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ABSTRACT 

In the study of the mechanical properties of the erythrocytes (red blood cells-RBCs) the blood sample is commonly di- 
luted in fluids that do not compromise the integrity of the cells. Fetal bovine serum (FBS), newborn bovine serum 
(NBBS), and phosphate buffer (PBS) solution with a concentration that can provide the right osmotic pressure are fluids 
commonly used to dilute the blood samples in such studies. Here we have presented the effect of these fluids on the 
elastic properties of the RBCs that we studied using laser traps. Two laser traps are directly used to trap and deform the 
cell by exerting a force distributed on the entire cell. The relative changes in size of the cell are studied as a function of 
the applied force to investigate any effects on the mechanical deformability of RBCs when the cells are suspended in 
these fluids. The results have shown that the elasticity of the RBCs in the NBBS is not statistically different from the 
elasticity of the cells in the PBS solution; however the results for the elasticity of the cells in FBS are found to be sig- 
nificantly higher.  
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1. Introduction 

Erythrocytes, commonly to referred as the red blood cells 
(RBCs), are made of hemoglobin molecules that consist 
of β-globin and α-globin protein subunits that carry iron- 
containing molecules called heme groups. The heme 
groups bind with oxygen molecules in the lung and de- 
liver the oxygen to different parts of the body as the 
RBCs squeezes through blood capillaries. In order to 
perform this biological function properly, the RBCs must 
undergo reversible elastic deformations during microcir- 
culations. However, some genetic hemoglobin disorders 
such as sickle cell anemia (SCA) drastically change their 
shape and elastic deformability in the microcirculation 
[1]. The elastic deformability of the RBCs has been 
widely studied using different devices, one of which is a 
Laser tweezer (LT) [2]. LT is a novel optical device ca- 
pable of conveniently trapping and manipulating living 
[3-5] or non-living [6] dielectric particles whose dimen- 
sions range from tens of nanometers to tens of microns. 
Elastic deformability studies of the RBCs by LTs have 
been used to measure the integrity of RBCs after refrig- 
eration [7] and the efficacy for RBCs extracted from a 
normal individual and transfused in patient with SCA [8].  

LTs have also been used to conduct similar efficacy 
studies in SCA patients treated by FDA approved oral 
medication drug, hydroxyurea [9]. In all these studies 
and others, the RBCs are often diluted and suspended in 
foreign physiological fluids needed for manipulating the 
cell by direct [10] or indirect [11-14] trapping. Fetal Bo- 
vine Serum (FBS), Newborn Bovine Serum (NBBS), or 
Phosphate Buffered Saline (PBS) solution are the fluids 
used for this purpose as these fluids are considered to be 
physiological and mimic the native environment for the 
RBCs. Here we present our assessment using LTs in the 
degree of the physiological nature of these fluids on the 
elasticity of the RBCs by direct trapping. The study con- 
siders two important issues: first, it explores how the 
elastic properties of RBCs are affected by their physio- 
logical environment; and second, it examines the result 
of direct stretching. To this end, we first discuss the ex- 
perimental design and procedures for using dual infrared 
laser traps to directly measure the elastic deformations of 
RBCs in Section 2. The results of the measurement in 
PBS solution, FBS, and NBBS are presented and dis- 
cussed in Section 3. In Section 4, we conclude by sum- 
marizing the outcome of our study.  
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2. Experimental Methods 

