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Abstract: To monitor variations of blood samples effectively, it is required to quantify static and
dynamic properties simultaneously. With previous approaches, the viscosity and elasticity of
blood samples are obtained for static and transient flows with two syringe pumps. In this study,
simultaneous measurement of pressure and equivalent compliance is suggested by analyzing the
velocity fields of blood flows, where a blood sample is delivered in a periodic on-off fashion with a
single syringe pump. The microfluidic device is composed of a main channel (mc) for quantifying the
equivalent compliance and a pressure channel (pc) for measuring the blood pressure. Based on the
mathematical relation, blood pressure at junction (Py) is expressed as Py = kf. Here, f is calculated
by integrating the averaged velocity in the pressure channel (<Uy.>). The equivalent compliance
(Ceq) is then quantified as Cey = Aoy - Qo/Px with a discrete fluidic model. The time constant (A5 )
is obtained from the transient behavior of the averaged blood velocity in the main channel (<U;;>).
According to results, Py and C; varied considerably with respect to the hematocrit and flow rate.
The present method (i.e., blood pressure, compliance) shows a strong correlation with the previous
method (i.e., blood viscosity, elasticity). In conclusion, the present method can be considered as a
potential tool for monitoring the mechanical properties of blood samples supplied periodically from
a single syringe pump.

Keywords: blood pressure; equivalent compliance; microfluidic-based compliance unit; time constant;
blood velocity fields; regression analysis

1. Introduction

As red blood cells (RBC) are the most common cells in blood, they have a strong influence
on the mechanical properties of blood samples. Various mechanical properties of blood samples
(i.e., blood viscoelasticity, RBC deformability, and RBC aggregation) have been used to monitor physical
variations in blood samples. Blood viscosity is determined primarily by RBC aggregation at lower
shear rates and by deformability at higher shear rates. Plasma proteins contribute to enhancing
RBC aggregation. Owing to their unique features, such as high surface-volume (S-V) ratios, low
cytoplasmic viscosities, and soft plasma membranes, RBCs can travel into micro-sized vessels that
are smaller than their diameters. Hemoglobin, hydration, and ion pumps contribute to varying RBC
flexibility and blood viscosity [1]. Altered membranes and cell functions in inherited RBC disorders
exhibit decreases in RBC deformability. RBC deformability decreases due to altered RBC geometry,
increased cytoplasmic viscosity, and altered membrane viscoelasticity [1]. Altered RBC mechanical
properties are strongly correlated to various diseases, such as hereditary disorders, metabolic disorders,
adenosine-triphosphate-induced membrane changes, oxidative stress, and paroxysmal nocturnal
hemoglobinuria [2]. For these reasons, hemorheological properties have been stressed as potential
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indicators of specific pathological disorders. They are considered as label-free biomarkers for
monitoring cell status and clinical relevance [2]. As blood samples flow dynamically through blood
vessels (i.e., arteries, arterials, and capillaries), it is necessary to measure static property (i.e., viscosity or
pressure) obtained under constant flow conditions and dynamic property (i.e., elasticity or compliance)
obtained under transient flow conditions.

Using blood delivery tools (i.e., syringe pumps, pressure sources), blood samples can be supplied
into a microfluidic device at a constant flow rate. Blood viscosity can then be obtained by means of
several techniques (i.e., coflowing streams [3,4], reversal flow switching [5], advancing meniscus [6-10],
electric impedance [11,12], droplet length [13], and digital flow compartment [14]). Among these
methods, the parallel flow method has been used widely due to simplicity and continuous monitoring.
It does not require a calibration procedure with standard fluid. However, the method requires two
syringe pump to supply the blood sample and reference fluid. As syringe pumps are bulky and
very expensive, it is necessary to reduce the number of syringe pumps. Furthermore, the previous
method does not provide information on blood elasticity. More recently, the author has suggested the
viscoelasticity measurement technique in dynamic varying flow conditions. First, by controlling the
blood flow rate in the oscillatory pattern, the viscosity and elasticity can be obtained periodically by
analyzing the interface in coflowing streams (i.e., blood stream, 1x phosphate-buffered saline (PBS)
stream) [15]. Second, viscosity and elasticity can be obtained sequentially by monitoring reversal
flow switching in a Wheatstone bridge circuit under a steady flow and transient flow. As a limitation,
the previous methods require two pumps to supply two fluids.

