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Abstract. Systematic studies on a live, individual human red blood cell without
any chemical fixation can be realized with the aid of optical tweezers. In the
present work, the behavior of human red blood cell in dextrose containing
intravenous fluids and blood plasma were investigated and compared using a
home-made near-IR Laser Tweezers Raman spectrometer. Significant spectral
variations in Raman signatures exist between the RBCs in plasma and dextrose
containing intravenous fluids, which mainly comprise of the hemoglobin
oxygenation-deoxygenation transition as well as the heme aggregation markers.
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1 Introduction

Cellular investigations are of high interest in biomedical
scientific fraternity for the monitoring of cell-drug
interaction, cellular abnormalities, cells under stress,
cell adhesion, single cell transfection, etc. [1]. The
global drive towards cytometry research has generated
keen interest amongst biophotonics community to make
it a major focus of interest with the aid of various
optical tools. In general, cytometric studies are highly
dependent upon exogenous fluorescent dyes for site
specific labeling of biomolecules to acquire biochemical
details in the cell. Despite its ubiquitous use,
fluorescence labeling technique suffers major pitfalls,
which includes extensive sample preparation, time
consumption, and photo bleaching, etc. [2]. Raman
spectroscopy is a widely established spectroscopic
approach used for extracting pivotal information from
biological samples (cells, tissues, etc.) in absence of any
exogenous labelling agents [1, 3-5]. This non-
destructive technique is based on analyzing the inelastic
scattering of photons from the sample activated by
monochromatic light from a laser source. Raman spectra
of a sample are indeed a molecular fingerprint carrying
vital information regarding its biochemical composition,
molecular structure and function.
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Conventional Raman spectroscopy has the limitation
for single cell investigation due to the random motion of
live cells suspended in a liquid media. The analytical
capabilities of Raman technique are thus constrained by
the inability to manipulate, as well as analyze individual
cells of interest in absence of any cell fixative agents.
Optical Tweezers developed by Arthur Ashkin, which
employs tightly focused laser beam for trapping the
dielectric particles, have been a revolutionary approach
in the field of single cell research [6]. Ashkin et al.,
have wused optical trapping technique for the
manipulation of various particles with dimensions
ranging from 100 nm to 10 microns that includes
mammalian cells, bacteria, spores and polymer beads [7,
8]. This technique is highly advantageous compared to
the other live cell immobilization methods (physical as
well as chemical fixation methods), which will affect its
chemical microenvironment and may adversely affect
cellular functions [9]. The combination of optical
trapping along with spectroscopic techniques paves
researchers a better approach for extracting biochemical
information at individual cell level.

Raman Tweezers can be thus very promising for
probing live individual cells in absence of any
exogenous labels and experiments can be also
performed in aqueous solutions since water is a weak
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Raman scatterer. Li et al. have used this technique for
the sorting and identification of live and dead yeast cells
in a batch culture, which has showed its ability to use in
microbiology for the rapid detection of food-borne
pathogens [10]. Recently our group has also
demonstrated the ability of Raman Tweezers combined
with multivariate data analysis technique for diagnosing
and classification of bacteria responsible for urinary
tract infections [11]. Last decade has been witnessing
considerable advancements in micro-Raman combined
optical tweezers for the characterization of red blood
cells for numerous biomedical applications. This
includes the detection of various blood disorders as well
as evaluating the stress induced by different external
factors such as mechanical stretching, chemicals, etc.
[12-15]. The ability of Raman Tweezers for
investigating blood disorders such as alpha- and beta-
thalassemia was also reported, primarily based on
evaluating the hemoglobin oxygenation capability of red
blood cells [16]. In a similar fashion, present technique
was also employed for studying malarial infected blood
cells and observed a reduced hemoglobin-oxygen
affinity as compared to normal blood cells [17]. Petrov
et al. have reported the hemoglobin oxygenation to
deoxygenation switching in case of mechanically
stretched red blood cells [18]. Chan et al. observed that
red blood cells from sickle cell anemia patients were
highly susceptible to deoxygenation under mechanical
force with respect to red blood cells from healthy
volunteers [12]. Feng et al. have investigated the
feasibility of Raman tweezers in combination with
multivariate statistical tool (PCA-LDA), for the
discrimination of Type AB from other blood group,
with an accuracy of 100% [19]. Similarly, researchers
were able to detect type II diabetes with a sensitivity of
100% by combining multivariate analysis with Raman
spectra [20].

