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ABSTRACT

In healthcare practice, the sedimentation rate of red blood cells (erythrocytes) is a widely used clinical parameter for screening of several
ailments such as stroke, infectious diseases, and malignancy. In a traditional pathological setting, the total time taken for evaluating this
parameter varies typically from 1 to 2 h. Furthermore, the volume of human blood to be drawn for each test, following a gold standard labo-
ratory technique (alternatively known as the Westergren method), varies from 4 to 5ml. Circumventing the above constraints, here we
propose a rapid (~1 min) and highly energy efficient method for the simultaneous determination of hematocrit and erythrocyte sedimenta-
tion rate (ESR) on a microfluidic chip, deploying electrically driven spreading of a tiny drop of blood sample (~8 ul). Our unique approach
estimates these parameters by correlating the same with the time taken by the droplet to spread over a given radius, reproducing the results
from more elaborate laboratory settings to a satisfactory extent. Our novel methodology is equally applicable for determining higher ranges
of ESR such as high concentration of bilirubin and samples corresponding to patients with anemia and patients with some severe inflamma-
tion. Furthermore, the minimal fabrication steps involved in the process, along with the rapidity and inexpensiveness of the test, render the
suitability of the strategy in extreme point-of-care settings.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0026332

INTRODUCTION

Erythrocyte sedimentation rate (ESR)'™ is a simple and widely
used clinical test commonly used as an initial screening of various
communicable and non-communicable diseases including prostate
cancer,"”" stroke,” heart attack,” temporal arteritis,”* and polymyal-
gia rheumatic.””'” In a physical sense, ESR indicates the rate of set-
tling of erythrocyte in a vertical tube filled with whole blood. One

is used and 5-6 ml of a whole blood sample is required for clinical
test.”"? ESR values above 30 mm/h are expected to correlate with a
diseased condition and demand further clinical investigation.'
Interestingly, the variation in ESR itself depends on physiological
conditions such as hematocrit (HCT) and plasma protein level.
ESR, at a low shear rate, also indicates the red blood cell (RBC)
aggregation and viscosity of blood samples. Despite such far-

hour later, the height of plasma (free from erythrocyte) at the
uppermost portion of tube is measured and is traditionally
described as the ESR value' in millimeters per hour. In the gold
standard method for ESR measurement, known as Westergren
method, a tube having 300 mm length and 2.50 mm inner diameter

reaching implications, one serious bottleneck still remains to be the
fact that the conventional ESR measuring method suffers from
several limitations, such as large volume consumption (~5 ml), long
measurement time (~1h), tiresome cleaning procedures, high cost
due to bulky size of instruments, and difficulty in quality control."*
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In the last few years, a number of new methods were pro-
posed for determining the ESR using erythrocyte aggregation
(EA). Erythrocyte aggregation is a physiological process where
RBCs organize to form a face-to-face linear structure at a low
shear rate, known as rouleaux.””'>' Erythrocyte aggregation is
influenced by many factors such as fibrinogen concentration in
plasma, shear force on the cells, and cellular properties that
include membrane deformability and surface charge density.”'*™** EA
holds great potential in monitoring the progression of specific diseases
like thrombosis, sepsis, and circulatory diseases.' ">/ Accordingly,
this method has been used by several researchers.”'®*~*° In most of
these studies, a photometric technique has been used to measure the
aggregation of RBC.'**~*” Computational and image analysis of
erythrocytes under different dynamic conditions have also been
employed for the determination of EA."'>***" EA can further
be determined by measuring the volume, morphological proper-
ties, and refractive index of blood samples.””*” This method
mainly relies on custom-made optical systems such as micro-
scopes and holograms.’” " However, reported ESR measuring
systems using EA are not very suitable for rapid monitoring and
quantification of the fast aggregation process intrinsically
encountered in medical practice.”

Microfluidic systems have been proven to hold a great potential
in medical diagnostics and health monitoring when there is a need
of low sample volume and rapid analysis.”'®*” A few years back,
Isiksacan et al.' proposed a novel microfluidic system for predicting
the ESR by measuring the rate of erythrocyte aggregation (EA). They
demonstrated the rapid measurement of ESR using EA by utilizing
the direct relationship between RBC aggregates and their settling
speed. This microfluidic system is able to measure the ESR from EA
using a volume of 40 ul whole blood in 2 min. In another microflui-
dic method,'” it is reported that the ESR can also be determined by
measuring the time duration of blood flow and the area of the
depleted region of RBC through a microfluidic channel.

