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Abstract:

A novel heparin- and cellulose-based biocomposite is fabricated by exploiting the

enhanced dissolution of polysaccharides in room temperature ionic liquids (RTILs). This
represents the first reported example of using a new class of solvents, RTILs, to fabricate
blood-compatible biomaterials. Using this approach, it is possible to fabricate the biomaterials
in any form, such as films or membranes, fibers (nanometer- or micron-sized), spheres
(nanometer- or micron-sized), or any shape using templates. In this work, we have evaluated
a membrane film of this composite. Surface morphological studies on this biocomposite film
showed the uniformly distributed presence of heparin throughout the cellulose matrix. Acti-
vated partial thromboplastin time and thromboelastography demonstrate that this composite
is superior to other existing heparinized biomaterials in preventing clot formation in human
blood plasma and in human whole blood. Membranes made of these composites allow the
passage of urea while retaining albumin, representing a promising blood-compatible bioma-
terial for renal dialysis, with a possibility of eliminating the systemic administration of heparin
to the patients undergoing renal dialysis. © 2006 Wiley Periodicals, Inc. J Biomed Mater Res Part B:

Appl Biomater 79B: 298-304, 2006
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INTRODUCTION

The first generation of biomaterials (such as gold) was used
as inert structural materials, but recent biomaterials are active
materials that interact appropriately with tissues and or-
gans.'? These bioactive materials often exhibit biocompat-
ibility, blood compatibility, and biodegradability, and are
currently being investigated as kidney dialysis membranes,
artificial organs, drug delivery matrices, and tissue engineer-
ing scaffolds. The membranes used for kidney dialysis should
have excellent biocompatibility and blood compatibility to
render its function, without activating the complement and
coagulation cascade and triggering the blood clotting.®> Hep-
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arin (or low molecular weight heparins) is administered,
either by intravenous or subcutaneous route, to maintain
blood flow in patients on extracorporeal therapy,® such as
blood oxygenation or kidney dialysis, or in the treatment of
clots formed in disease states, such as deep vein thrombosis.’
Often significant side effects result, including life-threatening
medical implications, such as hemorrhage, requiring the ap-
plication of heparin reversal agents or methods, which have
their own set of side effects.®’

Advances have been made in reducing or eliminating the
need for systemic heparinization in extracorporeal therapy by
preparing biomaterials with improved blood compatibility.®
Heparin immobilized to a surface, enhances the blood com-
patibility of that surface, reducing platelet adhesion, loss of
blood cells, and increasing plasma recalcification time and
activated partial thromboplastin time (APTT). Immobilized
heparin, unlike soluble heparin, also inhibits initial contact
activation enzymes through an antithrombin-mediated path-
way, and thus has enhanced anticoagulant properties.® Im-
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proving the biocompatibility of various polymers has primar-
ily focused on the surface immobilization of heparin.'®~'?

Cellulose, a carbohydrate polymer, has very good thermal,
mechanical, biostable, and biocompatible properties.'*'*
Chemically modified celluloses find a wide range of medical
applications, particularly in the preparation of dialysis mem-
branes and implantable sponges. The chemical modification
of cellulose is complicated by its high degree of crystallinity,
resulting in its insolubility in water and most conventional
organic solvents (other than N-methylmorpholine-N-oxide,
CdO/ethylenediamine, LiCl/N,N’-dimethylacetamide, and
near supercritical water). Room temperature ionic liquids
(RTILs) are organic liquid salts that are generating increased
interest as “green” solvents, because of their low vapor pres-
sure and recycling possibility.'>'® RTILs that are capable of
dissolving many nonpolar and polar compounds, including
carbohydrates, have been designed and synthesized.'”'®
Recently, Swatloski and coworkers employed microwave
irradiation to dissolve up to 25% (w/w) of unmodified
cellulose in the RTIL 1-butyl-3-methylimidazolium chloride
[bmIm][C1]."® We recently reported the dissolution of up to
10 mg/mL heparin (originally soluble only in dimethyl
sulfoxide, dimethyl formamide, and formamide, apart from
water) in the RTILs 1-ethyl-3-methylimidazolium benzo-
ate ([emIm][ba]) and 1-butyl-3-methylimidazolium benzoate
([bmIm] [ba]).20 Here, we demonstrate the fabrication of a
novel heparin and cellulose-based biocomposite by exploiting
the enhanced dissolution of polysaccharides in RTILs. Even
though the biomaterial can be fabricated in many forms and
shapes, composite membranes were chosen as a model form
in this study. This novel composite exhibits superior clotting
kinetics, as measured by APTT and thromboelastography
(TEG). Membranes made of these composites allow the pas-
sage of urea while retaining albumin, representing a promis-
ing blood-compatible biomaterial membrane for renal dialy-
sis, without requiring systemic administration of anticoagu-
lants.

