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Abstract

A new attempt to use Polyvinylpyrrolidone (PVP) as a bio-drag re-
ducing polymer agent for human blood flow has been studied. PVP
was added at 0, 500, 750 and 1000 part per million (ppm) and mixed
with human blood at room temperature for 2 minutes. Then, a cone
on plate rheometer was used to investigate the effectiveness of PVP
agent on blood rheological properties. The results showed significant
effecting of PVP on blood fluidity characteristics, where the viscosity
decreased as the PVP content increased or as a shear rate increased.
For a certain shear rate, the shear stress decreased as PVP content
increased. These changes will lead to increased mixing efficiency
within the capillaries, increased oxygen transportation, increased
tissue perfusion, modified red blood cells (RBCs) distribution, re-
duced pressure drop gradients, enhanced turbulent flow tendency,
enhanced viscoelasticity nature of the blood and its strengthened
non-Newtonian pattern. Also, the results showed that the viscosity-
shear stress relationships become more linear at higher PVP concen-
trations. PVP addition caused no shifting in UV-absorbing positions
and only moderate intensity changing. Atomic force microscopy
(AFM) parameters provide other indicators about the role of PVP as a
drag reduction agent for blood flow, where all of the amplitude, hy-
brid and special parameters decreased significantly.
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1. Introduction

In the last few years, nano-amounts of drag reduction pol-
ymeric agents (DRPs) with high solubility, flexibility and
molecular weight (MW>10° Da) as bio-drag reduction
agents in turbulent flow, due to Tom’s effect, have been
used in different biomedical applications, such as blood
flow [1]. DRPs have interesting hemodynamics effects,
such as an increase in tissue perfusion, tissue oxygena-
tion, aortic and arterial blood flow, collateral blood flow in
rabbits, the number of capillaries in normal and diabetic
rats, the concentrations of red blood cells (RBCs) along the
vessel wall [2, 3]. Additionally, DRPs could introduce a
decrease in vascular resistance, blood pressure, peripheral
vascular resistance, turbulent flow resistance, mechanical
damage to blood cells when the blood is in contact with
circulatory assist devices, as well as the margination of

leukocytes and platelets in the microcirculation. Also,
DRPs could modify dynamics of red blood cell (RBC) dis-
tribution in microcirculation, preventing them from mov-
ing toward the vessel center [4, 5].

Different types of polymers were used as DRPs in liter-
ature, including high MW polyethylene oxide (PEO) [2, 6-
9], polyacrylamide (PAM) [10-13], and certain polysaccha-
rides [2, 8]. Polyvinylpyrrolidone (PVP) is a vinyl-group
polymer, in which the pendant group is the five-membered
amide ring. The schematic chemical structure of PVP is
shown in Fig. 1. PVP was first patented with good adhe-
sion, good complexation, low toxicity, biocompatibility
and good solubility in non-polar and polar solvents. Hence,
it has been used in various fields, such as food, cosmetics,
pharmaceuticals, adhesives, paints, detergents and energy
storages; in last years, PVP was used as drag reduction
agent in crude oil flow [14, 15].
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Fig. 1 Schematic chemical structure of PVP [15]

In our present research, we tried to use Polyvinylpyr-
rolidone (PVP) as a bio drag reducing agent and water-
soluble polymer in blood flow at very tiny additive ratios.
We added PVP in different concentrations, around o, 500,
750 and 1000 ppm. Cone on plate rheometer was applied
to check flow characteristics of blood/PVP mixture. Be-
sides that, Fourier-transform infrared (FTIR) spectrosco-
py, ultraviolet-visible spectroscopy (UV-VIS) and atomic
force microscopy (AFM) was utilized to deepen the under-
standing of physical and chemical interactions between
blood ingredients and PVP chains, which have an effect on
rheological properties.