Though microfluidic platforms are portable and can, thus, be
potentially used as point-of-care (POC) devices for ESR determina-
tion, microfluidic techniques reported for the said purpose involve
complicated microfabrication. Relatively inexpensive microfluidic
platforms, such as lab-on-a-compact disk, are, on the other hand,
not energy efficient, as attributable to their large driving power nec-
essary for flow actuation.’”™” In addition, the volume of blood
sample used in these devices is quite large. Therefore, it is very
crucial to develop a novel droplet based microfluidic system for this
purpose, which should be simple and easy to fabricate, very fast in
execution, energy efficient, and necessitate only a minimal volume
of the samples being investigated.

Here, we propose a simple and efficient technique on a chip
for rapid determination of the hematocrit (volume fraction of the
red blood cells) and ESR simultaneously, by exploiting the features
of dynamic spreading of an 8 ul droplet of whole blood over a time
span of 1 min under an applied electrical potential, as a mobile bio-
sensor. Energy efficiency of the method stems from the fact that
the electric potential is applied only for a very short span of time
(2-3's). The underlying principle of electrically driven dynamic
spreading is simple’’™" and operationally reproducible on a chip.
In effect, we apply an electric potential across a blood droplet to
record the change in its contact radius.*’>***>**=® For a fixed

scitation.org/journal/bmf

change in the droplet radius, we measure different durations of
time in achieving the same radius for different hematocrit levels of
human blood samples. Using this varying temporal span and
hematocrit level of blood, we subsequently determine the hemato-
crit level and ESR of a given blood sample. Such simultaneous
determination of ESR and hematocrit level (or equivalently packed
cell volume) holds outstanding importance in monitoring the pro-
gression of vector borne diseases such as dengue that may poten-
tially become life-threatening for a large fraction of the global
population. Our methodology has also been validated for determin-
ing higher ranges of ESR due to high concentration of bilirubin,
anemia, and other severe inflammation.

EXPERIMENTAL DETAILS

Figure 1 depicts the experimental setup deployed for the
purpose. For our experimental study, thin dielectric films of polydi-
methylsiloxane (PDMS) are coated on indium tin oxide (ITO)-coated
rectangular glass slides. First, the glass slide with indium tin oxide
coating is thoroughly cleaned by sonication, which is a well-known
mechanism to remove particles from the surfaces. Sonication is
carried out in two steps: first, ITO glass is sonicated with acetone for
15 min and then with de-ionized (DI) water for 15 min. Thereafter, it
is dried using nitrogen (N,) stream. The dielectric film is fabricated
by mixing a cross-linker and a base in the weight ratio of 1:10 for
3-4 min. Thereafter, it is placed in a desiccator for half an hour to
remove moisture, air-bubbles, and other gases. Next, the two-step
spin coating method is used to fabricate the dielectric film using spin-
coater. The electrode coated glass slide is placed on the vacuum
chuck of the spin-coater, after covering a small portion of it using a
parafilm tape. Then, the degassed, uncured PDMS is discharged cau-
tiously over the uncoated portion of the glass slide and rotated at an
angular acceleration 4000 rad/s® for 30s at 500 rpm and 70s at
3000 rpm. As a result, a thin film of PDMS is coated on the ITO
glass slide. Once the coating of the thin film is carried out, the paraf-
ilm tape is removed to expose a small portion of the uncoated ITO
electrode and subsequently cured overnight at 95 °C in the oven. The
thickness of the dielectric film obtained is 30 um when measured by
a surface profilometer. The cleaning and fabrication process is shown
in Fig. S1 in the supplementary material.

For carrying out experiments on blood samples, authorized
consent from the Ethics Committee of the parent institute of the
corresponding author was taken. For the clinical measurement of
ESR, blood is used without any preprocessing. Therefore, the same
fresh venous blood is taken from B C Roy Technology Hospital,
Indian Institute of Technology Kharagpur, India, into cylindrical
EDTA tubes to avoid coagulation. The hematocrit and ESR of the
same blood sample have already been determined by the automated
analyzer and Westergren method, respectively, in the aforesaid hos-
pital, and the same sample is used for the simultaneous determina-
tion of hematocrit and ESR through electrically driven dynamic
spreading in our setup (Fig. 1).

