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To effectively discriminate changes in blood samples, RBCs aggregation and blood viscosity should be
evaluated independently and simultaneously. In this study, by setting two syringe pumps for delivering two
fluids (blood sample and reference fluid) at stepwise varying flow rates, RBCs aggregation (AI ) and vis-
cosity (Blood) are sequentially measured by quantifying image intensity of blood flows (<I>) and interface
between blood sample and reference fluid (Blood) in microfluidic channels. The (<I>) for measuring AI was
obtained at lower shear rate ( < 91.7 s1). Additionally, αBlood for measuring μBlood was obtained at higher
shear rates ( > 91.7 s1). As a demonstration, the proposed method is employed to measure AI and μBlood

for various blood samples composed of different concentrations of dextran solution or different degrees in
RBCs deformability. After then, the method is employed to measure AI and μBlood of blood samples with
respect to storage time of 25 days. As a result, RBCs aggregation and blood viscosity varied continuously
up to 15 days of storage time. In conclusion, this method can be used effectively to detect changes in blood
samples by measuring μBlood and AI of blood samples simultaneously.

Keywords: blood viscosity, RBC aggregation, power-law formula, microfluidic device, blood storage time,

co-flowing streams, image intensity variations, increasing flow rate mode (IFM)

1. Introduction

Blood consists of cells such as red blood cells (RBCs),

white blood cells, and platelets, as well as plasma. Indi-

vidual RBCs can easily pass through narrow-sized capil-

laries for transporting gases (O2 and CO2) and nutrients

owing to their high deformability. Because the number of

RBCs is substantially larger than other cells, RBCs have

a strong influence on biophysical properties of blood. Bio-

physical properties of blood have been regarded as label-

free biomarkers owing to their substantial relationship

with coronary heart diseases (Danesh et al., 2000; Popel

and Johnson, 2005). Several RBC properties, including

membrane viscoelasticity, cytoplasmic viscosity, and higher

surface area/volume ratio, determine the biophysical prop-

erties of blood, such as blood viscosity (Kim et al., 2013;

Pop et al., 2013; Song et al., 2017; Zhang et al., 2009),

RBC aggregation (Ahn et al., 2016; Kang and Kim, 2018;

Lee et al., 2016; Lim et al., 2011; Reinhart et al., 2017;

Sherwood et al., 2012; Shin et al., 2005; Yeom and Lee,

2015), and RBC deformability (Agrawal et al., 2016;

Amaiden et al., 2012; Baskurt et al., 1998; Beech et al.,

2012; Boas et al., 2018; Cluitmans et al., 2014; Guo et al.,

2012; Herricks et al., 2009; Huang et al., 2013; Guo et al.,

2016; Kang, 2017a; Kang, 2018a; Kang et al., 2016; Park

et al., 2016; Shevkoplyas et al., 2006; Zeng et al., 2016;

Zhang et al., 2009).

RBCs aggregate as rouleaux formation at extremely low

shear rates. But, their rouleaux disperse at sufficiently

high shear rates. The concentration of acute-phase plasma

proteins, which tends to increase in inflammatory dis-

eases, significantly contributes to the variation of RBC

aggregation (Ahn et al., 2016). The presence of fibrinogen

induces and stabilizes RBC aggregation in microcapillary

flows (Brust et al., 2014).

Blood viscosity is determined substantially by plasma

and RBCs. At low shear regimes, RBC aggregation causes

to enhance blood viscosity considerably. But, blood vis-

cosity tends to decrease owing to deformation and align-

ment of RBCs at higher shear regimes (Kang, 2018b). In

other words, the variation of blood viscosity depends on

several factors, including shear rates, RBC aggregation,

and RBC deformability. To quantify the contribution of

RBCs and plasma from a biomechanical perspective, vari-

ations of aggregation and viscosity should be obtained

over various shear rates.

Recently, a microfluidic device with several merits, such

as low sample consumption, fast response, and favorable

point-of-care-testing, has been adopted to measure bio-

physical properties of blood, such as blood viscosity,

erythrocyte sedimentation rate, blood viscoelasticity, RBC

aggregation, and RBC deformability (Kang and Lee, 2018).

First, several methods, such as co-flowing streams (Choi

and Park, 2010), microflow compartment (Kang et al.,

2010; Kang and Yang, 2012; 2013; Kim et al., 2017),

reversal flow-switching phenomena (Kang et al., 2013a;

2013b; 2013c), advancing meniscus movement (Solomon
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et al., 2016), and electric impedance methods (Pop et al.,

2013; Zeng and Zhao, 2011) are adopted to obtained blood

viscosity under microfluidic platform. In other words,

blood viscosity can be measured by quantifying the inter-

face of two flow streams in a single channel, number of

channels filled with blood or reference fluid in parallel

counting channels, specific flow rate ratio for inducing

reversal flow in a Wheatstone-bridge analogue channel,

meniscus movement in single capillary channel, and elec-

tric impedance variation of fluid, respectively. Second, to

measure RBC aggregation of blood, blood is delivered

into a microfluidic channel. To aggregate or disaggregate

RBCs, blood flow in a microfluidic channel is stopped and

ran by periodically operating external devices, such as

syringe pump (Kang, 2016; Kang, 2018c), and pinch valve

(Isiksacan et al., 2016).