Instead of blood viscosity, blood pressure is suggested to monitor the mechanical properties of
blood samples, where blood samples are delivered into a microfluidic device with a single syringe pump.
Burns et al. measured the liquid pressure inside the microfluidic channel by monitoring the air-liquid
interface in the glass substrate [16]. To avoid air leakage throughout the polydimethylsiloxane (PDMS)
polymer, the microfluidic device was fabricated with a glass substrate. Wu et al. measured liquid
pressure with the same principle suggested by Burns et al. [17]. They used a glass capillary to monitor
the liquid—air interface. Kaneko et al. reported that the local pressure inside a microfluidic device was
monitored by analyzing the color intensity resulting from channel deformation [18]. Recently, blood
pressure measurement has been demonstrated by monitoring the image intensity of RBCs collected
in large channels (~2 x 22.5 mm?) [19]. To increase the sensitivity of blood pressure measurement,
a polyethylene tubing can be connected to the outlet of the microfluidic device. After the channel is
filled with high-density counter fluid, the outlet of the chamber is clamped completely with a pinch
valve. As a drawback, the method requires a large channel to inspect the overall images of RBCs
appropriately. To inspect cell-to-liquid interfaces in the chamber, the channel should be filled with
counter fluid (i.e., glycerin) in advance. Because the shear rate is extremely low in the channel, RBC
aggregation substantially contributes to the varying image intensity [20]. Thus, these methods should
be improved to resolve these critical issues.

In this study, simultaneous quantification of blood pressure and equivalent compliance is
demonstrated by obtaining velocity fields of blood samples flowing into a microfluidic-based
compliance unit. Compared with previous methods, the proposed method provides two distinct
advantages. First, the proposed method quantifies blood pressure by monitoring blood velocity
inside the microfluidic-based compliant unit. Thus, it can be considered as one of the promising
solutions for critical issues, such as the requirements for two-layer structures and the use of glass
substrates or external tubing to avoid air leakage, large monitoring channels, and counter fluids.
Second, by operating a single syringe pump in a periodic on—off fashion, two quantities (i.e., blood
pressure and equivalent compliance) are obtained simultaneously and periodically. Thus, it is possible
to monitor static and dynamic properties of blood samples with a single syringe pump.
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2. Materials and Methods

2.1. Microfluidic Device and Experimental Setup

The microfluidic device used for measuring blood pressure and equivalent compliance of blood
samples consisted of a main channel (mc) (width = 250 um, length = 16.2 mm) and a pressure channel
(pc) (width = 250 um, length = 7.5 mm), as shown in Figure 1(A-a). The main channel contained inlet
and outlet (a). The pressure channel was bifurcated at 7.6 mm from outlet (a) of the main channel.
The pressure channel contained outlet (b). The channel depth of a microfluidic device was fixed at
h =10 um. Conventional micro-electromechanical system techniques were used to fabricate a four inch
silicon mold. Based on a soft lithography process with PDMS (Sylgard 184, Dow Corning, Midland,
MI, USA) [15], a PDMS block was fabricated from the silicon mold. Using an oxygen plasma system,
the PDMS block was bonded to the glass slide.
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Figure 1. Proposed method for measuring pressure and equivalent compliance. (A) Schematic of the
experimental setup, including a microfluidic device, a syringe pump, and an image acquisition system.
(a) A microfluidic device consisting of a main channel (mc) and pressure channel (pc). (b) A syringe
pump for delivering the blood sample. (c) Optical image acquisition. (B) Two regions-of-interest (ROIs)
selected for evaluating averaged blood velocity in the main channel (<U;,.>) and averaged blood
velocity in the pressure channel (<Upc>). (C) As a preliminary demonstration, the blood sample (normal
RBCs in 1x PBS, hematocrit (Hct) = 50%) was supplied into inlet with a syringe pump. (a) Microscopic
images of the pressure channel at specific times (f = 0, 60, 120, 180, 240, 300, 360, and 420 s) during a
single period. (b) Temporal variations of <Uy,c> and <Up> during a single period.