We perform our experiments on a microfluidic chip using
sessile droplets of the whole human blood. The PDMS coated glass
slide is mounted on the experimental setup (Fig. 1). Then, a sessile
droplet of the blood (8ul in volume) is carefully kept onto the
hydrophobic surface with the help of a micropipet. The ITO glass
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FIG. 1. (a) Schematic electrospreading based microfluidic system for the rapid determination of ESR and hematocrit level of whole blood. (b) Blood droplet at time t=0

without electric field and at time t with electric field.

slide is electrically kept on ground state, and the electrical circuit
is completed through platinum wire electrode (diameter 200 #m)
dipped into the blood droplet. The schematic depiction of the
experimental setup is shown in Fig. 1. An electrical sourcemeter is
used to apply an electrical potential between the platinum wire
and the ITO electrode. On the application of the DC electrical
potential, the blood droplet spreads on the dielectric film till the
final equilibrium is reached, and the successive images of the
blood droplet spreading are taken using a camera at 2000 frames
per second. Each experiment is repeated thrice for the same blood
sample at the same voltage. Experiments are carried out at vol-
tages ranging from 200V to 600V for different blood samples
with varying hematocrit levels. Variation of initial contact angle,
initial contact radius, and contact angle hysteresis with the hemat-
ocrit level are given in Figs. S2-S4 in the supplementary material.
From the graphs, it is very clear that the effect of hematocrit level
of the blood on the initial contact angle, initial contact radius,
and contact angle hysteresis is almost negligible. In addition, the
variation of the static contact angle with applied voltage is given
in Fig. S5 in the supplementary material. Contact angle of the
blood droplet decreases with voltage for different hematocrit
levels of blood samples. In this figure, electrical voltage has been
increased from 0V to 200 V. The contact angle of the droplet is
non-dimensionalized with its initial contact angle (8,). Initial
contact angles for different blood samples are as follows: S,
(HCT: 45%)=107.96% p, (HCT: 41%)=105.36°% S, (HCT:
37%)=105.7°, and B, (HCT: 34.9%)=105.1°. The electrical
voltage is normalized by the final applied voltage (V =200V).
The surface tension coefficients of different blood samples are
given in Table I. Figure 2 shows the variation of viscosity (mPa s)
with the shear rate (s™') for different hematocrit levels of blood
samples. From the plot, it is evident that all blood sample exhibit
a shear-thinning behavior under the applied shear rate. The varia-
tion of the flow consistency index (k) and the flow behavior index

(n) with the hematocrit level and ESR of blood samples are given
in Figs. 3 and 4, respectively.

RESULTS AND DISCUSSION

In the present electrospreading based portable microfluidic
system, a DC electrical potential is applied across the sessile droplet
of the whole blood, and subsequently, the image sequence of the
droplet deformation is recorded using a high-speed camera. It is
worthy to mention that we can also apply AC potential instead of
DC. However, it has been reported that in case of AC electrowet-
ting, the electric field may get remarkably reduced in the dielectric
layer near the contact line, leading to a decrease of the electrostatic
contribution to the wetting tension.”’ Since in the present biosen-
sor the electrostatic contribution to the wetting tension is of utmost
importance, we have applied DC potential instead of AC.

TABLE I. The variation of the surface tension with the hematocrit level.

Hematocrit Surface tension
level, HCT (%) (y, mN/m)
27 50.13
29 51.29
32 53.36
36 54.10
38.1 52.42
42.1 50.30
439 54.18
45.2 49.22
47 53.24
48.7 51.42
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FIG. 2. Variation of the viscosity (mPa's) with the shear rate (s~") for different
hematocrit level of blood samples.

The images of blood droplets are post-processed using an
image processing software, and the evolution of the contact radius
with time is measured for different hematocrit (HCT) levels
(HCT). The spreading rate of a blood drop decreases with the
increase in the hematocrit level of the blood (Fig. 5). The reason
behind this observation may be due to augmentation in the viscos-
ity of blood with the increasing hematocrit level®® (Fig. 3).

