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Abstract

Low molecular weight heparin (LMWH) is widely used in anticoagulation therapies and for the

prevention of thrombosis. LMWH is administered by subcutaneous injection usually once or twice

per day. This frequent and invasive delivery modality leads to compliance issues for individuals

on prolonged therapeutic courses, particularly pediatric patients. Here, we report a long-term

delivery method for LMWH via subcutaneous injection of long-lasting hydrogels. LMWH is

modified with reactive maleimide groups so that it can be crosslinked into continuous networks

with four-arm thiolated polyethylene glycol (PEG-SH). Maleimide-modified LMWH (Mal-

LMWH) retains bioactivity as indicated by prolonged coagulation time. Hydrogels comprising

PEG-SH and Mal-LMWH degrade via hydrolysis, releasing bioactive LMWH by first-order

kinetics with little initial burst release. Separately dissolved Mal-LMWH and PEG-SH solutions

were co-injected subcutaneously in New Zealand White rabbits. The injected solutions

successfully formed hydrogels in situ and released LMWH as measured via chromogenic assays

on plasma samples, with accumulation of LMWH occurring at day two and rising to near-

therapeutic dose equivalency by day 5. These results demonstrate the feasibility of using LMWH-

containing, crosslinked hydrogels for sustained and controlled release of anticoagulants.

INTRODUCTION

Cardiovascular disease is a global health issue, affecting nearly 17 million people per year.1

In particular, venous and arterial thromboembolisms are major problems. A significant

proportion of myocardial infarctions and strokes, which are collectively the most common

cause of death in the industrialized world2, are precipitated by arterial thromboembolism.3

Venous thromboembolism is the third leading cause of cardiovascular associated death after

myocardial infarction and stroke.3 Anticoagulants are standard treatments to reduce the risk
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of these thromboembolisms, and currently include heparins (both unfractionated and low

molecular weight derivatives)4, vitamin K antagonists (coumarins) such as oral warfarin5,

protein-derived thrombin inhibitors (hirudin, lepirudin, desirudin)6,7, small-molecule

thrombin inhibitors (argatroban and oral dabigatran)8, and factor Xa inhibitors (oral

rivaroxaban and apixaban).9,10 Of the long list of anticoagulant therapies, heparin

formulations have the longest history of clinical use.11 Unfractionated and low molecular

weight heparin (LMWH) are standard treatments for myocardial infarction, cardiovascular

surgery, coronary angioplasty, coronary stents and numerous other conditions.4 LMWH,

which can be delivered subcutaneously, offers advantages over unfractionated heparins,

which require IV delivery, such as reduced risk of hemorrhage,12 improved clearance

rates,13 and more predictable pharmacokinetics.14 Perhaps most importantly, subcutaneous

injections of LMWH can safely be administered at home without the need to monitor

activated partial-thromboplastin time that is necessary with unfractionated heparin.15

There has been significant effort to develop oral formulations for heparin delivery, owing to

compliance issues with subcutaneous injections in outpatient populations.16,17 The first

systems to show limited clinical success combined heparin into oral syrups18,19 and later

into solid gel capsules20,21 by combination with N-[8-(2-hydroxybenzoyl) amino]caprylate

(SNAC), whereby SNAC acts as a carrier molecule via weak association of heparin,

increasing the gastrointestinal absorption followed by dissociation once absorbed.22 In

addition, a wide range of other oral delivery strategies have been proposed (although not yet

employed clinically) including covalent modification, emulsification, nanoparticle

formulation, polyion complexes, and others.23–26 Unfortunately, oral delivery approaches

are hampered by the fact that heparin is not readily or consistently absorbed by the

gastrointestinal tract27, thus injection remains the primary route of administration.

Unfortunately, compliance with daily injection regimens is a serious problem; in one study

lack, of compliance resulted in uncertain prophylaxis in 28% of adults and 100% of patients

under 20 years of age.28,29 Accordingly, both oral and recurrent subcutaneous delivery

modalities have drawbacks in the maintenance of consistent drug concentrations within

therapeutic ranges, which is a critical difficulty for disease prevention.30 The development

of time-released formulations would be a significant improvement, especially in pediatrics.

In children, similar to adults, conventional antithrombotic therapies have included primarily

heparin and the oral anticoagulant warfarin; however, there are a number of important

physiologic and practical considerations that make the use of these drugs in pediatric

patients very different and more problematic than use in adults. First, the epidemiology of

thromboembolic events in pediatric patients is different from that observed in adults.31 In

addition, maturation of the clotting system, developmental changes in the distribution,

binding, and metabolism of drugs, and the presence of inter-current illness or concurrent

medications may affect pediatric antithrombotic therapy.32,33 It is significant that there are

no specific pediatric formulations of antithrombotic drugs. Furthermore, pediatric

compliance issues render current formulations especially problematic in, for example,

infants who cannot comprehend the need for therapy, adolescents who comprehend but are

emotionally unwilling to cooperate, and children of dysfunctional families who may

experience neglect.31 In addition, there has been a dramatic rise in the use of anticoagulant

