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ABSTRACT

In this work, we studied the nature of the molecular bonds involved in the red blood cell aggregation process
by the coherent anti-Stokes Raman spectroscopy technique. Images were acquired with a commercial Leica
TCS SP8 CARS confocal microscope (Leica Microsystems GmbH, Wetzlar, Germany) temporally and spatially
overlapping the pulses of two sources in the focal plane of the microscope. A pump wavelength of 810 nm to
817 nm was used for the CARS mode simultaneously with the Stokes beam at 1064 nm to excite the vibratory
resonance of the symmetric hydrocarbon bonds in the lipids and that of the bonds in amino acids of the proteins.
The Raman shift was also observed at the 1200 cm−1 range to study possible variations in the sialic acid on the
cell membrane produced by concentrations of dextran 500 in the suspension medium. Curves of lifetime emission
distribution were obtained for untreated erythrocytes and treated erythrocytes with dextran 500, particularly at
a pump wavelength of 904 nm.
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1. INTRODUCTION

The study of blood dynamics is an element of interest in the field of biomedicine. The study of the erythrocyte
morphology, interaction and dynamics is essential for the diagnosis of several pathologies and anomalies that
can alter the microcirculation disturbing the well functioning of the organism. Hemorheological studies are a
useful tool for the detection and quantification of alterations in various pathologies, such as diabetes, high blood
pressure and anemias. These investigations also allow the analysis of the hemorheological action of various agents
(medications, anesthetics, biomaterials, etc.)1–3 Imaging methods by bright-field microscopy, optical techniques
such as light scattering, light transmission and laser biospeckle4–6 allow to obtain characteristic parameters at
different states of the dynamics of blood components. These methods rely on the collective behavior of the red
blood cells (RBC) and are suitable for clinical determinations but they do not directly inquire about the specific
alterations in the cell membrane order. In this work we observed the RBC individually and in individual cell
assemblies of few RBC.
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1.1 RBC aggregation

Blood viscosity is determined by plasma viscosity and RBCs concentration (hematocrit), deformation, and
aggregation.7 The extreme deformability of the RBC is very important in the microcirculation as they have
a larger diameter than microvessels. The fluidity of blood is due directly to the viscoelastic properties of the
erythrocytes,8 favored by a loose membrane that gives them a high surface/volume ratio. Erythrocytes tend to
form aggregates that initially consist of face to face linear structures resembling a stack of coins which are generally
called “rouleaux”9 (see Fig. 1). The greater or lesser tendency to aggregate will depend on a balance of the
factors that favor or hinder RBC aggregation. Among the aggregation inhibitors are: the electrostatic repulsion
of the RBCs caused by the negative electric charge of the erythrocyte surface; the elasticity of the membrane,
since aggregation implies a certain degree of erythrocyte deformation; and in flow regime, the existence of shear
stresses due to the flow velocity that tends to separate RBCs aggregates. On the other hand, the factors that
promote aggregation are low or zero shear stress, the presence of macromolecules in the suspension medium
(in particular fibrinogen) and intrinsic factors of the erythrocytes.10 Interactions between RBCs that lead to
the formation of erythrocyte aggregates or anomalous “clusters” that are excessively resistant to dissociation
have been frequently observed in pathological situations such as diabetes and hypertension.11 Several techniques
have been developed to analyze the adhesion of erythrocytes by optical methods.12–14 Dynamic techniques are
particularly important because they provide information on the interaction between the macromolecules involved
in this phenomenon.15

Figure 1. Image of typical rouleaux structures for RBCs under no shear stresses and suspended in autologous plasma.
The photo was taken with a 40X objective and a confocal microscope in bright field mode.

1.2 Dextran as a RBC aggregation promoter

Dextran is a complex and branched polysaccharide formed by numerous glucose molecules, forming units in
chains of variable weights (40, 70, 500 kDa). Dextran of different molecular mass present different levels of
effectiveness in erythrocyte aggregate formation.16 The macromolecules adhesion to the erythrocyte surface
provides binding sites giving place to the combined phenomena of depletion and bridging.17,18 We used dextran
500 kDa as studies indicated that it is the optimal for inducing the aggregation phenomenon.16 Dextran, unlike
fibrinogen, causes RBCs to aggregate until a maximum concentration beyond which the formation of structures
is prevented.

