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Drag-reducing polymers (DRPs) can significantly improve blood circulation when added to blood at a nanomolar
concentration, manifesting great potential for application in the biomedical field. In this work, hyaluronic acid
(HA) was selected as a natural DRP, and its effects on blood microcirculation at different concentrations, flow
rates, and channel geometry were studied in microchannels. The experimental results show that adding a small
dose of HA can increase the velocity and shorten the thickness of the cell-free layer (CFL or cell depletion layer

(CDL)) near the wall. After considering efficiency, our experiments determined 50 ppm addition of HA to be the
most suitable amount for improving blood circulation. Our results demonstrate that HA has high efficiency in
improving the circulation of blood flow and shed light on unveiling the mechanism of using natural DRPs to cure

some cardiovascular diseases.

1. Introduction

Adding a tiny amount of flexible long-chain polymers into a fluid at a
small dose can significantly increase the flow velocity of the fluid; this
hydrodynamic phenomenon is called the Toms effect. The drag reduc-
tion (DR) efficiency of polymers is known to be related to their molec-
ular weight [1,2], chain flexibility [3], polymer concentration [4], salt
content (in the case of polyelectrolytes) [5] and other physical and
chemical properties [6-9]. High-efficiency friction reduction of DRPs
[10] has enabled practical applications in various areas, including in-
dustrial hydraulic transportation [11,12] and biomedical fields, such as
for tissue perfusion and blood fluid flow in animals [13,14].

The hydrodynamic and rheological properties of the blood circula-
tion system have been found to be closely related to various cardio-
vascular and cerebrovascular diseases, such as haemorrhagic shock,
thrombosis, and coronary ischaemia. In recent years, some animal ex-
periments have shown that DRPs demonstrate surprisingly good effects
on the prevention of thrombosis, treatment of haemorrhagic shock and
coronary ischaemia. Cotoia et al. [15] reported that low-dose hyaluronic
acid (HA) improved the survival rate of rats with haemorrhagic shock.
High-molecular-weight polyethylene oxide (PEO) was also found to in-
crease blood velocity and functional capillary density and prolong the
survival time of rats with haemorrhagic shock [16]. Hu et al. [17]
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studied the effect of PEO on ischaemic/reperfusion (I/R) injury of rat
hearts, showing that adding PEO could improve coronary blood flow
and reduce the activities of lactate dehydrogenase and creatine kinase.
Furthermore, Tohme et al. [18] demonstrated that PEO also has an effect
on the prevention of liver I/R injury.

The fact that a small amount of DRPs can significantly improve
systemic blood circulation has attracted intensive attention from the
medical field as well as other interdisciplinary fields. Experiments have
been performed to unveil how these factors influence blood flow, and
particle tracking velocimetry (PTV) has been used to measure the
particle-fluid flow velocity and wall shear stress distribution [19-21].
The effect of DRPs on the thickness of the cell-free layer (CFL) is a
notable rheological phenomenon. Although it has been studied widely,
the mechanism still cannot be explained clearly. It has been suggested
for many years that the factors affecting the thickness of the CFL mainly
include the haematocrit of red blood cells (RBCs), diameter of blood
vasculature, deformability of RBCs, erythrocyte aggregation, calyx
layer, and blood flow rate [22-27]. The CFL thickness was analysed
using a high-speed camera to take pictures of RBC suspensions to mea-
sure the distance from the suspension to the wall [28,29]. Brands et al.
[30] adapted this method to measure the CFL along with the length of a
segment of an artery without the use of a high-speed camera, finding
that the CFL is not constant in the same location. Kumar and Graham
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[31] used mathematical models to describe the phenomenon that
platelets and leucocytes are close to the wall, in contrast to RBCs.

Although DRPs have shown significant improvement of blood cir-
culation, the current research is mostly limited to animal experiments.
The fundamental research is still not systematic, and the mechanism
remains unclear. Recently, some studies have investigated the flowing
characteristics of RBCs induced by DRPs in a microchannel. Wu et al.
[32] found that adding PEO made a significant reduction in CFL thick-
ness and caused a substantial elongation in RBC shape. Bragin [33]
showed that adding PEO can make more RBCs enter capillaries and
enhance capillary perfusion.