Since an electrically driven spreading method’”>"™* is used to
predict the ESR and hematocrit level of blood samples, it is essen-
tial to discuss in brief the physics involved with the same. When an
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electric field is imposed across the droplet, the solid-liquid interfa-
cial energy is tailored, and the contact radius of conducting droplet
increases and the contact angle decreases with time and finally
reaches an equilibrium state.* 792458 I other words, from the
electromechanical perspective, when an electrical potential is
imposed across the conducting droplet, an electrical stress develops
near the three phase contact line (TPCL), which pushes the contact
line away from the droplet center and subsequently droplet
spreads.”” During this process, the electrical forces have to over-
come the counteracting viscous forces acting at the three phase
contact line (TPCL). Hence, the rate of spreading of a Newtonian
droplet can further be altered by changing the viscosity of the fluid
as the contact line friction enhances with an increase in the viscos-
ity of the droplets.”*** Hong et al.”® have investigated the effect of
viscosity and droplet size on the dynamic behavior of electrowet-
ting. Their study reveals that the friction coefficient is a strong
function the viscosity of fluids. However, the applied electrical
potential and the droplet size rarely influence the contact line fric-
tion coefficient. Later, they studied the effect of oil viscosity and
droplet size on the dynamic spreading characteristics of sessile
droplets in an oil pool under applied DC electric field.*” The set-
tling time has been found to be a function of the droplet radius
and the oil viscosity.87 Therefore, during the last three decades, this
technique has evolved as a feasible, promising, and a remarkably
efficient approach in digital microfluidics (DMF) to manipulate
droplet radius and apparent contact angle by altering the interfacial
energy or electrical stress at TPCL, with applications ranging from
variable focal liquid lens to lab-on-chip devices and a new type of
electronic display to cooling systems,”*™>*%~"* although its true
potential is yet to be harnessed in medical diagnostic applications.
Since blood is an inhomogeneous, polarized, anisotropic, and
composite fluid, it generally exhibits a strikingly distinct behavior
from a Newtonian fluid. In simpler form, blood follows a power

n
law constitutive relation, which can be written as 7,, = k(i—;) ,

0.88
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FIG. 3. Variation of (a) flow consistency index (k) and (b) flow behavior index (n) with hematocrit (HCT) level of different blood samples.
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where k and n represent the flow consistency index and flow behav-
ior index, respectively.””° It is already established that the values
of k and n strongly depend on the hematocrit (HCT) level (which
is basically a volume fraction of red blood cells in blood samples)
by following the rheological relation given as k = a x exp(b x HCT)
and n=1-cx HCT”® (Fig. 3). Our experimental results show a
good quantitative agreement with this reported empirical rela-
tion.”®”” The values of a, b, and ¢ are given in Fig. 3. In addition,
we also propose an empirical relation using the rheometry results
that directly relate the ESR with the rheological parameters (k and
n) for different blood samples (Fig. 4).

From the above discussion, it can be concluded that the
hematocrit level of a blood sample plays a very dominating role in
determining the blood viscosity, as depicted in Fig. 3. Therefore,
variations in the hematocrit level of blood may significantly alter
the velocity profile near the three phase contact line of a blood
droplet, which, in turn, may have a strong influence on the viscous

scitation.org/journal/bmf

dissipation during spreading.”” Hence, viscous action, which pri-
marily depends on the blood rheology,” plays a major role in mod-
ulating the spreading rate of blood, in addition to the strength of
the electrical field (Figs. 5 and 6). This spreading of blood droplet
is basically due to a combination of two effects: the primary effect
is the electrospreading of blood droplet, the physics of which has
already been discussed, and the secondary effect is blood rheology,
manifested by blood viscosity for which hematocrit plays a crucial
role. Since the spreading of the blood droplet is driven solely by the
electric field, it is governed by the deformability of erythrocyte
(RBC). RBCs are the major cellular component of blood, and they
are highly deformable. However, the tendency of RBCs to form
rouleaux and move together as aggregates may increase under the
application of the electric field, which restricts further spreading of
the blood droplet.”*'" This augmentation in rouleaux formation
may be due to the enhanced deformation of RBCs caused by
applied electrical potential.'”"'"* This is when the secondary effect

2 1 1 1 1 1 1 1.2 . r T
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FIG. 6. (a) Variation of normalized contact radius with time. (b) and (c) variation of the prefactor (A) and the power law exponent (B) with the electrowetting number for a
fixed blood sample.
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of blood rheology comes into play. Red blood cells exhibiting
shear-thinning effect and for their rouleaux formation, the spread-
ing of the blood droplet will not begin due to enhanced viscous
action until sufficient electric potential is available, rendering the
temporal change of radius of blood being directly correlated with
its hematocrit level.