treatments in children, and LMWH has become widely used to control thromboembolic
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complications in pediatrics. Other oral anticoagulants such as direct thrombin inhibitors,

though successful for short term treatment, have yet to be proven efficacious for long-term

treatment given continued concerns over hepatic toxicity and the need for routine patient

monitoring.6,34,35

The combinations of therapeutic and compliance challenges associated with current

treatments indicates the need for more effective long-term anticoagulant therapy. Such

therapy would include facile and infrequent administration, maintenance of therapeutic drug

concentration in circulation, and long-term elimination of any drug carriers. Hydrogels offer

such a solution, and have been commonly used for controlled release of drugs in many

applications. They are composed mostly of water and maintain their self-supporting and

elastic nature by a network of hydrophilic polymers that are chemically, physically, or

ionically cross-linked, leading to a material that swells to high degrees yielding mechanical

and/or chemical properties similar to that of biological tissues.36 Hydrogels are particularly

conducive to releasing water-soluble drugs via hydrolysis due to their highly hydrophilic

environment, rapid mass transport, and homogeneous and predictable degradation

conditions.36 Polysaccharides, specifically polysaccharide-modified synthetic polymers,

have long been used in biomaterials for tissue engineering and drug delivery because of their

functional structure, hydrophilicity and general biocompatibility.37 In accord, heparin has

been primarily used as a component of growth factor-delivering systems to bind proteins,

thereby both sustaining the activity of the protein and controlling the delivery.38–40

Although a bulk of these hydrogel systems have contained heparin, they have not been

investigated as anti-thrombotic delivery agents. Furthermore, only a few researchers have

described heparin-containing hydrogels for potential antithrombotic therapy,41–43 though

their efficacy and feasibility of use was not determined in animal models.

Here we describe the development of a subcutaneously injectable hydrogel system for long-

term release of LMWH. The hydrogels are prepared by in situ crosslinking of injected

maleimide-functionalized LMWH (Mal-LMWH) and four-arm star, thiolated polyethylene

glycol (PEG-SH). Maleimide-thiol Michael type additions are highly specific for thiols over

other nucleophiles and react with fast reaction kinetics, producing no byproducts44; thus,

two mutually reactive solutions of LMWH and PEG can be co-injected subcutaneously with

immediate in situ formation of hydrogels. Subsequent hydrolysis of the ester linkages of the

PEG-SH component results in release of bioactive LMWH that can bind antithrombin III

(ATIII) and factor Xa (fXa) (Figure 1). The in vivo application of this material is possible

and permits accumulation of therapeutically-relevant levels of LMWH.

MATERIALS AND METHODS

Materials

Four-arm hydroxyl functionalized PEG (Mn 10,000 g mol−1) was purchased from JenKem

Technology USA Inc. (Allen, TX, US). Lovenox low molecular weight heparin (LMWH,

Mw 4500 g mol−1) was purchased from Sanofi-aventis (Bridgewater, NJ, USA). N-(2-

aminoethyl)maleimide, trifluoroacetate salt (AEM), 1-hydroxybenzotriazole hydrate

(HOBT), 2-(N-morpholino)ethanesulfonic acid (MES), 3-mercaptopropionic acid (MP), and

p-toluenesulfonic acid monohydrate (PTSA) were purchased from Sigma-Aldrich (St. Louis,
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MO, US). ACTICHROME® Heparin (anti-fXa) and HEPTEST® assays and control plasma

were purchased from American Diagnostica (Stamford, CT, US). 2.5ml double-barrel

mixing syringes and 4.5cm luer lock mixing tips were purchased from Medmix Systems

(Risch, CH). N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC·HCl),

and all other reagents and materials were purchased from Fisher Scientific (Pittsburgh, PA,

US). Phosphate buffered saline (PBS) was composed of 10mM sodium phosphate and

150mM sodium chloride at a pH of 7.4 unless noted otherwise.

Synthesis of four-arm thiolated PEG (PEG-SH)

The synthesis of thiolated four-arm PEG was performed as previously reported.38 In short,

PEG (1meq.), MP (40meq.), and PTSA (0.4meq.) were dissolved in toluene. Under a flow of

nitrogen, the reaction was refluxed with stirring for 48hrs (Scheme 1). Water was collected

by using a Dean-Stark trap. Toluene was removed under reduced pressure and the polymer

was precipitated 3 times in cold ether. The polymer was reduced by dissolving 1meq in

methylenechloride with DTT (1meq) and triethylamine (1meq) under nitrogen for 5hrs. The

reaction was acidified with trifluoroacetic acid (1.1meq) and precipitated in ether and rinsed

with copious amounts of 2-propanol and hexane. Functionality was determined via 1H NMR

spectroscopy and was approximately four (>95%). 1H NMR (CDCl3): δ = 4.28 (8H, CH2-O-

C(O), m), 3.74-3.50 (900H (CH2-CH2-O)n, bs), 2.84-2.64 (16H, CH2-CH2-SH, m) (Figure

S1).