Currently, research on the medicinal value of DRP in curing car-
diovascular diseases is generally concentrated on artificial DRPs (such as
PEO), and research on natural polymers is rare. Note that natural
polymeric HA (extracted from animal tissues or produced from micro-
bial fermentation) is a linear macromolecular (10°-107 Da) mucopoly-
saccharide composed of the wunits D-glucuronic acid and N-
acetylglucosamine. In this study, HA was selected, and its effect on the
viscosity, velocity profile, and CFL of RBC suspensions was systemati-
cally studied.

2. Experimental details
2.1. Materials

Anticoagulant horse blood was supplied by Guangzhou Hongquan
Biological Technology Company Limited, China. The horse RBC has a
biconcave shape and lacks a nucleus, as with the human RBC. (As the
horse is a mammal, its RBCs have similarities to those of other mammals
not only in shape but also in nature.) In addition, the size of human RBCs
usually falls within a range of 6-8 um. The diameter of horse RBCs (~6
um) is similar to that of humans. Moreover, the effects of drag reducers
on the flows of other mammalian bloods (such as bovine blood [23,30],
porcine blood [34], and rat blood [35]) were also studied. HA with a
molecular weight of 2000 kDa (HA-2000) was purchased from Xi’an
Xaseason Biotechnology Company Limited. Phosphate buffered saline
(PBS) was obtained from Harbin Summus Biotechnology Company
Limited. Anhydrous ethyl alcohol was supplied by Tianjin Tianli
Chemical Reagent Company Limited. Polystyrene and TWEEN-20 were
obtained from Duke Scientific Corporation and Ameresco Scientific
Corporation, respectively. A polydimethylsiloxane (PDMS) micro-
channel (straight channel, Fig. 1a) with a rectangular cross-section, as
well as a T-type channel (Fig. 1b) with a contraction ratio of wy/wy =
1/2 (Fig. 1) were used in experiments. The dimensions of the main
channel and daughter branch were 4 mm (length) x 300 um (width) x
30 um (height) and 2 mm (length) x 150 um (width) x 30 pm (height),
respectively. w; and wy stand for the width of the daughter branch and
the main channel, respectively. w; = 150 pm, and wy = 300 um. Fig. S1
shows the optical microscope image of the T-type channel under a 20x
objective.
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2.2. Preparation of reagents

2.2.1. Preparation of RBC suspension

First, 3 mL of horse blood was added into the same volume of PBS for
mixing. Subsequently, the mixed reagents were placed in a centrifuge to
remove the plasma and buffy coat at 3000 r/min, and the lowest sus-
pension was kept after washing three times. This method is commonly
used to get the RBC suspension from the whole blood, which has been
reported in many academic literatures [36, 37]. Finally, PBS was added
to the washed RBCs to make the haematocrit reach 10%. A haematocrit
of 10% was chosen because of the existence of the Fahraeus phenome-
non associated with the microcirculatory haematocrit in vivo, which is
less than the systemic haematocrit [38,39].

2.2.2. Preparation of HA stock solution

First, 0.01 g HA was dissolved in 20 mL of water with stirring via a
glass rod to form a well-mixed solution. Second, the solution was
transferred into a sealed beaker for 24 h and then mixed by a magnetic
stirrer at a low mixing speed for an hour. Finally, the mother liquor of
HA was obtained after filtration.