Even though, the application of Raman Tweezers in
transfusion medicine is highly limited. Administration
of intravenous infusions in clinical settings is a topic
which demands serious attention in perspective of
maintaining integrity of blood cells and its functioning.
Use of various intravenous fluids for critically ill
patients in intensive care settings is so ubiquitous in the
daily hospital settings. As per the “NICE 2015 report,
one among the five patients administrated with IV fluids
and electrolytes in hospitals face health complications
due to inappropriate infusion [21]. Even though it is in
wide use, scientific evidence regarding the optimal
composition and administered volume of IV fluids in
clinical settings are not yet thoroughly investigated.
Infusing an inappropriate IV fluid may cause
undesirable complications along with less than optimal
patient outcome, a major cause of patient morbidity and
mortality [22]. Inappropriate fluid infusion may cause
derangement of serum sodium concentration, which can
in some cases even raise complicated neurological
disorders. Dextrose containing intravenous fluids was
utilized in clinical settings for IV fluid replacement in
adult elective surgery [23]. Currently, there is a lack of
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sufficient proof to substantiate the application of
dextrose-composed fluids when initiating intravenous
fluid replacement in the adult elective surgical
population [23]. Proper fluid management as well as
better understanding of IV fluids plays very vital role in
the treatment of all critical patients. The present work
involves the comparative study of the behavior of live
red blood cells in dextrose containing intravenous fluids
and blood plasma probed using Laser Raman Tweezers.
Micro-Raman spectroscopy can be effectively used for
probing the influence of chemical environment on a
sample of interest, since molecular vibrations of the
sample relies on its molecular conformation as well as
its external environment. The study has high
implications in understanding the response of human
live cells towards the stress effects in dextrose
composed intravenous fluids. To the best of our
knowledge, spectroscopic investigation of dextrose
based IV solutions interaction with red blood cells is not
yet reported. This is the first report from the Raman
perspective on the spectral variations occurring to live
human red blood cells under the influence of clinically
used Dextrose normal saline (DNS) and 5% Dextrose
(5D) in water.

2 Methods

Ethical approval was obtained from the Institutional
Ethics Committee, Kasturba Medical College and
Kasturba Hospital, (IEC: 68/2018) for the present study.
Both Dextrose Normal Saline and 5% Dextrose in water
were procured from Otsuka suppliers. The present work
was performed using a custom built single beam Raman
Tweezers set up (Fig. 1). Blood obtained from healthy
subjects after informed consent was highly diluted
(1 ul RBC: 5 ml solvent) using IV fluids solution in
order to avoid multiple cells. Both trapping as well as
Raman characterization were carried out using the
785 nm laser source (Starbright Diode Laser, Torsana
Laser Tech, Denmark) (Fig. 1). Holographic Band pass
filter was used after the laser in order to block the
extraneous 790 nm line from the laser source. Beam
expander (BE) was used for increasing the beam
diameter (nearly 8 mm) so as to overfill the back
aperture of the microscope aperture after which, beam
was directed into an inverted microscope (Nikon
Eclipse, Ti-U, Japan). A dichroic mirror (DM) was used
to reflect the 785 nm into a 100x oil immersion
microscope objective (MO). The beam was focused into
the single cell for trapping. Backscattered light from the
trapped particle or cell was directed into spectrometer
(Horiba Jobin Yvon iHR320 with 1200 grooves/mm
grating blazed at 750 nm) via same microscope
objective. Raman signal was detected via liquid nitrogen
cooled CCD (Symphony CCD-1024x256-OPEN-1LS).
Initial calibration of the system was performed using
commercially procured polystyrene beads. Visualization
of the blood cells suspended in IV fluids was acquired
using the camera fixed at one of the exit ports of the
microscope. Baseline correction of the recorded spectra
was done by means of asymmetric least squares
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smoothing method in MATLAB. Vector normalization
method was used for normalizing the Raman spectra.
Raman spectrum of the trapped cell was recorded at an
exposure time of 60 seconds with a laser power of
~7 mW. Raman spectra of 15 RBCs each were recorded
from plasma, 5D and DNS.
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Fig. 1 Schematic of Raman Tweezers set up.