MATERIALS AND METHODS

Materials

Heparin (sodium salt, extracted from porcine intestinal mu-
cosa, USP activity 169 U/mg) was bought from Celsus Lab-
oratories. Cellulose, [bmIm][Cl], [emIm][Cl], and Dowex®
cationic resin were bought from Sigma Aldrich. Benzoic acid
and imidazole were bought from Fisher Scientific.
[EmIm][ba] was prepared by following the existing proto-
col.?°

Biocomposite Material Fabrication

The imidazolium salt of heparin was prepared from the so-
dium salt using ion exchange chromatography (Dowex cat-
ionic (H™) resin) followed by neutralization with imidazole.
Approximately 7 mg of imidazolium heparin was added to
400 mg (500 L) of [emIm][ba]. The contents were then
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mixed by vortexing and heated to 35°C for about 20 min, to
afford a clear solution of heparin in [emIm][ba]. Cellulose
was dissolved in [bmIm][CI] (1.0 g) by preheating the RTIL
to 70°C, and then adding 100 mg of cellulose. The contents
were then mixed by vortexing and microwaved for 4-5 s, to
afford a 10% (w/w) cellulose in [bmIm][CI]. The solution of
heparin and cellulose in RTIL were combined and mixed by
vortexing for 5-10 s (other materials such as drugs or en-
zymes can be added at this step) to afford a solution of both
polysaccharides. The resulting solution of heparin and cellu-
lose can be fabricated into biomaterials in various shapes and
forms, including films or membranes (by membrane casting),
micro- or nanospheres (atomization), micro- or nanofibers
(electrospinning), or any other shapes molded by using tem-
plates (Figure 1). Once solidified, this biocomposite was
immersed in ethanol, which could dissolve both the RTILs,
leaving a composite of cellulose matrix with immobilized
heparin, The biocomposite film was washed extensively with
ethanol, to completely extract all RTIL (as confirmed by the
absence of residual RTIL in the ethanol wash), and the
biocomposite film was then dried in vacuo.

Scanning Electron and Atomic Force
Microscopic Techniques

The cellulose and the heparin—cellulose composite films were
analyzed with an electron beam at an acceleration voltage of
5 kV under field emission scanning electron microscopy
(FESEM), using a JEOL JSM-6332 equipped with secondary
electron detectors. Prior to FESEM analysis, the film was
subjected to gold sputtering, to make the film conductive. The
surface morphological differences between the cellulose film
and heparin—cellulose composite film were characterized us-
ing tapping mode—atomic force microscopy (TM-AFM) on a
Veeco D3100 scanning probe microscope. The films were
placed on an atomically flat silicon wafer surface and dried by
applying weights in vacuo. Both the topography and the
phase were recorded.

Activated Partial Thromboplastin Time

In a typical experiment, the film (0.5 X 0.5 cm?) was affixed
to a cup of fibrometer (BBL Fibrometer, Beckton Dickinson
Microbiology Systems, Cockeysville, MD) followed by the
addition of an automated APTT reagent (100 wL) and
warmed for a minute at 37°C. Platelet-poor-human plasma
(100 L) was added, followed by 5 min incubation at 37°C;
CaCl, (100 uL of 0.025M) was then added to recalcify the
citrated plasma. The plasma solution was observed for clot-
ting by using the fibrometer. APTT was measured in tripli-
cate.