Polyethylene tubing (L) (length = 200 mm, inner diameter = 500 pm) was connected to outlet (a).
Outlet (b) of the pressure channel was connected to polyethylene tubing (L3) (length = 100 mm,
inner diameter = 500 pm). After a disposable syringe (~1 mL) was filled with the blood sample
(~0.5 mL), the needle of the syringe was fitted into the tubing (L;). The disposable syringe was
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then installed into a syringe pump (neMESYS, Cetoni Gmbh, Germany). As shown in Figure 1(A-b),
the syringe pump was positioned horizontally. The syringe pump was controlled in a periodic on—off
fashion (i.e., period [T] = 480 s, duty ratio = 0.5, flow rate = Q). After filling both channels with the
blood sample, the end of the tube (L3) was clamped with a drawing pin. A microfluidic device was
then positioned on an inverted microscope (BX51, Olympus, Tokyo, Japan). As shown in Figure 1(A-c),
based on a high-speed camera (FASTCAM MINI, Photron, Tokyo, Japan), microscopic images were
captured at a frame rate of 5000 frame per second (fps). Using an external trigger, two microscopic
images were captured sequentially at intervals of 1 s. The camera offered a spatial resolution of
1280 x 1000 pixels. Each pixel corresponded to 10 um.

2.2. Quantification of Velocity Fields in the Main Channel and Pressure Channel

First, to estimate the blood pressure at junction (Py), it was necessary to obtain velocity fields of
the blood sample flowing in the pressure channel. As shown in Figure 1B, a region-of-interest (ROI)
with 150 x 250 pixels was selected within a pressure channel. By conducting micro particle image
velocimetry (uPIV technique) [21], velocity fields across the pressure channel width (Uj,c) were obtained
over time. The size of the interrogation window was selected to be 64 x 64 pixels. The window overlap
was set to 84%. The velocity fields were validated and corrected with a median filter. The averaged
velocity (< Upc>) was then calculated over the specific ROL

Second, to estimate the time constant of the blood flow under transient blood flow, it was required
to obtain velocity fields of the blood sample in the main channel. A specific ROI with 250 x 150 pixels
was selected within the main channel. Velocity fields across the main channel width (U;,.) were obtained
over time. The averaged velocity (<Uy,.>) was calculated over the ROL

2.3. Quantification of Blood Pressure and Compliance Properties

As a preliminary demonstration, the blood sample (normal RBCs in 1x PBS, Hct = 50%)
was supplied into inlet with single syringe pump (i.e., T =480s, Qg = 1.5 mL/h).

Figure 1(C-a) shows a microscopic image captured at specific time (f = 0, 60, 120, 180, 240, 300,
360, and 420 s) during a single period. After turning on the syringe pump (Qg = 1.5 mL/h), the blood
pressure at the junction increased over time. Then, the blood sample flowed forward in the pressure
channel. After 60 s, the pressure reached equilibrium in the pressure channel. The RBCs then stopped
moving forward over time. Because there was no existence of RBCs in the pressure channel, it was
impossible to visualize blood flows. After turning off the syringe pump (Qp = 0), the blood pressure
decreased over time. The blood sample flowed backwards for the remaining time of the period
(240 s <t < 480 s). As the pressure channel was filled with the blood sample sufficiently, velocity fields
of blood flows (U).) were obtained accurately with respect to time. Figure 1(C-b) shows temporal
variations of <Uy,c> and <Upc> during the single period. Backward blood flow gave more consistent
values of <Uj> than forward blood flow. Thus, <Uj.> obtained under a backward blood flow was
used to estimate pressure. Based on the mathematical formula of the compliance element, the pressure

at junction (Py) can be derived as:

A\,
P, = (C—f)ﬁ =kp 1

In Equation (1), A; and Cy mean the cross-sectional area and coefficient of compliance, respectively;

p is expressed as Equation (2):
T

p= f |Upclat ©)
0.5T
Because k = A/Cy has a constant value in Equation (1), pressure (Py) was only determined by

B. Here, a microfluidic system was modeled with discrete fluidic circuit elements, including the
flow rate (Qp, Qm), resistance (R.), and equivalent compliance (Ce5). Qp and Q, indicate the blood
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flow rate supplied from the syringe pump and the blood flow rate flowing in the main channel,
respectively. R, represents the fluidic resistance of the main channel filled with the blood sample.
The fluidic resistance of the microfluidic channel (R;) was much higher than that of the tubing (L;)
(R¢) connected to outlet (a) (i.e., R, >> Ry). For this reason, R, was only included in the fluidic circuit
model. The equivalent compliance represents the summation of the tube compliance (C;), channel
compliance (C,), and RBC compliance (Crpcs) (i-e., Ceg = Ct + Cc + Crpcs)- Based on mass conservation
at the junction (x), Equation (3) was derived as:

Py d

Q= R, + Ceqa (PX) 3)