3 Results

The behavior of human live RBCs in dextrose
containing intravenous fluids (5D and DNS) relative to
blood plasma is studied using the combination of optical
tweezers and Micro-Raman spectroscopy. Red blood
cells suspended in AB (AB+ blood group) blood plasma
were selected as the control instead of commonly used
PBS buffer solution in order to mimic the real body
environment (cell environment) to some extent. AB
blood plasma is used in the experiments since it is
regarded as a universal plasma donor. All the
experiments were performed under same experimental
conditions  (laser power, exposure time and
accumulations). Raman spectra were recorded from 15
red blood cells from a healthy subject in both IV fluids
and the average of these 15 spectra are plotted in
Fig. 2-4. Most of the peaks present in the Raman
spectra of a trapped red blood cell are originating from
the iron containing protein i.e. hemoglobin. Hemoglobin
protein present inside the red blood cell is responsible
for the transport of oxygen. Cells present in 5D solution
displayed noticeable differences for some prominent
peaks (565 cm', 972 em', 1209 cm™, 1222 cm,
1368 cm™', 1636 cm ') in their Raman spectra relative to
the control cells, which are shown by arrows in Fig. 2.
Raman Tweezers are commonly used to investigate the
oxygenation-deoxygenation transitions of intracellular
hemoglobin in single red blood cell under stress
conditions as well as in various abnormalities, since
Raman signatures of RBCs are highly sensitive to the
oxygenation state of the cell. The iron lying at the center
of the porphyrin ring is responsible for the hemoglobin-
oxygen binding occurring in the red blood cells (Fig. 5).
The iron atom lies in the porphyrin plane, acquires a
planar configuration once the oxygen is bound to the
sixth coordination site of iron [24]. The iron atom will
be pushed apart from the porphyrin plane towards the
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histidine residue in case of deoxygenation, which leads
to the formation of domed configuration [25]. This
conformational switching during oxy-deoxy transition
will be instantly reflected in the vibrational modes
associated with the porphyrin ring, which can be
monitored from the Raman spectra.

Normalized Intensity

T T T T T T
600 800 1000 1200 1400 1600
Wavenumber (cm')

Fig. 2 Raman spectra of red blood cells suspended in
(a) Blood plasma and (b) 5% Dextrose (5D).

The intracellular oxygenated hemoglobin status is
usually examined by inspecting the two major bands
associated with the C-H in-plane vibrations of methine
hydrogen. In general, the band at 1209 cm' is
considered as the prominent marker to indicate the
deoxygenated hemoglobin status and 1222 cm™' is
considered as oxyhemoglobin marker [26, 15]. The
conformational modifications arise in hemoglobin is
capable to make instant impact in the deformation angle
of C-H vibrations. The highly sensitive response of
these vibrations to the alterations in heme conformation
is the result of its close proximity to protein subunits
[24]. As evident from the Fig. 3(a), the 1222 cm’
oxygenation marker is prominent for RBCs in blood
plasma. Intensity switching of these major bands was
observed for 5D treated RBCs, where deoxygenated
hemoglobin marker at 1209 cm ' is slightly prominent
than its oxy marker. This region indicates that the
oxygen binding capability of intracellular hemoglobin is
affected in case of cells present in 5% Dextrose. Spin
marker region is also of major interest in case of Raman
investigations on red blood cells since this region is also
accompanying some major oxy-deoxy markers. The
Raman markers appearing at 1561 cm ' and 1636 cm'
indicating the spin states of the iron atom are originated
from the C-C bonds in the porphyrin ring. As
mentioned earlier, the switching of iron from the low
spin ferric state (oxygenated) to high spin state results in
the displacement of the Fe atom 4 nm out of the
porphyrin plane. This conformational change is not only
linked with the methine deformation region, but also
can be tracked from the vibrational modes associated
with the spin marker region [26]. This is visible from
the decrease in band at 1561 cm ' in 5D solution as
highlighted in Fig. 2. This oxy-deoxy assumption is also
well supported by the decrease in dioxygen marker band
at 1636 cm ' in the spin marker region [25]. Moreover,
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Fig. 3 Overlaid spectra of (a) Methine deformation region, (b) Porphyrin breathing mode, and (c) Heme Aggregation
marker, (d) Phenyl alanine marker, (e) ~1360 to 1410 cm ' region, and (f) CH,/CH; deformation mode marker.
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Fig. 4 Raman spectra for ~650 to 685 cm ' region and
(b) 5% Dextrose.

