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Abstract

Red blood cells (RBCs) are the most abundant cells in human blood. Remarkably RBCs
deform and bridge together to form aggregates under very low shear rates. The theory and
mechanics behind aggregation are, however, not yet completely understood. The main
objective of this work is to quantify and characterize RBC aggregates in order to enhance
the current understanding of the non-Newtonian behaviour of blood in microcirculation.
Suspensions of human blood were flowed and observed in vitro in poly-di-methyl-siloxane
(PDMS) microchannels to characterize RBC aggregates. These microchannels were fabri-
cated using standard photolithography methods. Experiments were performed using a
micro particle image velocimetry (uP1V) system for shear rate measurements, coupled with
a high-speed camera for flow visualization. RBC aggregate sizes were quantified in con-
trolled and measurable shear rate environments for 5, 10 and 15% hematocrit. Aggregate
sizes were determined using image processing techniques, while apparent viscosity was
measured using optical viscometry. For the samples suspended at 5% H, aggregate size
was not strongly correlated with shear rate. For the 10% H suspensions, in contrast, lower-
ing the shear rate below 10 s resulted in a significant increase of RBC aggregate sizes.
The viscosity was found to increase with decreasing shear rate and increasing hematocrit,
exemplifying the established non-Newtonian shear-thinning behaviour of blood. Increase in
aggregation size did not translate into a linear increase of the blood viscosity. Temperature
was shown to affect blood viscosity as expected, however, no correlation for aggregate size
with temperature was observed. Non-Newtonian parameters associated with power law and
Carreau models were determined by fitting the experimental data and can be used towards
the simple modeling of blood’s non-Newtonian behaviour in microcirculation. This work
establishes a relationship between RBC aggregate sizes and corresponding shear rates
and one between RBC aggregate sizes and apparent blood viscosity at body and room tem-
peratures, in a microfluidic environment for low hematocrit. Effects of hematocrit, shear rate,
viscosity and temperature on RBC aggregate sizes have been quantified.
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Introduction

Red blood cells (RBCs) play a key role in dictating the rheological behaviour of blood in micro-
circulation. They are responsible for the non-Newtonian behaviour of blood, due to their
unique properties; solid but pliable RBCs aggregate and form three-dimensional cell clusters
and one-dimensional “rouleaux” stacks that account for the variation of blood viscosity in
microcirculation, as they flow, tumble, form, disband and squeeze through small blood vessels.
Factors affecting rouleaux formation in turn affect blood viscosity. These factors include the
composition of the suspension medium, the elasticity of RBC membranes, the hematocrit of
blood and the applied shear rate. In vivo, blood viscosity is further affected by the geometry
and diameter of the vessels; the apparent viscosity decreases with decreasing vessel diameter

in a phenomenon called the Fahraeus-Lindqvist effect [1]. A further consequence of this effect
is that blood in microcirculation also exhibits a decrease of local hematocrit with decreasing
vessel diameter [2]. This is due to plasma skimming effects in microcirculation caused by the
formation of the cell free layer, which greatly influences the Fahraeus-Lindqvist effect [3].

In fact, it has been shown that the local hematocrit, defined as the percentage by volume of
RBCs (denoted H), in microcirculation does not exceed 20% H, compared to 45% H typical of
macrocirculation [4].

Early experimental studies measured blood apparent viscosity using Couette or coaxial vis-
cometers, for varying shear rates [5-7], including for very low shear rates near and at zero [8],
varying aggregation levels (by varying fibrinogen concentration) [5], and varying hematocrit
[6]. They found that, in general, blood apparent viscosity increases with increased aggregation
[5] as well as with increased hematocrit [6]. Merrill [5] showed that the yield stress of blood is
strongly affected by the fibrinogen content in the blood as well as the proteins in the plasma.

Previous non-Newtonian models

Several non-Newtonian models have been developed to describe the measured viscous behav-
iour of blood. One of the most known and used non-Newtonian models for blood is the power
law or Ostwald-de Waele power law [9]. According to this model, the fluid shear stress, 7, can

be calculated as:
du\"
(dy> M

where K represents the fluid consistency index, n the non-Newtonian behaviour index, u the
streamwise velocity of the fluid and y the coordinate normal to the vessel wall. This model,
however, does not accurately predict the behaviour and viscosity of fluids at very high or very
low shear rates: at these extremes, the viscosity, estimated by the power law model, tends to
infinity rather than reaching a constant value as observed experimentally [10]. Despite this
limitation, the power law model is still widely used for its simplicity.

The Casson model [11] characterizes a Non-Newtonian fluid exhibiting both shear-thin-
ning behaviour and a yield stress, simultaneously. It models the shear stress as:

du.
ﬁ:ﬁ+1/k?ylff>fyv o

@zoiffgr,
dy 7

where k is the Casson model constant and 7, is the yield stress of blood. Cokelet [8] found that
the Casson model describes blood viscosity well at very low shear rates, except that it does not
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account for the effects of hematocrit (e.g. the influence of hematocrit on the yield stress) nor
the effects of inter-aggregate forces.

The Carreau-Yasuda model, first introduced by Pierre Carreau [12] and further developed
by Kenji Yasuda [13], models the apparent viscosity of the non-Newtonian fluid as:

Happ = oo+ (g — 1) (1 + (A7), (3)

where y represents the shear rate, y. the viscosity at infinite shear, y, the viscosity at zero
shear, A the relaxation time, #n the power law index and a the shape parameter. The Carreau
model represents a special case of the Carreau-Yasuda model in which a = 2. At high shear
rates, the fluid thus behaves as a Newtonian fluid with a viscosity of 4., whereas at low shear
rates, the fluid acts as a Newtonian fluid with a viscosity of 4. The Carreau-Yasuda model is
capable of predicting the shear-thinning behaviour of blood, however the thixotropic (time-
dependent) behaviour of blood is not captured. Several other models have attempted to mimic
various aspects of blood behaviour, such as hematocrit dependence and yield stress behaviour,
mostly at the macroscale [14-16]. Although it has been shown through experimental studies
that these models can predict the behaviour of blood to some level of accuracy [17], none of
these account for the effects of RBC aggregates, which greatly influence the micro-rheological
behaviour of blood [18-20].

