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The adhesion of RBC has been studied extensively in frame of cell-to-
cell interaction induced by dextran macromolecules, whereas the 
data is lacking for native plasma solution. We apply optical tweezers 
to investigate the induced adhesion of RBC in plasma and in dextran 
solution. Two hypotheses, cross-bridges and depletion layer are 
typically used to describe the mechanism of cells interaction, while 
both need to be confirmed experimentally. These interactions in fact 
are very much dependent on size and concentration of dextran and 
proteins in plasma. The results show that in different dextran 
solutions the interaction of adhering RBC agrees well with the 
quantitative predictions obtained based on the depletion-induced 
cells adhesion model, whereas a migrating cross-bridges model is 
more appropriate for plasma. Despite the different mechanisms of 
RBC interaction in a mixture of dextran with the size ranges and 
volume fraction proportional to plasma proteins the dependence of 
RBC adhering tends to be close to the cross-bridges model. The 
induced aggregation of RBC in the dextran solutions and in native 
plasma are observed by direct visualization utilizing scanning 
electron microscopy (SEM). © 2018 Optical Society of America 

OCIS codes: (170.1470) Blood or tissue constituent monitoring; (170.1530) Cell 
analysis; (170.2655) Functional monitoring and imaging; (350.4855) Optical 
tweezers or optical manipulation. 
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Mutual interactions of red blood cells (RBCs), including their 
reversible aggregation, strongly influence rheological properties of 
blood. The spontaneous aggregation of RBC is a high risk factor 
known in a number of pathologies, including malaria, diabetes 
mellitus, hypertension, inflammation and others [1]. For decades, 
fundamental studies of RBC aggregation have been attracting a 
significant attention from various viewpoints ranging from basic 
biophysical examination to perspectives of clinical application. 
However, the basic mechanisms of this process are still not 
thoroughly understood.  

Various techniques have been utilized for quantitative 
characterization of RBC aggregation. The dynamic light scattering 
was applied for assessment of aggregation of an ensemble of RBCs 
for diagnostic purposes [2]. Conventional microscopy, since its first 
application, is widely used to study the relation of RBC aggregation 
to pathological conditions [3,4]. Micropipette aspiration technique 
(MAT) was successfully employed for measuring energy of cell-to-
cell interaction [5]. Scanning electron microscopy (SEM) is routinely 
utilized for direct observation of cells interaction, their deformation 

and variations of intercellular distances [6]. Atomic force 
microscopy (AFM) is used effectively for quantitative assessment of 
the parameters of RBC adhesion [7].  

Introduced by Ashkin, the trapping of micro-particles with a 
sharply focused laser beam [8], so-called optical tweezers (OT), is 
now becoming a popular tool, in particular for studying the 
interaction of cells [9,10]. OT allows to measure the forces of 
interaction between cells with up to pico-Newton (pN) resolution, 
providing an opportunity for a precise control of the cells contact 
[11]. This approach provides a high potential to gain new insights in 
the mechanisms of RBC interaction. The OT technique developed 
in-house [12,13] were used in the current study to examine mutual 
interaction of RBC and its dependence on size and concentration of 
dextran and proteins in plasma. 

In blood plasma the extracellular factors affecting aggregation of 
RBC are represented by various blood proteins, among which are 
fibrinogen, globulins, C-reactive proteins [1]. Neutral dextran 
molecules suspended in a phosphate buffered saline (PBS), are used 
to artificially trigger the aggregation of RBC mimicking in the 
plasma occurring process [14].   

Mutual interaction between single RBC has been analyzed based 
on the so-called depletion interaction model [15]. In this model the 
interaction between cells is induced by macromolecule depletion 
near cells due to the balance of entropy and the resulting osmotic 
pressure pushing cells towards each other, thus forming aggregates 
[16]. The quantitative calculations of the interaction energies of 
adhering RBC obtained in the depletion layer model were found to 
satisfactory match by the AFM and MAT measurements results 
[5,7]. 