Several quantities such as photometric intensity (Lim et

al., 2010; Nam et al., 2010), electric conductivity (Anton-

ova et al., 2008; Baskurt et al., 2009), and image intensity

(Kang, 2017b; Kang and Kim, 2018; Kang, 2018b; 2018c;

2018d; Kang, 2019) have been employed to obtain a syl-

lectogram (Baskurt et al., 2009). Aggregation index is cal-

culated by quantifying the syllectogram with respect to

time.

According to previous works, most methods focus on

simple single-property measurement of blood viscosity or

RBC aggregation, rather than simultaneous measurement

of RBC aggregation and blood viscosity. More recently,

measurement method of viscosity and aggregation of

blood are demonstrated by sequentially turning on and off

two syringe pumps periodically (Kang, 2016; Kang, 2018b;

2018c). When turning off the syringe pumps during half

period, aggregation index of blood is obtained by analyz-

ing the image intensity of blood flows. When controlling

syringe pumps at constant flow rate during remaining half

period, blood viscosity is obtained by monitoring interface

of both fluids in parallel flow streams. Because RBC

aggregation is monitored at stasis, and blood viscosity is

obtained at single shear rate or flow rate, the previous

method cannot offer variations of RBC aggregation and

blood viscosity over various shear rate regimes.

In this study, a simple measurement method of aggre-

gation and viscosity of blood over various shear rate

regimes is suggested by quantifying image intensity of

blood and interface in parallel-flow streams. A microflu-

idic device consists of identical parallel side channels (left

and right), two inlets, one outlet, and one process. Blood

and 1× phosphate-buffered saline (PBS) are delivered into

each inlet port by controlling two syringe pumps at the

same flow rate condition. To vary shear rate of blood flow,

the flow rate of each fluid increases stepwise from Qsp =

0.1 mL/h to Qsp = 3.1 mL/h, at an interval of 0.2 mL/h.

The flow rate of both fluids is kept constant for 2 min.

Below Qsp = 1.1 mL/h, RBC aggregation over shear rate is

measured by analyzing image intensity of blood flows in

the left channel. Above Qsp = 1.1 mL/h, the variation of

blood viscosity over shear rate is obtained by analyzing

interface of both fluids in the right channel. The variations

of RBC aggregation and blood viscosity over shear rates

are best fitted with the power-law formula. To demon-

strate this, first, the effect of flow rate variation on image

intensity and interface of both fluid is evaluated by

increasing or decreasing the flow rate of both fluids. Sec-

ond, the suggested method is used to evaluate the effect of

hematocrit on aggregation index and blood viscosity. The

method is then adopted to measure variations of RBC

aggregation and blood viscosity over shear rate, especially

for various blood samples. At last, the proposed method is

used to measure RBC aggregation and blood viscosity

with respect to storage time of 25 days.

2. Material and Methods

2.1. Blood preparation
The protocol was approved by the Ethics Committee of

Chosun University Hospital (CUH) (CHOSUN 2018-05-

11). All experiments were performed by ensuring that the

procedures involved were appropriate and humane. Con-

centrated RBCs and fresh freeze plasma (FFP) were sup-

plied from the Gwangju-Chonnam blood bank (Gwangju,

Korea). They were carefully stored at 4°C and 20°C,

respectively. Blood was diluted by adding concentrated

RBCs into the PBS solution (1×, pH 7.4, Gibco, Life

Technologies, Korea). Using a centrifugal separator, pure

concentrated RBCs were prepared by separating a buffy

layer and PBS from the blood. After conducting the wash-

ing procedure twice, a specific blood was prepared by

adding concentrated RBCs into specific base solution.

First, to evaluate the effect of hematocrit (Hct) on aggre-

gation and viscosity of blood, the hematocrit of suspended

blood was adjusted to Hct = 30%, 40%, 50%, and 60% by

adding normal concentrated RBCs into plasma. Second, to

enhance RBC aggregation of blood, six different concen-

trations of dextran solution (Cdextran = 0, 5, 10, 15, 20, 25

mg/mL) were prepared by dissolving dextran (Leuconostoc

spp., MW = 450-650 kDa, Sigma-Aldrich, USA) into PBS

solution. Third, to evaluate the effect of RBC deforma-

bility on aggregation and viscosity of blood, three differ-

ent concentrations of glutaraldehyde (GA) solution (CGA =

0, 10, 15 µL/mL) were prepared by diluting GA solution

(Grade II, 25% in H2O, Sigma-Aldrich, U.S.A.) into PBS

solution. The deformability of normal RBCs decreased

significantly after dipping them into each concentration of

GA solution for 5 min. Hardened blood composed of

hardened RBCs was then prepared by adding hardened

RBCs into PBS. At last, after a specific storage time (ts)

(ts = 0, 5, 10, 15, 22, 25 days), FFP was melted at room

temperature. Blood was prepared by adding stored RBCs
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into FFP.

2.2. Microfluidic device and experimental protocol
As shown in Fig. 1A-a, the microfluidic device con-

sisted of two parallel channels (left channel, and right

channel), two inlets (a, b), an outlet (a), and a process (a).

The left channel (width = 2000 μm, length = 22 mm) was

connected to the middle position of the right channel

(width = 2000 μm, length = 22 mm) by a connected chan-

nel (width = 100 μm, length = 1750 μm) (Kang, 2018c).