Thromboelastography

The clotting kinetics of the human whole blood was also
assessed in the presence of biocomposites by using TEG.
TEG has been used as a widely useful technique in hospitals
to study the abnormalities in the coagulation pathway of the
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Figure 1. Schematic representation for the preparation of heparin—cellulose composite biomaterials.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

patients. TEG works by measuring the physical viscoelastic
characteristics of blood. Typically, a biocomposite film
(0.5 X 0.5 cm?) was placed in a TEG cup, followed by the
addition of 350 wL of human whole blood and incubated for
5 min. Ten microliters of 0.01M CaCl, was added to recalcify
the citrated blood. A coaxially suspended stationary piston
was then placed on the cup, with a clearance of 1 mm. This
pin is suspended by a torsion wire that transduces the torque.
The cup is oscillated at an angle of 4° 45" in either direction
every 4.5 s. During the clot formation, fibrin fibrils link the
cup to the pin, which influences the rotation of the pin, and
the disturbance is measured and displayed by a computer.
The display called thromboelastogram plots the torque expe-
rienced by the pin as a function of time. TEG studies the
coagulation by measuring various factors, including the latent
time for clot initiation (R), the time to initiate a fixed clot
firmness of around 20 mm amplitude (k), the kinetics of clot
development (angle «), and the maximum amplitude (MA) of
the clot. This is another way of measuring the blood compat-
ibility of the heparin—cellulose biocomposite films.

Equilibrium Dialysis of Urea and BSA

The film was fixed into an equilibrium dialysis cell between
equal volumes of buffer. An 8 mg sample of either urea or
BSA in PBS buffer (8 mL) was loaded onto the high-con-
centration-donor side (H) and 8 mL of PBS buffer was loaded
onto the low-concentration-receiver side (L). Aliquots were

simultaneously removed at periodic intervals from each side,
and their solute concentration was analyzed by measuring UV
absorbance (206 nm for urea and 280 nm for BSA). Concen-
trations were calculated using a standard curve of each solute.

RESULTS AND DISCUSSION

The FESEM micrographs of the cellulose and the heparin—
cellulose composite films [Figure 2(a,b)] show uniformly
formed nanosized pores throughout the films. This property
suggested the utility as a membrane, particularly for dialysis
applications. The heparin—cellulose composite film [Figure
2(b)] does not show the flaking, observed in pure cellulose
films [Figure 2(a)], and it has a uniform smooth surface with
a larger number of nanopores. The nanopores found on the
surface of this film have diameters ranging from 20 to 40 nm.
The TM-AFM imaging [Figure 2(c—f)] clearly distinguished
the cellulose and the heparin—cellulose heparin composite
films. The topography [Figure 2(c)] and the phase [Figure
2(e)] images of the cellulose film correlated to each other,
both showing a monomodal distribution with a flaky structure
in consistence with the FESEM observation. Phase imaging is
sensitive to sudden changes in topography, such as at the
edge of the flakes. However, the flakes themselves do not
reveal any phase contrast, indicating that they are of uniform
elasticity, and composed of the same material (cellulose). In
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Figure 2. Surface morphology of the cellulose and the heparin—cellulose composite films. (a, b)
FESEM,; (c, d) AFM topography; and (e, f) AFM phase images of the cellulose-only film (a, ¢, and €) and
heparin-cellulose composite film (b, d, and f). FESEM images are presented at X30,000 magnification.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

the case of heparin—cellulose composite film, the topographic
image [Figure 2(d)] did not correlate with the phase image
[Figure 2(f)]. The topography image (d) of heparin—cellulose
composite film revealed the formation of globular-shaped
heparin domains in the cellulose matrix. This globular align-
ment was found uniformly across the surface. The phase
image (f) reveals distinct bimodal contrast that does not
correlate to topography. This contrast arises from difference
in elasticity between the cellulose and heparin, indicating that
there are two distinct phases (cellulose and heparin). This
phase image (f) demonstrates that heparin is uniformly dis-
tributed in the cellulose matrix.