An alternative model developed for qualitative description of 
RBC interaction is based on the concept of the adsorption of 
macromolecules to membranes of adjacent cells and formation of 
cross-bridges [17]. This model does not dependent on the 
relationship between concentration of macromolecules and the 
cell-to-cell distances. However, inconsistency of the model is in 
presence of intercellular electrostatic repulsion prohibiting RBC to 
intimately approach each other for triggering appearance of cross-
bridges. 

Both models are well described in the literature [18-20], and 
recently, it has been demonstrated that the dextran is associated 
with depletion-induced cells adhesion, whereas plasma content 
leads to cross-bridge induced cells adhesion [12,13,21]. These 
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interactions are significantly dependent on the size and 
concentration of dextran and proteins in plasma. 
 

 

Fig. 1. Schematic presentation of the OT setup for measurements of RBC 
interaction. Two optical traps are formed with a water-immersion 
objective (100×, NA = 1.00). Two interacting RBC are pulled with two 
laser beams. The image is formed in transmission mode and registered 
using a CMOS camera. 

 
The OT-based experimental system developed in-house [12,13] 

was extensively used for the studies of RBC interaction (Fig.1) both 
in dextran solutions of different molecular weights, as well as in 
native plasma solutions. Two optical traps were formed by 
orthogonally-polarized continuous-wave laser beams from a 
single-mode Nd:YAG infrared laser ( = 1064 nm, 350 mW, 
ILML3IF-300 Leadlight Technology, Taiwan) and a 100× (NA = 
1.00) water-immersion objective (Olympus, LumPlanFI, USA). 
Laser power in each trap was up to 30 mW. Cells heating was 
negligible at the given laser power. The traps were positioned by a 
moving mirror with a translation stage (Thorlabs, USA). Trapped 
objects were imaged in a transmission mode with a CMOS camera 
PL-B621M (Pixelink, Canada). Two individual RBC were trapped to 
measure the interaction energy by OT. The measurements were 
carried out on 100 pairs of RBC.  

To obtain platelet-free blood plasma, the blood was drawn from 
a clinically healthy donor by venipuncture, transferred into an 
ethylenediaminetetraacetic acid (EDTA)-covered vial and 
centrifuged at a speed of 5600 RPM (3000g) for 10 min at room 
temperature. After that supernatant was collected and centrifuged 
again under the same conditions. The measurements were 
performed with the RBC suspended in (1) platelet-free plasma and 
(2) PBS (Sigma-Aldrich, Germany) dextran solutions: 40, 70, 150 
and 500 kDa (Sigma-Aldrich, Germany). Washed RBC were 
suspended in the platelets-free plasma and in the dextran solutions 
with the ratio of 0.05%. A chamber used for measurements 
consisted of two glass plates separated by a 100 m gap made with 
adhesive tape. About 60 l of the solution were added into the 
chamber. 

The results of the measurements of the RBC adhesion by OT are 
presented in Fig.2. Following previous studies the measurements of 
cells interaction were carried out by matching the laser trapping 
force and with the escape force [12,13,21]. In current study, the 
energy of cells interaction is counted, as measured interaction force 
normalized to the relative overlapping RBC area Si/S0. The 
interaction area Si between the cells is defined based on the direct 
measurements of displacement between to two laser beams and 
actual size of RBC – S0 (see Fig.2). The data are presented as a 

function of interaction energy per µm2 of relative conjugated 
surface area. To achieve the same viscosity values the 
concentrations of the dextran solutions were chosen around 1.3 
mPa*s, as presented in [22]. As one can seen, the interaction energy 
of mutual interaction of RBC becomes unchanged during the 
stretching of the cells by OT and independent on the molecular 
weight of dextran at the given concentrations. Interaction energy 
show the same dependence for different dextran solutions, and 
notably differ from those one observed in plasma (see Fig.2). 