The channel depth was fixed at 100 μm. A microelectro-

mechanical-system fabrication technique (photolithogra-

Fig. 1. (Color online) Proposed method for simultaneous measurement of red blood cell (RBC) aggregation and blood viscosity over

continuously varying shear rates. (A) Schematic diagram of the proposed method, including two syringe pumps, a microfluidic device,

and an image acquisition system. (a) The microfluidic device consists of two inlets (a, b), one outlet (a), and one process (a), as well

as two parallel channels connected by a serpentine channel. Four polyethylene tubes (L1, L2, L3, L4) were connected to inlet (a), inlet

(b), outlet (a), and process (a), respectively. To stop the fluid flow through the left-upper channel, a pinch valve (PV) was installed at

the end of tube L4. Blood and phosphate-buffered saline (PBS) were supplied into the corresponding inlets (a, b) of the microfluidic

device at the same flow rate (QBlood = QPBS = Qsp). (b) A high-speed camera with a frame rate of 500 Hz was employed to capture

microscopic images at an interval of 1 s. (B) Two regions of interest (ROIs) for evaluating two parameters (<I >, and <αBlood>). To

quantify RBC aggregation in the left-lower channel, image intensity of blood (<I>) was quantified within a specific ROI (483 × 700

pixels). Simultaneously, to measure blood viscosity in the right-lower channel (i.e., co-flowing stream), a specific ROI (483 × 250

pixels) was selected to obtain blood-filled width (<αBlood >). (C) As a preliminary demonstration, blood (Hct = 30%, normal RBCs in

autologous plasma) was supplied into the microfluidic device. Here, the flow rate of syringe pump was increased stepwise from Qsp

= 0.1 mL/h to Qsp = 3.1 mL/h at intervals of 0.2 mL/h. Here, each flow rate was kept constant for 2 min. (a) Sequential microscopic

images captured at a specific time (t) and corresponding flow rate (Qsp) (t = 200 s [Qsp = 0.3 mL/h], t = 700 s [Qsp = 1.1 mL/h], t = 1700

s [Qsp = 3.1 mL/h]). (b) Temporal variations of <I >, <αBlood >, and Qsp. At t < 720 s, RBC aggregation was quantified as AI = <I>/<I >min.

Here, the minimum value of image intensity (<I >min) was obtained at Qsp = 1.1 mL/h. After that (t > 720 s), blood viscosity was

quantified as . Shear rate for each flow rate was obtained from an analytical formula as .

Here, w and h denote width (w = 2000 μm) and depth (h = 100 μm) of the left-lower channel. (c) Variations of AI and μBlood with respect

to  (i.e., AI vs.  and μBlood vs. ). As a regression formula, two power-law formulas for AI and μBlood were suggested as
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phy, and deep reactive iron etching) was used to fabricate

a silicon-master mold. After polydimethylsiloxane (PDMS)

(Sylgard 184, Dow Corning, Midland, MI, USA) and a

curing agent were mixed at a ratio of 10:1, the mixture

was poured on the master mold. Air bubbles were removed

completely in a vacuum pump for 1 h. After curing the

mixture at 70°C and 1 h, a PDMS block cut from the

mold. Four ports including two inlets, an outlet, and a pro-

cess were punched with a biopsy punch (outer diameter =

1.2 mm). The surfaces of the block and a slide glass were

treated with an oxygen plasma system (CUTE-MPR, Femto

Science Co., Korea). A microfluidic device was finally

prepared by bonding the block on the slide glass.

As shown in Fig. 1A-a, two polyethylene tubes (L1, and

L2) (length = 300 mm, inner diameter = 500 μm, and thick-

ness = 500 μm) were tightly inserted to each inlet (a, and

b). A polyethylene tube L3 (length = 200 mm, inner diam-

eter = 500 μm, and thickness = 500 μm) was fitted to out-

let (a). Lastly, to remove air or supply fluid into the micro-

fluidic device, tube L4 (length = 200 mm, inner diameter =

500 μm, and thickness = 500 μm) was tightly fitted to pro-

cess (a). The end of tube L4 was clamped by using a pinch

valve.

To eliminate air and avoid non-specific binding of plasma

proteins in the channels, a microfluidic device was filled

with bovine serum albumin solution of 2 mg/mL through

process (a). After an elapse of 5 min, the microfluidic

device was newly filled with PBS. After that, the end of

tube L4 was blocked. Using two syringe pumps, blood

(i.e., test fluid) and PBS (i.e., reference fluid) were intro-

duced into each inlet of the microfluidic device, at the

same flow rate (i.e., QBlood = QPBS = Qsp). As shown in Fig.

1C-b, the flow rate increased stepwise from Qsp = 0.1 mL/

h to Qsp = 3.1 mL/h at an interval of 0.2 mL/h. Here, each

flow rate was kept constant for 2 min.

As shown in Fig. 1A-b, image acquisition system was

composed of an optical microscope (BX51, Olympus,

Japan) equipped with a 4× objective lens (NA = 0.1), and

high-speed camera (FASTCAM MINI, Photron, USA).

Using a function generator (WF1944B, NF Corporation,

Japan), a microscopic image was sequentially captured at

a frame rate of 500 Hz, at an interval of 1 s. All experi-

ments were conducted at consistent temperature of 25°C.