The degree of entrapment of the water-soluble heparin by
the water-insoluble cellulose was studied by incubating the
composite film (105 mg) in water (10 mL). Samples of water
were withdrawn at periodic time intervals, and the heparin
concentration was determined by carbazole assay against a
standard curve.?' Residual heparin in the composite film
could also be estimated by dissolving the composite film and
subjecting this solution to the carbazole assay. The maximum
leaching of heparin (Figure 3) was observed in the first 20
min of the experiment, consistent with a commonly observed
“burst effect.”?>?* Little leaching was observed after this
initial burst effect even after prolonged (100 h) washing, with
less than 500 ug being lost from the 7 mg of heparin in the
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composite film. The results of carbazole assay used to deter-
mine the amount of heparin present before and after leaching
of a heparin—cellulose composite suggest that 92% of the
heparin within the heparin—cellulose composite film was not

Measurement of leaching of heparin by Carbazole assay
0.032
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Figure 3. The concentration of heparin measured, releasing out of
film, plotted as a function of time. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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Figure 4. Clotting properties of heparin—cellulose composite mem-
brane. (a) APTT values of the cellulose and heparin—cellulose com-
posite membranes compared with existing heparinized biomaterials.
(b) TEGs of blood alone (control in red), cellulose film (black), leached
heparinized biofilm (pink) and intact heparinized biofilm (green); The
characteristics of the pink TEG (elongated clotting time, reduced clot
formation, formation of weaker clot, and slower rate of clot formation)
clearly demonstrates heparin is present in its bioactive form. [Color
figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]

leachable. Further, elemental analysis (C, H, N, and S) (Gal-
braith Laboratories, Knoxville, TN, USA) of cellulose film
showed the absence of nitrogen or sulphur, while composite

films showed the expected values based on the synthesis
described in Figure 1.

Alcian blue (a cationic dye that binds to the negative
groups) staining clearly demonstrated the presence of the
dye-accessible heparin even after leaching (data not shown),
demonstrating that the heparin present within the composite
was sufficiently accessible for chemical reaction.

APTT is routinely used for evaluating the blood compat-
ibility of various heparinized polymer surfaces.’**> APTT
was used to measure the in vitro plasma anticoagulant activity
of heparin present in both leached and unleached composite
films against a cellulose control [Figure 4(a)]. Plasma on the
unleached heparin—cellulose composite film did not clot, as
the film releases heparin into the plasma, providing no mea-
surable APTT. Plasma on cellulose behaved similar to control
APTT of 32.3 = 2 s. Plasma on unleached composite showed no
clot in over 1 h, while the leached composite showed an APTT
value of 24243 = 120.5 s (n = 3)). This value compared
favorably to other heparinized polymers, including poly(2-
hydroxyethylmethacrylate)-dimethylaminoethylmethacrylate
(P-(HEMA)-DMAEMA-HEP),** hexamethylene diisocyana-
te—tetraethylenepentamine—hexamethylene diisocyanate
(HMDIO-TEP-HMDIC-HEP),*® polyacyrlonitrile—chitosan
(PAN-C-HEP),'? and poly(2-hydroxyethylmethacrylate) (P-
(HEMA)-HEP).”’

TEG measures anticoagulant activity in human whole
blood.”® A comparison of TEGs in the absence and presence
of cellulose film reveals nearly identical curves [Figure 4(b)].
The TEG of the leached heparin—cellulose composite film
shows an extended latent time of clotting initiation. The
shape of this TEG is also different from the controls, dem-
onstrating the presence of active anticoagulant heparin on the
composite surface. The clotting parameters measured by TEG
are given in Table I. The time taken to form 20 mm clot (K)
was prolonged, and the rate of clot formation (o) and the
maximum clot strength (MA) were reduced when treated with
leached heparin—cellulose composite film. Again, as with
APTT, no clot was formed during the 2 h evaluation of the
unleached composite, and this was evaluated as due to the
release of weakly bound heparin. The clotting kinetic param-
eters of 1 U/mL solution heparin are also provided from the
literature for comparison. Thus, the heparin—cellulose com-
posite film has excellent blood-compatible properties, as ob-

