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Abstract: About seven decades ago, it was discovered that special long-chain soluble polymers added
to fluid at nanomolar concentrations significantly reduce resistance to turbulent flow (Toms effect).
These so-called drag-reducing polymers (DRPs) do not affect resistance to laminar flow. While the
flow parameters associated with the Toms effect do not occur in the cardiovascular system, many later
studies demonstrated that intravenous injections of DRPs given to experimental animals produced
significant hemodynamic effects, such as increasing tissue perfusion, suggesting potential clinical use
of these polymers. Moreover, it was found that the specific viscoelastic properties of these polymers
make them capable of modifying traffic of blood cells in microvessels and beneficially redistributing
them in the blood capillary system—a phenomenon related to rheological properties of DRPs and not
related to their specific chemistry. The domain of drag reducing polymers includes many organic
and water-soluble, synthetic and natural long-chain molecules. The study presented here employed
chemical and rheological methods, as well as macro and microfluidic tests, to characterize the DRP
that we discovered in the Aloe vera plant, which was found to be a more powerful drag reducer and
less fragile than many synthetic DRPs. The drag-reducing component of aloe gel was purified and
chemically identified, which helped to standardize preparation and made this polymer a strong
candidate for clinical use. Examples of successful testing of the aloe-derived DRP in animal models
are described.
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1. Introduction

A remarkable discovery of 20th century, the Toms effect [1], described the ability of soluble,
long-chain (molecular weight > 10° Da) polymers to reduce resistance to turbulent flow in pipes.
It was demonstrated that the addition of nanomolar concentrations of these polymers, characterized
by a relatively linear structure and unique elastic properties, significantly increased flow rates at a
constant pressure drop or decreased the pressure gradients at constant flow conditions. The polymers
had no effect on flow resistance at a laminar flow, nor did they change the viscosity of fluid at
extremely low concentrations, which were effective in reducing resistance to turbulent flow [2,3].
These water-soluble molecules, so called drag reducing polymers (DRPs), have been found to produce
beneficial hemodynamic effects in experimental animals [4,5], including an increase in tissue perfusion
and tissue oxygenation and a decrease in vascular resistance, when intravenously injected aiming
at nanomolar concentrations (0.2-2 nM or 0.001-0.01 mg/mL) [6]. These polymers have been
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successfully applied in animal models of various pathological conditions, including hemorrhagic
shock, atherosclerosis, and diabetes [4,5,7-15]. In in vitro microfluidic studies, it was discovered that,
in addition to reducing turbulent flow resistance, DRPs modified dynamics of red blood cell (RBC)
distribution in microcirculation, preventing them from moving toward the vessel center. Without DRPs,
the near-wall space contains plasma and mostly platelets and leukocytes (so-called Fahraeus effect),
which significantly reduces RBC concentrations in capillaries. Presence of DRPs in vascular system
reverses the Fadhraeus effect and significantly increases traffic of RBCs in arterioles and capillaries, thus
increasing tissue perfusion and oxygen delivery/gas exchange [5,6,16,17].

Several DRPs have been shown to be effective in vivo including high molecular weight (MW)
polyethylene oxide (PEO) [5,7,8,14], polyacrylamide (PAM) [4,9,12,13], and certain polysaccharides [5,11,15].
However, none of the tested DRPs were found, in their present form, to be ideal for biomedical
applications. PEO rapidly mechanically degrades when exposed to turbulence and other high stress
flow conditions. Although blood flow in small arteries is laminar, turbulent flow is found in the
aorta. In addition, blood can be exposed to high stress conditions, such as stenotic arteries, artificial
heart valves, blood pumps, and other blood contacting devices, which would break down fragile
long chain polymer molecules. The more stable PAM is not a suitable DRP candidate for biomedical
applications because of its reported toxicity [13,14]. Some high MW polysaccharides were shown
to be very effective in various animal models [5,11,15], resistant to mechanical degradation [18-20],
and generally non-toxic [21,22]. Therefore, it was essential to find new DRPs for potential clinical use
and to develop a set of standard tests to characterize these new DRPs and assess their properties in
preclinical models prior to clinical trials for feasibility, safety, and putative benefit.