Bureau et al. [21] presented a dynamical study of blood to investigate its rheological behav-
iour in transient flow regimes at low shear rates. Several experiments were performed to deter-
mine the stress variation in time when the systems were subjected to incremental rectangular
and triangular shear rates (hysteresis cycles). They discovered that, dynamically, blood exhibits
a viscoelastic, shear-thinning and thixotropic behaviour, simultaneously.

Owens [22] developed a new constitutive equation describing the behaviour of whole blood
based on the linear spring law and the multi-mode generalized Maxwell equation, including
RBC aggregation as a parameter in the model. The model was compared to the study of Bureau
etal. [21] and showed similar results when subjected to incremental triangular shear rates.

Fedosov et al. [23] developed a numerical model of blood dynamics that predicted the
dependence of blood viscosity on shear rate and hematocrit (at 20%, 30% and 45% H). Their
model incorporated coarse-grained molecular dynamics with RBC mechanics and simulated
the formation of rouleaux. Their simulations of blood (at 45%H and 37C) for shear rates
between 0.005 and 1000 s™* predicted a steep increase in viscosity at very low shear rates owing
to the significant formation of RBC aggregates, and closely matched the experimental results
of Merrill et al. [5], Chien et al. [6], and Skalak et al. [7].

Optical viscometry

The viscosity within in vitro microchannels can be measured using the optical viscometry
method [24]. This technique is based on the analytical solution for two co-flowing fluids in a
rectangular channel, which can be obtained by a Fourier series expansion. This method was
first developed by Galambos and Forster [25] and was investigated in a transparent T-junction
device to estimate the viscosity of a Newtonian fluid, based on the known viscosity of a refer-
ence fluid. The reference fluid was mixed with a fluorescent dye so that the fluid interface
could be clearly detected. High flow rates were used to minimize the diffusion between the two
miscible fluids. Later, Guillot et al. [26] extended the technique in a Y-shaped device to mea-
sure the apparent viscosity of non-Newtonian fluids using immiscible fluids to prevent the flu-
ids mixing at very low shear rates. The use of immiscible fluids, however, requires detailed
knowledge of the shape of the interface between the fluids, which requires a more extensive
investigation. For this purpose, a fluorescent confocal microscope was used to map the three-
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dimensional shape of the fluid interface. Solomon and Vanapalli [27] extended the technique
and designed a multiplexed viscometer allowing measurements of viscosity for up to eight
samples simultaneously, using miscible Newtonian and non-Newtonian fluids.

Objectives

Few experimental studies provide details on RBC aggregate sizes and behaviour [28-31].
Most modelers have only the results of the classical references measuring blood viscosity in
macrocirculation to test their theories against, and most of these are for 45%H [5-7, 32, 33].
The present work investigates microcirculation conditions through the application of
recent, affordable and simple microfabrication techniques. A two-fluid shear flow micro-
channel system allows for direct measurement of blood velocities and RBC aggregate sizes,
under controlled shear rate conditions and at hematocrit levels close to those typical of
microcirculation. We use the optical viscometry technique to measure the apparent viscosity
of blood in a Y-microchannel system while taking simultaneous measurements of shear
rates and aggregate sizes. This work establishes a sound methodology for experimental RBC
aggregate analysis and provides new, more detailed experimental data for the blood rheology
literature.

Materials and methods
Experimental set up

The experimental set-up (Fig 1) consisted of a pPIV system (MITAS; LaVision, Germany) cou-
pled with a near infrared high-speed camera (Basler ace, acA2000-340km-NIR; BASLER,

White light

N

Heating lamp I

Computer
A

Syringe Pump

e e e e e 7
P -7 7 7 7 7 7 7777
P - - 7 7 7777777
V- 777 HS Camera

CCD Camera Camera Dual

Port

Inverted Microscope

Fig 1. Experimental set-up and light path within the system.
https://doi.org/10.1371/journal.pone.0199911.9001
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Germany) controlled using LabVIEW software (National Instruments, USA), and a tempera-
ture control system controlled using Arduino software. The uPIV system comprised a
charged-coupled device (CCD) camera (Imager Intense; LaVision), a Nd:YAG laser (Solo-II;
New Wave Research, USA) emitting a wavelength Aepission = 532 nm and an inverted micro-
scope (MITAS, LaVision) with 20X lens magnification. The 20X objective lens provided a
numerical aperture of 0.4 and a depth of field of 4 um. In order to control the position of the
microchannel relative to the measurement plane, the pPIV set-up included a moving stage
(xyz directions) with a minimum step size of 1 pum, controlled by Davis Imaging Software
(LaVision GmbH, Germany). Tracer particles were mixed with the fluid samples (diluted at
1% in water, d, = 0.79 pm, Agps = 542 nm and Aeypission = 612 nm), which illuminated when
exposed to the appropriate wavelength. Each fluid sample, drawn into a glass syringe or

100 pL) (Hamilton, USA), was injected at different flow rates into a disposable PDMS micro-
channel (110 um in width and 60 pm in depth) using a pressure driven pump (Nexus3000,
Chemyx, USA).