2. Experimental

Human blood was collected in containers with Acid-
Citrate-Dextrose (ACD) added as an anticoagulant (10% by
volume) at a local hospital. The DRP used in this study was
a Polyvinylpyrrolidone with an average molecular weight
of 60,000 Da with glass transition temperature (7;) about
137 °C, supplied by Bio Basic Inc. Company, Canada. PVP
was added to human blood at 0, 500, 750 and 1000 part
per million (ppm). The polymer solution was prepared by
dissolving PVP directly in the blood. Then, the solutions
were mixed for about 5 min by using magnetic stirrer at
37 °C, as shown in Fig. 2. Then, the viscosity of blood
samples with/without PVP were measured using a
Brookfield cone and plate rotational rheometer (DV III-LV)
by using the same procedures as in our previous works
[16, 17], in which the cone model number was 40, so that
the volume of the sample was 2 ml at 37 °C and 20-60 s™,
temperature and shear rate range, respectively. Also, FTIR
spectroscopy (Shimadzu, Japan) was applied by using a
drop of the samples between a couple of NaCl disks.
Meanwhile, the samples were characterized by UV-VIS
(Shimadzu, Japan) by using quartz double cells method. A
drop of samples were dropped on glass substrate for AFM
(Angstrom, USA) test by tapping mode procedure with
scanning rate equal to 10 mm/min. AFM images were ana-
lyzed by the BY3000 SPM 2.9 program following the ISO
25178-2: 2012 and ASME B46.1 standards.
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Fig. 2 Flow chart of procedure for experimental work

3. Results and Discussion

It is clear from Fig. 3 that, at a certain shear rate, the vis-
cosity decreased as the PVP content increased. This can be
attributed to the presence of bulky five membered amide
ring within the polymeric chains, where these bulky five
membered amide ring could decrease the internal friction
between chain-chain, and blood-chain interactions, which
leads to lower entanglements that reduce the turbulence
flow due to free volume increasing between polymer
chains [18]. Therefore, these rings can increase the mixing
efficiency within the capillaries, which leads to the in-
creasing of the oxygen transporting due to enhancing the
mixing of plasma in the near wall vessel regions. This ef-
fect, in turn, resulted in increasing the red blood cells
(RBCs) traffic within the vessels. This means that the tis-
sue perfusion will enhance, oxygen delivery, gas exchange
will raise, the Fahraeus effect will be reverse and the dy-
namics RBCs distribution will be modified in the microcir-
culation within the human body preventing them from
accumulation in the vessel centre. The latter manner will
improve the pressure levels across vessel regions and de-
crease the pressure drop gradients. This is due to the redi-
rection of RBC in this section reducing the vascular re-
sistance as a result of the increment of the wall shear
stress, which enhances the endothelium mediated vasodi-
lation [20]. This shear thinning tendency in blood in-
creased as PVP content increased for a fixed shear rate. It
can be concluded also that the presence of amide rings in
PVP structure will decrease the turbulent flow tendency
due to the inverse relationship between the Reynolds
number value and the viscosity, where the turbulence in-
creases the apparent viscosity.
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Fig. 3 Viscosity - concentration behaviour of human blood/PVP at
different shear rates with different ratios of PVP

The above rheological effects might alter the functional
capillary density (FCD), which is the essential factor of
survival in haemorrhagic shock. Also, these effects could
change the plasma skimming,
Fahraeus-Lindqvist effect. Besides these effects, the pres-

local haematocrit and

ence of polymeric materials in the blood circulation sys-
tem will enhance the viscoelasticity nature of blood and
will strengthen its Non-Newtonian pattern in the velocity
profile across the vessel.