1.3 Coherent anti-Stokes Raman spectroscopy

Spontaneous Raman scattering (SRS) and infrared imaging are common methods in vibrational microscopy.
Infrared is limited by low spatial resolution because of the large wavelengths involved. As SRS microscopy works
in the visible or near-infrared wavelengths it avoids this problem, however, it is limited by its low cross section.
Coherent anti-Stokes Raman spectroscopy (CARS) presents a signal that is consequence of a collective vibrational
oscillation with a well defined phase and its intensity grows quadratically with the number of molecules. Photons
are emitted in the direction where the signal is constructive, this condition is known as phase-matching.19 The
studied sample is illuminated simultaneously with a pump frequency and a Stokes frequency, being the difference
between them the resonant vibrational frequency of the excited molecular bond,20 ΩR = ωP − ωS , as depicted
in Fig. 2. Photons of other frequencies can constitute electronic noise and non resonant contributions. CARS



results in a useful technique for noninvasive studies in biological elements as it prevents photochemical damage,
it has chemical selectivity and 3D sectioning capability, and more importantly it does not require to use dyers
as contrast mechanism.
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Figure 2. Energy diagram for the CARS process. The anti-Stokes emission (ωAS) is generated through the combination
of both the pump (ωP ) and Stokes (ωS) beams. Starting from the ground state E0 the electronic excited state E1 is never
reached. EV is the vibrational state of the resonant Raman mode.

2. MATERIALS AND METHODS

Two stages can be distinguished, sample preparation and the application of the CARS technique. All experiments
were conducted within 24 hours of the blood extraction following the recommendations of Ref. 21.

2.1 Blood Sample Preparation

Whole blood samples were obtained from consented healthy donors by venous puncture and anticoagulated
with EDTA. Donors did not have any pre-existing health problems (e.g. cardiovascular disease, respiratory
disease, endocrine disease, hematological disorders or neoplasm etc.) and had normal hepatic, and renal function,
coagulation and complete blood count. RBCs were obtained from whole blood centrifuged for 5 minutes at 2000
rpm (Paralwall Model PWL 12T). Buffy coat was discarded and plasma was separated and reserved for further
use. RBCs were washed two times with phosphate buffered saline (PBS).

2.1.1 Dextran and suspension medium

A suspension medium (SM) to replace autologous plasma was prepared mixing PBS, EDTA (0.056%) and albumin
(BSA Sigma) at 0.5%. In particular, albumin is vital to prevent glass effect on the RBCs and to keep the integrity
of the cells. To induce the formation of erythrocyte aggregates, dextran 500 (i.e. 500 kDa of molecular weight)
was used. A main solution of dextran at 10% in PBS was prepared and mixed with the SM to constitute solutions
of dextran at 0.6 and 0.8 g/dL. Afterward, suspensions of RBCs in these dextran mediums were prepared along
with a control with no dextran. Additionally, a preparation with autologous plasma was made. All samples had
a fixed concentration of 2% of RBCs in the solution volume suitable for microscopy imaging.

2.2 Experimental setup

The images were acquired with a commercial Leica TCS SP8 CARS confocal microscope (Leica Microsystems
GmbH, Wetzlar, Germany), which consisted of an inverted microscope equipped with an ultra-short pulsed light
source (picoEmerald, APE, Berlin, Germany) that produces the two synchronous beams needed for CARS (Fig.
3). The Stokes beam at 1064 nm was emitted from a neodymium-doped yttrium orthovanadate (Nd:YVO4) laser
while a tunable pump/probe beam at 780–943 nm was generated by an optical parametric oscillator (OPO). The
pulse width was 5–7 ps with a repetition rate of 80 MHz corresponding to the Raman line width of 2 to 3 cm−1.
The pulses from the two sources were temporally and spatially overlapped on the focal plane of the microscope



as shown in Fig. 3. Up to 100 mW of average power from both the pump and the Stokes source was delivered to
the RBCs with an identical laser intensity for each measurement. The laser generating wavelength of 817 nm was
used for the CARS modality simultaneously with the Stokes beam at 1064 nm to excite the symmetric vibrational
resonance of the CH2 hydro-carbon bonds in the membrane lipids at 2845 cm−1 and that of the CH3 bonds in
amino acids of the proteins. Likewise, the 1200 cm−1 range was observed with pump wavelengths of 880-940
nm. The coherent anti-Stokes Raman scattering signal was detected in the epi-direction using a non-descanned
photomultiplier tube (Hybrid-PMT) detector.
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Figure 3. Scheme of the Epi-CARS setup with co-propagating incident beams, pump (ωP ) and Stokes (ωS). ωAS is the
anti-Stokes emission; M, mirror; Obj., objective lens; F, filter; BS, beam splitter; BC, beam combiner; L, lens and M.,
mirror.