High MW polysaccharides, such as a polymer extracted from okra and characterized as a
rhamnogalactogalacturonan, have been shown to be effective drag reducing polymers, which produced
an increase in mean aortic blood flow, measured by an electromagnetic flow probe, and a decrease
in peripheral resistance in a rodent model [14]. It was found by Gowda [23] that relatively high MW
polysaccharides could be isolated from aloe plants via alcohol extraction. An aloe based polysaccharide
is an attractive DRP for biomedical applications since toxicological studies have shown that acetylated
mannan (or acemannan), a product extracted from the aloe leaf gel, has minimal systemic toxicity
when injected intraperitoneally or intravenously [21,24]. Importantly, it was discovered in our
laboratory that a polymer extracted from the Aloe vera plant mucilage was also a very effective
drag-reducer [5,25]. The Aloe vera leaf consists of three major components: clear sheets comprised of
cell walls and membranes, microparticles comprised of degenerated cellular organelles, and a viscous
liquid gel comprised of the liquid components of mesophyll cells [26]. The DRP was extracted from
the viscous gel portion of the aloe leaves with ethanol. It is known that the ethanol insoluble portion
of the gel is >50% carbohydrate [26]. A mannan component has been identified in this portion of
all aloe species studied, although differences in MW, degree of acetylation, and mannose-glucose
ratio have been observed [26,27]. In one study, the polysaccharides found in the Aloe vera gel have
been characterized as at least four different partially acetylated linear glucomannans, which contain
1-4 glycosidic linkages [28]. In addition, the polysaccharides in Aloe vera were shown to be composed
of 3-(1,4)-linked acetylated polymannans containing O-acetyl groups with a mannose monomer to
acetyl ratio of approximately 1:1 [21]. A structure of the Aloe vera gel’s major component was proposed
by Chow et al. [27], based on their data from chromatography, carbohydrate compositional analysis,
linkage analysis and NMR. This structure consists of a linear (3-1,4-linked mannose backbone with
(3-1,4-linked glucose substituting for mannose approximately every 30 residues. Mannose residues are
acetylated at O2, O3 or O6 and sidechains are single galactose residues «-1,6-linked to the mannoses
residues in the backbone. However, the structure of the active drag reducing component of the Aloe vera
DRP remained unknown.

Our studies [5,11,29] showed aloe derived DRP (AV-DRP) to be effective in vivo, improving
perfusion and reducing mortality in animal models of severe hemorrhagic shock and myocardial
ischemia. A more recent study demonstrated that AV-DRP reduced foreign body reaction and
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increased well-structured collagen deposition when injected into animals that had received synthetic
biodegradable scaffold implants [30]. In addition, AV-DRP was found to be resistant to mechanical
degradation in vitro [31] making it a strong candidate for use in biomedical applications. In the study
presented here, we aimed to further characterize AV-DRP by using chemical and rheological methods
and then to describe the effects of AV-DRP on blood flow using a microfluidic-based model of the
microcirculation. We hope that the results of this study will help this amazing natural DRP to be
accepted for preclinical and clinical examination and finally be approved for treatments of various
microcirculatory disorders.

2. Experimental Section

2.1. Preparation of AV-DRP

A detailed procedure for AV-DRP extraction and purification was developed in our laboratory at
the early stage of aloe and other potential natural DRP investigations [25]. The AV-DRP was extracted
from freshly cut leaves of Aloe vera plants obtained from Silverthorn Ranch Nursery (Fallbrook, CA,
USA). Leaves were removed from the Aloe vera plant and sliced open lengthwise. The exposed gel
was scraped from the interior of the leaves and mixed with sterile saline. This mixture was filtered
through several layers of cheesecloth, and the resulting filtrate was collected, stirred, and centrifuged at
14,000 rpm for one hour at 4 °C. The DRP was then selectively precipitated from the supernatant using
100% ethanol. The precipitate was collected and dried overnight in a vacuum. The dried precipitate
was then dissolved at a concentration of 2.5 mg/mL in sterile saline with 0.1 mg/mL Gentamicin added
as an antibacterial agent. Several days of slow stirring at 4 °C were required to dissolve the precipitate.
When completely dissolved, the polymer solution was additionally centrifuged, and the supernatant
was dialyzed against sterile saline using a Spectra/Por regenerated cellulose membrane (Spectrum
Laboratories, Inc., Rancho Dominguez, CA, USA) with a MW cutoff of 50,000 Da. The dialysis
procedure aimed to remove all low MW polymer fractions and other potential low MW impurities.