Synthesis of maleimide-functionalized LMWH (Mal-LMWH)

The synthesis of maleimide-functionalized heparin was performed as previously described

with slight modification to yield the desired number of maleimide groups per LMWH.38

Briefly, 2g LMWH (0.44mmol) was dissolved with 0.5g AEM (2mmol) in the presence of

0.5g EDC·HCl (2.7mmol) and 0.5g HOBT (3.3mmol) in 200ml of 0.1M, pH 6.0 MES

(Scheme 2). The reaction proceeded overnight at room temperature with stirring. The

product was purified by dialysis (MWCO 1000) against 1M NaCl solution and deionized

water. The freeze-dried sample was characterized via 1H nuclear magnetic resonance

spectroscopy (NMR) indicating a degree of functionalization of 1.7. Higher functionalities

were obtained by increasing the concentration of reactants. 1H NMR (400 MHz, D2O): δ =

6.84 (2H, CO-CH=CH-CO, m), δ = 5.60-5.05 (15H, heparin anomeric proton, m) (Figure

S2).

HEPTEST® anticoagulation time

Clotting time assessments were measured using slightly modified HEPTEST® protocols for

unmodified LMWH and Mal-LMWH as well as for the supernatants from in vitro

degradation experiments described below. For increased accuracy of clotting time

measurements, the viscosity of the mixed HEPTEST® samples was monitored continuously

using an AR-2000 rheometer (TA Instruments, New Castle, DE, US) with a 25mm parallel

plate geometry with a 400μm gap and temperature-controlled lower Peltier plate set at 37°C.

Hydrated solutions were kept on ice before use. 50μL plasma, 50μL fXa, and 50μL LMWH

in PBS were added to the rheometer Peltier plate and incubated for 30s with shearing at 2

rad·s−1 to ensure adequate mixing. 50μL of RecalMIX was added to the stage and sheared
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for an additional 8s at 2 rad·s−1 and 2s at 0.1rad·s−1. A constant 0.1Pa shear stress was then

applied to the solution. Clot times were recorded when head velocities decreased to zero.

Hydrogel formation

Hydrogel formation was accomplished by dissolving PEG-SH and Mal-LMWH separately

in buffer with equal molar ratios with respect to functionalities. The Michael-type addition

of Mal-LMWH and PEG-SH and further crosslinking is depicted in Scheme 3. Self-

supporting hydrogels were formed upon mixing the two solutions. Gels cast for in vitro

degradation and rheology experiments were mixed in microcentrifuge tubes and

immediately vortexed for approximately 2s to ensure solution homogeneity without

disrupting the evolving crosslinked network structure. The solution was then transferred to

its final form before an elastic solid was formed. Subcutaneous injections were

accomplished by loading each chamber of an ethylene-oxide sterilized MedMix double-

barrel syringe, assembled with a mixing tip and 25G × 5/8″ needle, with the appropriate

solution of either functionalized PEG or functionalized LMWH. Prior to loading, polymer

solutions were filter-sterilized using 0.22μm polyethersulfone filters. Precursor hydrogel

solutions were injected at rates such that gelation did not occur in the mixing tip. All

hydrogels used in this study had a total solids content of 10w/v%. (Higher concentration

hydrogels (up to 20w/v%) were easily formed in practice but not implemented in these

experiments, thus hydrogel volumes could be reduced if necessary for future studies).

Oscillatory rheology

Samples were gelled in situ by co-injection of the separately dissolved functionalized

materials onto the rheometer Peltier plate mixed as described above. An AR-2000 rheometer

was used at 25°C in a constant (1.0%) strain mode. A 20mm, 1° 56″ cone plate geometry

with a 33μm truncation was used in all experiments at a constant oscillatory frequency of 6

rad s−1. Gelation kinetics were determined by measuring the storage (G′) and loss (G″)

moduli as a function of time after co-injection of the materials on the rheometer stage. A

gelation time was defined as the time of crossover of G′ and G″.

Heparin release in vitro

100μL hydrogels were formed in 1ml syringes (with the tips removed), with mixing as

described above. Syringes were sealed with Parafilm® to minimize evaporation during

gelation. Hydrogels were incubated at room temperature for 10 minutes before they were

ejected from the syringe by advancing the plunger. It was determined via oscillatory

rheology experiments that hydrogels reached an equilibrium plateau modulus significantly

before 10 minutes and therefore could be displaced into a bath without disruption. The cast

hydrogels were then each swelled separately in 14ml of PBS. The vials were placed on a test

tube rocker in a 37°C incubator. 12ml samples of the supernatant were taken, and the sample

replenished with fresh buffer at time points of 0, 2, 9 and 24 hours, then daily until the 7th

day, and then every two days until the end of the experiment. The hydrolysis of the esters in

these networks, which here liberates a succinimide thiopropionic acid-functionalized

LMWH, is depicted in Scheme 4.
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The concentration of LMWH in solution was determined using the established toluidine blue

assay, with slight modification.45 Briefly, 200μL of LMWH-containing supernatants were

added to 200μL 0.005% toluidine blue solution in 0.01N HCl, and 400μL dichloromethane,

in a 1.5ml polypropylene centrifuge tube. Tubes were vortex mixed and incubated overnight

at room temperature and finally centrifuged for 10 minutes at 20,000 × g. 100μL of aqueous

solutions were added to a 96-well plate and absorbance values at 590nm measured on a

Fusion microplate reader (Perkin Elmer, Waltham, MA, US). Concentrations were derived

from a calibration curve constructed of eight samples with LMWH concentrations ranging

from zero to 0.035mg/ml. It was determined that the conjugation of polymer to the LMWH

did not impact the measurements, via comparisons of LMWH with mono-PEGylated

LMWH. Calibration curves for unfunctionalized LMWH and Mal-LMWH were also

identical, indicating that the measurement of LMWH in this assay was not affected by the

functionalization of the LMWH.