2.3. Characterisation of RBC suspension
RBC flow behaviour was observed by a microscopic flow imaging
system that consisted of a fluorescent inverted microscope (IX 71,

Olympus, Japan), an EMCCD camera (ixon DV897, Andor, British), a
syringe pump (CN-74900-45, Cole-Parmer, USA), and a PC (Fig. 2). In
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Fig. 2. Schematic of the micro flow imaging system.
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Fig. 1. PDMS microchannels with different geometries. (a) Straight Channel. (b) T type Channel.
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the PTV measurement, the size of fluorescent tracer particles (American
Duke Technology Company) is 1 um. Each point of the measured ve-
locity profile represents the average velocity calculated from all the
tracking results in an interrogation area with a width of about 5-10 pm,
corresponding to 32-64 pixels (image resolution is 0.16 um/pixel). The
size of the tracer particles is only approximately 17% that of the RBC
(approximately 6 um) in the present experiment. A rheometer (MCR
502, Anton Paar, Austria) was used to test the viscosity of the RBC
suspension with different concentrations of HA at 25 °C. The velocity
field distribution of blood in the microchannel was obtained by PTV. The
thickness of the CFL was measured from the figures, in which the CFL
can be visualised by overlapping all frames using the Z Project method
from ImageJ software.

The nominal wall shear rate in the system was calculated using Eq.
(1) [401,

. 60

w2

@

where Q is the volumetric flow rate, w is the width of the rectangular
cross-section, and h is the height of the rectangular cross-section. In the
present experiment, the flow rates Q are fixed to be approximately
300 pL/h and 500 pL/h. The corresponding wall shear rates are
1852 57! and 3086 s

The thickness reduction % (TR%) was calculated using Eq. (2),

T1 *To

0

m%’ % 100% @

where T is the thickness of the CFL in the RBC suspension without a
DRP and T is the thickness of the CFL in the RBC suspension with a DRP.

3. Results and discussion

We first clarify the physical regimes of our current study based on the
Reynolds number Re and Weissenberg number Wi. The Re number,
defined as Re = pulL/p (where p, u, L, and p are the density of the
polymer solution, the typical velocity, the typical dimension of the
channel, and the viscosity of the polymer solution, respectively), is
estimated to be approximately 0.002 — 0.04. The Wi number, calculated
by Wi = 7y (where 7 is relaxation time and y is wall shear rate), is esti-
mated to be about 185 and 309 at 300 pL/h and 500 pL/h, respectively.
Thus, this study is in the low Re and large Wi number regime, where
viscous effect dominates over inertial effect, while elastic effect is even
much stronger than the viscous effect when we consider the lateral
migration of cells near wall.

3.1. Effect of HA on the viscosity of the RBC suspension

Fig. S2(b) shows the shear viscosity of the RBC suspension changing
with the shear rate, following the addition of 0, 10, 20, 50 and 80 ppm
HA with a molecular weight of 2000 kDa to the RBC suspension. A
decrease in all the viscosities was found with increasing shear rate,
demonstrating that the RBC suspension is a non-Newtonian liquid with a
shear-thinning property at a low-shear-rate range. Some studies have
found that the aggregation of RBCs causes an increase in viscosity at a
low-shear-rate region [41]. Similar RBC orientations may promote the
formation of RBC stacks at low shear rates that increase the viscosity.
Furthermore, it can also be noted that all the suspensions with different
HA concentrations behave as a Newtonian fluid, and these viscosity
curves overlap when the shear rate > 500 s~1, which is also reported by
Marhefka et al. [14]. At a higher shear rate, the individualisation,
alignment, and stretching of RBCs reduce the viscosity [42,43]. Thus,
the addition of HA barely influences the RBC viscosity at the shear rates,
HA concentrations, and haematocrit used in our study (Fig. S2(b)).

Colloids and Surfaces B: Biointerfaces 209 (2022) 112212
3.2. Effect of HA on the velocity profile of the RBC suspension

A PTV technique was applied to obtain the velocity field of the RBC
suspension. A syringe pump was used to induce RBC suspension flow
through the microchannel. The velocity field data were calculated by the
PTV with the images of the flowing RBC suspension taken by a high-
speed camera. Fig. 3 shows the experimental velocity field measured
at a horizontal plane at approximately z ~ 1 pm, close to the substrate in
the experimental channel calculated by PTV. Theoretically, the velocity
profile u,(y,2) in such a channel with a rectangular cross-section can be
expressed as (see Supporting Information for details):

4nrPAp 1 cosh(nzy/h) | .
v,z ) = — |1 ———F———==] s h
" (y, Z) wuL n:lzls_ n |: cosh(naw/2h) R 3
where w and h are respectively the width and height of the rectan-
gular cross-section; the axes y and z are along the width and height di-
rections, respectively; u is viscosity; and Ap/L is the pressure gradient.