3. RESULTS AND DISCUSSION

The action of dextran produced different morphologies on the erythrocyte aggregates. Longer and more complex
aggregate networks are present when dextran interacts with the cell membrane as shown in Fig. 4.

Firstly, an intensity profile was calculated in order to establish baseline conditions. Figure 5 (a) depicts the
mean intensity in the cell region and in the background for a wavelength sweep between 794 and 810 nm of
a sample of RBC with plasma. Low contrast conditions can be noticed due to the components of the plasma
resulting in a high background signal. This is one of the main reasons why a SM with albumin was used.
The intensity profile was also studied for isolated RBCs, dextran-treated RBCs and aggregates showing better
contrast conditions, in particular for the 1200 cm−1 range as seen in Fig. 5 (b).

Figure 4. Red blood cells suspended in PBS with albumin (a) and mixed with dextran medium at 0.8 g/dL (b).
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Figure 5. Intensity profiles of RBCs suspended in plasma for a pump wavelength of 794-810 nm (a) and suspended in
PBS with albumin for a pump wavelength of 886-940 nm (b).

Figure 6 shows images of cells for Raman shifts of 2845 cm−1 and 1460 cm−1. Different details are observed
for the same echinocyte (Fig. 6 (a) and (b)). An echinocyte is an abnormal RBC that has evenly spaced thorny
projections through the membrane. Measurements imply a redistribution of the protein lipids and amino acids
around the spicular structures. In Fig. 6 (c), a few RBCs aggregate formed in dextran 0.6 g/dL solution presents
higher intensity in the external faces where the binding sites in the membrane are not fully filled.

(a) (b) (c)

Figure 6. Images of an echinocyte illuminated with a pump wavelength of 817 nm (a) and a pump wavelength of 921 nm
(b). Small rouleaux in solution of dextran at 0.6 g/dL for a pump wavelength of 817 nm (c).

To analyze the cell morphology under different suspension medium conditions, a line profile of the intensity
was calculated. This would approach a cross-section of the cell. The typical biconcave shape of the RBCs is
altered by dextran as seen in Fig. 7. This could be attributed to a rearrangement of the membrane structures
and therefore variations of the stretching/shear elastic energies of the membrane skeleton.

A system capable of measuring the lifetime emission of the collected signals was applied for further analysis.
Typically, a coherent anti-Stokes Raman scattering profile corresponds to emission lifetimes less than 0.4 ns. In
fluorescence microscopy this analysis is known as florescence lifetime imaging (FLIM). The fluorescence lifetime is
defined as the time the emitter remains in the excited state before returning to the ground state. Time-correlated
single photon counting (TCSPC) measures the time between sample excitation and the arrival of the emitted
photon at the detector. The lifetime emission profile of two samples is shown in Fig. 8. It can be noticed a
strong peak of 0.2-0.3 ns wide and some fluorescence decay mixed in the process. This analysis is intended to
register the actual presence of the coherent emission phenomenon.
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Figure 7. Line profiles at a pump wavelength of 817 nm for a single RBC suspended in SM (a) dextran 0.6 g/dL solution
(b) and dextran 0.8 g/dL (c).
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Figure 8. Fluorescence lifetime emission distributions for single control RBCs and rouleaux due to dextran at 0.8 g/dL
concentration. Pump wavelength was 904 nm corresponding to a 1660 cm−1 Raman shift.

4. CONCLUSIONS

In this work we addressed possible changes in the membrane structure of the RBCs by CARS, in particular
those related to RBC adhesion. The effect of a well known polysaccharide such as dextran was observed and
new guidelines could arise from further studies. The RBC aggregation process is not fully elucidated, and the
application of new light-based and label-free technologies such as CARS to the study of blood will propose
novel approaches. Analyzing the RBCs response to different environments and characterizing the adhesion
phenomenon, will contribute to the development of tools for diagnosis and treatment of vascular pathologies,
where microcirculation plays a fundamental role.
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