Blood flow was observed in the microchannel, normal to the velocity gradient, providing
a different angle for the flow investigation than used in previous studies, such as the one by
Kaliviotis and Yianneskis [34], in which aggregates were visualized in the direction of velocity
variation. A dual camera port directed the light path to the different cameras: white light was
directed to the high-speed camera for imaging the blood aggregates, whereas the light emitted
from the laser was directed to the CCD camera for the uPIV measurements. For the pPIV mea-
surements, 100 image pairs were recorded at 5 Hz, the results of which were averaged to obtain
the average velocity field. The spatial resolution of the CCD camera was 0.27 pm/pixel when
using the 20X lens. For imaging the RBC aggregates, high-speed images having resolution
0.2 um/pixel were recorded at 160 frames/s.

Throughout the experiment, the temperature of the blood sample was monitored and con-
trolled using a custom-made temperature control system. The system comprised a heating
lamp, a dimmer circuit to modify the lamp temperature, a thermocouple (Adafruit, USA) as a
feedback sensor and a microcontroller (Adafruit, USA). The system monitored and adjusted
the heating lamp every 2 seconds to maintain the target temperature. To acquire an accurate
temperature reading without affecting the flow, the thermocouple was positioned at the outlet
port of the microchannel, ensuring no contact with the channel walls.

Experimental procedure

Human RBC aggregates were visualized and investigated in Y-microchannels (Fig 2). The
microchannels were fabricated using standard photolithography methods [35]. The PDMS
microchannel fabrication is inexpensive and allows easy bonding to different surfaces. Addi-
tional details of the fabrication process are provided in Mehri et al. [36]. Each RBC suspen-
sion was tested at five different flow rates ranging from 5 to 35 pL/hr to quantify the effect
of shear rate on RBC aggregate sizes in controlled shear flows and at two different tempera-
tures: 23°C (room temperature) and 37°C (body temperature). The flow rate range was cho-
sen in order to provide shear rates in the blood layer within the ranges of blood aggregation
(1-50 s™). To shear the fluid, blood entering from the bottom branch of the microchannel
was entrained by a phosphate buffered saline (PBS) solution, which entered from the top
branch at a flow rate four times higher than that of the blood (Fig 2). The flow was imaged
using the high-speed camera while the velocity field was measured using the pPIV system.
This set-up provided measurable, constant and controlled shear rates within the range at
which blood aggregates [37]. Shear rates were calculated from the slopes of the linear velocity
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Fig 2. Blood entrained by phosphate buffered saline (PBS) in a double Y-microchannel configuration.
https://doi.org/10.1371/journal.pone.0199911.9002

profiles that were measured within the blood fluid layer. The blood apparent viscosity was
estimated from the velocity profiles measured in the branches using the optical viscometry
method mentioned in the introduction and further detailed in the viscosity measurements
section. The viscosity data were fitted using two empirical models commonly used to model
blood flow: the power law and Carreau models [9, 13] (also described in the introduction).
These models are widely used in the literature for their simplicity [38, 39]. The high-speed

images of the RBC aggregates were processed in MATLAB, using techniques described in
Mehri et al. [40].

Blood sample preparation

Human blood was collected from 11 healthy adult volunteers (4 males and 7 females) in 2015
with the approval of the University of Ottawa ethics committee (H11-13-06). Informed con-
sent was obtained in writing from each of the participants. The blood was collected in 4 mL
tubes coated with ethylenediaminetetraacetic acid (EDTA) to prevent coagulation. All samples
(whole blood) were centrifuged three times, following standard procedures, each for 10 min-
utes at 3000 rpm in order to separate the blood constituents. Blood plasma was collected only
from the first centrifugation. The plasma was then filtered using a 0.2 um plasma filter (Nylon
Non-Sterile, Fisher Scientific, Ireland) to ensure no white blood cells and platelets are present
without interfering with the plasma proteins. Removing these constituents for experiments
facilitates the use of pPIV, improves the image quality and prevents blood clot formation.

The RBCs of each sample were then suspended in their original plasma at three hematocrits
(5%, 10%, and 15%) in order to measure the effect of hematocrit on the aggregate sizes. The
reported hematocrits in this study represents the sample hematocrit at the entrance of the feed-
ing tube To verify the hematocrit of each suspension, a capillary tube filled with a sample of
each suspension was centrifuged in a microcentrifuge (CritSpin, Thermo Fisher Scientific,
China) to determine the volume of the separated RBCs in the tube. Red fluorescent tracer
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particles (diameter = 0.79 pum; Fluoro-Max, USA) were added to the RBC suspensions for the
velocity measurements: 60 uL of an aqueous particle solution (1% solids) was added to each 1
mL suspension, resulting in a 0.06% particle concentration. The experiments were performed
within eight hours after blood collection.

Velocity measurement

Velocities inside the microchannels were measured using the pPIV system. The methodology
used for the velocity field measurements was previously validated for the study of blood
micro-flows in a study by Pitts et al. [41]. In that study, different uPIV pre-processing and pro-
cessing methods were compared for flows in two microchannel geometries. Based on that
investigation, the cross-correlation method with image background removal was selected

for the present measurements. A multi-pass approach was used for the velocity calculations
within the correlation window, starting from a correlation window size of 64 x 64 pixels’, and
decreasing to a window size of 32 x 32 pixels® with a 50% overlap for the different passes. The
correlation windows were weighted in the x-direction with a ratio of 4:1 corresponding to the
direction of the flow in the microchannel. The time between the laser pulses, dt, was varied
between 2 and 15 ms depending on the flow rate in the channel (5< = Q < =35 pL/hr) in
order to cause particle displacements between 6 and 10 pixels between consecutive frames.
The dt was optimized for measurements in the blood layer in order to obtain accurate shear
rate measurements within the blood layer. To verify the accuracy of the velocity measure-
ments, the root mean square (RMS) of the velocity was calculated for the 100 images of each
sample as:

N N
NZ u — NZ u,
i1 i1

RMS =
NN-1)

(4)

where N is the total number of images and u; is the velocity value of image i. The results were
given in terms of pixel displacement which were then scaled to the units of velocity (mm/s)
based on the time interval between the images pairs, dt, and the scale factor o, determined by
the calibration of the CCD camera. The velocity profiles were averaged in time (for N = 100)
and then averaged again along the streamwise direction, along the length of the visualization
window, to produce a single representative profile for the measurement, as shown in Fig 3.
The velocity profiles were measured at a distance of 1.3 mm from the intersection of the two
fluids. The shear rates for each measurement were calculated as the slope of the 2D velocity
profile at the channel mid-plane within the blood layer (Fig 3). The boundaries of the blood
layer were identified based on the visualization of the fluorescent particles measured with
the pPIV system. Further details of the methodology are provided in the study of Mehri et al.
[40].