As the flow rate Q was controlled in the experiment, Eq. (3) can also be
written as:
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By comparing the experimental velocity with Eq. (4), we find that the
experimental velocities close to the substrate (Fig. 3a and b) are in
agreement with the theoretical values given the fixed flow rate at
Q =300 pL/h and 500 pL/h, respectively, with an average value of
approximately 0.5 mm/s. As the width (w = 300 pm) of the channel is
much larger than the height (w = 30 um), we can see that the hori-
zontal velocity profile along the width direction appears very flat in the
middle, which is consistent with the theoretical profile calculated from
Eq. (4) (the 3D theoretical profile is given in the Fig. S4).

The velocity in the middle of the microchannel was the fastest, while
it became the slowest near the wall. The velocity of the RBC suspension
increased when HA was added under both velocity conditions. The ve-
locity of 50 ppm HA addition was similar to that of 80 ppm HA addition,
especially at a higher wall shear rate. The motion of RBCs in the
microchannel was not a simple rigid motion but one that exhibits
deformation and stretching [44]. The increase in the velocity is
considered to be caused by the interaction between RBCs and HA. As a
result, the measured velocity profiles with HA manifest microscopic
viscosities smaller than the macroscopic nominal values. This effect is
expected to change the distribution of the RBCs in the blood flow,
indicating that not only the hydrodynamic condition but also the
microrheological condition is important. Another issue that influences
the velocity profile is the boundary slip, which might be significantly
enhanced by DRPs. We plot the experimental velocity profiles near the
wall and fit them with Eq. (4) plus a slip boundary condition, as shown
in Fig. 3(c). The measured velocity and the fit curve of 0 ppm HA so-
lution indicate a non-slip boundary condition at the side wall. Compared
to the measured velocity without adding HA, the near-wall velocity in-
creases obviously with increasing HA concentration. By extrapolating
the velocity profile to the wall, we are able to estimate the apparent slip
velocity  ugp =0.03mm/s for 20ppm HA addition and
ugip = 0.04 mm/s for 80 ppm HA addition, respectively. This value is
more than 10% of the average velocity in the same horizontal plane, and
thus, it is not negligible. By our method, we are confident in detecting a
wall slip velocity larger than 0.02 mm/s. According to the Navier slip

model [45], the apparent boundary slip length b is thus b = ug/y~
0.02 um. It is worth noting that the measured viscosity using rheometer
increases with the HA concentration as well (Fig. S2 in the Supporting
Information). Thus, we suspect that the enhanced near wall flow by
adding HA is related to the near wall depletion structure as we will show
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Fig. 3. Comparison of the effect of HA on the velocity profiles of RBC suspensions (10% haematocrit) at different wall shear rates (a) 1852 s, (b) 3086 s™*. (c) The

near-wall experimental velocity compared with the theoretical fits.

later, and is not directly attributed to the variation of apparent viscosity.

With the development of new technology, the measurement of blood
velocity can be achieved via Micro-PIV [34, 46, 47], but there have been
few studies on the effect of drag reduction on the flow rate of blood.
Fenech et al. [48] studied the effect of sodium alginate on the flow rate
of blood. However, in that study, the velocity distribution of a certain
cross-section was not given. Only the maximum speed through a certain
cross-section was tested. There are not enough data to correlate the ef-
fect of the drag reduction with the velocity variation. In contrast, we
studied the velocity distribution of blood after adding HA. The results
show that the overall velocity distribution improved after adding HA,
and we established a relationship between the velocity and HA
concentration.