In Equation (3), if Py/R. is replaced with Q, (i.e., Px/R; = Qu), Equation (1) can be simplified as:

d
Rc‘Ceq‘a (Qm) + Qm = QB (4)
Because Qy; is expressed as Qy; = Ac-<Uye>, Equation (4) becomes Equation (5):

d
Aoffﬁ (< Upe >)+ < Upye >= % (5)
C
In Equation (5), the time constant ()\Oﬁc) is represented as /\oﬁ = R-Ce;. Because Py is expressed as
Py = R-Qp, an equivalent compliance (C,q) can be derived as:

Ceq = /\oﬁ‘ - Qo/Px (6)

According to Equation (6), three factors (i.e., A5, Qo, and Py) were used to estimate equivalent
compliance. As shown in Figure 1(C-b), using transient behaviors of <U;c>, /\oﬁ was obtained by
conducting regression analysis with the model (i.e., <Upc> = a1 + a3 exp (—t/Aqf)).

From the preliminary demonstration, it was estimated that two averaged velocities (<Uy,> and
<Upc>) could be effectively employed to estimate pressure and the equivalent compliance.

3. Results and Discussion

3.1. Contributions of Hematocrit, Flow Rate, and Diluent to Pressure and Equivalent Compliance

Before evaluating the performance of the present method, it was necessary to find out the
contributions of several factors (hematocrit (Hct), flow rate (Qp), diluent (1x PBS, plasma)) to blood
pressure (Py), and equivalent compliance (Cey).

First, to evaluate the effects of Het and Qg on <Uj,c> and <Uj>, temporal variations of <Uj;:>
and <Up.> were obtained with respect to Hct = 30%, 40%, and 50%. Here, the diluent was fixed at
1x PBS. Blood sample preparation was discussed at the Section S1 (Supplementary Materials). The flow
rate of the blood sample was fixed at Qy = 1 mL/h. According to an analytical formula for the depth of
correlation (DOC) [22], the DOC was estimated as 64.1 pum. As the DOC was much higher than the
channel depth (i.e., DOC >> depth), all RBCs contributed to calculation of the velocity fields of blood
flows. Thus, the micro particle image velocimetry (uPIV) technique measured averaged velocity fields
in the depth direction. As shown in Figure 2(A-a), both velocities tended to decrease substantially
with respect to the hematocrit. To evaluate the contributions of Qg to <U;,c> and <Uj>, temporal
variations of both velocities were obtained with respect to Qp = 1, 1.5, and 2 mL/h. Here, the hematocrit
was fixed at Hct = 50%. As shown in Figure 2(A-b), the peak time of <U,;,.> tended to be short with
respect to Qp. Under transient flow conditions, <U,,> could be employed to evaluate the effect of Qg
on dynamic blood flows for up to Qy = 2 mL/h. Under a steady state condition, <U,,.> increased for
up to Qo = 1.5 mL/h. Above Qg =2 mL/h, <Uy,> did not increase significantly because the high-speed
camera could not accurately capture the blood flow in the main channel. As <U,:> was much lower



Appl. Sci. 2020, 10, 5273 6 of 14

than <U,,.>, there was no critical issue with consistent measurement of <Upc> below Qg =2 mL/h.
Furthermore, <U,:> increased considerably with respect to Q.
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Figure 2. Quantitative evaluations of pressure at the junction (Py). (A) Contribution of hematocrit
(Hct) and flow rate (Qp) to averaged blood velocities (<Uyc>, <Upc>). (a) Temporal variations of
<Ue> and <Upc> with respect to Het. (b) Temporal variations of <Uy,c> and <Up:> with respect to Qp.
(B) Contributions of Hct and Qg to Py. (a) Temporal variations of <Up:> and fOT<UpC>dt. (b) Variations
of  with respect to Het and Q. (C) A discrete fluidic circuit for estimating Py with respect to Hct and
Qo. (D) Linear relationship between Py and . All data are expressed as means =+ standard deviation.

Second, to evaluate the contributions of Hct and Qg to pressure (Py), temporal variations of <Up.>
were obtained, as shown in Figure 2(B-a). Using a mathematical formula of the compliance element,