Aggregate detection and image processing technique

For each test, the RBC aggregates flowing in the channel were recorded for 7 seconds, captur-
ing 1200 frames. The field of view was 487 pum long, allowing for visualization of multiple
aggregates at a time. The images recorded for each test were processed using a MATLAB pro-
gram based on image pixel intensity. A flowchart illustrating the processing steps is shown in
Fig 4, and full details of the image processing method and its validation are provided in Mehri
et al. [42]. Each image in Fig 4 represents 1286 x 300 pixels®. The two-dimensional areas of the
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Fig 3. Velocity profiles (black data points) averaged temporally and spatially and extracted from the vector fields at x = 1.3 mm from the intersection of the two
fluidsfor RBCs suspended at 10% H flowing with (a) Q = 20 uL/hr and (b) Q = 7.5 uL/hr. The red data points show the Root Mean Square (RMS) associated with the
velocity measurements. The slope of the red dashed line indicates the shear rate within the blood layer.

https://doi.org/10.1371/journal.pone.0199911.9003

aggregates were measured for each frame to obtain an average aggregate size per frame; these,
in turn, were averaged for the entire recording to obtain a global average aggregate size per
recording. The areas detected in pixels were then converted to um? based on the conversion
factor for the specific lens used. From these images, the distributions of RBCs within the aggre-
gates were also analyzed. No distinction was made between the “rouleaux” and three dimen-
sional cluster structures described in the introduction.

RBC aggregates detected from sample #11 flowing at Q = 10 uL/hr are shown in Fig 5a,
5b and 5c¢ for hematocrit of 5, 10 and 15% hematocrit respectively and labeled based on
their respective sizes as shown in Fig 6. Fig 7a-7e show the RBC aggregates (sample #11)
at 10% hematocrit flowing at 35, 20, 10, 7.5 and 5 uL/hr, respectively, labeled based on
their respective sizes using image processing. Fig 8 shows an enlargement of the different
aggregate shapes (“rouleaux” and three dimensional clusters) identified in the flow (sample
#11).

Viscosity measurements

The apparent viscosity of the blood suspension was measured in the microchannel using

the concept of optical viscometers [24]. This concept is based on the analytical solution

of two co-flowing fluids in a rectangular cross-section that can be obtained by a Fourier
series expansion. For a rectangular channel of width w and depth / (Fig 2), the analytical
solution of two co-flowing laminar streams of incompressible fluids in a rectangular
channel can be used to obtain the flow rate ratio as a function of the viscosity ratio as follows
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Fig 4. Flowchart of the MATLAB code for image processing of RBC aggregates flowing in microchannels. The red circles in the image show examples of the
incomplete aggregate detection due to the non-uniform light distribution in the image.

https://doi.org/10.1371/journal.pone.0199911.9004
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Fig 5. Processed images of human RBC aggregates flowing at 10 uL/hr suspended at (a) 5%, (b) 10% and (c) 15%
H. The color coding is based on the sizes of the aggregates as shown in Fig 6A and 6B are two “rouleaux” present in the
flow.

https://doi.org/10.1371/journal.pone.0199911.9005
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Fig 6. Color coding of the detected aggregates based on the aggregate sizes.
https://doi.org/10.1371/journal.pone.0199911.9006
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Fig 7. Processed images of human RBC aggregates suspended at 10% H, flowing at (a) 35 pL/hr, (b) 20 pL/hr, (c)
10 pL/hr, (d) 7.5 pL/hr and (e) 5 puL/hr. The color coding is based on the sizes of the aggregates as shown in Fig 6. C
represents a three dimensional cell cluster present in the flow.

https://doi.org/10.1371/journal.pone.0199911.9007

A B C

Fig 8. RBC aggregate shapes: “rouleaux” (A and B) as identified in Fig 5a at 5% H and three dimensional cell
cluster (C) as identified in Fig 7b at 10%H.

https://doi.org/10.1371/journal.pone.0199911.9008
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Here, y;, is the viscosity of the reference fluid (PBS), y, is the viscosity of the test fluid
(blood; in this case y, is an apparent viscosity), Q is the flow rate of the reference fluid, Q, is
the flow rate of the test fluid, w; is the width of the reference fluid in the channel, w, is the
width of the test fluid in the channel (w = w; + w,), Y is the dimensionless location of the inter-
face and f is the channel aspect ratio denoted as 5 = h/w. For the known flow rates Q, and Q,
in our double-Y microchannel device, we determined the apparent viscosity of the blood from
Eq 5. The diffusion layer between the blood and the phosphate buffered saline was examined
experimentally using fluoroscopy and shown to be minimal due to the small Reynolds number
(Re =0.03).

Plasma viscosity has been shown to be indicative of the molecular weight and molecular
shape of the protein [43]. Therefore, plasma viscosity can be used as a controlling factor to
compare the aggregation size and viscosity between samples. The plasma viscosity was mea-
sured using the m-VROC™ viscometer (Rheosence Inc., USA) with temperature control. In
order to obtain more control over the viscosity data, the apparent viscosity is divided by the
donor-specific plasma viscosity to obtain the relative viscosity.