3.3. Effect of HA on the thickness of the CFL

We show in this section that HA not only influences the hydrody-
namic properties discussed above but also varies the structure of com-
plex blood flow. The most dramatic phenomenon is the variation of the
CFL (Fig. 4 and Fig. 5). The thickness of the CFL was measured from the
figures, in which the CFL can be visualised by overlapping all frames
using the Z Project method from ImageJ software. Fig. 4 shows the effect
of HA on the thickness of the CFL in the straight channel. It can be found
that the thickness of the CFL near the wall decreases more when HA is
added and decreases with decreasing velocity. Furthermore, the thick-
ness of the RBC suspension reaches a minimum when the concentration
of HA was 50 ppm. Under the wall shear rate of 1852 s, the CFL
thickness of the control group without the presence of HA is approxi-
mately 2.99 pm, while the CFL thickness is minimised to approximately
1.17 um after adding 50 ppm HA. At the wall shear rate of 3086 s™%, the
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Fig. 4. Comparison of the effect of HA on the thickness of the CFL at different
wall shear rates.

CFL thickness of the control group is approximately 4.16 um, which is
reduced to approximately 1.34 ym after adding 50 ppm HA. This proves
that HA is effective in reducing the thickness of the CFL. The phenom-
enon in which RBCs are close to the blood vessel wall can promote ox-
ygen transportation and increase the viscosity near the wall, leading the
shear stress of the vessel wall to increase, which then promotes vaso-
dilation [14]. Also, Zhao et al. [49]. found that the concentration of
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Fig. 5. Effect of HA (10 ppm, b, g; 20 ppm, ¢, h; 30 ppm, d, i; 50 ppm, e, j) on reducing the CFL thickness near the wall of a straight channel in contrast to the results
of control groups (a, f) at different wall shear rates (top, 1852 s~1; bottom, 3086 s~ 1).

platelet-sized particles near the wall was significantly decreased after
adding PEO (10 ppm, the molecular weight of 4500 kDa), indicating the
DRPs may be beneficial to intervene near-wall accumulation of platelets
and reduce thrombosis. The existing mechanisms on polymer induced
turbulent drag reduction are not applicable to explain their effects on
hemodynamics because Reynold number of typical blood flow in
microvessels ranges from 0.1 to 100. It is not turbulent [14].

Although the generation of the CFL near the wall is still under debate,
the possible mechanisms are commonly attributed to both hydrody-
namic and rheological properties. Kameneva et al. [50] indicated that
the alignment and stretching of polymer molecules might affect the
rotation of RBCs, which mainly causes the formation of CFLs. The CFL is
also thought to be the result of the axial migration of RBCs, and Secomb
et al. [26] proved that the tendency of RBCs flowing away from the
vessel wall is caused mainly by the deformability and asymmetry of
RBCs. Besides, due to the large value of the Wi number, the elastic
normal stress might cause significant lateral migration [51], which is
also a considerable mechanism. The axial migration of RBCs is sup-
pressed by cell-cell interactions that push the cells towards the wall; the
core of the RBC column has a dispersion effect on cells to push them
radially outward [52]. The coupling between the polymer and RBCs
enhances the dispersion of cells in the core of the RBC column. Thus, the
dispersion drives the cells towards the wall, which counteracts the
tendency of the axial migration of RBCs [52]. On the other hand, the
decrease of CFL thickness cannot keep decreasing with the increase of
HA concentration because of the presence of the elastic normal stress_In
our experiment, it is found that the CFL becomes steady at a high con-
centration of 80 ppm, and the addition of 50 ppm HA is shown to be the
most suitable amount required. Based on biocompatibility and turbulent
drag-reducing properties, Lim et al. [53] also selected the HA as the
additives in their study. With the aid of the micromolar of HA, they
effectively manipulated the focal position of particles in a rigid (epox-
y-based) microchannel at Reynolds numbers up to Re ~ 10,000. They
also verified that the particle migration in a viscoelastic fluid could be