As observed experimentally, the temporal change of radius of
blood with varying hematocrit levels under electrospreading
follows a power law relationship, r = At®, where A and B depend
upon the hematocrit (HCT) level of whole blood (Fig. 5). This is
true when viscous action dominates over the electric field.
However, for fixed blood samples, it has also been observed that
the values of A and B are functions of the electrowetting number
only (Fig. 6), especially when electric field predominates viscous
action. Electrowetting number is defined as the ratio of electrical
force to the surface tension force and can be written as
n= %VZ, where g is the permittivity of free space, &, is the
dielectric contact of PDMS material, y is the surface tension of
liquid, & is the thickness of the PDMS film, and V is the applied
voltage.”” To summarize, it may be inferred that the spreading
rate of blood is modulated by electrical forces acting at the three
phase contact line due to the applied electrical voltage, along with
the rheology of blood, which further depends upon the hemato-
crit level and ESR of blood samples.

It becomes imperative to understand the interplay of forces
while determining ESR traditionally, and its relationship with the
present method. In the traditional Westergren method, forces
acting on blood are the gravity force, viscous force, and buoyant
force. The sedimentation of erythrocyte is governed by the particle
sedimentation theory"'® where gravity force is balanced by viscous
force and buoyant force. ESR basically indicates how quickly red
blood cells settle in the tube. According to the particle sedimenta-
tion theory, the Stokes law renders the settling or sedimentation
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velocity and is given as

_ Z_g (pRBC - pplasma) 2

v , 1
9 4 r (1)

where ppgc and p gy, are the densities of red blood cell (RBC)
and plasma, respectively, u is the blood viscosity, and r is the radius
of RBC. Hence, the difference in the density, erythrocyte radius,
and blood viscosity are the determinants of sedimentation velocity.

It has been found that blood viscosity mainly depends on the
hematocrit level.”® However, it has also been observed that blood
viscosity further depends on fibrinogen and other plasma pro-
teins, especially at low shear rates.'”'"* It has been reported that
for some patients, blood viscosity measured at a high shear rate
was significantly correlated with the hematocrit level, whereas
blood viscosity determined at a low shear rate was not correlated
with the hematocrit level.' It has been found that internal viscos-
ity of red blood cells and whole blood viscosity decreases with the
increase in the plasma fibrinogen concentration over a very large
range of shear rates.'’>'?° Hence, apart from the hematocrit level,
fibrinogen and other plasma protein concentrations play a crucial
role in determining blood viscosity. Such complex rheological
considerations may turn out to be of significant consequence in
several other applications of interfacial transport phenomena over
small scales.'””~""”

In the present method for determining ESR, a blood droplet
spreads due to the application of an electric field, which is the body
force replacing gravity force in traditional devices. Under equilib-
rium condition, this electric force is balanced by viscous force. It
may be noted that buoyant force would be absent in this platform.
However, in this system, ESR is dependent on blood viscosity,
which, in turn, depends on the hematocrit level as well as
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FIG. 7. (a) Normalized radii of the blood droplets of different hematocrit at a fixed time, t=5.5ms. (b) Time taken by the blood droplets of different hematocrit to attain a

fixed normalized radius r* = 1.15 (shown only for six samples).
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FIG. 8. (a) The variation of normalized droplet radius at time t=5.5ms with varying hematocrit (HCT) levels of the blood sample at electric potential =400 V.
(b) Comparison of hematocrit levels of different blood samples measured using our microfluidic method with the gold standard method.