TABLE I. Clotting Kinetics in the Presence of Cellulose and Heparin—-Cellulose Composite Film Determined in Human Whole Blood

Using TEG

Entity R (min) K (min) a (degrees) MA (mm)
Human whole blood (control) 3.9 1.7 65.6 55.9
Plain cellulose film (control) 4.6 1.7 65.9 55.9
Heparin—cellulose composite film-leached 23.0 7.8 20.4 44.8
Heparin—cellulose composite film-unleached 121.7* 0 0 0
Free heparin (1 U/mL)* 415 20 16.5 58.5

Latent time for clot initiation (R), time to initiate a fixed clot firmness of 20 mm amplitude (k), kinetics of clot development (« angle), and the maximum amplitude (MA) of

the clot were recorded.
#No clot observed.
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Figure 5. Dialysis properties of heparin—cellulose composite mem-
brane. Equilibrium dialysis of urea and BSA across the heparin—-
cellulose composite film from high concentration side (H) to the low
concentration side (L).

served by both plasma-based APTT 2424.3 = 120.5 s and
whole blood-based TEG studies.

The utility of the leached heparin—cellulose composite
film for dialysis was evaluated next. The film was fixed into
an equilibrium dialysis cell between equal volumes of buffer.
The low MW (60.1) urea and the high MW (67,000) albumin
involved in kidney dialysis were chosen for this equilibrium
dialysis study across the composite film (Figure 5) from high
concentration to low concentration side. An 8 mg sample of
either urea or BSA in PBS buffer (8 mL) was added to the
first compartment of the equilibrium dialysis cell, and the
second compartment was filled with PBS buffer. Aliquots
were taken at various time points from the second compart-
ment, and the solute concentration was analyzed by measur-
ing UV absorbance (206 nm for urea and 280 nm for BSA).
Urea freely dialyzed across the membrane, reaching equilib-
rium in less than 60 min. The diffusivity of urea across this
membrane was found to be 3.6 X 10~ '® m%*/s. Only slight
movement of BSA was seen across the membrane, reaching
<10% of its equilibrium value even after 45 h (data shown
only for 5.6 h), suggesting a promising application for these
heparin—cellulose composite films as kidney dialysis mem-
branes.

Protamine sulfate, commonly used as a heparin reversal
agent, can cause severe complications.*® The current ap-
proach avoids systemic heparinization, thus, eliminating the
need for protamine neutralization. Also during hemodialysis,
on repeated exposure to heparin, patients can develop anti-
heparin-platelet factor 4 antibodies.® These antibodies are a
major risk factors involved in many thrombotic complica-
tions, including heparin-induced thrombocytopenia (HIT).
The current approach should significantly reduce the concen-
tration of circulating heparin. Hence, the chances for the
generation of antiheparin-platelet factor 4 antibodies and HIT
may be significantly reduced.

In conclusion, a novel technique has been used to fabricate
a heparin—cellulose-based biocomposite using RTILs. While
this composite can be prepared in a variety of forms, prelim-
inary studies evaluated a membrane film of this composite.
This film was characterized using FESEM, AFM, dye bind-
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ing, carbazole, and elemental analysis. These analyses
showed a very uniform composite in which heparin was
stably immobilized but still chemically and biologically ac-
cessible. The biocompatibility of the film was clearly dem-
onstrated by APTT and TEG measurements and implied
superior performance to other heparinized biomaterials re-
ported in the literature. Finally, these membranes can be used
in dialysis, suggesting a potential, new and valuable material
to make blood-compatible, hollow fiber, nanoporous mem-
branes for kidney dialysis that might eliminate the require-
ment for systemic heparinization.

We thank Prof. Georges Belfort, Prof. Chang Ryu, Dr. Ashavani
Kumar, Dr. Anand Kumar, and Dr. Gunaranjan Viswanathan for
their informative discussions.
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