The experimental apparent viscosities measured using optical viscometry were fitted using
a linear least squares method to a power law model, wherein the fluid consistency index K and
the non-Newtonian behaviour index n were identified as the intercept and the slope of the
regression, respectively. The experimental data were also fitted using a nonlinear least-squares
solver using the Levenberg-Marquart method [44] to a Carreau model. The parameters,
namely the infinite shear viscosity, the zero shear viscosity, the relaxation time, and the power
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law index n were extracted from the fitted curves. The coefficient of determination, R?, was cal-
culated as a measure of the “goodness of fit”. It is important to note that the coefficient of
determination is usually calculated for linear least squares fits and was shown to be less rele-
vant for non-linear least squares models, despite its extensive use in biochemical research [45].
For this purpose, the root mean square error (RMSE) is additionally presented in Tables 1-6,
and is calculated as follows:

m

Z (luexp,j - lu'fzt])z
RMSE= |+ (6)

m—p
where .., ; represents the experimental data point j of viscosity, y; the fitted data point j of
viscosity, m the number of data points and p the number of parameters to be determined from
the fitted curve (2 for the power law model and 4 for the Carreau model). The RMSE estimates
the standard deviation of the random component of the data. This measure is intuitive, as it
has the same units as the fitted variable, however, because it is relative to the absolute viscosity
measurement, it is not always appropriate to compare fits for data of different conditions, hav-
ing different absolute viscosity values. For this reason, and because of its widespread familiar-
ity, the coefficients of determination for the different hematocrits are still provided in this
study for comparison purposes.

Results
Room temperature results

Healthy and fresh human blood samples obtained from six volunteers (#5p1es = 6) were used
for the experiments conducted at 23°C. It is important to note that, for the different hemato-
crits, RBCs were suspended in their native plasma where protein concentration varied from
one sample to another, hence causing some natural variation in aggregation. All the RBC sus-
pensions were tested following the procedure outlined in the experimental procedure section.

In Fig 9a, 9b and 9c the average aggregate sizes are plotted as a function of shear rate for
each sample 5%, 10%, and 15%H, respectively. Error bars shown for each measurement depict
the standard error obtained when averaging the results of several tests (2-5) performed con-
secutively under the same conditions.

The results show that for the 5% H suspensions (Fig 9a), changes in shear rates do not
strongly influence the aggregate sizes detected. The aggregate sizes, for all the shear rate values,
ranged from approximately 100 to 550 um®. For the 10% H samples (Fig 9b), for larger shear
rates (>10's™'), aggregate sizes ranged from approximately 200 to 1500 um?, whereas for shear
rates less than 10 s™', the aggregate sizes were as large as 3500 um?®. Increasing the hematocrit
to 15% (Fig 9c), the aggregate sizes increased dramatically, typically ranging from 1500 to
8000 um? for the same shear rates. The trend for the 10% H case is also observed for 15% H,
in which the average aggregate size increases for shear rates smaller than 10 s, although the
trend is not as pronounced.

The measured viscosities are plotted in Fig 10a, 10b and 10c, as a function of shear rate for
each of the three hematocrits (5%, 10% and 15% H, respectively). As expected, viscosity is
quite large for low shear rates (< 10 s™") tailing off to lower values at higher shear rates for all
three hematocrits studied. The trend is more pronounced for the 10% and 15%H. Tables 1 and
2 summarize the parameters obtained for the power law and Carreau models, respectively,
for the different hematocrits with the corresponding R* and RMSE values. The viscosity data
were better represented by the power law and Carreau models for the higher hematocrits
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Table 1. Summary of the non-Newtonian parameters for the power law model for human blood suspended at 5%,
10% and 15% H at 23°C with the corresponding R” and RMSE.

Hematocrit (%) K (Pa.s™) n R? RMSE (cP)
5 9.9 0.603 0.33 1.81
10 50.9 0.156 0.80 4.93
15 62.2 0.197 0.78 3.62

https://doi.org/10.1371/journal.pone.0199911.t001

Table 2. Summary of the non-Newtonian parameters for the Carreau model for human blood suspended at 5%, 10% and 15% H at 23°C with the corresponding R*

and RMSE.

Hematocrit (%) o (cP) Uoo (cP) A (s) N R? RMSE (cP)
5 26.9 1.6 3.313 0.353 0.33 1.85
10 89.9 1.6 3.312 0.369 0.62 4.98
15 118.6 2.3 3.312 0.362 0.80 3.85

https://doi.org/10.1371/journal.pone.0199911.t1002

Table 3. Summary of the non-Newtonian parameters for the power law model for human blood suspended at 5%,
10% and 15% H fit to the apparent viscosity data, with the corresponding R*> and RMSE at 37°C. The parameters

currently proposed in the literature for blood at 45% H tested at 37°C are provided for reference.

Hematocrit (%) K (Pa.s™) n R? RMSE (cP)
5 9.3 0.660 0.58 1.10
10 10.8 0.680 0.64 1.40
15 17.1 0.568 0.22 4.31
45 35.0 0.600 Cho and Kensey [32]
45 17.0 0.708 Shibeshi and Collins [33]

https://doi.org/10.1371/journal.pone.0199911.t003

Table 4. Summary of the non-Newtonian parameters for the Carreau model for human blood suspended at 5%, 10% and 15% H fit to the apparent viscosity data,
with the corresponding R” and RMSE at 37°C. The parameters currently proposed in the literature for blood at 45% H tested at 37°C are provided for reference.

Hematocrit (%) o (cP) Uoo (cP) A (s) N R? RMSE (cP)
5 23.3 2.0 3.313 0.352 0.52 1.06
10 26.4 2.6 3.312 0.353 0.52 1.47
15 139.5 4.2 3.314 -0.152 0.64 3.49
45 56.0 3.45 3.313 0.356 Cho and Kensey [32]

https://doi.org/10.1371/journal.pone.0199911.t1004

Table 5. Summary of the non-Newtonian parameters for the power law model for human blood suspended at 5%,
10% and 15% H fit to the relative viscosity data, with the corresponding R* and RMSE at 37°C. The values for K
are given as relative values to the plasma viscosity .