2.1. Experimental Design and Trap Calibration 

In the experimental design shown in Figure 1, we used a 
linearly polarized infrared laser (LS) (8 watts at 1064 nm) 
whose power was controlled by a λ/2-wave plate and 
polarizer (PL) combination. A beam expander (BE) was 
used to fill the diameter of the objective lens (OL). A 
polarizing beam splitter (BS1) partitions the light into 
two perpendicularly polarized beams which we call di- 
rect (D) and reflected (R) beams. The D beam was first 
rotated by a second λ/2-wave plate and was split by a 
second polarizing beam splitter (BS2) into two perpen- 
dicularly polarized beams (D1 and D2) to form the two 
traps. The positions of the traps were controlled by the 
two steering mirrors (SM1 and SM2). SM2 was mounted 
on a piezo-electric translation mount controlled by a 
computer (PC). A third beam splitter (BS3) was used to 
recombine the two beams. The output was then coupled 
into the microscope via a dichroic mirror (DM at 1064 
nm). The two lenses (L1 and L2) were used to form the 
traps in the focal plane of the microscope. The micro- 
scope was used to provide highly magnified images 
through a digital camera (CCD) which has a variable 
frame grabbing rate and interfaced to a PC. We used es- 
cape-force technique to calibrate the trap formed by D2 
[15,16] for the purpose of estimating the magnitude of 
the force. In this technique, the force exerted by the trap 
at a given power is equal in magnitude to the critical 
viscous drag force required to fully dislodge a trapped 
bead translating in the transverse direction with a con- 
stant speed. A 4.7 μm silica sphere (Bangs Laboratories, 
Fisher, IN) trapped by D2 can be translated in the focal  

plane by the piezo-electric driven mirror SM2. The pie- 
zo-electric mount has different operation modes which 
correspond to different translation speeds. Trap transla- 
tion speed (the viscous drag speed) was determined by 
measuring the displacement of the trapped silica sphere 
from the images taken by the CCD camera at computer- 
controlled time intervals. Each of the speed settings be- 
comes the critical drag speed (vc) when the power of the 
trap formed by D2 reduces to a minimum critical value 
(Pc) below which the viscous force becomes greater than 
the trapping force and the silica sphere falls out of the 
trap. The measurement of vc as a function of Pc was taken 
in PBS and also in FBS. Using the viscosity (η) of FBS 
(η = 1.89 cp) and PBS solution (η = 1.00 cP), we calcu- 
lated the maximum trapping force (same as the drag 
force at the point of escape) on the silica sphere of radius 
(r = 2.35 μm) as a function of Pc using the relation F = 
6πrηvc [15,16]. The result is graphed and a linear equa- 
tion that relates the maximum force of the trap to the 
power of the D2 beam measured past OL was found to be 
F = (2.974 pN/mW)P − 3.934 pN. We use this equation 
to estimate the force on the cell when D2 is set at a given 
power.  

2.2. Sample Preparation 

A human blood sample was obtained from a healthy 
volunteer. The finger of the volunteer was pricked with a 
blood glucose measuring device (Fisher Scientific, Pitts- 
burgh, PA), and one small drop of blood (~30 μL) was 
diluted in 1.5 mL of either the PBS solution, FBS, or 
NBBS (Atlanta Biologicals, Inc., Atlanta, GA). The PBS 
solution was prepared by mixing 8.0 g of NaCl, 0.2 g of 
KCl, 1.15 g of Na2HPO4, 0.2 g of KH2PO4, (all reagents  
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Figure 1. Experimental design.   
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from Sigma Chemical Co., St. Louis, MO) and 1.0 L of 
deionized water. The serum allows for an analysis of ery- 
throcyte mechanical deformability in a more natural cel- 
lular environment. The biophysical properties of verte- 
brate RBCs have been compared previously [17] and bo- 
vine and human serums have comparable properties of 
viscosity [18,19] as well as osmotic pressure. 

2.3. Force and Deformation Measurement 

After preparing the blood sample in the fluids, a drop of 
the sample was deposited on a well-slide and placed on 
the microscope stage. A single RBC was trapped by the 
calibrated trap (D2). The first trap (D1), which was not 
calibrated, was set to overlap with the second trap by the 
manually controlled steering mirror SM1. Once the two 
traps overlap the relative power of the two traps is ad- 
justed until D1 forms a slightly stronger trap than the D2 
trap. This occurs when slowly separating the two traps 
consistently causes the cell to break free from the D2 trap 
while remaining in the D1 trap. Although neither trap 
was significantly stronger than the other, this setting en- 
sures that the maximum cell deformation was limited by 
the power of the calibrated trap (D2). The calibrated trap 
was first set to a minimum power capable of exerting a 
force strong enough to trap as well as cause measurable 
deformation to the cell (~2 mW past OL) when it was 
translated.  