Subcutaneous injection of LMWH in vivo

11 healthy New Zealand White rabbits (Covance Research, Princeton, NJ, USA) of 5–9

months of age and a weight range from 2.7–3.4 kg were selected for subcutaneous injection

of heparin solutions. All animal procedures were approved by the A.I. duPont Hospital for

Children Institutional Animal Care and Use Committee and overseen by a staff veterinarian.

Rabbits were purchased with femoral venous access ports (VAPs) implanted for ease of

blood draws during experiments. The animals were divided into three groups: 4 animals

received unmodified LMWH, 3 animals received Mal-LMWH, and 4 animals received

hydrogel precursor solutions for in situ hydrogel formation. General analgesia (0.05 mg/kg

buprenorphine) was administered to all animals prior to subcutaneous injections.

Unmodified LMWH was diluted to 10mg/ml and injected daily based on the weight of the

rabbit (1mg LMWH/kg). Mal-LMWH (f=1.7) was injected daily at 2.5mg Mal-LMWH/kg,

to account for the decrease in fXa activity indicated via HEPTEST® assays as described

above. The amount of hydrogel necessary to deliver a therapeutic level of LMWH was

determined based on an estimated degradation time of approximately 14 days with an

assumed near linear release of LMWH, for a total injection of 35mg Mal-LMWH/kg,

32.7mg PEG-SH/kg, for an injection volume of 680μl/kg. All LMWH solutions were

injected subcutaneously via 25G × 5/8″ needles into the animal’s dorsum on the right side of

the midline, just below the level of the scapula. Hydrogel injections were injected as

described above.

Blood draws were taken from VAPs for pre-procedure baseline, 20, 40, 60 and 180 minutes

after day 1 injections for all samples. Subsequent blood draws were taken 30 minutes after

injection for later daily injections of LMWH and Mal-LMWH. Hydrogel animal blood

draws were collected at 20, 40, 60 and 180 minutes after day 1 injections as well as daily

thereafter to a total of 10 time points over 5 days. To prevent coagulation or bacterial

infection within the VAP, 5 mL of sterile saline was flushed through the catheter after each

blood draw, followed by 1 mL of 3 mg/mL minocycline with 30 mg/mL

ethylenediaminetetraacetic acid (EDTA).46 Collected blood samples were diluted with 1/10

volume of 3.8% trisodium citrate and centrifuged at 4°C for 20 minutes at 5,000 × g and
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stored at −80°C as per standard ACTICHROME® collection procedures. All recommended

procedures were followed for assay calibration and measurement. Animals were euthanized

at the end of the experiment with 1 mL beuthanasia. NIH guidelines for the care and use of

laboratory animals (NIH Publication #85-23 Rev. 1985) were observed.

RESULTS AND DISCUSSION

Anticoagulant activity

Maleimides were coupled to uronic acid residues of LMWH via carbodiimide coupling of

the amine group of the maleimide and carboxylates of LMWH (Scheme 2). The number of

functional maleimide groups appended to the LMWH was controlled to be around 2; a

minimum number of maleimides (2) is required to permit the formation of percolated

networks when Mal-LMWH is reacted with four-arm star, thiolated PEG. Two maleimides

per LMWH was targeted in order to minimize the impact on antithrombin III (ATIII)

binding and to thus preserve anticoagulant activity. Two different average functionality

values were tested; these values were determined by proton NMR spectroscopy to be 1.7 and

2.4 maleimides per LMWH by integration of the maleimide peak (6.82ppm) and the

anomeric protons of the polysaccharide (5.60-5.05 ppm) assuming the average number of

saccharides to be 15 (Figure S2).

The anticoagulant activity of the modified Mal-LMWH was quantified with a standard

coagulation assay (HEPTEST®, American Diagnostica). Coagulation curves (clotting time

versus heparin concentration) were constructed by measuring the clotting time of various

known concentrations of each modified heparin in normal human plasma (Figure 2A). The

positive slopes of these curves illustrate that the modified heparins retained anticoagulant

activity, and the slope obtained from the data via linear regression was interpreted to be an

indication of this anticoagulant activity for each heparin (plotted in Figure 2B). The slopes

were statistically different based on a 2-sample t-test (p < 0.01). Addition of 1.7 maleimide

groups per LMWH reduced the activity 2.5-fold (relative to unmodified LMWH, ~40%

activity), while addition of 2.4 maleimides per LMWH chain reduced the activity by 6-fold.