 
Fig.2. Interaction energy of adhering RBC as a function of relative 
interaction area Si/S0 of conjugated RBC derived from the 
measurements in plasma (inverted triangles), dextran mixture 
(rhombs), and solutions containing dextran molecules of different 
molecular weights: 70 kDa (squares), 150 kDa (circles), 500 kDa 
(triangles). Solid lines show the model predictions based on the 
migrating cross-bridges model for plasma (red), and the depletion 
interaction model for dextran mixture solution (blue).  

 
In the different dextran solutions with the molecules of same 

weight the energy of RBC interaction is almost unchanged during 
the stretching of the cells by OT (see Fig.2). For the dextran solutions 
at the same viscosity values, the interaction energy was the same. 
Based on the depletion interaction model [15], this is apparently 
explained by the fact that osmotic forces are proportional to the 
interaction area and are uniformly distributed across the cells 
surface. The depletion layer model combines electrostatic repulsion 
caused by RBC surface charge and osmotic attractive forces 
generated by polymer depletion near the RBC surface and 
penetration of macromolecules into glycocalyx. 

Following the depletion interaction model, the interaction 
energy of adhering RBCs is defined as [15]: 

𝐸 = −2𝑝 ( −
𝑑

2
+  − 𝑧).                             (1) 

Here, p is the osmotic pressure,  is thickness of the depletion layer, 
d is the distance between adjacent surfaces, σ is the glycocalyx 
thickness, and z is the depth of the polymer penetration into the 
glycocalyx. We found that the mean value of the interaction energy 
<Edextran> = 1.2 ± 0.6 µJ/m2, observed experimentally by utilizing the 
OT approach (see Fig.2), agrees well with the value predicted by the 
depletion interaction model (~ 1 µJ/m2) [15].  

When RBC are suspended in plasma the interaction energy 
grows significantly with the stretching of cells by OT and the 
depletion layer model becomes invalid. In fact, the obtained results 



are in excellent agreement with the predictions based on the 
migrating cross-bridges model (see Fig.2). 

In the migrating cross-bridges model the interaction energy (E, 
[µJ/m2]) is defined as [23]: 

𝐸 = 2𝑘𝑇𝑚0𝑏 [1 + 𝑏 (
𝑆𝑖

𝑆0
)]

−1

.                             (2) 

Here, Si is the conjugated surface area between two interacting cells, 
S0 is the initial interaction (overlapping) area (S0 = 25 µm2), b is the 
dimensionless binding affinity, m0 is the initial cross-bridges density 
before adhesion (1/nm2), k is the Boltzmann constant, T is the 
absolute temperature (kT = 4×10-21 J).  

Thus, based on the results of OT measurements (see Fig.2) we 
found values of the binding affinity coefficient b = 11  5 and the 
cross-bridge density m0 = 1/3600 nm-2.  

Blood plasma consists of many types of proteins, which 
influence aggregation of RBC depending on molecular weights and 
concentration of main plasma proteins (Table 1). 

 
Table 1. Main plasma proteins composition [24]. 
Plasma proteins 

Protein Concentration, 
g/L 

M.W., 
kDa 

Fraction, 
% 

Albumin 45 66 60 

Globulins α1, 
α2 

4.2, 6.7 44, 85 35 

β 9.1  

Υγ 7-15 (150-
850) 

Fibrinogen  340 4 

 
We mixed the dextrans of corresponding molecular weights 

and volume fraction to the amounts of proteins in plasma: 40 kDa – 
8 g/L, 70 kDa – 45 g/L, 150 kDa and 500 kDa – 10 g/L with the 
concentrations proportionally decreased 6 times, i.e.: 40 kDa – 15%, 
70 kDa – 60%, 150 kDa and 500 kDa – 10% each. With such mix of 
concentrations the energy values of RBC interaction taking place an 
intermediate position between those observed for blood plasma 
and dextran solutions (see Fig.2). Bearing in mind that the RBC 
aggregation in dextran solutions and in plasma follows the 
depletion and cross-bridges interaction model, respectively, we 
hypothesize that in the case of mixture of dextrans a hybrid model 
utilizing mechanisms of cross-bridges and depletion should be 
considered. We emphasize that in a mixture of dextrans with the 
size ranges and volume fraction proportional to the plasma proteins 
the dependence of RBC adhering tends close to the cross-bridges 
model (see Fig.2). 