the markers corresponding to heme-bound oxygen
(Fe—O, stretch) present at 565 cm ' as well as the
pyrrole deformation band at 674 cm' experience an
intensity reduction in IV fluid, which again validate the
impact of IV fluid on oxygen binding affinity of heme
structure in red blood cell.

The band at 752 cm ' due to C-N—C breathing
stretch in the porphyrin ring is regarded as an indicator
of heme status in RBC, exhibited a lower signal in 5D
solution, as compared to blood plasma (Fig. 3b) [20].
Similar trend is also obtained for the symmetric ring
breathing mode of phenyl alanine present at 999 cm '
(Fig. 3d). Since both of these vibrations are reported as
sensitive to oxygen in previous literature, these intensity
decreases may be due to the variation in oxidation
environment in red blood cells [20, 27]. On the other
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hand, hemoglobin depletion due to exogenous
substances (e.g. alcohol) can also result in similar trend
for porphyrin breathing mode [28, 29]. Apart from the
above-mentioned spectral variations, which are
associated with the intracellular oxyhemoglobin status,
the presence of 5D solution resulted in the enhancement
of RBC bands present at 972 (Fig. 3c), 1368 and
1384 cm™' (Fig. 3e). An additional band at 662 cm'
present along with the pyrrole deformation band at
674 cm' is enhanced in 5D solution, which is evident
after performing curve resolution in this region (Fig. 4).
These vibrational changes were attributed to the
formation of hemoglobin aggregates resulting from
protein denaturation [27, 30]. The intensity decrease in
CH,/CHj; deformation modes at 1447 cm’l, from amino
acid side chains also hints the probable damage of
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membrane protein in presence of IV fluid as shown in (1561 cm ™" and 1544 cm™) is also plotted (Fig. 8(b)).
Fig. 3f. The intracellular oxygen binding ability is adversely

(a) (b) affected in both dextrose containing IV fluids as
compared to blood plasma, and it is more prominent in
DNS, which is confirmed from the present micro-
Raman studies. There may be also some contribution
from laser induced deoxygenation due to optical
trapping of RBC. More studies are thus required to
further elucidate this intracellular RBC oxygenation-
deoxygenation transition mechanism.

Porphyrinring Porphyrinring

Histidine Histidine

— Plasma
——DNS

' (b)

Fig. 5 Schematic of (a) deoxygenated heme and
(b) oxygenated heme.
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not as significant as in 5D. The intensity ratio of the (a) Blood plasma and (b) Dextrose normal saline
oxy-deoxy markers presented in methine deformation (DNS).
region (1209 cm ™' and 1222 c¢m') in all three samples
are plotted in Fig. 8(a). Similarly, the intensity ratio of
oxy-deoxy markers presented in the spin marker region
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Fig. 7 Overlaid spectral plot of (a) Methine deformation region, (b) Spin marker region, (c) Fe-O, stretch for blood
plasma and Dextrose normal saline.
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Fig. 8 (a) Ratio of relative intensities of the Raman peaks at 1222 cm ' with respect to the 1209 cm ' peak for RBCs

suspended in different samples. (b) Ratio of relative intensities of the Raman peak at 1561 cm™' with respect to the
1544 cm™' peak.
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Fig. 9 PCA results obtained from the spectral analysis of
control red blood cells (in plasma), red blood cells in
5% Dextrose and Dextrose normal saline (DNS).

