troscopic tool for investigating single live red blood cells since it
can provide micro-Raman spectra of the cell. At the same time,
laser powers used for trapping can itself act as an external
stimuli which can impart a stress and the Raman signatures
from the trapped cells enables the simultaneous monitoring of
the biochemical response of the cell to the applied stress. The
response of RBCs suspended in HES were subjected to different
laser powers and compared the response of cells in blood
plasma. RBCs in blood plasma is opted as control in the present
study since it is the ideal solvent to mimic the physiological
environment. Red blood cells are composed of a lipid bilayer
with a globular protein (hemoglobin) embedded in it. Hemo-
globin, the major protein in red blood cell holds the authority of
carrying oxygen to the tissues all over the body from lungs. This
protein is made up of two alpha and beta subunits, where each
subunit carries a heme group.* The iron in the form of Fe**
surrounded by a heterocyclic porphyrin ring in heme is the
crucial factor determining the oxygen carrying capacity of
blood. The four out of six coordination sites are bonded by
porphyrin nitrogen's, and the fifth site is covalently bound to
proximal histidine residue from the globin chain. It is the
vacant sixth coordination site in the iron atom, which holds the
functioning of oxygen binding. In oxygenated hemoglobin, this
site is occupied by the dioxygen molecule and remains vacant in
deoxygenated hemoglobin. In the latter case, the bond formed
between the iron at the heme center and the nitrogen of histi-
dine F8 undergoes a small tilt in angle from perpendicular to
the plane of porphyrin ring. In this case, iron is pulled
~0.04 nm out of the porphyrin ring plane which results in
a dome structure with iron at the apex.*® The change in heme
from planar to domed configuration will be reflected in the
major molecular vibrations associated with porphyrin ring
(Fig. 2). This can be utilized for evaluating the oxygenation state
of heme molecule inside a single cell under an external stimuli.

Raman spectra obtained for red blood cells at different
powers in plasma and HES are given in Fig. 3(a-d). Each spectra
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Fig. 2 Chemical structure of (a) oxygenated heme and (b) deoxygenated heme.

shown in the figure is an average of 10 different cells and all the
experiments were finished within an hour of sample collection.
As it can be seen from the Fig. 3, most of the Raman bands were
present in both the cases. Even though, spectral intensity
changes were observed for some Raman peaks in case of HES as
compared to cell in blood plasma. The 1200-1300 cm ™' region
is of high importance due to the presence of in-plane bending
vibrations of the methine C-H. These vibrational bands will
highly influenced by the coordination between porphyrin ring
and the central iron atom. The close proximity of these vibra-
tions to protein subunits makes these bands a primary choice
for evaluating the oxygenation response in a single cell. The
peak at 1222 cm™ ' is treated as a oxyhemoglobin indicator

whereas the other band at 1209 cm ™" is used for pointing the
deoxyhemoglobin status. Similarly the spin marker region
consisting 1500 cm ™" to 1650 cm ™" is also of high interest, since
the three bands present at 1544 cm ', 1561 cm ' and
1636 cm ' are often used as oxygenation/deoxygenation
markers. These bands originating due to C-C stretching are
influenced by the spin state of the iron atom in the heme and
are sensitive to any distortions happening in the heme.?** The
deoxygenated hemoglobin contains iron in a high spin state,
whereas the oxygen bound iron in oxyhemoglobin is in low spin
state. The band at 1544 cm™ ' is treated as a marker for high spin

state whereas 1561 cm ™' is a characteristic band for low spin
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Fig. 3 Raman spectra for RBCs in control and HES at four different laser powers (a) ~3 mW (b) ~5 mW, (c) ~7 mW and (d) ~11 mW.
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state. The band at 1636 cm ™' is also regarded as the oxygen

concentration marker in Raman spectra of an RBC.

In order to display the variations in oxy-deoxy bands for
RBCs at different laser powers, a bar diagram is given in Fig. 4.
This bar diagram is obtained by estimating the ratio of inten-
sities of the bands present at 1222 cm™ /1209 cm ™' in methine
deformation region and 1561 cm ™ '/1544 cm™ ' in spin marker
region. A decrease in hemoglobin oxygenation was observed for
red blood cells suspended in both blood plasma and HES with
respective to the laser power. It is also evident that from Fig. 4(a)
that the RBCs suspended in HES displayed significant intensity
decline as compared to control cells. In other words, cells in
plasma were not able to hold the oxyhemoglobin status as in the
case of plasma at stress induced by laser powers. This decrease
in ratio in HES can be attributed towards the decrease in
strength of the coordination between iron and the porphyrin
ring as the atom is pushed out from the center during the oxy- to
deoxy transition. The intensity obtained for 1636 cm™* band in
spin marker region which is a characteristic marker for
oxygenation, is also estimated and displayed as bar diagram in
Fig. 4. This figure also supported the decrease in oxygenation
in HES as compared to cells in blood plasma.