The cell was deformed by slowly translating the cali- 
brated trap on the transverse direction. The cell continued 
to stretch while it was being held by the D2 trap as long 
as the force to restore the cell to its normal state was less 
than the maximum force of the trap. When this force ex- 
ceeds the maximum force of the D2 trap the RBC es- 
capes and relaxes gradually to its normal state in the D1 
trap. We repeated this procedure several times by in- 
creasing the power of D1 and D2, accordingly, until we 
reach to a limit that won’t compromise the integrity of 
the cell. While the D2 trap was translating very slowly 
and the RBC was being continually stretched and de- 
formed, the CCD images were collected. By identifying 
the final image of the cell before escaping the D2 trap, 
we measured the diameters of the cell in the directions 
parallel (longitudinal) and normal to the translation di- 
rection (transverse). We then determined the relative 
displacements in the longitudinal and transverse direc- 
tions by comparing this image with the image which was 
taken before the second trap begins to stretch the cell. 
The measurement of length was initially made by deter- 
mining a known object length, such as the diameter of 
the silica spheres, in pixels on a CCD image. The length 
in microns was then calculated by using a conversion 
factor that was derived from the ratio of the diameter of 
the silica spheres in pixels to their diameter in microns.  

The force is estimated by valuating F = (2.974 pN/mW)P 
− 3.934 pN using the measured power past the objective 
lens. This measurement was repeated for many different 
cells at several power settings in the FBS, NBBS, and 
PBS. Measurements of five cells per each power setting 
were made in each cellular environment.  

3. Results and Discussion 

The deformation measurements were carried out along 
longitudinal and transverse direction. The image of a 
RBC cell taken by the CCD camera when the cell is sub- 
ject to four different conditions is shown in Figure 2. 
Figure 2(a) is the image of the cell on the focal plane 
when the cell is free. The second image in Figure 2(b) is 
when the cell is being held by a single trap. Comparison 
of the two figures show that the RBC flipped such that its 
platelet surface became parallel to the beam axis [20,21]. 
When the RBC platelet lies in the transversal direction of 
the trap, the integrated electric field within the volume of 
the RBC is maximized, and hence, the net electrical po- 
tential energy is minimized. Figures 2(c) and (d) are im- 
ages of the RBC when it is stretched by forces of two 
different magnitudes. Figure 2(c) is the image taken 
when the power of the D1 trap is set to 9.9 mW past OL 
(~25.5 pN) and Figure 3(d) is when the power is set to 
8.1 mW past OL (~20.1 pN).  

From the images in Figures 2(c) and (d), we observe a 
shape transformation of the cell caused by the stretching 
force which is different from previous studies based on 
indirect manipulation of the cell using force probing sil- 
ica beads attached at two opposite edges of the cell [10, 
14]. In these studies the donut-shaped RBC is trans- 
formed into a shape that resembles an oval shape. There 
are two reasons for the differences. The first is, due to the 
flipping of the cell inside the trap what we see in the im- 
ages shown in Figures 2(b) and (d) are not the platelet 
surface; instead we see the side view. The second is that 
the two optical traps exert transverse gradient forces 
which are distributed in the entire cell unlike in the case 
of indirect stretching by force probes in which the cell 
experiences concentrated forces along the line joining the  
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Figure 2. Image of a RBC when it is (a) not trapped (b) 
trapped but not stretched (c) stretched by the two traps in 
PBS and just before it escapes DB2 for a power of 9.9 mW 
(25.5 pN) (d) stretched by the two traps in a newborn bo- 
vine serum and just before it escapes DB2 for a power of 8.1 
mW (20.1 pN). 
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Figure 3. The percentage change in the diameter of a RBC 
in PBS (solid line (i)), newborn bovine serum (dashed line 
(ii)), and fetal bovine serum (dotted line (iii)) as a function 
of the stretching force. (a) Longitudinal diameter; (b) Trans- 
verse diameter. Each data point represents the average for 
several separate measurements and the error bars repre- 
sent the standard deviation of the measurements. 
 