Principal component analysis (PCA) was also
performed to acquire statistical discrimination among
the Raman spectral data of blood cells dispersed in
plasma and dextrose containing IV fluids (5D and
DNS). This statistical analysis was performed on a total
of 45 Raman spectra, in which 15 spectra each from
cells diluted in plasma, SD and DNS. Fig. 9 shows the
PC1 versus PC2 scores plot for spectra from the cells
suspended in blood plasma and dextrose containing IV
fluids. Very good differentiation was observed among
the above three classes. Quantitative Phase Images
(QPI) of an individual RBC in different solutions were
also recorded using d’Bioimager (d’Optron) in order to
evaluate the morphological deviations from the normal
discocyte shape as shown in Fig. 10 (a—c). Red blood
cells suspended in DNS and 5D displayed significant
morphological alterations in the microscopic images,
which is clearly understood from quantitative phase
images. Biconcave shape plays a crucial role in
promoting elastic deformation of blood cell, which is a
major requirement for its circulation through micro
capillaries [31]. The discocyte nature of cell in plasma is
evident from the phase image associated with it
(Fig. 10 (a)). At the same time, sphereocytes formation
were observed in hypotonic saline solution with the
center portion of the RBC is bulged (Fig. 10(b)).
Morphological disturbance is also observed for some
cells suspended in DNS (Fig. 10 (c)). It is clear that red
blood cells in Dextrose IV fluids failed to maintain its
inherent biconcave shape, which indicates that
cytoskeleton structure is altered. This may affect the cell
deformation ability, which can hinder microcirculation
through blood capillaries. Less deformability in
sphereocytes makes them more vulnerable to damage
during microcirculation as compared to normal red
blood cells, which maintain discocyte shape.
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Fig. 10 Quantitative Phase images obtained for RBC in
(a) Blood plasma, (b) 5% Dextrose (5D), and
(c) Dextrose normal saline (DNS).

In brief, Raman Tweezers have shown high potential
in studying the exogenous agent’s interaction with red
blood cells. Both silver and gold nanoparticles induce
oxidative stress has been studied in detail using this
technique [32]. Normal Saline induced deoxygenation
of red blood cells was also reported [33]. Alcohol
induced stress on red blood cells was also monitored
using Raman Tweezers in a recent article, where
hemoglobin deoxygenation was observed. Moreover
hemoglobin leakage from RBCs was identified from the
decrease in porphyrin breathing mode intensity in the
Raman spectra [34]. Similarly, the impact of Bisphenol A,
an endocrine disruptor (BPA) present in thermal papers, on
individual human red blood cells has been investigated
using Raman Tweezers [29]. Significant intensity variations
were evident for hemoglobin oxygenation markers in the
Raman spectra of RBCs in bisphenol treated cells. RBC
hemoglobin depletion was also noted in the presence of
BPA. RBCs have undergone morphological changes in
response to BPA in vitro exposures, which finally lead to
cell bursting at higher doses. These studies have altogether
proved the potential application of Raman Tweezers system
for studying live cells and their interactions. The present
study is an extension of above reported works in view of its
relevance to transfusion medicine. Deoxygenation of
hemoglobin in red blood cells is also observed here, in case
of the clinically used dextrose based IV fluids with respect
to blood plasma. Heme aggregation was also observed for
RBCs suspended in DNS, which is probed by Raman
Tweezers study.

4 Conclusions

The present study is an investigation on the behavior of
red blood cells in dextrose containing intravenous fluids
and blood plasma in an optical trap probed by micro-
Raman spectroscopy. Hemoglobin deoxygenation trend
is observed for red blood cells in presence of dextrose
containing intravenous fluids. The present study
indicates that blood plasma is able to maintain the
oxygenation state even in an optical trap. At the same
time, RBCs suspended in dextrose containing IV fluids
undergo deoxygenation most readily. This also hints the
probability of weak oxygen binding affinity of red blood
cells in the intravenous fluids. Variations in Raman
signatures (markers) were sufficient enough to provide
significant discrimination amongst different groups
using Principle Component Analysis. Distortion in the
normal discocyte shape of RBC was evident in phase
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imaging measurements in both dextrose containing IV
fluids. This study underpins the necessity of conducting
systematic investigations to evaluate the influence of
intravenous fluids on red blood cells. However, further
biological studies are needed to elucidate the detailed
mechanisms.
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