The deoxygenation tendency in HES is again verified by
estimating the band intensities attributed to pyrrole deforma-
tion mode at 674 cm ™. This band is known to be higher in case
of planar configuration of porphyrin as compared to the domed

(a)

0.07
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or pyramidal conformation. Once the oxygen dissociation from
heme occurs, the planar configuration will be perturbed and
ultimately this vibration will be mixed with the out of plane
modes.*” This perturbation from breathing motion can result in
the intensity decrease for 674 cm™ "' band in case of deoxygen-
ated heme. Similarly the decrease in oxygen ligation with iron
was also evident from the intensity reduction in Fe-O, stretch at
565 cm ™' in HES (Fig. 5).

The band assigned to C-N-C breathing stretch at 752 cm ™' is
considered as an important marker for evaluating the hemo-
globin intact nature.*® An intensity decrease was also observed
for this band in HES for all different laser powers compared to
that of corresponding plasma values. The band at 999 cm™*
assigned to phenylalanine also displayed similar trend of
decrease in case of HES. The decrease in trend in HES with
respect to plasma is also validated from the decrease in another
phenylalanine band at 897 cm™ . Some literatures have attrib-
uted the decrease in intensities in these bands due to any
alteration in the oxidation environment of heme in red blood
cells. At the same time, reports have also pointed out about the
probability of hemoglobin depletion in RBC by external factors
which can result in a decrease of intensity in these bands.?***
The bands at phenylalanine are not solely contributed by
hemoglobin, since the past works performed on RBC ghost cells
have also mentioned about the presence of phenylalanine
bands.***! In this case, we may presume some contributions
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Fig. 6 Bar diagram indicating the intensity variation of the Raman frequency (a) 752 cm~* and (b) 999 cm™.

from membrane proteins in addition to hemoglobin degrada-
tion which overall resulted in a decrease in phenylalanine band
intensities (Fig. 6).

In brief, a complete switching of oxy-deoxy markers were
observed in methine deformation region in HES as compared to
plasma at a laser stress induced at ~11 mW as shown in
Fig. 3(d). The peak at 1209 cm ' became prominent than
1222 cm™ ! and vice versa is maintained in case of red blood cells
in plasma. Similar is the case with the all oxygenation markers
in RBC. The 565 cm™ " band in the low frequency region due to
Fe-0, stretch was also found to be less intense in case of RBCs
diluted in HES. The peak at 674 cm™' belongs to pyrrole
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deformation also suffered a decrease in RBCs suspended in HES
as compared to blood plasma. Another perspective to be noted
is the probable heme aggregate formation in RBCs. The shift in
pyrrole deformation band from 1375 cm™ " to 1368 cm ™' is an
indication of heme aggregation resulted from protein dena-
turation in RBC. This can be also validated by a shoulder orig-
inated at 1244 cm ™ in case of cells suspended in HES. As per
the literature, these changes are resulting from the possibility of
forming heme aggregates due to protein denaturation inside
RBC, in case of HES.*»** Similarly the chance of membrane
damage for RBC in HES under external stress can be again
speculated from the intensity decrease in CH,/CH; deformation
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PCA plot for Raman spectra for RBCs in control and HES at (a) ~3 mW (b) ~5 mW (c) ~7 mW and (d) ~11 mW.
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modes at 1447 cm ™" originated from amino acid side chains.**
It is crucial to found out that HES was not able to maintain the
hemoglobin oxygenation ability in red blood cells as much as
that of blood plasma at even lowest power of optical trap. As the
stress induced by the laser increases, adverse events such as
heme aggregation and degradation may probably occur for
RBCs in HES. Blood plasma was able to maintain a better
oxyhemoglobin status in RBCs than HES under all the
conditions.
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Principle component analysis were performed on the Raman
spectra obtained for cells at four different laser powers in HES
and plasma. The PCA plots obtained for spectra at ~3 mW, ~7
mW, ~9 mW and ~11 mW are given in Fig. 7a, b, ¢ and
d respectively. PCA is a widely used statistical analytical tool in
Raman spectroscopy in order to acquire discrimination
amongst spectral data belongs to various classifications. In
previous literatures, multivariate analysis tool have been
successfully employed for the various medical applications
which includes cancer cell lines discrimination, differentiating
apoptosis and necrosis in K562 leukemia cells, classification of
live and apoptotic human gastric cancer cells etc.***” In the
present work, PCA was performed on a total of 20 spectra each
in four different laser powers, in which 10 spectra each from
RBCs suspended in HES and plasma. This tool have been able to
provide very good discrimination amongst the RBCs suspended
in HES and plasma. The discrimination amongst two classes of
RBCs was clear at all four different laser powers. This again
validates the fact that RBCs in HES behaves in a different
manner compared to that of plasma.