Hematocrit (%) K/u, (™M n R? RMSE / u,
5 5.6 0.611 0.62 0.50
10 6.2 0.646 0.75 0.59
15 8.7 0.586 0.22 2.47

https://doi.org/10.1371/journal.pone.0199911.t005

Table 6. Summary of the non-Newtonian parameters for the Carreau model for human blood suspended at 5%, 10% and 15% H, fit to the relative viscosity data,
with the corresponding R* and RMSE at 37°C. The values of i, 4, and RMSE are given as relative values to the plasma viscosity .

Hematocrit (%) Ho! 1y Poo ! Hp A (s) n R? RMSE / y,
5 14.1 0.9 3.313 0.352 0.64 0.51
10 15.3 1.2 3.313 0.353 0.68 0.62
15 27.3 1.0 3.314 0.354 0.42 2.35

https://doi.org/10.1371/journal.pone.0199911.t1006
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Fig 9. Average human RBC aggregate sizes for six different blood samples suspended at (a) 5% (b) 10% and (c) 15% H as a function of shear rate at 23°C. Error bars
for each sample are provided for the standard error of several (2-5) tests performed consecutively.

https://doi.org/10.1371/journal.pone.0199911.g009

(Fig 10b and 10c), as depicted by the coefficients of determination shown in Tables 1 and 2.
For 5% H, the videos of the flow confirmed that the flow of aggregates was more variable than
in the 10% H case, since there were so few and they sometimes would get stuck in the entrance
or suddenly get released.

Body temperature results

Fresh human blood samples, obtained from five healthy volunteers (n;4pies = 5), were used
for the experiments at 37°C. As was done for the tests performed at room temperature, all the
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https://doi.org/10.1371/journal.pone.0199911.9010

RBC suspensions were tested following the procedure detailed in the experimental procedure
section. Fig 11a, 11b and 11c present the average RBC aggregate sizes measured vs. shear

rate for 5%, 10%, and 15% H, respectively at 37°C. Error bars shown for each measurement
depict the standard error obtained when averaging the results of several tests performed
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Fig 11. Average RBC aggregate sizes for five different human blood samples suspended at (a) 5% (b) 10% and (c) 15% H as a function of shear rate at 37°C. Error
bars for each sample are provided for the standard error of several (2-5) tests performed consecutively. The plasma viscosity y, is provided for each sample.

https://doi.org/10.1371/journal.pone.0199911.9011

consecutively under the same conditions. The plasma viscosity , is provided in the Figs 11

and 12 for reference.

At 37°C, the average RBC aggregate sizes found for the 5% H blood samples in Fig 11a do
not vary greatly with the shear rate, as was observed for the room temperature experiments.
The samples that present higher average aggregate sizes (159-586 um?) for different shear
rates (4.6-41.9 s™') have a relatively high plasma viscosity (e.g. 4, #1; = 2.19 +0.13 cP). For the
sample having the lowest plasma viscosity (14, 40 = 1.33 £ 0.05 cP) lower average aggregate sizes
(145-262 pum®) were found for the varying shear rates (2.9-30.3 s'). These results suggest that
higher plasma viscosities correlate with larger aggregate sizes, which may be explained by
them having higher levels of proteins that promote aggregation. For the 10% H suspensions
(Fig 11b), the average aggregate size does vary with the shear rate and increases especially at
low shear rates (< 10 s'). However, for intermediate shear rates (10-30 s '), there was a
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Fig 12. Relative viscosity measurement for five different human blood samples suspended at (a) 5% (b) 10% and (c) 15% H as a function of shear rate at 37°C.
Curve fittings of power law (dotted black curve) and Carreau (solid black curve) models are also shown with the associated R” value. The plasma viscosity g, is provided
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https://doi.org/10.1371/journal.pone.0199911.9012

relatively large spread in the measured aggregate sizes. As was found for the 5% H suspensions,
the larger aggregation sizes corresponded to the samples with higher plasma viscosities (u;, 47 =
2.31£0.08 cP and y;, 415 = 2.19 £ 0.13 cP). No clear trend could be detected for the 15% H sus-
pensions due to the difficulty in distinguishing separate aggregates among the compact RBCs.
The measured apparent viscosity of the suspensions is normalized by the donor-specific
plasma viscosity to obtain the relative viscosity yyeisive> Shown as a function of shear rate in
Fig 12a, 12b and 12c¢ for 5%, 10% and 15% H, respectively. As for the room temperature results
of apparent viscosity, high relative viscosity values were obtained at lower shear rates (< 10s™).
The viscosity was found to decrease for larger shear rates, depicting the shear-thinning blood

behaviour.
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Tables 3 and 4 summarize the non-Newtonian parameters obtained for the power law and
Carreau models, respectively, fit to the apparent viscosity data, along with the corresponding
R? and RMSE values. Both fits for the suspensions at 5% H were found to be moderate (R* =
0.58 and R” = 0.52 for power law and Carreau models respectively). Increasing the hematocrit
to 10% and 15% H slightly improves the corresponding coefficients of determination for the
power law fit of the 10%H and the Carreau fit of the 15%H. The highest R? (0.64) were found
to correspond to the fitted curve of the power law model at 10% H and the Carreau model for
the 15% H suspensions. However, the viscosity data at 15% H were not well represented by the
power law model.

These results differ from the results obtained at room temperature, where better fits of
the Carreau and power law model were found at 10% and 15% H: i.e. a larger spread of data
between the samples was obtained at body temperature.