Comparatively, oral LMWH and unfractionated heparin, though markedly different in terms

of absorption and delivery routes, have not achieved perfect bioavalability either, with

maximum bioavailability ranging from ~10% to a maximum of ~60% depending on the co-

delivery agent or vehicle.22,25,47 The impact of covalent modification on bioactivity was not

unexpected given that ATIII is thought to bind to a pentasaccharide unit in heparin4, and that

the average number of saccharides in LMWH (enoxaparin) is approximately 15, thus

yielding only 3 pentasaccharide units. Modification of 2 of the 3 pentasaccharides could be

expected to interfere with binding of ATIII. It has also been shown that chemical

modification of high molecular weight heparin can impact the binding efficiency to proteins,

though to a lesser degree than measured here.48 Typical side reactions of maleimide ring

opening44 and carbodiimide rearrangement49 were detected via proton NMR at low

conversions (affecting fewer than 0.2 carboxylic acids per chain for each functionality, see

Supporting Information). Further minimization of these side reactions would most likely

increase the anticoagulant activity for a given maleimide functionality. Considering this,

Mal-LMWH with a functionality of 1.7 was used for all subsequent experiments as this

Baldwin et al. Page 7

J Biomed Mater Res A. Author manuscript; available in PMC 2014 July 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



provided sufficient anticoagulant activity and enabled formation of fully crosslinked

hydrogels. Any further decrease in maleimide functionality prevented the formation of

crosslinked hydrogels.

Gelation kinetics

Oscillatory rheology was used to measure the kinetics of gel formation as well as the elastic

modulus of the hydrogel. The gelation kinetics are important for the proposed system so that

gel formation is sufficiently rapid to prevent dilution of the precursor solutions in the

subcutaneous space, but not so rapid that gelation occurs in the mixing syringe, preventing

homogeneous mixing or an increased solution viscosity such that the injection cannot be

made through a small-gauge needle.50 Furthermore, any fracture of the forming crosslinked

network in the syringe tip would potentially alter the LMWH release profile and make

release profiles variable from gel to gel. In order to control the gelation time, the pH of the

solutions was altered, as the Michael-type addition of thiols to maleimides is known to be

dependent on the thiolate ion concentration which is directly dependent on solution pH.51

Variation of the pH is thus a facile means to control gelation times for this and other

potential applications.

Figure 3A shows the evolution of the elastic moduli (G′) over time for 10w/v% hydrogels

formed at different pH values. These gels were formed by mixing solutions of Mal-LMWH

and PEG-SH, at a stoichiometric concentration of maleimide to thiol groups. The most rapid

gelation occurred at pH 7.4, which was the upper limit tested in these studies owing to the

inactivation of the maleimide via ring opening at higher pH values.44 Much slower gelation

occurred for solutions at pH 5.5. The time when the mixed solution would form an elastic

solid with no fluidity, or critical gelation time, was assessed when G′ was greater than the

loss modulus (G″) and plotted against pH (Figure 3B). A pH of 7.4 was optimal for injection

with the epoxy style mixing tip employed in our in vivo studies (Figure S3), allowing

sufficient time for all the solution to pass through the syringe mixing tip and needle without

ring-opening of the maleimide (data not shown). Figure 3C shows a typical time-sweep for a

10w/v% hydrogel formed at pH 7.4, showing that the length of time necessary to reach

equilibrium is on the order of a few minutes under the conditions employed in the in vivo

experiments. Notably, a critical gelation time within 20 seconds would permit the hydrogels

to remain intact upon injection in the subcutaneous space, while complete gelation occurred

within 10 minutes. Comparatively, other injectable hydrogels crosslinked by addition

chemistries at physiological pH exhibit slower critical gelation times (ca. 15 minutes or

longer) for four-arm PEG vinyl sulfone crosslinked with thiolated peptides.52 Increasing the

functionality of the crosslinking macromer (i.e., functionality much greater than 4) has

reduced the critical gelation time to 3–5 minutes for acrylate-thiol polysaccharide

hydrogels40,53 and 0.5–7 minutes for vinyl sulfone-modified dextran and PEG-thiol

hydrogels.54 Although the system described here is composed of low functionalities (Mal-

LMWH ~2, and PEG-SH ~4), short gelation times were achieved, owing to the faster

reaction kinetics of the maleimide-thiol addition reactions compared to acrylate-thiol or

vinyl sulfone-thiol additions. Additionally, the final modulus of ca. 2.3 kPa is in the range of

what typically would be observed for subcutaneous tissues indicating that these injected

hydrogels would have mechanical properties similar to the surrounding normal tissue.55
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Release of LMWH from hydrogels in vitro