fibrinogen and other protein concentrations. Since fibrinogen and
other plasma protein concentrations influence blood viscosity,
these are also able to influence the ESR. When there is inflamma-
tion in the body, fibrinogen and other plasma protein concentra-
tions increase, rendering an increase in ESR. Hence, ESR is a
non-specific measurement of degree of inflammation. However, we
can also interpret ESR as the indication of how quickly red blood
cells settle in the traditional Westergren tube or how quickly drop-
lets spread in reaching a particular radius in our proposed electri-
cally driven biosensor. When there is inflammation, the spreading
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of red blood cells becomes relatively quicker due to the increase of
fibrinogen and other protein concentrations. This quick spreading
can be additionally contributed by RBC membrane viscoelasticity
and red blood cell morphology. Hence, in Eq. (2), apart from
hematocrit, ESR is also considered function of the duration of
blood droplet spreading (T) in reaching a fixed radius, and this
duration decreases under inflammatory condition rendering a cor-
responding increase in the ESR. In order to further assess the effec-
tiveness of the present method, we have considered some blood
samples where the hematocrit levels are the same and the ESR only
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FIG. 9. (a) The variation of time (ms) taken by a droplet in attaining a fixed normalized radius r* = 1.15 with varying hematocrit (HCT) fraction at 400 V. (b) Comparison of
the measured ESR results using an electrospreading based microfluidic method (y axis) with the gold standard Westergren method. ESRs of 11 venipuncture whole blood
samples are determined using the gold standard Westergren method (x axis). The R? and Pearson’s r values of linear fit are 0.9431 and 0.904, respectively.
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FIG. 10. Precision test for the electrospreading based microfluidic system. The
ESRs of seven whole blood samples are determined using the gold standard
Westergren method (x axis) and then each sample is tested with our microfluidic
method (y axis). The standard deviation is also shown in the figure.

varies. ESR values measured using the present method have been
in excellent quantitative agreement with ESR values measured
using the gold standard device (see Fig. S6 in the supplementary
material) for all such cases.

For our method, the following correlation of ESR determination
in terms of hematocrit (HCT) level and the duration of blood droplet
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spreading (T) in reaching a fixed radius can be written'”" as

ESR = k; T~'(1 — HCT)?10~"/82<HCT )

where k; is the calibration constant. Such a simple correlation of mor-
phological and rheological parameters not only turns out to be of
utilitarian importance in the specific application addressed in this
work but also turns out to be of extreme fundamental importance
toward establishing a generic principle of analyzing transport mecha-
nisms in a wide variety of applications ranging from microfluidics to
materials engineering and physiology.

Now, we measure the normalized radius of blood droplets at a
particular time, t = 5.5 ms, for different hematocrit levels [Figs. 7(a)
and 8(a)], and subsequently, a linear relation is developed between
the gold standard hematocrit level and radius of drop (R2 =(.843,
Pearson’s r = —0.9182). Using Eq. (2), we further predict the hemat-
ocrit level of a new set of seven blood samples by knowing the
radius of spreading at the particular time, t =5.5ms [Fig. 8(b)]. We
observe a good agreement between the present and the gold stand-
ard results.

From Fig. 8, we have observed the variation of hematocrit
with normalized radius under a specific electric field. Since for a
given electric field normalized radius and time are interdependent,
we have not explicitly considered time while determining hemato-
crit or equivalently packed cell volume. Next, we measure the time
(T) taken by droplets of a set of blood samples to reach a particular
normalized radius (~1.15) [Figs. 7(b) and 9(a)] and using these
time durations and previously measured hematocrit levels of blood
samples, we determine the ESR of the respective blood sample
using Eq. (2), where k; is 10 000. A linear relationship has been
established among ESR values determined with the help of Eq. (2)
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FIG. 11. (a) Performance test of the electrospreading based microfluidic method. (a)The ESR of three blood samples (ESR =10, 40, and 54 mm/h) are first measured
with the gold standard method, and then our microfluidic method is used to test the ESRs of whole blood samples with 2 h delay between successive tests. (b) The
average value of ESR and standard deviation using present method is measured and compared with the gold standard Westergren method.
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FIG. 12. (a) Comparison of the average value of ESR using the present method with the gold standard Westergren method for the cases like high concentration of triglycerides,
cholesterol, and bilirubin; samples corresponding to patients with anemia; or other severe inflammation conditions. (b) Calibration curve for determining ESR in higher ranges,
and ESR values after calibration (ESRFs) have been found to have an excellent agreement with ESR values measured by the gold standard technique.

and ESR values measured using the gold standard Westergren
method [Fig. 9(b)]. The values of R? and Pearson’s r for linear fit
in Fig. 9(b) have been found as 0.8894 and 0.9431, respectively.