Also, Fig. 3 shows that the viscosity decreased as shear
rate increased. This result coincides with the Pribush et al.
[19] findings, which indicate that high molecular weight
polymers decrease the hydrodynamic resistance of blood,
thereby improving impaired blood circulation [19]. This
explains using PVP as a lubricant agent to reduce friction
in contact lenses and eye drops. This proved the previous
findings which were related to the increasing the mixing
efficiency, especially, in the so called “unstirred boundary
plasma layer”. This stable layer surrounded RBCs, through
which oxygen will transfer by diffusion action. The incre-
ment in the mixing state will redistribute the RBCs across
the blood vessel, making homogeneity in the velocities of
the blood components by shifting the mean velocity of
RBCs closer to the corresponding blood mean velocity.
These findings agreed with Marhefka et al. [20] results,
which indicate that the additives reduce flow separations
at micro channel expansions, deflecting RBC closer to the
wall and eliminating the plasma recirculation zone [20].
The overall conclusion of Fig. 3 coincides with the Tom’s
effect due to the reduction of the turbulent flow resistance
in the presence of the polymeric material in blood circula-
tion.

For a certain shear rate, the shear stress decreased as
the PVP content increased as in Fig. 4. This finding coin-
cides with the decreasing of viscosity as PVP content in-
creased in the blood stream, which proved the drag reduc-
tion of the chosen polymer. At higher shear rates, above
40 s™, there is a relativity linear relationship with shear
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Fig. 4 Shear stress as a function of shear rate of human
blood/PVP with different PVP ratios

stresses for low concentrations only, (0-500) ppm; this
increment in shear rate decreased at high concentrations
(750-1000) ppm. These findings get in agreement with
Fig. 5 results, where for certain viscosity, the shear stress
decreased as PVP content increased. Also, the shear stress-
viscosity relationships become more linear at higher con-
centrations.

Fig. 6 shows the FTIR spectra of blood, PVP and blood
containing PVP particle. FTIR spectrum of pure PVP shows
an absorption band at 1279 cm” ! which is related to C-N
bending vibration mode from the pyrrolidone structure,
and an absorption band around 1644 cm™' which belongs
to the stretching vibration mode of the C=0 in the pyrroli-
done group. The band at 2885 cm™ belongs to the CH
stretching mode, the band at 2919 cm™ - to CH, symmetric
stretching mode, the band at 2983 cm™ - to asymmetric
CH, stretching mode, and the band around 3464 cm™ re-
fers to the OH group. The bands at 1371 cm'
1423 cm™' correspond to the CH deformation modes from

and

the CH, group.

The FTIR spectrum of pure blood shows bands for
COOH, -NH, C-H and C=0 group’s blood consists of hae-
moglobin. It is a tetramer protein, which means it has four
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Fig. 5 Shear stress behaviour as a function of Viscosity of human
blood/PVP with different PVP ratios
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Fig. 6 FTIR absorption spectra of human blood, PVP and
blood/PVP mixture

parts. It is made up of 4 polypeptide chains, each polypep-
tide chain consisting of a linkage of amino acids also
known as protein [21]. It is clear from Fig. 6 that there are
no new bands appear within the blood/PVP spectrum,
which could mean that dissolving PVP polymeric chains
within blood have no adverse effects. This is because there
are not obvious chemical reactions that introduce new
materials and products, which is confirmed by the absence
of new bands. This result matching Marhefka et al. [20]
assumption that the effect of these DRPs on the drag is
associated with their physical interactions with local ir-
regularities of disturbed laminar blood flow [20].

Figs. 7 and 8 represent absorption and transparence
UV-VIS spectra of blood, PVP, and blood/PVP, respectively.
The PVP addition has a moderate effect on the absorption
spectra of UV-VIS by blood, where there is no shifting in
the wavenumber, and only the intensity decreases from
3.79 to 3.00. This is due to the little absorbance of PVP for
UV-VIS, which is about 1.05 [22]. Therefore, the UV-VIS
figures support the FTIR results for biocompatibility of
PVP within blood flow due to the blood colour not chang-
ing significantly. Consequently, there are no risks from
dissolving PVP in blood because it has high biocompatibil-
ity that has made it useful in different biomedical applica-
tions such as contact lenses and eye drops [15].

The 3D AFM topography images, as in Fig. 9, indicate
the role of PVP in reducing the blood viscosity, where the
plates seem to be smoother after the PVP addition. This
decrease in the roughness of cells surfaces reduces the
friction between these cells and makes their flow easier
and faster.