achieved when both elasticity and inertia are present (that is, Wi>>1
and Re>>1). In addition, Leshansky et al. [54] reported that the tune-
able viscoelastic focusing of particles could be carried out in the
microchannel by adjusting the rheology properties of the carrier solu-
tion. There are a large number of branch vessels in the human body.
Therefore, we studied the blood flow induced by DRP not only in the
straight microchannel but also in the branch vessel (T-type micro-
channel). In the T-type microchannel, it is convenient for us to observe
the variation of flow separation at the bifurcation when DRP is added.
Therefore, the effect of HA on the thickness of the CFL at the entrance of
the daughter branch was studied in the T-type channel (w1/wy = 1/2).
The results show that adding HA is very effective for reducing the CFL
thickness (Fig. 6). The thickness of the CFL was also measured by
overlapping all frames using the Z Project method from ImageJ soft-
ware. At a wall shear rate of 1852 s, the CFL thickness of the control
group is approximately 1.1 pm, which is minimised to approximately
0.74 pm after adding 50 ppm HA, and the TR% is 32.7%. Additionally,
at a wall shear rate of 3086 s ™!, the CFL thickness of the control group is
approximately 1.03 um, which is minimised to approximately 0.64 ym
after adding 50 ppm HA, and the TR% reaches 37.9%. This result in-
dicates that adding HA eliminates the flow separation when the RBCs
flow through the T-type channel. Similar to the concept of the boundary
layer, we know that the decrease of the layer thickness indicates a low
mass or momentum loss near the wall by adding DRPs, which is
consistent with our observation of faster near-wall flow as shown in
Fig. 3(c).

In addition, some researchers have also explored the thickness of the
CFL in blood flow under different conditions. Kameneva [14] studied the
effect of PEO on the thickness of CFLs with different molecular weights,
indicating that polymers with high molecular weights can play a sig-
nificant role in reducing the thickness of CFLs. However, their CFL
thickness data were obtained from only a single-frame image captured
by a high-speed camera. The data are inaccurate and require
re-evaluation. In addition, there is no concentration effect of PEO on the
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Fig. 6. Effect of HA (50 ppm, c, d) on reducing the CFL thickness at the entrance of the daughter branch in the T-type channel compared to the results of the control

group (a, b) at different wall shear rates (a, c 1852 s’l; b, d 3086 sH.

CFL, and we cannot obtain the regularity conclusion. In contrast, we
obtained the CFL thickness data by using a multi-frame superposition.
Compared with the single-frame image, the error was significantly
smaller. We also established a correlation between the CFL and polymer
concentration. Unlike most researchers, who choose synthetic polymers
such as PEO, which are commonly used in the industry as drag reducers,
we selected HA with its high biocompatibility to be safer from biological
perspective. Besides, HA has a negative charge, unlike nonionic poly-
mers such as PEO, and its molecular chain is repelled by the same kind of
charge in aqueous solution. HA is more stretched in the blood, and the
chance of interaction with RBCs is greater. Also, HA is a semi-rigid
polymer, Hong et al. [5] reported that more rigid polymeric chain
produces more DR efficiency based on the experimental results from the
salt effect on DR of xanthan gum.

4. Conclusions

A systematic study on how natural DRP HA can improve blood cir-
culation in microchannels was conducted, in which the effect of the
addition of HA on the viscosity, velocity, and CFL thickness of RBC
suspension was investigated. In this study, a significant enhancement of
the blood velocity in the microchannel using HA was experimentally
verified. Additionally, the CFL thickness in a straight channel is reduced
by over 60% with the most suitable addition of 50 ppm HA, and the CFL
thickness in the T-type channel is reduced by over 30% with 50 ppm HA,
indicating that HA can eliminate the flow separation at the entrance of
the daughter branch. These observations point to the conclusion that as
a natural DRP, HA has a significant effect on improving blood micro-
circulation by increasing flow velocity and reducing CFL thickness.
These findings also provide novel insight into the application of natural
DRPs in the field of curing coronary ischaemic disease, haemorrhagic
shock, and thrombus.
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