In addition, a SEM imaging was used to visualize the process of 
the RBC adhesion. RBC incubated either in native plasma or in 
dextran solutions were fixed with 1% glutaraldehyde (15 min at 
room temperature). A droplet of RBC was dried under vacuum and 
covered with a 5 nm layer of platinum. SEM imaging was performed 
with Zeiss Ultra Plus field emission scanning electron microscope 
(Carl Zeiss, Germany). The results of a direct visualization of the RBC 
after incubation in blood plasma just before their separation is 
shown in Fig.3.  

It is well known that the cross-bridges are created by protein 
molecules accumulated between cells. The obtained images clearly 
show the discrete cilia on the surface of the RBC membrane. As one 
can see, the cilia are identical and uniformly distributed across the 
interaction areas (see Fig.3). Density of cilia obtained by SEM 

imaging (1-2 per 100 nm distance, see Fig.3) agrees well with the 
value predicted by the cross-bridges model (m0 ~ 1.6 per 100 nm). 
The actual size of a single cross-bridge is estimated as ~ 30 – 40 nm. 
Thus, the observed cilia can be a product or associated with the 
protein molecules accumulated between RBC.  
 

 
Fig.3. Coloured SEM images of separated RBCs (A). The white rectangle 
indicates an enlarged area on the cell surface with cilia at the RBC 
membrane, separately shown in (B). 

 
Figure 4 shows the images of RBC incubated either in 40 kDa, in 

a mixture or in 500 kDa dextran solutions. RBC images obtained 
from RBC incubated with 40 kDa dextran (see Fig.4A) and from the 
dextrans mixture (see Fig.4B) do not demonstrate any differences – 
the polymer solution most likely covers cells in the same way 
resulting in the connections observed on the images. The 500 kDa 
dextran molecules are about ten times larger than albumin, the 
most abundant plasma protein and no discrete cilia are seen 
anymore and the mechanism of RBC adhesion becomes different 
(see Fig.4C).  

We found that the cross-bridges model is more appropriate for 
the quantitative description of interaction of the adhering RBC in 
plasma. This model describes the accumulation of interaction 
energy due to formation of cross-bridges on adjacent cell 
membranes. The adhesion of RBC induced both by dextran 
macromolecules and in native plasma, was observed by direct 
visualization utilizing field emission SEM.  

It has been also found that the density of cilia on the surface of 
RBC membrane observed by SEM is in excellent agreement with the 
density of cross-bridges assessed by the OT measurements utilizing 



the cross-bridges model. Thus, we believe that the observed cilia are 
a product associated with the protein molecules accumulated 
between RBC that confirms the cross-bridges model. In the dextran 
solution, which molecules are ten times larger than the most of 
plasma proteins the cilia are not observed (see Fig.4). 

 

 

Fig.4. Coloured SEM images RBC in 40 kDa dextran solution (A), in a 
mixture of dextrans (B) and in 500 kDa dextran solution (C). 

 
In summary, we have demonstrated that OT provide a unique 

opportunity to obtain new insights into mechanisms of RBC 
aggregation, and can be used as an effective tool for quantitative 
assessment of RBC interaction. We have applied the OT technique 
to investigate interaction of RBC in dextran solutions and in plasma. 
The OT approach has been used to measure the interaction energy 

of the adhering RBC as a function of the relative conjugated surface 
area. We found that in the dextran solution the interaction of 
adhering RBC agrees well with the quantitative predictions 
obtained on the basis of the depletion-induced cells adhesion 
model. A mixture of dextrans with molecular weights and 
concentration ratios similar to those of proteins in blood plasma can 
serve as a plasma model resulting in the similar interaction energy 
dependence. 
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