. . . t . . .
pressure at the junction was derived as Py = é—; fo < Upc >dt. Here, as shown in the right vertical

axis of Figure 2(A-a), temporal variations of fot < Upc >dt were calculated by integrating <U,,:> over
time. After turning on the syringe pump, <U,.> showed transient behaviors. It arrived at a constant
value (p) after 180 s. After turning off the syringe pump, <U,.> decreased gradually over time from
t=05T tot=T. It was assumed that the pressure was proportional to 5. Because  was easily
calculated fromt =0.5T tot =T, f was defined as § = LZT(UPC)dt. According to Equation (1), Py = k-,
the unknown constant (k) was determined from experimental results. As shown in Figure 2A, using
temporal variations of <Uy,>, variations of § were obtained with respect to Hct and Qp. As shown in
Figure 2(B-b),  tended to increase linearly. The hematocrit considerably contributed to increasing
B. To find the relationship between § and Py, the P, was estimated approximately with a discrete
fluidic circuit model. As shown in the inset of Figure 2C, the pressure channel was modeled by adding
fluidic resistance and Q, = 0, respectively. Py was derived as Py = R. - Qg under a constant blood
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flow rate (Qp). Because the fluidic resistance of the microfluidic channel (R;) was much higher than
that of the polyethylene tubing (R) (i.e., Rc >> R;), R; was only included in the fluidic circuit model.
For a rectangular microfluidic channel with a low aspect ratio (i.e., depth (h)/width (w) = 10/250),

. 12upL
R. was approximated as R, = w“h% ,

Py was then expressed as Py = 1;“ ;SL -Qo. Additionally, the shear rate () was estimated as y = -
In a specific range of Qg = 1, 1.5, and 2 mL/h, it was estimated that the blood sample behaved as
a Newtonian fluid because of y > 103s7!. According to coflowing streams reported in a previous
study [3], the corresponding blood viscosity for each hematocrit was obtained as up = 1.66 + 0.06 cP
for Het = 30%, up = 1.75 = 0.09 cP for Het = 40%, and up = 1.85 + 0.06 cP for Hct = 50%. As shown in
Figure 2C, variations of Py were obtained with respect to Hct and Q. Using a scatter plot, Py and f3
were plotted on horizontal and vertical axes, respectively. To find out the proportional constant (k)
between Py and §, a linear regression analysis was conducted with EXCEL™ (Microsoft, Redmond,
Washington, WA, USA). As shown in Figure 2D, slope (k) was estimated as k = 3.1312 (R? = 0.9568).
The result indicated that pressure could be obtained with P, = 3.1312 8 consistently.

Third, to evaluate the contributions of Hct and Qg to equivalent compliance (Ce;), the blood
sample (normal RBCs suspended into 1x PBS) was supplied in a periodic on—off fashion (i.e., T =480 s,
Qo =1, 1.5, and 2 mL/h). The hematocrit from blood sample was set to 30~50% within a physiological
range. According to the Fahraeus effect, hematocrit distribution varies depending on narrow-sized
channels (i.e., capillary mimicked channels). While blood samples flow in the microfluidic channels,

while up and L represented blood viscosity and channel length.
6Qo

hematocrit tends to decrease significantly when compared with hematocrit from the blood sample in
the diving syringe.

As shown in Figure 3A, temporal variations of <U,,.> were obtained with respect to Hct = 30%,
40%, and 50%. As shown in Figure 3B, temporal variations of <U,,.> were obtained with respect
to Het and Qp = 1.5 mL/h. To find out Ay, <Ume> was assumed as <Upc> = a; + ap exp (—t/Agp).
Here, the A5 was obtained by conducting non-linear regression analysis with Matlab (version R2018a,
Mathworks, Natick, MA, USA). The inset in Figure 3C shows a discrete fluidic circuit used to extract
the time constant (A,5) under transient blood flow. The velocity inside the pressure channel was much
lower than the blood velocity in the main channel. Under periodic blood flow, the circuit model was
modified by including Q, = 0 and Qc, whereby Q¢ represented the flow rate in the compliance element.
As shown in Figure 3C, variations of A,f were obtained with respect to Qp and Hct. The Ay remained
unchanged with respect to Q. However, the time constant tended to increase with higher hematocrit
levels. Based on Equation (6), variations of Ce; were obtained with respect to Hct and Q. As a result,
Ceq tended to increase considerably with respect to Het. However, Qg did not contribute to varying C.

Finally, instead of using 1x PBS as the diluent, blood samples were adjusted to Hct = 50% by
adding normal RBCs into plasma. Figure 4A shows variations of P, and f§ with respect to Qp. The inset
of Figure 4A shows a linear relationship between Py and 8. According to the linear regression analysis,
slope (k) was obtained as k = 3.2759. When compared with normal RBCs suspended into 1x PBS
(i.e., k = 3.1312), the k of normal RBCs suspended in plasma showed a consistent value within a
normalized difference range of 4.6%. Figure 4B shows variations of A5 and C,y with respect to Q.
The Ayg and Cey remained unchanged with respect to Qp. When compared with the results shown in
Figure 3C,D, both Ay and C,y tended to decrease with respect to Qp.