Tables 5 and 6 summarize the normalized non-Newtonian parameters obtained for the
power law and Carreau models, respectively, fit to the relative viscosity data, along with the
corresponding R* and normalized RMSE. For the 5% H and 10% H suspensions, good repre-
sentation by both models was obtained for the relative viscosity. For the 15% H suspensions,
the relative viscosity variation is not well represented by either the power law or Carreau mod-
els (Tables 5 and 6).

Fig 13a, 13b and 13c present the relative viscosity as a function of average aggregate size for
5%, 10% and 15% H, respectively at 37°C. The trend for the combined samples shows that an
increase in the aggregate sizes results in an increase in viscosity. Increase in viscosity per unit
increase in aggregate size (i.e. the slope of the fitted data) varies not only from sample to sam-
ple but also with hematocrit. In fact, an increase in blood hematocrit results in a smaller degree
of viscosity increase per unit change of aggregate size.

Temperature effect

In order to assess the effect of the temperature on the blood samples, the average aggregate
sizes (Fig 13a) and the viscosity of the blood (Fig 14b) at 10% H were plotted as a function of
the shear rate for both temperatures 23°C and 37°C. An increase in viscosity is noted for the
lower temperature. These findings agree with previous studies [46, 47]. Fig 14a shows slightly
smaller aggregate sizes at higher temperatures, however, no clear correlation was observed.

Discussion

Effect of shear rate and hematocrit on RBC aggregation in
microcirculation

The average RBC aggregates, measured in the two fluid-flow shear flow microchannel system,
were quantified for different shear rates and for three low hematocrits at different tempera-
tures. It was found that the shear rate did not strongly influence the aggregate sizes at 5% H at
both temperatures. At 10% H, an increase of the aggregate sizes is observed for shear rates
below 10 s™'. Higher sample plasma viscosity also correlated with higher aggregate sizes. At
15% H, the aggregates were shown to increase at lower shear rates. However, no clear trend
could be detected for the 15% H suspensions due to the large number of cells in the field of
view.

The sample hematocrit was also shown to influence the average aggregate sizes where an
increase in hematocrit resulted in an increase in aggregate size. The results obtained agree with
the conclusion of Kim et al. [48, 49], who investigated the link between the collision rate of
erythrocytes and the degree of aggregation in vivo noting a hematocrit of 9%. The number of
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Fig 13. Relative viscosity measurement for five different human blood samples suspended at (a) 5% (b) 10% and (c) 15% H as a function of average aggregate size

at37°C.
https://doi.org/10.1371/journal.pone.0199911.9013

RBCs present within the medium greatly affects the collision rate since the fewer the number
of cells, the lower the probability of the RBCs to encounter, collide and initiate rouleaux forma-
tion, thereby decreasing aggregation [20]. The findings of this study provide quantitative data
on the average aggregate sizes in microcirculation under different conditions.
Although a trend can be seen when considering all the samples in Figs 9 and 10, discrepan-
cies between the different blood samples are clearly present. This is mainly due to the physio-

logical nature of blood varying from one individual to another. A predominant source of

spread in the results is likely the variation in fibrinogen concentration in the plasma. Fibrino-

gen is also known to affect the aggregation mechanism and varies from person to person.

Plasma viscosity has been shown to be indicative of the molecular weight and molecular shape
of the protein [43], and can therefore be used as another influencing factor to compare the
aggregation size and viscosity between samples. Plasma viscosity, however, is not directly
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linked to fibrinogen concentration and therefore cannot fully explain the differences between
the samples [43].

Effect of shear rate and hematocrit on blood viscosity in microcirculation

Viscosity measurements, performed using the optical viscometer technique, were shown to be
shear rate dependent with a shear-thinning behaviour. The viscosity of blood was found to
increase with decreasing shear rate. The viscosity was also found to increase with increasing
the hematocrit, especially at low shear rates. This shear-thinning behaviour was expected and
has been extensively reported [15, 20-22]. The non-Newtonian parameters obtained by fitting
the viscosity data to the power law and Carreau models showed different behaviours at differ-
ent hematocrits and temperatures. For the power law model, the consistency index (K) was
found to increase with increasing the hematocrit at both temperatures. The power law index
(n) values indicate a more prominent shear-thinning behaviour at higher hematocrits at room
temperature. At body temperature, the power law index remains nearly constant showing sim-
ilar shear-thinning behaviour between hematocrits. The power law parameters obtained at low
hematocrits in microcirculation were compared to the parameters currently used in the litera-
ture [32, 33] at 45% H (Table 3). As observed in Table 3, the power law parameters available in
the literature do vary for similar hematocrits. The results obtained at 15% H approach the
parameters reported by Shibeshi and Collins [33] at 45% H while differing from the parame-
ters used in the study of Cho and Kensey [32]. However, a low coefficient of determination
was reported for the power law fit at 15% H.

PLOS ONE | https://doi.org/10.1371/journal.pone.0199911 July 19, 2018 21/26


https://doi.org/10.1371/journal.pone.0199911.g014
https://doi.org/10.1371/journal.pone.0199911

@° PLOS | ONE

Red blood cell aggregates and their effect on non-Newtonian blood viscosity

The non-Newtonian parameters obtained by fitting the viscosity data to the Carreau model,
were found to better represent the data. For the temperatures tested, the viscosity at zero shear
(¢o) and the viscosity at infinite shear (u.,) increase with increasing hematocrit. The parame-
ters obtained at body temperature were also compared to the parameters reported in the study
of Cho and Kensey [32]. At 15%H, the larger spread of data between the samples at body tem-
perature made the results inconclusive. Different samples used exhibited differences in their
specific non-Newtonian behaviours, producing significant variations in viscosity from one
sample to another. These non-Newtonian models better represent the viscous behaviour of
blood when fitted for each individual subject, instead of fitted to the ensemble data. For exam-
ple, there was significant variation in the plasma viscosities measured for the different subjects
(between 1.33 and 2.31 cP). Measurements reported by Mehri [50] revealed that the plasma
viscosity had a strong influence on the apparent viscosity of RBC suspensions at low shear
rates (<10 s™'), with a diminishing influence at higher shear rates. While we recognize that
individual blood samples vary in their exact viscous behaviour, we report here the model
parameters for the data fitted as an ensemble, in order to provide parameters representative of
average blood for future use. The parameters obtained from the fitted curves can be used for
simple modeling of the non-Newtonian behaviour of blood in microcirculation.