2.3. Image intensity of blood flow (<I>) and blood-

filled width in parallel flow streams (αBlood)
As shown in Fig. 1B, the image intensity of blood flows

in the left channel was obtained by quantifying image

intensity of RBCs distributed within a region of interest

(ROI) (483 × 700 pixels). The averaged image intensity

over the ROI (<I>) was calculated by conducting digital

image processing with a commercial software package

(MATLAB, MathWorks, USA). The minimum value of

image intensity (<I>min) at higher shear rate varied depend-

ing on blood samples. To measure RBCs aggregation con-

sistently, it is necessary to maintain <I>min constant. First,

while capturing microscopic images, image acquisition

software should use the same configuration file, which

saved in advance from preliminary experiments. Next, dif-

ference in blood samples should be minimized by adjust-

ing light power of halogen lamp (TH4-200, Olympus,

Japan). A specific ROI (483 × 250 pixels) was selected

within the lower area of the right channel. After the gray

image was converted into a binary image by using Otsu’s

method (Otsu, 1979), the averaged interface in the right

side <αBlood > was calculated over the specific ROI.

2.4. RBC aggregation and blood viscosity over shear

rate regimes
As a preliminary study, blood (Hct = 30%) was prepared

by adding normal RBCs into plasma. By setting two syringe

pumps at the same flow rate (QBlood = QPBS = Qsp), blood

and PBS were supplied into each inlet of the microfluidic

device. Figure 1C-a shows sequential snapshots at a spe-

cific time (t) and the corresponding flow rate (Qsp) (t =

200 s [Qsp = 0.3 mL/h], t = 700 s [Qsp = 1.1 mL/h], t =

1700 s [Qsp = 3.1 mL/h]). At lower flow rate (Qsp = 0.3

mL/h), RBC aggregation caused to increase the image

intensity substantially. At sufficiently higher flow rate of

Qsp > 1.1 mL/h, the shear stress forced to disaggregate

RBCs completely. The interface in the right channel was

then visualized clearly.

Figure 1C-b illustrated the temporal variations of <I>,

<αBlood >, and Qsp. At t < 720 s (Qsp < 1.3 mL/h), RBC

aggregation was quantified as AI = <I>/<I>min. Here, as

<I> decreased gradually by increasing Qsp, the minimum

value of image intensity (<I>min) was obtained at Qsp = 1.1

mL/h. After that (t > 720 s), blood viscosity was quantified

as  using the modified parallel

flow method (Kang, 2018c). Here, PBS and CF denote PBS

viscosity (PBS = 1 cP) and correction factor, respectively.

The correction factor was reported as CF = 34.041<αBlood>4

 91.75<αBlood>3 + 92.393<αBlood>2  40.977<αBlood> +

7.7319 (Kang, 2018c). For the rectangular channel with

lower aspect ratio (AR) (AR = width [w = 100 μm]/depth

[h = 2000 μm]), the shear rate for each flow rate was

analytically derived as . RBCs aggregation and

cell-free layer contributed to varying blood viscosity in

microfluidic environments. RBCs aggregation was quanti-

fied at lower flow rates ( < 91.7 s1). Simultaneously,

blood viscosity was obtained at higher shear rates ( <

91.7 s1). At stasis or lower shear rate, RBCs aggregated

and formed rouleaux formation. However, they disaggre-

gated completely at higher shear rates. In other words,

RBCs aggregated and disaggregated reversely depending

on shear rates. When increasing blood flow rate (Qsp)
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ranging from Qsp = 0.1 to Qsp = 1.3 mL/h at intervals of

0.2 mL/h, image intensity of blood flows tended to decrease

with respect to blood flow rate. However, above flow rate

of Qsp = 1.3 mL/h, image intensity of blood flow remained

constant with respect to blood flow rate. Taking into

account the fact that RBCs aggregation did not occur at

the higher blood flow rate, RBCs aggregation did not

contribute to varying blood viscosity. Instead of the effect

of RBCs aggregation, blood viscosity was determined by

deformability and alignment of RBCs in flow direction.

Thus, RBCs aggregation and blood viscosity were obtained

at different ranges of blood flow rates. According to previous

studies, RBCs tended to migrate across radial direction

depending on difference in deformability (Namgung et al.,

2017) and hydraulic diameter (Bento et al., 2018). Hardened

RBCs and normal RBCs moved to center and wall,

respectively. The migration tended to vary cell-free layer

(CFL). At higher hematocrit (Hct = 30-50%) and tube

diameter of 40 μm, CFL was estimated as less than 3 μm

(Fedosov et al., 2010). In this study, as each blood sample

was prepared by adding homogeneous RBCs into a specific

base solution, it did not include significant difference in

RBCs deformability. From the experimental results, because

CFL was much smaller than dimensions of microfluidic

channel (width = 2000 μm, and depth = 100 μm), the con-

tribution of CFL to blood viscosity was neglected.

Thus, as shown in Fig. 1C-c, variations of AI and μBlood

were obtained over . Because blood behaves as a non-

Newtonian fluid, the two properties were best fitted by

using the power-law formula. At < 91.7 s1, the RBC

aggregation index with respect to shear rate was modeled

as . At 91.7 s1, blood viscosity with

respect to shear rate was modeled as .

Here, the four indices (AI0, NAI, μB0, and Nμ) were obtained

by regression analysis in EXCELTM (Ver. 2016, Microsoft,

USA).