The esterification reaction of 4-mercaptopropionic acid with hydroxyl-terminated, four-arm

star PEG (Scheme 3) provided a facile method for thiolating PEG. The introduction of the

ester linkages also imparted a strategy for controlling hydrolytic degradation rates of the

hydrogels, and in turn controlling the release of LMWH. The rate of chemical hydrolysis

depends mainly on pH and temperature, as well as on the hydrophobicity of the environment

around the hydrolytically labile group.56 Degradation of 10w/v% hydrogels, immersed in an

excess of PBS at 37°C, was quantified by measurement of released LMWH by established

toluidine blue measurements.45 Figure 4 displays the average cumulative release of LMWH

over time. An initial burst release of 14.8± 0.9% was measured at two hours, followed by a

near linear release until day 16 when accelerated degradation was observed. The accelerated

degradation has been attributed to the point at which the de-percolation of the continuous

hydrogel network occurs.57 It was further shown that de-percolation occurs at variable mass

loss percent dependent on the length between crosslinks as well as hydrolysis rates using

model hydrogels composed of linear PEG-acrylate functionalized with hydrolyzable lactide

groups and crosslinked with multifunctional thiol molecules.58 Although our system is

composed of LMWH and PEG rather than PEG alone, a similar onset of depercolation is

exhibited at mass loss of 62%. However, the onset of de-percolation in the experimental

PEG systems and predicted models resulted in instant degradation of the hydrogel network;

whereas, a gradual increase in degradation rate was measured at the onset of de-percolation

rather than complete degradation in our present studies. This effect could be attributed to the

larger molecular weight distribution of LMWH (ca 1.359) versus the PEG (<1.1).

Furthermore, the functionalization of LMWH produces variable molecular weights between

crosslinks. The variable molecular weight would broaden the complete de-percolation of the

network when compared to the model system in which the molecular weight between

crosslinks is more uniform.

Hydrolysis of esters in a buffered solution is pseudo first-order; therefore, the cumulative

release of LMWH (Figure 4, left axis) can be fit to known release equations by plotting the

log of the amount remaining versus time (Figure 4, right axis).60 Discarding the first data

points, which are from the release of entrapped (and not covalently reacted) LMWH, as well

as the final data points that are indicative of hydrogel de-percolation, the linear section of

the data in Figure 4 can be fit to a line with high-adjusted coefficients of determination

(R̄2=0.994) yielding a pseudo first-order rate constant, k′, of 0.0483 ± 0.004 days−1 and a

half life, t1/2, of 14.4±0.1 days for the pseudo first-order portion of the curve (see Supporting

Information). This calculation of release ignores other factors such as enzymatic

depolymerization of heparins, and it is therefore assumed that in vivo hydrolysis may be

accelerated to some degree over these values. Other hydrogels such as implantable heparin

release systems have obtained variable results for controlled release. Thermosensitive

hydrogels composed of N-isopropyl acrylamide (NiPAAm) copolymerized with butyl

methacrylate (BMA) or acrylic acid (AAc) comonomers had limited success controlling the

burst release as the delivery mechanism was based on the de-swelling of the implantable gel.

Both materials showed 80% heparin released within 2hrs of incubation with PBS with 100%

release over 10hrs for NiPAAm/BMA and ~5 days for NiPAAm/AAc.41. Other attempts

with NiPAAm methacrlyic acid were less successful with near 100% release within 10
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minutes, indicating that pore sizes of the gel were too large to reduce free diffusion.43 Co-

matrices of chitosan and polyethylene vinyl acetate with some hydrogel-like properties have

also been reported for controlled release of aspirin (acetylsalicylate) and heparin.42 These

implantable systems exhibited near zero-order release of heparin over extended periods of

time (measured up to 60 days), limiting the diffusion-controlled release by addition of an

insoluble surface coating of polystyrene-butadiene.42 Clearly, the use of diffusion-based

control for heparin release without the use of barrier layers has proven difficult as heparin

has a relatively small hydrodynamic radius and freely diffuses in swollen polymeric

networks.43 Here, we obtain intermediate release rates with minimal burst release, as control

of release was dependent on the hydrolysis of labile esters.

We also sought to determine if the LMWH released from hydrogels during in vitro

degradation experiments maintained bioactivity, specifically because some LMWH may

retain single or multiple PEG branches not removed via hydrolysis. The toluidine blue test is

insensitive to the presence of PEG (data not shown), therefore the precise concentration of

LMWH in the supernatants collected could be calculated and tested using the standard fXa

anticoagulant test described above. Figure 5 shows the clotting time versus concentration for

unconjugated LMWH (solid) and a random sampling of LMWH released from hydrogels

(open). The coagulation time points determined for the released LMWH fall within the 95%

predictive interval for the fitted data, and are statistically similar, indicating that the LMWH

released during hydrogel degradation retains the same bioactivity (2-sample t-test of slopes,

p = 0.55).

In vivo experiments

Animal studies were conducted using New Zealand White rabbits to determine the utility of

the PEG-LMWH hydrogels for longer-term release of LMWH in vivo. Animals were

assigned to three groups and received either daily subcutaneous injections of soluble

unmodified LMWH, daily subcutaneous injections of soluble maleimide-modified LMWH,

or a single subcutaneous injection of PEG-LMWH hydrogel. The delivery of LMWH to the

blood over time was estimated using chromogenic assays (ACTICHROME®/anti-fXa,

American Diagnostics) with unmodified LMWH as a calibration standard. Figures 6A-C

display the determined concentration of LMWH in blood over the first three hours after each

daily injection (average of 5 daily injections for 4 unmodified LMWH injected animals and