2.2. In Vitro Hydrodynamic Tests Characterizing the Drag Reducing Ability of AV-DRP

Although flow in the microcirculation is not turbulent, as Reynolds numbers in small arteries
and arterioles with diameters of ~0.1-1 mm are much below 100 [32], it has been shown that the
same polymers which were found to be effective in turbulent flow also produced beneficial effects
in the vascular system. Therefore, the first test to identify candidate polymers evaluated reduction
in flow resistance at sufficiently high Reynolds numbers. This recirculating flow system for testing
the turbulent flow drag reducing ability of polymers consisted of a centrifugal pump (Medtronic.,
Minneapolis, MN, USA), a flow meter and clamp-on flow probe (Transonic Systems, Inc., Ithaca, NY,
USA), a pressure transducer (PCB Piezotronics, Inc., Depew, NY, USA), a long smooth glass tube and
an open fluid reservoir both connected with the pump via tubing (Tygon, Cole-Parmer, Vernon Hills,
IL, USA). A schematic of the flow system is shown in Figure 1. Pressures and flow rates were recorded
before and after DRP addition. The in vitro flow experiments were performed at room temperature.
Drag reduction (percent) at a constant flow rate was calculated using Equation (1):

APp — AP,
—_— ¥

DR =
AP,

100 @
where DR is drag reduction (%), APp is pressure drop for polymer solution, and APy is pressure drop
for saline alone. Reynolds numbers ranged from 10,000 to 25,000, and length of the tube was at least
10 times the entrance length.
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Figure 1. Schematic of recirculating flow system used for evaluating polymer drag reduction [33].

2.3. Chemical Characterization of AV-DRP

Chemical characterization was performed in an attempt to determine the chemical structure
of the active, drag reducing component of AV-DRP. Proteinase K and trypsin assays were used to
rule out the presence of polypeptides in the active components of the preparation responsible for the
drag-reducing ability of AV-DRP. Since trypsin and proteinase K are both serine proteases, which
digest proteins by hydrolyzing peptide bonds [34,35], degradation of the polymer by these enzymes
would indicate peptide bonds were present in the active DRP component of aloe. Then, an approach
similar to that used in Chow et al. [27], enzymatic digestion with endo-f3-D-mannanase, was used
to make a preliminary determination of the residues and linkages in the backbone of AV-DRP. After
treatment with each enzyme, drag reduction tests of the AV-DRP were used to determine enzymatic
cleavage in the polymer backbone. A decrease in drag reducing ability, most likely related to a decrease
in MW, was used to indicate cleavage of the polymer.

2.4. Gel Permeation Chromatography (GPC)

Molecular characteristics, including high MW and relatively linear structure with small or no
branches are important in determining a polymer’s potential drag reducing efficiency. Number average
and weight average MWs (M;, and Myy), intrinsic viscosity (IV), radius of gyration (Rg), hydrodynamic
radius (Ry), and polydispersity index (PDI) were measured using a Viscotek Triple Detector Array gel
permeation chromatography (GPC) system (Viscotek, Houston, TX, USA). Separation was performed
on a methacrylate-based column with an exclusion limit of 5 x 107 Da. The system combines a
refractive index detector, a right angle laser light scattering detector, and a differential viscometer in
order to determine average MWs (My, and My), IV, Rg, R, and MW distribution in a single experiment.
Column and detector temperatures were maintained at 30 °C and the mobile phase was 0.1 M NaNOs
with 0.01% NaNj3. The system was calibrated using a PEO standard with a MW of 22 kDa and a narrow
MW distribution (PDI ~ 1.0).