3. Results and Discussion

3.1. Effect of blood flow rate on <I> and <αBlood>
When supplying blood from the syringe pump to the

microfluidic device, erythrocyte sedimentation rate (ESR)

occurred in the syringe continuously (Kang, 2018d). RBCs

were then stacked vertically from the bottom of the

syringe (Kang et al., 2014). Because blood was supplied

from the syringe bottom into the microfluidic device, the

Hct of blood flowing in the microfluidic channel increased

over time (Kang, 2017b; Kang, 2018d). However, as

higher level of hematocrit (Hct = 50%) does not contrib-

ute to varying image intensity sufficiently, it is not effec-

tive to measure variations of RBC aggregation (Kang et

al., 2014). In this study, to induce various shear rates in

the microfluidic channel sequentially, the flow rate was

varied gradually by operating syringe pumps. In addition,

because the flow rate variation could have a strong effect

on the measurement of RBC aggregation and blood vis-

cosity, evaluating the effect of flow rate variation on

image intensity and blood-filled width was required. Here,

two syringe pumps were employed to deliver blood and

PBS at the same flow rate (QBlood = QPBS = Qsp). At increas-

ing flow rate mode (IFM), syringe pumps were set to

increase the flow rate from Qsp = 0.1 to Qsp = 2.5 at an

interval of 0.2 mL. At intervals of 2 min, the flow rate of

each syringe pump was varied sequentially over time. On

the other hand, at decreasing flow rate mode (DFM),

syringe pumps were set to decrease the flow rate from

Qsp = 2.5 mL/h to Qsp = 0.1 mL/h at an interval of 0.2 mL/

h.

First, to enhance RBC aggregation of blood signifi-

cantly, blood (Hct = 50%) was prepared by adding normal

RBCs into a specific concentration of dextran solution

(Cdex = 15 mg/mL). As shown in Fig. 2A-a and Fig. 2A-b,

temporal variations of <I> and <αBlood> were obtained

under the flow rate variations, such as IFM and DFM.

When the flow rate was varied at IFM, <I> increased sig-

nificantly from Qsp = 0.1 mL/h to Qsp = 0.7 mL/h. In other

words, RBC aggregation caused to increase <I> signifi-

cantly under lower shear rates. As shown in Fig. 1C-a,

interfacial location in the right channel was not visualized

clearly at Qsp = 0.3 mL/h. <αBlood> showed large fluctua-

tions over time. Above Qsp = 1.1 mL/h ( = 91.7 s1), RBCs

were fully disaggregated. Image intensity of blood flow

remained constant with respect to Qsp. In addition, as

shown in Fig. 1C-a, interfacial location was visualized

clearly at Qsp = 1.1 mL/h, <αBlood > remained constant with

respect to Qsp. However, when the flow rate was varied at

DFM, <I> remained constant with respect to Qsp. At the

initial time, higher flow rate caused to disaggregate RBCs.

<αBlood > increased gradually with respect to Qsp because

blood behaves as a non-Newtonian fluid. During blood

delivery with syringe pump, continuous ESR in the syringe

increased the Hct continuously. Thus, after an elapse of

certain time, higher Hct hindered RBC aggregation, even

at lower flow rate (or shear rate). Thus, <I> and <αBlood >

remained constant with respect to Qsp.

Second, instead of dextran-included blood, normal

blood was prepared by adding normal RBCs into plasma.

Because lower level of hematocrit (Hct = 30%) increased

RBC aggregation (Kang, 2017b), the Hct was adjusted to

30%. As shown in Figs. 2B-a and Fig. 2B-b, temporal

variations of <I> and <αBlood > were obtained under flow

rate variations, such as IFM and DFM. When blood was

delivered at IFM, <I> increased significantly below

Qsp = 1.1 mL/h. Above Qsp = 1.1 mL/h, <I> remained con-

stant with respect to Qsp. <αBlood> significantly decreased

owing to RBC aggregation below Qsp = 1.1 mL/h. Above

Qsp = 1.1 mL/h, it remained constant with respect to Qsp.

When blood was supplied at DFM, the results were very
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similar to those obtained for dextran-included blood.

From the experimental results, IFM was more effective

for measuring RBC aggregation. In this study, flow rate

varied at IFM. In addition, under Qsp = 1.1 mL/h, RBC

aggregation was quantified by analyzing <I> with respect

to Qsp. Furthermore, above Qsp = 1.1 mL/h, blood viscosity

was obtained by analyzing <αBlood> with respect to Qsp.

3.2. Effect of hematocrit on RBC aggregation and
blood viscosity

To evaluate the effect of Hct on aggregation and vis-

cosity of blood, the hematocrit (Hct) was adjusted to Hct

= 30%, 40%, 50%, and 60% by adding normal RBCs into

plasma. By setting the syringe pumps at the same flow

rate, the flow rate of blood and PBS was increased sequen-

tially over time (i.e., IFM).

As shown in Fig. 3a, temporal variations of <I> and

<αBlood> were obtained by analyzing the image intensity of

blood flows in the left channel and interfacial location in

the right channel with respect to Hct. Below t = 720 s, <I>

increased significantly at lower Hct rather than higher Hct.

After that time, <I> remained constant. Above Qsp = 1.1

mL/h, higher Hct caused <αBlood> to significantly increase

when compared with lower Hct. Using variations of <I>

and <αBlood> with respect to Qsp, AI and μBlood were obtained

with respect to . As shown in Fig. 3b, AI and μBlood

decreased gradually over . AI increased gradually by

decreasing Hct. At higher Hct (50% and 60%), AI tended

to increase slightly with respect to . However, blood

viscosity increased significantly by increasing the Hct.