3 Mal-LMWH injected animals). Figure 6D displays the concentration of LMWH in blood

over five days after a single hydrogel injection (with subsequent blood draws every 24 hrs

after the first day). All concentrations presented in Figure 6 represent equivalents of

unmodified LMWH. The concentration of unmodified LMWH in the blood (Figure 6A) is

consistent with standard heparin dosage curves previously described in the literature, with an

initial delay from the subcutaneous injection, followed by a maximum and gradual decrease

to baseline shortly thereafter.61 In our experiments, peak concentrations of LMWH were

detected within the first hour of injection. In comparison, the subcutaneous injection of

maleimide-modified LMWH produced a different concentration curve (Figure 6B). It was

expected that Mal-LMWH would have similar pharmacokinetics as unmodified LMWH

after accounting for its decreased anticoagulant activity. A peak dose was detected with high

variability approximately 20 minutes after injection, but a rapid decline to baseline was
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measured afterward, an effect most likely caused by reaction of the maleimide functional

groups. Maleimides typically react with thiols, but are also known to react with amines with

slower kinetics.44 Without pre-reaction or co-injection with exogenous thiols, the Mal-

LMWH may have covalently reacted with subcutaneous tissues, reducing the available

amount of LMWH in the blood.

The amount of LMWH introduced in the subcutaneous space in PEG-LMWH hydrogels was

at a targeted, higher mass of LMWH per kilogram relative to the injection amounts for free

LMWHs (35mg/kg gel-LMWH vs 1mg/kg LMWH and 2.5mg/kg Mal-LMWH). This

elevated amount was based on the fact that the LMWH-containing gel would be injected

only once (followed by its controlled release) and was adjusted to account for the reduced

specific activity of Mal-LMWH compared to unmodified LMWH. Sufficient LMWH to last

for 14 days was administered to rabbits in the hydrogel form (2.5mg·14 days, owing for the

decreased activity and the number of days targeted for release). As shown in Figure 6C, an

initial increase of LMWH was measured in the blood, at similar concentrations to those

measured for unmodified LMWH (Figure 6A). The initial increase in LMWH may be

attributed to the release of unmodified LMWH from the hydrogel, consistent with our

observations during in vitro tests (see above). Due to the large polydispersity of LMWH, it

is conceivable that a small percentage of LMWH would not carry maleimide functionality,

and therefore would not be covalently attached to the hydrogel network. The amounts of

LMWH detected in the blood from the PEG-LMWH samples are greater than those detected

for the Mal-LMWH samples (Figure 6C versus 6B). Although the LMWH in both cases is

modified with maleimide, in the case of the PEG-LMWH, all maleimides are reacted with

the thiols of the PEG, thus no LMWH would be expected to be ‘lost’ by covalent attachment

to tissue.

As shown in Figure 6D, after the clearance of the free LMWH from the blood of the PEG-

LMWH gel-injected animals, there was a trough in LMWH detected at 48 hrs followed by a

sustained increase in LMWH concentration thereafter. The accumulation of LMWH in the

blood beginning 48 hrs post-injection is consistent with the release of LMWH from the

hydrogel at a rate greater than that of clearance of heparin from the blood, allowing the

concentration to return to near the peak level of LMWH (0.002 mg/ml in Figure 6A) seen

after injection of a standard therapeutic dose. The area under the curve (AUC) of plasma

levels over time estimates total drug exposure. AUC can be determined for each individual

animal (Figure 7), with 0–24 hr AUCs shown for all three injection types, and subsequent 24

hr AUC time intervals for the hydrogel injection. The boxplot displays the median response

(solid horizontal), with the box extents representing standard error and whiskers

representing 10th and 90th percentile range. As shown, high variability is observed in the

data, although statistical significance was exhibited for time intervals of 24–48 hrs, and 48–

72 hrs after the hydrogel injection versus the standard injection of LMWH. Thus, the AUC

data are in agreement with the hydrogel release data, in that the cumulative amount of

LMWH in the blood reaches a minimum at 24–48 hrs, with a subsequent increase in LMWH

concentrations at later time points, in contrast to the profile at longer time points observed

for the unmodified LMWH. Although the hydrogel release profiles show relatively low

anticoagulation activities from 24–120 hrs, the AUC for the hydrogel reached a value
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similar to standard injections by day 4, suggesting that a similar level of exposure had been

reached with the two delivery systems.

Hydrogels were excised at day five of the experiment (Figure 8). All hydrogels, which

formed ovoid masses during their injection, remained intact during the length of the study,

also indicating that additional LMWH was available for release over longer timescales. The

volume of the hydrogel after excision was also similar to the injected volume, as might be

expected given that hydrolytic degradation is a bulk phenomenon, with degradation

occurring homogeneously throughout the hydrogel’s crosslinked network so that the initial

shape is conserved and devoid of surface erosion.62

Our results indicate the feasibility of this hydrogel system for the extended release of

LMWH; future application will require tuning of the degradation rate to increase the LMWH

blood concentration at early and intermediate time points, which could be achieved by

accelerating the initial degradation rates of the hydrogel. One strategy to accelerate the

degradation could include shortening the length of the alkyl segment of the esterified

mercapto-acid (Scheme 1). This has been shown to be effective in modulating the hydrolysis

of tethered model drugs to PEG chains63 and hydrolysis of thiol-acrylate photopolymers.56

Furthermore, mixed hydrogel formulations of different mercapto-acid functionalized PEGs

could increase initial release while maintaining steady release over longer timescales. By

tailoring the degradation kinetics, degradation profiles could be chosen for complete release

of LMWH from days to months depending on patient need.