From the results, the blood pressure at the junction (Py) and the equivalent compliance (Ce;)
varied significantly with respect to Hct and Qp. For this reason, for consistent measurement of Py
and Ce, Qp and Hct were fixed as Qg = 1.5 mL/h and Hct = 50% throughout all experiments. At the
Section 52 (Supplementary Materials), contribution of erythrocyte sedimentation rate (ESR) in driving
syringe to pressure and equivalent compliance were evaluated experimentally. In conclusion, blood
pressure (Py) did not provide consistent variations with respect to Cg.,. Additionally, equivalent
compliance (C,;) gave constant values with respect to Cg.,. However, as shown in Figure S1(A-b)
(Supplementary Materials), the image intensity (<I;>) showed significant difference with respect to
Cyeyx- For this reasons, to effectively quantify RBCs aggregation or ESR, the previous method (i.e., image
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intensity-based quantification) might be considered effective when compared with the present method
(i.e., blood pressure or equivalent compliance).
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Figure 3. Quantitative evaluation of compliance coefficient (C;). (A) Temporal variations of averaged
blood velocity in main channel (<U;>) with respect to hematocrit (Hct) = 30%, 40%, and 50%.
(B) Variations of <U,,.> under transient blood flows. (C) Variations of time constant (Agp) with respect
to Hct and flow rate (Qp). (D) Variations of C,; with respect to Het and Qp.
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Figure 4. Quantitative evaluations of pressure (Px) and equivalent compliance (Cy) for the blood
sample (normal RBCs in plasma, hematocrit (Hct) = 50%). (A) Variations of f and Py with respect to
flow rate (Qyp). (B) Variations of time constant (A,g) and Ceq with respect to Qp.

3.2. Quantitative Comparison of the Present Method and Previous Method

To evaluate the performance of the present method, two quantities obtained at a constant flow rate
and transient flow rate were compared with those obtained with the previous method. In other words,
under a constant blood flow rate, pressure (Py) obtained by the present method was compared with
blood viscosity (up) obtained by the previous method. Additionally, under the transient blood flow
rate, the equivalent constant (C,;) obtained by the present method was compared with the elasticity
(Gp) obtained by the previous method [23].
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First, blood pressure (Py, present method) and blood viscosity (up, previous method) were
measured simultaneously for the same fixed blood sample. To vary the RBC deformability, normal
RBCs were fixed chemically with various concentrations of glutaraldehyde (GA) solution (Cga =0, 2,
4,6,8, and 10 uL/mL). Cg4 = 0 denoted 1x PBS as the diluent. The fixed blood sample (Hct = 50%)
was prepared by adding homogeneous fixed RBCs into 1x PBS. As shown in Figure 5A, after setting
the blood flow rate from Qy = 1.5 mL/h to Qp = 0, temporal variations of <Uj> for a half period
were obtained with respect to Cg4 =0, 6, and 10 uL/mL. Higher concentrations of the GA solution
contributed to substantially increasing the magnitude of <U,.>. Bases on Equations (1) and (2),
variations of § and P, were obtained with respect to Cg4. As shown in Figure 5B, § and Py tended
to increase distinctively with higher concentrations of the GA solution. The variations of  and Py
exhibited consistent trends because the GA solution contributed to stiffening the plasma membranes of
the RBCs. When compared with the blood pressure obtained with the present method, blood viscosity
for the same blood sample was quantified with coflowing streams, as in the previous method [4].
As shown in the inset of Figure 5C, the blood sample and the 1x PBS were supplied into a T-shaped
channel at the same flow rate (i.e., Qg = Qpps = 1.5 mL/h) with two syringe pumps. According to
the coflowing method, blood viscosity (up) was approximately derived as up = upps-Cs-ap/ (1 - ap).
To compensate for the model error resulting from difference in the boundary condition between
the simple mathematical model and real physical model, the correction factor (Cy) was included as
Cr = 1.4929 ap* — 2.9858 ap® + 2.6301 ap® — 1.1372 ap + 1.1971 (R? = 0.9874). Blood viscosity was
then estimated by monitoring the blood-filled width (ag). As shown in Figure 5C, the corresponding
viscosity for each Cg4q was obtained as up = 1.427 + 0.016 cP (Cga = 0), up = 1.485 + 0.0.026 cP
(Cca =2 uL/mL), pp = 1.499 + 0.025 cP (Cgq = 4 pL/mL), up = 1.611 + 0.034 cP (Cgq = 6 pL/mL),
pp =2.071 £ 0.106 cP (Cga = 8 uL/mL), and up = 2.460 + 0.1 cP (Cg4 = 10 pL/mL). The results indicated
that the blood viscosity increased substantially with respect to Cg4. As shown in Figure 5D, a scatter
plot was used to observe the linear dependency between pressure (Py, present method) and blood
viscosity (up, previous method). According to the linear regression analysis, R? had a sufficiently
higher value (R? = 0.955). This result indicated that blood pressure was linearly proportional to blood
viscosity (i.e., Px = 71.195 up + 65.621). For this reason, blood pressure could be effectively employed
to monitor variations of blood samples instead of blood viscosity.