2.5. Rheological Characterization

Concentrated DRP solutions are known to exhibit non-Newtonian flow behavior (shear thinning).
Rheological parameters such as viscosity, elasticity, and relaxation time of AV-DRP solution vs. shear
rates were analyzed in order to fully characterize this polymer, since known effective DRPs have
been found to have high viscosity and elasticity when measured at low shear rates in relatively high
concentration. The rheological properties were measured over a wide range of shear rates using
a Brookfield cone and plate rotational rheometer (Middleboro, MA, USA) as well as a Vilastic 3
viscoelasticity analyzer (Austin, TX, USA). The Vilastic 3 employed controlled oscillatory flow in
a cylindrical tube to measure the major rheological parameters including viscosity, elasticity, and
relaxation time. These parameters were measured in solutions with a concentration of 2.5 mg/mL in
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saline. Viscosity of AV-DRP solutions at a concentration of 0.1 mg/mL was measured using a capillary
viscometer (Cannon Manning). At this concentration, the DRP solutions behaved as Newtonian fluids,
and therefore measurement of asymptotic viscosity was sufficient for rheological characterization.

2.6. Microfluidic Studies

Microfluidic studies were conducted to visualize the effects of AV-DRP on RBC flow in models
of the microvessels. As mentioned in Introduction, previous studies showed that the addition of a
well-known DRP (high MW PEO) modified traffic of blood cells causing reduction of the near-wall
cell free layer by relocation of some RBCs to the near wall space, attenuating the Fédhraeus effect, and
delivering more RBCs to capillaries by reduction of the plasma skimming at vessel bifurcations.

Bovine blood was obtained from a local slaughterhouse. The RBCs were washed three times with
phosphate buffered saline (PBS) and resuspended at a hematocrit of 20% in PBS with 1% bovine serum
albumin added to preserve the biconcave shape of the cells. A hematocrit of 20% was chosen since
in vivo microcirculatory hematocrit values are 20%-50% lower than the systemic hematocrit [36,37] due
to the Fahraeus effect, which is more pronounced at lower hematocrit for a given vessel diameter [37].
Light microscopy was used to verify normal biconcave shape of the RBCs.

Standard photolithography and replica molding techniques were used to fabricate
polydimethylsiloxane (PDMS) microchannel systems containing a series of bifurcations and expansions [38].
Channel widths ranged from 25 to 200 pm and channel height was 100 pm. A syringe pump (Harvard
Apparatus) in infuse mode was used to generate continuous, non-pulsatile flow of the RBC
suspensions through the microchannel systems. Although flow in the vascular system is pulsatile,
steady flow was chosen because pulsatility is diminished in the microvessels [39]. In order to prevent
RBC sedimentation, the suspension in the syringe was kept well mixed by placing a small magnetic stir
bar inside the syringe, and manually agitating it using another magnet on the outside. Physiologically
relevant flow rates ranging in the parent channel from 0.01 to 0.2 mL/min, depending on channel
dimensions, were used for these experiments. Reynolds numbers ranged from 1 to 20, which is
within the physiological range for small arteries and arterioles with similar diameters. The RBC
suspensions flowing through the microchannels were recorded with a microscopic flow imaging
system, which consisted of an inverted research microscope (IX70, Olympus, NJ, USA), a cooled CCD
camera (MicroMax DIF, Roper Scientific, NJ, USA), and an associated image acquisition board hosted
in a PC. At least twenty images were recorded at each condition. Areas in the main channel and the
smaller branch, as well as the bifurcation itself, were imaged.

2.7. Statistical Analysis

Drag reduction data are presented as mean percent drag reduction + standard deviation.
Unpaired, two-sample Student’s t-tests assuming unequal variances were used to compare 0.01 mg/mL
AV-DPR to saline at each tested Reynolds number. Parameters measured by GPC and viscoelastic

properties are presented as mean value + standard deviation value.