force probes at the two edges of the cell. The measure- 
ments of the transverse and longitudinal displacements 
are made for the same power (stretching force). At 25 pN 
nearly 17.5% increase in the diameter of the cell in the 
longitudinal direction is observed in PBS solution. Pre- 
vious studies based on indirect measurement of the lon- 
gitudinal deformations of RBCs through attached beads 
at this magnitude of force have been found to be ~18% 
[10] and ~20% [14]. In the transverse direction, these 
studies reported ~18% reduction in the transverse diame- 
ter whereas our result is a ~15% reduction. In bovine se- 
rums, the measurement for the percentage displacement 
of the longitudinal and transverse diameters is shown by 
the dashed line (ii) in NBBS and by the dotted line (iii) in 
FBS in Figure 3. In the NBBS both the longitudinal per- 
cent deformations are similar in magnitude to the defor- 
mations in the PBS. While the deformations are slightly 
greater in the NBBS, nearly all of the data points for the 
NBBS are within one standard deviation of the curve for 
the PBS solution, and vice a versa. For the FBS, we ob- 
serve qualitatively similar behavior, but the magnitude of 
the deformations is larger. For example, at a ~25 pN 

stretching force, the deformation in the longitudinal di- 
ameter is (~35%) and the deformation in the transverse 
diameter is (~26%).  

The higher deformation of the RBCs in the FBS most- 
ly likely results from the more physiological nature of 
FBS. In comparison to NBBS or PBS solution, the ab- 
sence of foreign antibodies and the existence of the right 
osmotic pressure replicate the biochemical environment 
that mimics the native environment for the RBCs. This 
enables the RBCs to undergo higher elastic deformations 
needed to properly carry out its biological functions. 
However, it is also important to look closely at the effect 
of refractive indices difference between the RBC and 
these fluids in the magnitude of the trapping force. We 
use a rough spherical model for the RBCs to qualitatively 
investigate the effects. In this model the maximum trap-
ping force on an RBC, can be determined from Fi = 
Qi(niP/c), where Qi is the scaling constant that depends 
on the size of the cell and the refractive index difference 
between the cell and the medium, ni is the refractive in-
dex of the surrounding medium, P is the power of the 
laser incident on the cell, and c is the speed of light in a 
vacuum [22]. For a trap formed by the 100X objective 
lens with numerical aperture, 1.5, the RBCs (we studied 
here) with measured average diameter of d = 6.23 +/− 
0.56 μm [8] and refractive index n0 = 1.4 [23] suspended 
in FBS (n1 = 1.3566) [24] and in PBS solution (n1 = 
1.3300), the scaling factors can be shown to be approxi- 
mately the same Q1   Q2, respectively [22]. This is main- 
ly because of the negligible difference in the effective 
refractive indices, neff = n0/ni, of the cell in the two media, 
neff = 1.03 in FBS and neff = 1.02 in PBS solution. More- 
over, even though we studied different cells (five differ- 
ent cells for each power) in the two media, we have kept 
the sizes of the cells nearly the same. Therefore, for the 
same power the ratio of the maximum trap force on an 
RBC suspended in FBS (F1) to that of in PBS solution 
(F2) becomes F1/F2 = 1.02. This result shows that effect 
on the deformation of the cells due to differences in the 
natural refractive indices is negligibly small. 

In addition to the interestingly large deformability of 
cells in FBS, we also observe nonlinear deformation be- 
havior for the RBCs. Previous measurements, based on 
two beads attached to the periphery of the cell [10,14] 
show linear behavior of the deformation as a function of 
the stretching force. Analysis of our experimental data 
does not show linear behavior (Figure 3) when the cell is 
subjected to a distributed force produced by the laser trap 
directly.  

4. Conclusion 

By directly using 1064 nm infrared laser dual traps, 
without attachment of force probes, we have studied en- 
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vironmental effects on the elastic deformability of human 
RBCs. We have measured the longitudinal and transverse 
deformations of the cells in a PBS solution, FBS, and 
NBBS. The results when the cells are suspended in PBS 
and NBBS showed statistically the same result. However, 
in FBS the cells tend to be more elastic than when they 
are in a PBS solution or NBBS. These differences may 
be attributed to differences in protein, lipid, and growth 
factor levels in FBS.  
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