Second, under transient blood flow rates, equivalent compliance (C,;, present method) and
elasticity (Gp, previous method) were measured simultaneously for the same blood sample. As shown
in Figure 6A, temporal variations of <U,,.> were obtained with respect to Cg4. AtCgsq =0and 6 uL/mL,
<Uuc> showed periodic variations over time consistently. However, at Cg4 = 10 uL/mL, <Uy;.> did not
provide consistent variations at Qg = 1.5 mL/h. When the flow rate decreased from Qy = 1.5 mL/h to
Qo =0 (i.e., transient blood flow rate), <U,,.> showed consistent variations over time. The time constant
(Agf) could be obtained at the transient blood flow rate. As shown in Figure 6B, variations of A, and
Ceq were obtained with respect to Cga. Except Cga = 8 pL/mL, Ay tended to decrease slightly with
respect to Cga. The Cgq tended to decrease gradually with respect to Cgs. Compared with Cy, the G
was calculated with a linear Maxwell model (i.e., Gg = up/Aq). As shown in Figure 6C, variations
of Gp were obtained with respect to Cg4. The Gp tended to increase gradually with respect to Cga.
As the GA solution was employed to decrease the deformability of the RBCs [23], it was reasonable
that Gp increased gradually with higher concentrations of the GA solution. However, the Cp decreased
reciprocally when compared with Gp. A scatter plot was employed to observe the linear relationship
between C,; and G, as shown in Figure 6D. According to the linear regression analysis, R? had a
higher value (R? = 0.9141). This result indicated that the equivalent compliance was proportional to
elasticity (i.e., Ceg = —=290.15 Gp + 65.402). Both parameters had a strong linear relationship. Taking into
account the fact that elasticity is widely used to evaluate deformability of RBCs, the Cp value proposed
in this study was effectively used to detect fixed RBCs. Thus, the equivalent compliance could be
effectively employed to monitor dynamic variations of blood samples under transient blood flow rates.
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Figure 5. Quantitative comparison between pressure (Py, present method) and viscosity (up, previous

method). (A) Temporal variations of averaged blood velocity in pressure channel (<Up>) with respect
to concentration of GA solution (Cga =0, 6, and 10 pL/mL). (B) Variations of § and P, with respect to
Cga. (C) Variations of ug with respect to Cg4. (D) Linear relationship between P, and pp.
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solution (Cga =0, 6, and 10 uL/mL). (B) Variations of A, and Cey with respect to Cg4. (C) Variations of
Gp with respect to Cg4. (D) Linear relationship between Ceq and Gp.