3. Results

Previous studies have shown that AV-DRP was a very effective DRP both in vitro and in vivo
in animal models [5,25]. However, the drag reducing component of AV-DRP had not been fully
characterized, and the polymer preparation methods were not reproducible or suitable for production
of large quantities. Therefore, it was important to standardize AV-DRP extraction methods in order to
eliminate variability between preparations, as well as to fully characterize this natural DRP. The results
of this study show certain progress made toward this standardization and characterization of the
aloe-derived DRP.
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3.1. In Vitro Testing Drag Reducing Ability of AV-DRP

Drag reducing ability of AV-DRP was assessed at the concentrations of 0.01 to 0.1 mg/mL in
turbulent flow. At Reynolds numbers of about 20,000, AV-DRP reduced resistance to flow by 31% + 6%,
and AV-DRP produced a statistically significant drag reduction compared to saline (control) at all
tested Reynolds numbers (p < 0.001). At a higher concentration, 0.1 mg/mL, AV-DRP was found to
reduce friction by up to 50%. Similar experiments were performed using the same concentration of
PEO. PEO WSR-301, a commonly used drag reducing polymer, reduced drag by a maximum 42% at
0.1 mg/mL using the same flow conditions. Comparison of the drag reducing ability demonstrated by
these two polymers produced similar results. However, unlike AV-DRP, drag reducing efficiency of the
PEO solution started to almost immediately diminish due to repeated exposure to high shear forces in
the turbulent flow and especially inside the pump while AV-DRP was practically stable during the
entire test. Our experiments confirmed the results of previous studies that have concluded that the
DRPs with a linear structure are very efficient but degrade much more rapidly than branched ones [40].

3.2. Chemical Characterization of AV-DRP

Identification of the chemical structure of the active drag reducing component of AV-DRP was
necessary before this DRP could be approved for use in the clinical setting. Using a trypsin based
assay, as well as a proteinase K based assay, the hypothesis that the active drag reducing component
of aloe was a protein was rejected. AV-DRP maintained its drag reducing activity when tested in the
turbulent flow system at 0.01 mg/mL following treatment with either trypsin or proteinase K. Since
neither enzyme degraded the polymer, it was concluded that the aloe-derived DRP did not contain
peptide bonds. Based on these studies and the literature [21,23,27,28,41], it was reasonable to conclude
that the drag-reducing component of aloe was a polysaccharide residue. Treatment of AV-DRP with
endo-3-D-mannanase, however, did cause degradation of the DRP which resulted in diminishing of
the AV-DRP drag reducing efficiency. Before enzyme treatment, the AV-DRP reduced resistance to
flow in the pipe by ~40% at a concentration of 0.01 mg/mL; after treatment, the AV-DRP produced no
drag reducing effect. Since endo-f3-D-mannanase is known to hydrolyze mannans (galactomannans,
glucomannans, and galactoglucomannans) containing (3-1,4 linkages, it was inferred that the drag
reducing element of aloe likely contains a backbone comprised of 3-1,4 linked mannose residues.

3.3. GPC

Mean weight average MW of the AV-DRP determined by GPC was 8.4 x 10° + 3.0 x 10° Da.
Intrinsic viscosity was 29.3 + 3.2 dL/g. Radius of gyration and hydrodynamic radius were 199 + 26 nm
and 153 + 20 nm respectively. Polydispersity index was calculated to be 1.17 + 0.17. These molecular
characteristics are indicative of effective DRPs, but standard deviations were high. This may be due
to the fact that components vary among plants depending on factors such as plant age [41,42], or
that slight variations may have still existed in the extraction procedure leading to different actual
concentrations of DRP in the final preparation. Tested in parallel, PEO WSR-301, a well-known effective
DRP with somewhat lower MW and linear structure, was determined to have a weight average MW of
4.4 x 10° + 0.2 x 10° Da. Intrinsic viscosity was 13.0 £ 0.5 dL/g. Radius of gyration and hydrodynamic
radius were 120 &+ 4 nm and 92 + 3 nm respectively. Polydispersity index was calculated to be 1.4 & 0.4.