Because blood behaves as a non-Newtonian fluid, μBlood

decreased with respect to . To quantify the variations of

AI and μBlood over , regression analysis was conducted

using the power-law formula. As shown in Fig. 3c, variations

of two indices (AI0 and NAI) with respect to AI were

obtained by varying the Hct. As a result, AI0 significantly

decreased from Hct = 30% to Hct = 50%. Above Hct =

50%, AI remained constant with respect to Hct. In addition,

NAI increased gradually from Hct = 30% to Hct = 50%.

Above Hct = 50%, NAI remained constant with respect to

Hct. As shown in Fig. 3d, variations of two indices (μB0

and Nμ) with respect to μBlood were obtained by varying the

Hct. As a result, above Hct = 40%, μB0 was increased

significantly by increasing the Hct. However, Nμ tended to
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Fig. 2. (Color online) Quantitative evaluations of the effect of flow rate variation on <I> and <αBlood>. At the increasing flow rate mode

(IFM), two syringe pumps were controlled to increase the flow rate from Qsp = 0.1 to Qsp = 2.5 at an interval of 0.2 mL. However,

at the decreasing flow rate mode (DFM), two syringe pumps were controlled to decrease the flow rate from Qsp = 2.5 mL/h to Qsp =

0.1 mL/h at an interval of 0.2 mL/h. Here, the flow rate was maintained for 2 min. (A) Temporal variations of <I> and <αBlood> with

respect to IFM and DFM. Blood (Hct = 50%) was prepared by adding normal RBCs into dextran solution (Cdex = 15 mg/mL). (a)

Temporal variations of <I> with respect to DFM and IFM. (b) Temporal variations of <αBlood> with respect to IFM and DFM. (B)

Temporal variations of <I > and <αBlood> with respect to IFM and DFM. Blood (Hct = 30%) was prepared by adding normal RBCs into

plasma. (a) Temporal variations of <I> with respect to DFM and IFM. (b) Temporal variations of <αBlood> with respect to IFM and

DFM.
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decrease gradually at higher Hct.

From the results, Hct caused significant variations in AI

and μBlood. Lower Hct amplified variations of <I>. Thus, to

effectively quantify RBC aggregation, the Hct of blood

should be adjusted to 30%. Because AI and μBlood were var-

ied depending on Hct, the Hct should be fixed at lower

level for consistent experimental measurement.

3.3. Contribution of dextran solution added for stim-

ulating RBCs aggregation
To enhance RBC aggregation, blood of Hct = 50% was

prepared by adding normal RBCs into specific concentra-

tions of dextran solution (i.e., Cdex = 5, 10, 15, 20, 25 mg/

mL).

As shown in Fig. 4a, temporal variations of <I> were

obtained by increasing Cdex. Below Qsp = 1.1 mL/h, <I>

significantly decreased with respect to Qsp. In addition,

higher concentration of dextran solution caused to increase

<I> significantly. Above Qsp = 1.1 mL/h, <I> remained

constant with respect to Qsp. Inset of Fig. 4a showed

microscopic image captured at Qsp = 0.3 mL/h for blood

composed of Cdex = 15 mg/mL. As shown in Fig. 4b,

temporal variations of <αBlood> were obtained by increasing

Cdex. Inset of Fig. 4b showed microscopic image captured

at Qsp = 1.1 mL/h for blood composed of Cdex = 15 mg/mL.

Below Qsp < 1.1 mL/h, <αBlood> showed large fluctuations

with respect to Qsp. However, above Qsp = 1.1 mL/h,

<αBlood> consistently varied with respect to Qsp. Higher

concentrations of dextran solution (i.e., Cdex > 5 mg/mL)

caused to increase <αBlood> substantially. As shown in Fig.

4c, variations of AI were obtained with respect to Cdex and

. Below Cdex = 5 mg/mL, AI remained constant with

respect to . Above Cdex = 5 mg/mL, AI decreased with

respect to . In addition, AI significantly increased at

higher concentrations of dextran solution. However, AI

did not show significant difference between Cdex = 20 mg/

mL and Cdex = 25 mg/mL. Figure 4d showed variations of

μBlood with respect to  and Cdex. Below Cdex = 5 mg/mL,

μBlood decreased gradually over shear rate because RBCs

were deformed and aligned in blood flows. However,

above Cdex = 5 mg/mL, μBlood tended to increase significantly

with respect to shear rate. Because higher concentrations

of dextran solution increased ESR in the syringe, the Hct

of blood flowing in the microfluidic channel increased

over time (Kang, 2017b; Kang, 2018c; Kang, 2018d). By

referring to the previous results, it was estimated that

continuous ESR in the syringe increased blood viscosity.

As shown in Figs. 4c and 4d, AI decreased over shear rate.

But, μBlood increased over shear rate.. Thus, the variations

of AI and μBlood were best fitted with the power-law

formula. As shown in Fig. 4e, variations of two indices

(AI0 and NAI) with respect to AI were obtained by varying

Cdex. Above Cdex = 5 mg/mL, AI0 significantly increased at

higher concentrations of dextran solution. However, NAI

decreased gradually at higher concentrations of dextran

solution. Above Cdex = 20 mg/mL, AI0 decreased slightly

over Cdex. As shown in Fig. 4f, variations of two indices

(μB0 and Nμ) with respect to μBlood were obtained by varying

Cdex. Below Cdex = 5 mg/mL, μB0 remained constant with

respect to Cdex. However, μB0 and Nμ varied significantly
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Fig. 3. (Color online) Quantitative evaluation of the effect of hematocrit (Hct) on AI and μBlood. The Hct of blood was adjusted to 30%,

40%, 50%, and 60% by adding normal RBCs into plasma. (a) Temporal variations of <I > and <αBlood> with respect to Hct. (b) Variations

of AI and μBlood with respect to . (c) Variations of AI0 and NAI with respect to Hct. (d) Variations of μB0 and Nμ with respect to Hct.
·
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for Cdex = 5 mg/mL to Cdex = 15 mg/mL. Above Cdex = 15

mg/mL, μB0 tended to increase a little over Cdex. However,

Nμ decreased slightly over Cdex.