Effect of RBC aggregation on blood viscosity

It is clear from our data that viscosity increases with RBC aggregate size. Our study of three
hematocrits shows that as hematocrit increases, the rate of increase of viscosity per unit
increase of aggregate size does not necessarily follow a linear trend, as previously reported by
Kaliviotis and Yianneskis [34]. Nor would we expect it to due to the complex interaction of
irregularly shaped aggregates. This relationship could be due to differences in the structural
integrity of the RBC network: Aggregates were observed to form and break apart under shear
which would affect the apparent viscosity measured. However, a systematic study was not per-
formed. A better understanding of the molecular interaction of the aggregates is required in
order to interpret the results with certitude.

Temperature effects on RBC aggregate size and blood viscosity

The same trends were found for both the results obtained at room temperature and body tem-
perature, with lower viscosities measured at body temperature as shown in Fig 14a and 14b. It
is well known that temperature greatly affects blood behaviour [20]. The temperature effect is
commonly reported in viscosity measurements, however no quantification of the temperature
effect has been provided in terms of aggregate size. Neumann et al. [46] did show the tempera-
ture effects on RBC aggregation and stated that a decrease in temperature engenders a higher
resistance of the aggregates to hydrodynamic dispersion and hence would increase the absorp-
tion energy of the aggregates due to an increase in molecular adsorption stress. However, this
temperature dependence was not directly related to RBC aggregate size. The results of the pres-
ent investigation confirm the conclusions of Neumann et al. [46]: significantly higher viscosi-
ties were measured at low shear rates for the room temperature results than for the body
temperature results, as shown in Fig 14b, however no correlation for aggregate size with tem-
perature was observed (Fig 14a).

Limitations

For this study, the control of several parameters was essential in order to assess the sizes of the
RBC aggregates in a controlled microfluidic environment. However, parameter variation was
inevitable and is discussed in this section.
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The reported hematocrit in this study represents the sample hematocrit at the entrance of
the feeding tube. Although the hematocrit at the entrance of the microchannel is controlled,
variations in local hematocrit were observed. These variations were expected as observed in in
vivo studies [51]. In order to account for the hematocrit variation within the microchannel, the
aggregate sizes are reported as an average of multiple consecutives frames.

Different hematocrits, up to 15%, were analyzed in this study. Higher hematocrits were not
further analyzed due to the optical system limitations. As previously noted, difficulties were
encountered in the visualization of the aggregate at 15% at lower shear rates. Therefore, assess-
ing the sizes of the aggregates at higher hematocrits (up to 20-25% in the microcirculation)
would require further investigation. It is hypothesized that combining the methodology used
in this study with a confocal microscope could provide further understanding of aggregate for-
mation in three dimensions. However, this would require analyzing the aggregate in a “freeze-
frame” manner in order to reconstruct the aggregates in three dimensions which is extremely
challenging with a dynamic flow.

Due to the depth of the microchannel (allowing the formation of aggregates with no con-
straint), overlapping of aggregates flowing in different planes in the microchannel was visual-
ized which could affect the sizes of the aggregates detected. In order to remedy the problem,
the aggregates were detected on multiple consecutive frames where the aggregate sizes are
averaged in time and space hence reducing the effect of aggregate overlap.

In this study, we considered only steady flows. However, in vivo, blood flow is pulsatile.
Intuitively, due to the unsteady nature of the flow, it is believed that the pulsatile flow could
affect the blood viscosity and aggregation, however this was not investigated in this study. The
purpose of the study was to investigate blood behaviour and red blood cells aggregation in
microcirculation, under controlled flow conditions. In order to provide controlled conditions
for shear rate and aggregate size measurements, a steady flow was required. In microcircula-
tion, the effects of pulsatile flow are minor [52] and the microcirculatory network represents a
relatively compliant system [53].

In this study, two of the more common models used to model blood flows in complex
geometries were used to fit the apparent viscosity data. However, these models do not consider
hematocrit or RBC aggregation. Several other models have attempted to mimic hematocrit
dependence and yield stress behaviour at the macroscale [14-16]. In order to obtain an accu-
rate model mimicking the microrheological behaviour of blood at low hematocrits further
investigation is required. We provided non-Newtonian parameters at low hematocrits for the
common models for future use of simple models and to validate our results to some degree
since there is little data available to compare.

Conclusion

This research investigated blood behaviour in a controlled microfluidic system for varying
shear rate, three different hematocrits, at both room and body temperatures. Human RBC
aggregate sizes were quantified and plotted as a function of corresponding shear rates at differ-
ent hematocrits. The results give quantitative effects of temperature, hematocrit, shear rate and
viscosity on RBC aggregate sizes. The viscosity data were fitted to two simple empirical models
that were previously developed to analyze the non-Newtonian behaviour of polymers: the
power law model and the Carreau model. The non-Newtonian parameters associated with
these models were determined by fitting the experimental data and can be used towards the
simple modeling of blood’s non-Newtonian behaviour in microcirculation.

This work provides important contributions to the understanding of blood behaviour in
microcirculation and the hemorheology field. The results obtained at room temperature
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constitute a framework for the design of lab-on-chip devices and artificial organs on chips.
Opverall, the results obtained provide a deeper understanding of human RBC aggregates in
microcirculation by quantifying aggregate sizes and associated viscosity variation at low shear
rates and could help to determine aggregate behaviour in clinical settings.
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