3.4. Viscoelasticity

Concentrated AV-DRP solutions demonstrated pronounced non-Newtonian behavior and high
viscosity, which are defining characteristics of all effective DRPs. Average viscosity, elasticity, and
relaxation time, determined at a concentration of 2.5 mg/mL in saline using the Brookfield cone and
plate rheometer and the Vilastic 3 viscoelastometer, are shown in Figure 2. At low concentrations,
AV-DRP solutions had Newtonian flow behavior. Average viscosity at a concentration of 0.1 mg/mL
was found to be ~1.2 cP. At the concentration applied in the microfluidic studies, 0.01 mg/mL, viscosity



Fluids 2016, 1, 6 7 of 12

of the AV-DRP in buffer alone was ~1.05 cP at room temperature. Asymptotic viscosity of the 20%
RBC suspension in PBS was 2.0 cP, and the 20% RBC suspension containing 0.01 mg/mL AV-DRP

was ~2.2 cP. At 20% hematocrit and the shear rates applied in this study, the blood behaved as a
Newtonian fluid.
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Figure 2. Aloe derived DRP rheological parameters at 2.5 mg/mL concentration. (a) Viscosity measured
in Brookfield cone and plate rheometer. (b) Viscosity measured in a viscoelastometer (Vilastic).
(c) Elasticity measured in a viscoelastometer. (d) Relaxation time measured in a viscoelastometer [33].

3.5. Microfluidic Studies

AV-DRPs reduced motion of RBCs from the near wall region toward the channel center, decreasing
cell free plasma layer size and the plasma skimming effect in models of microvessels. Upstream of
the bifurcation, a developed near wall plasma layer can be seen as control RBCs flow through the
bifurcations (Figure 3). Flow direction in each image is indicated by the arrows. When AV-DRP was
added to a RBC suspension at a concentration of 0.01 mg/mL, the RBCs were relocated to this near
wall region, greatly reducing the plasma layer size. Due to the decrease in the size of the near wall
plasma layer more RBCs flowed into the daughter branches, decreasing the plasma skimming effect.
As one can see, the RBCs are more elongated because of the closer to the wall location and exposure

to the higher near-wall shear stresses due to the elimination of the cell-free layer by the nanomolar
concentration of AV-DRP.
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Figure 3. Red blood cell suspensions in a 100 pm to 100 um right angle bifurcation with no polymer
and no flow (a) and flowing at 0.1 mL/min (b) and 0.2 mL/min (c) and with 0.01 mg/mL AVP and no
flow (d) and flowing at 0.1 mL/min (e) and 0.2 mL/min (f) [33].

4. Discussion

DRPs have been shown to improve impaired blood circulation caused by numerous pathologies
in animal models [4,5,8-11,13,14]. Although commonly used DRPs such as PEOs and PAMs were very
effective in these models, they are not optimal for potential clinical applications. PEO is degraded
quickly by high stresses [43] and PAM presents toxicity issues [13,14,44]. Therefore, other options must
be considered for DRP application in vivo. An ideal candidate would include a synthetic or natural
DRP, which is well reproducible, resistant to mechanical degradation, biocompatible, and easy to
manufacture for potential clinical use.