From the experimental results, dextran solution contrib-

uted to varying RBC aggregation and blood viscosity sig-

nificantly. In addition, AI and μBlood decreased gradually

with respect to shear rate. From the regression analysis,

the four indices (AI0, NAI, μB0, and Nμ) can be used to eval-

uate the effect of dextran solution on RBC aggregation

and blood viscosity.

3.4. Contribution of GA solution added for elevating
blood viscosity

Because blood viscosity depends on the deformability of

RBC, it can be increased by decreasing RBC deformabil-

ity with GA solution. The deformability of normal RBCs

decreased substantially by exposing them at higher con-

centrations of GA solution (Kang et al., 2016). Blood vis-

cosity significantly increased by adding hardened RBCs

into specific solution (PBS or plasma) (Kang and Yang,

2013). Here, to decrease RBC deformability, normal RBCs

were hardened by dipping them into specific concentra-

tion of GA solution (CGA = 0, 10, 15 μL/mL). As shown in

Fig. 3c, by referring to the results that lower level of

hematocrit (Hct = 30%) showed maximum value of RBC

aggregation, the Hct of hardened blood was adjusted to

30% by adding hardened RBCs into PBS. As control

(CGA = 0, and Hct = 30%), normal RBCs were added into

PBS or plasma.

As shown in Fig. 5a, temporal variations of <I> were

Fig. 4. (Color online) Performance evaluation of the proposed method for RBC aggregation-enhanced bloods. To stimulate RBC aggre-

gation, blood (Hct = 50%) was prepared by adding normal RBCs into specific concentrations of dextran solution (Cdex = 0, 5, 10, 15,

20, 25 mg/mL). Here, Cdex = 0 denotes PBS. (a) Temporal variations of <I> with respect to Cdex. Inset showed snapshot image captured

at Qsp = 0.3 mL/h for blood composed of Cdex = 15 mg/mL. (b) Temporal variations of <αBlood> with respect to Cdex. Inset showed snap-

shot image captured at Qsp = 1.1 mL/h for blood composed of Cdex = 15 mg/mL. (c) Variations of AI with respect to . (d) Variations

of μBlood with respect to . (e) Variations of AI0 and NAI with respect to Cdex. (f) Variations of μB0 and Nμ with respect to Cdex.
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obtained by varying the concentrations of the GA solution

(CGA). Below Qsp = 1.1 mL/h, the GA solution contributed

to decreasing <I> when compared with control (normal

RBCs in PBS, and normal RBCs in plasma). Figure 5b

showed temporal variations of <αBlood> with respect to CGA.

Higher concentration of GA solution increased <αBlood>. In

addition, plasma contributed to increasing <αBlood>

significantly when compared with PBS. As shown in Fig.

5c, variations of AI were obtained with respect to  and

CGA. Consequently, the GA solution did not contribute to

the variations of AI significantly when compared with

plasma. However, AI tended to decrease slightly over

shear rate. Figure 5d showed variations of μBlood with

respect to  and CGA. Hardened blood showed constant

value of blood viscosity shear rate, when compared with

the control (normal RBCs in plasma). In addition, the GA

solution contributed to increasing μBlood significantly.

From the results, it was found that the GA solution did

not cause the variation of RBC aggregation. However, it

contributed to increasing blood viscosity. In addition,

hardened blood showed consistent value of blood viscos-

ity with respect to shear rate.

3.5. Storage-time dependent changes in RBC aggre-

gation and blood viscosity
With an increase in storage time, stored RBCs undergo

changes in shapes and variations in hemorheological prop-

erties, such as viscosity, deformability, clotting time, and

hemolysis. After two weeks of storage time, there were

significant changes in the morphology of RBCs and

hemorheological properties, including deformability and

hemolysis (Berezina et al., 2002). In other words, RBC

deformability decreased over storage time, and hemolysis

increased over storage time. After two weeks of storage

time, rat blood showed considerable change in blood vis-

cosity and optical focusing property (Park et al., 2017).

After four weeks of storage time, viscoelasticity proper-

ties, such as viscosity, elasticity, and relaxation time,

showed significant difference (Daly et al., 2014). After

transfusion, stored RBCs reduced blood flow and oxygen

delivery (Yalcin et al., 2014). According to previous stud-

ies, storage time changed hemorheological properties.