Table 1, which was extracted from Fig. 9, explains in
detail these PVP effects, with all roughness parameters
presented. After PVP addition, all amplitude parameters
were affected significantly: the roughness average param-
eter (Sa) decreased by 58.52%, the root mean square (Sq)
decreased by 59%, the peak-to-peak (Sy) decreased by
53.6% and the ten-point height (Sz) decreased by 80.9%.
The hydride parameters decreased also, where the root
mean square slop (Sdq) by 86.67%.
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Fig. 8 Transparence UV-VIS spectra of human blood, PVP and
blood/PVP mixture

The topography of plates changed after the PVP addition,
so that the summits density (Sds) decreased by 99.44%
and the reduced summit height parameter (Spk) decreased
by 63.9%. These findings coincide with the reduce in the
core roughness depth (Sk) by 50.31% and reduced valley
depth (Svk) by 59.62%, which means the surface pos-
sessed less grooves. These surface changes lead in the end
to decrease in the core fluid retention index (Sci) by
3.82% and the surface bearing index (Sbi) by 32.8%.

4. Conclusions

PVP could be used as an effective DRP within the flow of
human blood, especially in high blood pressure conditions
due to its high lubrication ability that introduces pressure
drops. The blood viscosity decreased as PVP content in-
creased with nano concentration at a certain shear rate.
Also, the blood viscosity decreased as shear rate increased
at a certain PVP content with nano concentration. Howev-
er, there is no change in the blood chemical composition
and no shifting in the UV absorbing positions. Consequent-
ly, PVP addition makes blood cells smoother, easier and
the flow - faster. The possible recommendations could be
measuring the haematocrit in each sample, and study the
drag reduction in higher shear rates within the veins and
compare it with the current range (20-60 s™h. Also, study-
ing of the drag reduction in arteries and atherosclerotic
arteries and comparing them with the results for veins
could be promising.
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Fig. 9 Three-dimensional AFM topography images of (a) human blood, (b) PVP and (c) blood/PVP mixture
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Table 1 Roughness report for amplitude, hybrid, functional and spatial parameters of human blood, PVP and blood/PVP mixture by
using AFM topography analysis

Parameters Units Blood PVP Blood+PVP
Sa(Roughness Average) nm 34 0.844 14.1
Sq(Root Mean Square) nm 42.2 1.08 17.3
Amplitude Ssk(Surface Skewness) - -0.0222 0.00752 0.0233
parameters Sku(Surface Kurtosis) - 2.18 3.26 2.35
Sy(Peak-Peak) nm 144 7.14 66.8
Sz(Ten Point Height) nm 143 4.56 27.3
Hybrid Sdq(Root Mean Square Slope) nm 0.129 0.0102 0.0462
parameters Sdr(Surface Area Ratio) - 0.788 0.00522 0.105
Sbi(Surface Bearing Index) - 3.17 0.632 2.13
Sci(Core Fluid Retention Index) - 1.57 1.56 1.51
Svi(Valley Fluid Retention Index) - 0.0613 0.123 0.114
Spk(Reduced Summit Height) nm 30.2 1.17 10.9
Functional Sk(Core Roughness Depth) nm 94.4 2.51 46.9
parameters Svk(Reduced Valley Depth) nm 31.7 1.19 12.8
Sdc 0-5(0-5% height intervals of Bearing Curve) nm 13.3 1.72 8.09
Sdc 5-10(5-10% height intervals of Bearing Curve) nm 12.2 0.432 5.35
Sdc 10-50(10-50% height intervals of Bearing Curve) nm 50.5 1.37 21.8
Sdc 50-95(50-95% height intervals of Bearing Curve) nm 67.6 1.82 31.6
Spatial Sds(Density of Summits) nm 1.12 0.341 0.00657
parameters Fractal Dimension - 2.28 2.62 2.45
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