Since high MW polysaccharides are known to be effective drag reducers [5,11,15] that are resistant
to mechanical degradation [18-20], and a polysaccharide extracted from the Aloe vera plant was
found to have low systemic toxicity when injected either intraperitoneally or intravenously [21],
we hypothesized that AV-DRP could be a good candidate DRP for use in the medical field. In the
current study, AV-DRP was found to be a promising candidate for the future clinical applications.
It reduced resistance by up to 50% at the accessible range of Reynolds numbers in the turbulent
flow system used for these studies. The active drag reducing component was determined to be a
polysaccharide consisting of (3-1,4 linked mannose residues, although additional studies are needed to
elucidate the exact chemical structure of this polymer. Molecular and rheological properties of AV-DRP
are typical for an effective drag reducer. High standard deviations in molecular and rheological
properties observed in our study were likely the result of variations between aloe preparations caused
by variations between plants or slight variance in the extraction procedure. The fact that standard
deviations in viscoelastic parameters were highest at low shear rates may also indicate the presence of
some molecular aggregation, which varied between samples. This aggregation was also likely to be
responsible for the higher viscosities measured using the cone and plate theometer compared to those
measured using the Vilastic viscoelastometer. The oscillatory flow in the viscoelastometer could break
up these aggregates, significantly reducing the observed viscosity, especially at low shear rates.
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AV-DRP has previously been shown to be more resistant to mechanical degradation than PEO in
both saline and in the presence of RBCs [31] making it a promising candidate for potential use
in treatment of chronic circulatory disorders. It has been previously hypothesized that certain
polysaccharides may have increased resistance to degradation due to their strong bonds between
monomer units as well as intra- and intermolecular interactions lessening the stresses on those
bonds [19]. It has also been proven that relatively small branches on a long-chain polymer molecule
increase its mechanical stability [20,40]. Although the exact structure of the DRP component of
aloe is not yet known, a structure proposed for the main element of the aloe polysaccharide may
contain some branches [27] while PEO does not. Finally, since polysaccharides, such as the aloe-based
polysaccharide, are comprised of numerous six-carbon rings linked together, the molecules are more
rigid, and therefore degradation is not entropically favored [18]. The presence of rings could also
allow for some bonds to be broken without breaking up the polymer backbone. Therefore, unlike
PEO, the aloe polymer could be expected to withstand some bond breakage without compromising its
drag reducing activity. The potential degradation of AV-DRP caused by biologic mechanisms in vivo,
however, has not been studied, but must be evaluated before this polymer could be used clinically.

Addition of AV-DRP to blood flowing in models of microvessels caused the RBCs to relocate
toward the wall (anti-Fahraeus effect), reducing the plasma layer size and thus reducing plasma
skimming at vessel bifurcations. This effect was previously observed using PEO [5,17]. The prevention
of RBC movement toward the center of the vessel by DRPs may improve the transport function of
blood in the microcirculation and facilitate gas exchange between RBCs and tissue in vivo by reducing
diffusion distance in the smallest arteries and arterioles. The observed increases in the near-wall
hematocrit and, thus, in local viscosity with the addition of DRPs produce an increase in wall shear
stress in the microchannels. In microvessels, this increase in wall shear stress would cause release
of endothelial-derived relaxing factor, nitric oxide [39], promoting vasodilation and thus decreasing
overall vascular resistance. In vivo experiments have shown that DRPs cause a decrease in vascular
resistance [4,9,14,45-47], and local vasodilation caused by RBC redistribution could be one of the
mechanisms responsible for this effect. The observed increase in wall shear stress caused by DRPs
could also lead to an increase in number of functioning capillaries, which has been seen after the
injection of DRPs in previous in vivo studies [8]. In the case of hemorrhagic shock, the reduction in
plasma skimming at vessel bifurcations might improve microcirculation, delivering more RBCs to
the capillaries and acting as an autotransfusion. This is a very promising DRP phenomenon since the
adequate functional capillary density is a major factor of survival in hemorrhagic shock [48].

5. Conclusions

In the study presented here, Aloe vera-based drag reducing polymer (AV-DRP), a blood soluble
DRP with great potential for clinical applications, was characterized and evaluated using chemical,
rheological and hydrodynamic methods. AV-DRP offered the advantage of biocompatibility and
resistance to mechanical stresses which induce degradation to many other tested DRPs. The current
work made progress toward standardizing the preparation process and further characterizing this
very promising DRP for medical practice. In vivo studies showed that AV-DRP produced strong
beneficial effects in various animal models including hemorrhagic shock, myocardial infarction, and
inflammatory attack related to biodegradable scaffold implantation [5,11,29,30], which characterized
AV-DRP as a superior candidate for clinical use.
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