After establishing the linear relation that is used to calculate
the ESR values using the hematocrit (HCT) level determined
from Fig. 8(b) and from the time taken in achieving a fixed
droplet radius [using Fig. 9(a)], the performance capability of our
electrospreading based microfluidic system is further evaluated. First
of all, we test the precision of our microfluidic system. The ESRs of
eight blood samples are first measured using the gold standard
method (Westergren method) and are found as 4, 5, 6, 15, 22, 33, 35,
and 47 mm/h (Fig. 10, x axis). Now using hematocrit levels of blood
measured from Fig. 8(a) along with the time elapsed in achieving a
fixed radius of blood, we determine the ESRs of eight blood samples
using our microfluidic method [Fig. 9(b)]. The mean values obtained
are 2.86, 1.37, 6.79, 10.52, 29.04, 33.53, 28.86, and 43.64 mm/h
(Fig. 10, y axis), whereas the standard deviations of these samples are
4.96, 2.11, 5.05, 3.46, 2.86, 3.38, and 2.64, respectively, and are shown
in Fig. 10 as error bars. This precision test reveals an excellent agree-
ment between the present and gold standard results.

In clinical research, it is also very crucial to investigate the per-
formance of a device when a delay happens between the consecu-
tive tests as the time gap between the blood samples taken from a
patient and testing in the pathology lab fluctuates from a few
minutes to 3-4 h. It is observed that this time delay reveals a varia-
tion in ESR not only among different pathology labs but also
within the same lab. It is, therefore, very important to test the
repeatability of the method for blood samples stored in EDTA
tubes for different time periods. We have taken the blood samples
of three patients with ESR values of 10, 40, and 54 mm/h for per-
forming the repeatability test. These blood samples are further used
to measure the ESRs using our microfluidic method over the span
of 6 h, with a 2 h interval between two readings [Fig. 11(a)].

Also, the proposed microfluidic method is used to determine
the mean and standard deviation of three measured ESR values of
a blood sample with an ESR value of 10, 40, and 54 mm/h as per
the gold standard device. The mean and standard deviation for all
three blood samples using our present method are found as 12.49
(E10), 2.94; 38.3 (E40), 2.25; and 52.09 (E54), 3.89 [Fig. 11(b)].
This repeatability test further confirms that there are no significant
changes in the ESR values of blood samples even after 6 h.

We also validate the applicability of our methodology for
determining significantly higher ranges of ESR due to severe inflam-
matory conditions, high concentration of bilirubin, and anemia. It
has already been reported that the performance of another portable
microfluidic device for measuring ESR drastically deteriorates while
handling higher ranges of ESR (>30 mm/h). In that case, the coeffi-
cient of determination (R?) sharply reduces from 0.79, which has
been found while correlating with lower ranges of ESR (<30 mm/h),
to 0.69." However, in sharp contrast with this reported finding, our
methodology is found to be equally applicable for higher ranges of
ESR. Our calibration curve for determining ESR in higher ranges is
depicted in Fig. 12, and ESR values after calibration (ESRp;,,;) have
been found to have an excellent agreement with the ESR values
measured by the gold standard device, rendering R* as 0.98. Hence,
our methodology has been proved to be validated for both lower
and higher ranges of ESR.

CONCLUSIONS

We have developed a droplet based portable microfluidic sensor
premised on electrically driven dynamic spreading of a droplet for
the simultaneous determination of the hematocrit and ESR levels
from a tiny volume of a blood sample at a rapid rate. Our results
exhibit excellent agreement with the gold standard Westergren
method and exhibits excellent repeatability under varying conditions.
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At the same time, our proposed device is able to confiscate the defi-
ciencies of the gold standard method such as large sample volume
consumption, long time in completing the test, operator related con-
straints like tube shaking and tube positioning, and considerable
energy consumption. In addition, our method is not fabrication
intensive, free from vibration, and can be implemented through the
design of a portable device. With such benefits, our methodology
has been proved to be highly sensitive for determining higher ranges
of ESR, which can further be exploited for developing a point-of-care
(POC) device for identifying severe inflammatory conditions and
monitoring infectious and other life-threatening diseases through the
measurement of ESR in resource constrained settings.

SUPPLEMENTARY MATERIAL

See the supplementary material for the cleaning procedure
and fabrication steps in Fig. S1. The variations of initial contact
angle, contact radius, and contact angle hysteresis with hematocrit
levels of blood are provided in Figs. S2-S4, respectively. The varia-
tion of the static contact angle with applied voltage is given in
Fig. S5. Furthermore, the comparison of the gold standard ESR and
the present ESR for blood samples of the same hematocrit level is
shown in Fig. Sé6.
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