The factor loading of PC 1 (F1) plots obtained for four
different laser powers are plotted in Fig. 8 in order to provide an
insight into the spectral changes that characterize the effective
discrimination displayed in Fig. 7. The main components
contributed for the discrimination obtained in PCA analysis
have arised from the Raman signals at 1209 cm ™', 1222 cm ™,
1544 cm™ ', 1565 em™ ', and 1636 cm ™' as evident from the
factor loading plots. All these bands corresponds to the hemo-
globin oxygenation-deoxygenation marker peaks of red blood
cells. As mentioned earlier, the peaks at 999 cm™", 752 cm ™,
565 cm ' and 674 cm ™' also undergoes variations, which is
evident in the loading plots. Moreover, Raman spectra of HES
solution has been already reported elsewhere, where the char-
acteristics bands were observed at 865 cm™!, 940 cm?,
1065 cm™ %, 1085 cm™ Y, 1335 cm ™Y, 1380 em ™ * and 1460 cm ™t

(a, d) Microscopic image (b, e) phase image and (c, f) corresponding 3D view.
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which are not observed in the recorded Raman spectra in the
present study.*® Thus it can be confirmed that loading compo-
nents in the present analysis are not originating from the HES
solvent. Rather, the variations in the hemoglobin oxygenation
status of RBC is due to the impact of HES on the cells which in
turn is responsible for the discrimination obtained in scores
plot shown in Fig. 7. In brief, PCA plots has been dominated by
the contribution from the inherent peaks of RBC itself, not from
the bands of HES.

The morphological variations in red blood cells in both HES
and blood plasma were imaged using quantitative phase
imaging technique with the help of d'Bioimager (d'Optron). The
microscopic images were obtained as shown in Fig. 9(a) and the
corresponding 3D view of the cell are as shown in Fig. 9(c).
Morphological variations in RBC structure is clear from the
surface profiles as the usual discoid shape of cells in plasma
were changed to sphereocyte formation in case of HES. This
indicates the alterations in the RBC cytoskeleton structure,
which can adversely affect RBC deformation ability. Because the
high surface to volume ratio of discocyte shape is the crucial
factor which enables elastic deformation of RBC, which makes
its microcirculation through small capillaries easily possible.*’
The sphereocytes shaped RBCs are also more vulnerable to
damage and the deviation from the inherent cell morphology
are linked with hematological disorders.>

Hypovolemic shock results in tissue hypoxia and organ
damage because of inadequate blood flow through micro
circulation. 6% HES is used to resuscitate patients who are in
hypovolemic shock. HES is a colloidal solution which causes
expansion of plasma volume thereby improving the end organ
microcirculation. Current study highlight the effect of HES on
red cells compared to blood plasma. Tissue oxygenation is the
main purpose of red blood cells and normally red cells deliver
the oxygen to the tissues. However, HES tend to decrease the
oxy/deoxy ratio in red cells there by limiting both the capability
of red cells to transport and deliver oxygen to the end organs.
The red cell deformability is another crucial factor which permit
the red cells to pass through capillaries in the end organs and
carry out exchange of gases. The morphological changes of red
cells associated with HES may also hamper the flow through
micro capillaries leading to improper tissue perfusion. These in
vitro experimental observation suggests that using HES in crit-
ically ill patient may lead to bad outcome in terms of tissue
perfusion when we compared with plasma transfusion.

Conclusions

Interrogation of red blood cell responses to external stimuli are
of prime significance in hematology, transfusion medicine,
oncology etc. Single cell spectroscopy using Raman Tweezers
instrument has been an indispensable spectroscopic tool,
which can provide valuable insights in to the red blood cell
dynamics and cells under the influence of exogenous agents.
The influence of hydroxyethyl starch (HES) an important
intravenous fluid on live human red blood cell at individual cell
level is investigated with the aid of Raman Tweezers technique.
The response of cells in HES were also evaluated under the
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influence of different Raman probe laser powers. Spectral
features extracted from Raman spectroscopy studies have
revealed transition from oxyhemoglobin towards deoxygenated
state in case of cells suspended in HES. Moreover, adverse
effects on hemoglobin and RBC membrane were also observed.
Heme aggregation also tend to occur in case of cells in HES
exposed to ~11 mW laser power. Morphological transitions of
discocyte shaped RBC to sphereocyte shape was evident from
phase imaging measurements. Detailed biochemical and
hematological investigations are required to completely eluci-
date the mechanisms of red blood cell in HES.
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