Finally, the proposed method was adopted to evaluate

storage-time-dependent changes in hemorheological prop-

erties. Variations of RBC aggregation and blood viscosity

were quantified with increase in storage time (ts = 0, 5, 10,

15, 22, 25 days). Here, for ts > 25 days, hemolysis during

the washing procedures made it impossible to prepare

stored RBCs. For this reason, the maximum storage time

was limited to 25 days. As shown in Fig. 3c, AI showed

maximum value at Hct = 30%. For large variations of AI,

the Hct of blood was adjusted to 30% by adding stored
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Fig. 5. (Color online) Performance evaluation of the proposed method for various blood samples consisting of hardened RBCs. Normal

RBCs were hardened by dipping them into specific concentration of GA solution (CGA = 10, 15 μL/mL). Blood (Hct = 30%) was then

prepared by adding hardened RBCs into PBS. As control (CGA = 0), normal RBCs were added into PBS or plasma. (a) Temporal

variations of <I> with respect to CGA. (b) Variations of <αBlood> with respect to CGA. (c) Variations of AI with respect to CGA and .

(d) Variations of μBlood with respect to CGA and .
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RBCs into stored plasma.

As shown in Fig. 6a, temporal variations of <I> were

obtained by varying the storage time. The results showed

that <I> decreased significantly over storage time. In

addition, Figure 6b represented temporal variations of

<αBlood> with respect to storage time. As a result, <αBlood>

decreased over storage time. Based on the proposed formula

of AI and μBlood, the variations of AI and μBlood were obtained

by varying . As shown in Fig. 6c, AI decreased sub-

stantially with respect to . In addition, AI significantly

decreased when storage time increased. As shown in Fig.

6d, at lower regions of shear rate, μBlood decreased over

storage time. With increasing storage time, the variation of

μBlood over shear rate decreased. As AI and μBlood decreased

over , they were best fitted with the power-law formula.

As shown in Fig. 6e, variations of two indices (AI0 and

NAI) with respect to RBC aggregation were obtained by

increasing the storage time. As a result, AI0 decreased

significantly up to ts = 15 days. After ts = 15 days, it remained

constant over storage time. In addition, NAI significantly

increased up to ts = 15 days. After ts = 15 days, NAI remained

constant over storage time. As shown in Fig. 6f, two

indices (μB0 and Nμ) varied continuously up to ts = 21 days.

After ts = 21 days, each index did not show significant

difference between ts = 21 days and ts = 25 days. The

experimental results indicated that RBC aggregation and

blood viscosity varied continuously up to 15 days of

storage time. After that time, they remained constant over

storage time. According to previous studies, RBCs stored

for one week did not exhibit considerable changes in

blood viscosity (Berezina et al., 2002; Oh et al., 2018;

Park et al., 2017). However, after two weeks of storage
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Fig. 6. (Color online) Storage-time-dependent changes in AI and μBlood. With respect to storage time (ts = 0, 5, 10, 15, 22, 25 days), blood

(Hct = 30%) was prepared by adding stored RBCs into stored plasma. (a) Temporal variations of <I> with respect to ts = 0, 5, 10, 15

days. Inset snapshot image for (b) Temporal variations of <αBlood> with respect to ts = 0, 5, 10, 15 day. (c) Variations of AI with respect

to ts = 0, 5, 10, 15 days and . (d) Variations of μBlood with respect to ts = 0, 5, 10, 15 days and . (e) Variations of AI0 and NAI with

respect to ts. (f) Variations of μB0 and Nμ with respect to ts.
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time, blood viscosity decreased significantly. On the other

hand, critical shear stress and RBC aggregation index did

not show significant changes for two weeks of storage

time (Lim et al., 2011). Compared with the results from

previous methods, the proposed method detected change

in RBC aggregation and blood viscosity within five days

of storage time. Because the proposed method measured

blood viscosity and RBC aggregation over shear rate, the

four representative indices (AI0, NAI, μB0, and Nμ) played a

significant role in discriminating hemorheological variations

of bloods. After two weeks of storage time, RBC aggregation

and blood viscosity varied significantly when compared

with fresh bloods. The proposed method provides consistent

results compared with previous studies. From the experi-

mental results, it leads to the conclusion that this method

can be employed to detect variations of bloods, effectively

and consistently.

4. Conclusion

In this study, a simple method for the sequential mea-

surement of RBC aggregation index and blood viscosity

over shear rate was demonstrated by quantifying the

image intensity of blood flow and blood-filled width in a

single channel. From the regression analysis, the variations of

aggregation index (AI) and blood viscosity (μBlood) over

shear rate ( ) were best fitted with the power-law formula

( , ). The four indices

(AI0, NAI, μB0, Nμ) were obtained by regression analysis.

From the experimental demonstrations, first, IFM (i.e.,

increasing flow-rate mode) was more effective to measure

RBC aggregation compared with DFM (i.e., decreasing

flow-rate mode). Second, lower hematocrit contributed to

amplifying RBC aggregation. Based on the result, to

accelerate RBC aggregation of blood, the hematocrit of

normal blood (i.e., normal RBCs in plasma) was adjusted

to 30% through all experiments. Third, the dextran solution

contributed to changing RBC aggregation and blood

viscosity significantly. The indices (AI0, NAI, μB0, Nμ) were

effectively used to evaluate the effect of dextran solution

on RBC aggregation and blood viscosity. Fourth, the GA

solution did not contribute to varying RBC aggregation,

but it increased blood viscosity. Hardened blood showed

consistent blood viscosity regardless of shear rate. Finally,

the proposed method was employed to measure variations

of RBC aggregation index and blood viscosity stored for

25 days.

Consequently, RBC aggregation and blood viscosity

varied continuously up to 15 days of storage time. After

15 days, they remained constant over storage time. From

the experimental results, the proposed method can be

employed to effectively and consistently detect changes in

the hemorheological properties of blood.
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