To evaluate the performance of the present method, experimental results for the blood pressure
and equivalent compliance obtained with previous methods were compared with respect to different
concentrations of the GA solution. First, according to the previous study [20], the blood pressure index
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(PI) was calculated as PI = % ft:f)*ts Icdt, with the image intensity of blood sample (Ipc) collected in
the pressure channel with the large area. The variations of PI were obtained with respect to Cg4 =0,
4,6, and 8 uL/mL. Here, the flow rate of the blood sample was fixed at 2 mL/h with a single syringe
pump. The method had the ability to measure variations of blood pressure. Figure 7(A-a) shows
variations of two blood-pressure-related indices obtained with the present method (8) and previous
method (PI), respectively; p and PI tended to increase with respect to Cg4. Figure 7(A-b) shows the
correlation between § and PI. According to linear regression (i.e., R? = 0.9461), both methods had a strong
correlation. Second, according to previous study [15], the compliance of the fixed RBCs was obtained by
analyzing the interfacial location in the coflowing channel under sinusoidal blood flows. The equivalent
compliance (Cp) was obtained with respect to Cgq =0, 4, 8, and 12 uL/mL. Here, two syringe pumps
were used to supply the blood sample and reference fluid into a microfluidic channel. The flow rates
of the blood sample (Qp) and 1x PBS (Qp) were set to Qp =1 + 0.5 sin (27t/360) mL/h and Qp =1 mL/h,
respectively. Figure 7(B-a) shows two compliance values obtained with the present method (C) and
previous method (Cp) with respect to Cg4. Differences in microfluidic system contributed to differences
in compliance. However, both methods exhibited similar trends with respect to Cg4. As the GA
solution contributed to decreasing the deformability of RBCs, it was reasonable that both compliance
values tended to decrease with respect to Cgs. As shown in Figure 7(B-b), the correlation between Cy
and Cp was represented by drawing the X-Y plot. From the linear regression analysis (i.e., R? = 0.8409),
the present method (C,;) showed consistent trends when compared with the previous method (Cg).
From the quantitative comparison, this led to the conclusion that the present method (8, C¢;) can
be used to obtain variations of blood pressure and compliance effectively when compared with the
previous method (PI, Cp).
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Figure 7. Quantitative comparison between the present method () and previous method (PI).
(A) Comparison of blood-pressure-related indices (8, PI). (a) Variations of § and PI with respect to Cg4.
(b) Correlation between $ and PI. (B) Comparison of the compliance obtained with the present method
(Ceq) and previous method (Cp). (a) Variations of C,; and Cp with respect to Cgs. (b) Correlation
between C,q and Cp.

From the experimental results, it was found that the two properties suggested with the present
method (i.e., Py and ng) had strong correlations when compared with the two properties suggested in
the previous method (i.e., up and Gg). Thus, while supplying the blood sample with a single syringe
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pump, the present method could be effectively employed to monitor mechanical variations of blood
samples in a periodic on—off fashion. According to Figures 5 and 6, the blood pressure proposed in this
study was proportional to blood viscosity. In addition, compliance and elasticity exhibited a linear
relationship. From the results, it was inferred that the two mechanical properties (i.e., blood pressure
and compliance) could be used interchangeably as conventional properties, such as blood viscosity
and elasticity. According to the previous studies, blood viscosity was employed to detect hypertensive
and diabetic rats [24,25]. Under an ex vivo rat bypass loop, variations of blood viscosity were obtained
over time after continuously injecting 1x PBS into a closed loop (i.e., hemodilution condition). Lastly,
malaria-infected RBCs were detected via RBC aggregation or RBC deformability [26].

As a limitation of the proposed method, the blood sample was prepared as a suspension by adding
RBCs into a specific diluent, rather than whole blood. Additionally, this study assumed that the blood
sample behaved as a Newtonian fluid. However, if a blood sample flows at lower shear rates, RBC
aggregation contributes to increasing the blood viscosity. Thus, blood viscosity tends to decrease by
increasing the shear rate. While blood samples behave as non-Newtonian fluids, a non-Newtonian
model should be taken into account to derive an analytical expression of pressure and compliance. As a
future work, it will be necessary to evaluate the performance of the method for blood samples collected
from clinical patients. Additionally, for clinical applications, it will be necessary to improve the present
method substantially in available facilities with regard to the microscope and syringe pump used.

4. Conclusions

In this study, simultaneous measurement methods for blood pressure and equivalent compliance
were proposed by analyzing velocity fields of blood flow in a microfluidic-based compliance unit,
where the blood sample was delivered in a periodic on—off fashion with a single syringe pump.
According to the experimental results, the blood pressure at the junction (Py) was estimated as
P, =3.1312  consistently. Here, f was obtained by integrating the averaged velocity in the pressure
channel (<Up:>). Next, the equivalent compliance (Ce;) was quantified as Coq = Ao - Qo/Px with a
discrete fluidic circuit model, while A,y was obtained by conducting regression analysis of <Ujc>.
The results indicated that Py and C; varied substantially with respect to the hematocrit level and flow
rate. To evaluate the performance of the proposed method, two properties (Px, C,y) obtained by the
present method were compared with two properties (up, and Gp) obtained by the previous method for
fixed blood samples with GA solutions. The experimental results indicated that the two properties
suggested by the present method (Px, C,y) had a strong correlation with the two properties suggested
by the previous method (up, Gp). The experimental results indicated that the present method can be
considered as a potential tool for monitoring the mechanical properties of blood samples with a single
syringe pump.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/15/5273/s1,
S1: Blood sample preparation, S2: Contribution of erythrocyte sedimentation rate (ESR) in driving a syringe for
pressure and equivalent compliance.
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