The controlled release of LMWH from injected hydrogels also has implications for

improving subcutaneous therapies for a variety of drugs provided they are amenable to

maleimide modification and that proper delivery profiles can be achieved. Recent studies

support this approach for LMWH delivery as continuous intravenous infusion of LMWH

has been shown to improve outcomes for children with deep vein thrombosis over

subcutaneous injections of equivalent daily doses when peak therapeutic levels of LMWH

were consistently maintained in the continuous infusion.64,65 Similar concepts have also

been discussed in comparing continuous intravenous infusion of unfractionated heparin

versus subcutaneous LMWH injections with varying results.15,66–69 In light of these recent

pediatric studies and issues of non-adherence to daily drug regimens among children, a

material such as suggested here may incorporate the advantages of a single subcutaneous

injection with benefits of continuous infusion, provided the release profile of LMWH from

the hydrogel could be tuned to provide higher LMWH blood concentrations earlier while

maintaining comparable AUCs. Controlling the release of LMWH also is of key importance

given that adverse effects have been reported from LMWH therapies, although as discussed

above, to a lesser extent than with unfractionated heparin. There have been few reports of

consequences, such as bleeding, from acute LMWH overdoses with most cases left

untreated or treated with protamine.70–72 Here, a small amount of carboxylates of LMWH

(~1–3) were modified to reduce the impact on bioactivity as discussed above, thus it remains

feasible that the charge characteristics of the LMWH generally remained intact, possibly

indicating that protamine therapy could be used to reverse anticoagulation effects if needed

as with standard LMWH.73,74 Likewise, considerations would have to be made for
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protamine therapy to accommodate the continuous release of LMWH from the hydrogel if a

complete reduction of blood LMWH concentration was desired.

CONCLUSIONS

Our experiments have shown that using a simple PEG-LMWH system to controllably

release LMWH from an in situ forming PEG hydrogel is feasible with promising in vivo

results. Anticoagulant properties of the modified LMWH were retained with bioactivities

40% that of unmodified LMWH; optimization of the LMWH modification may improve the

activity. Mixing solutions of modified LMWH with four-arm star PEG resulted in rapidly

gelling hydrogels with kinetic rates controlled by solution pH, while in vitro degradation

studies showed a near-linear release of LMWH up to 21 days, controlled by bulk hydrolytic

degradation of the hydrogel network.

This system builds on a well-established anticoagulant with extensive clinical history and an

excellent safety profile. PEG-drug conjugates have been known to demonstrate favorable

properties including prolonged residence in the body, decreased degradation by metabolic

enzymes, and a reduction in antigenicity; properties which could aid in the long term

delivery of LMWH.75 Lastly, the natural heterogeneous structure and polydispersity of

LMWH offers significant opportunities for derivatization as taken advantage in this study;

whereas, smaller molecules like fondaparinux or small-molecule direct thrombin inhibitors

would be less likely to retain anticoagulant activity after modification.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
In situ crosslinking via Michael-type addition of maleimide-functionalized LMWH (Mal-

LMWH) and four-arm star thiolated PEG (PEG-SH), with subsequent ester hydrolysis of the

network and delivery of active LMWH that binds antithrombin III and factor Xa.
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FIGURE 2.
Impact of heparin functionality on anticoagulant activity. (A) Clotting times for various

concentrations of modified Mal-LMWH as measured via HEPTEST®; (B) Comparison of

the anticoagulant activities, determined from the slopes from the HEPTEST® results. Error

bars indicate standard error of the regression, and all slopes are statistically different

(p<0.01, 2 sample t-test).
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FIGURE 3.
Oscillatory rheology characterization of hydrogels. (A) Impact of solution buffer pH on

gelation kinetics plotted as storage modulus (G′) against gelation time; decreasing the

solution pH increased the time of the onset of gelation. (B) Critical gel point time as a

function of pH. (C) Typical oscillatory storage (●) and loss (○) modulus for gels cast at

room temperature in pH 7.4 PBS, achieving a measureable modulus within 20 seconds and

final modulus within 10 minutes.
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FIGURE 4.
Cumulative LMWH release (left axis) and log of remaining LMWH (right axis) from 10wt%

hydrogels in PBS incubated at 37°C. Concentrations of LMWH were determined by

toluidine blue assays; error bars indicate standard error of three separate sample

measurements. The linear portion of the log of remaining LMWH was fit to first-order

kinetic release equation (k=0.0483 ± 0.004 days−1; R̄2=0.994).
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FIGURE 5.
LMWH released from in-vivo degradation retained its ability to delay coagulation time as

determined by the fXa HEPTEST®. (●) Calibration curve based on functionalized LMWH

and (○) LMWH released from hydrogels in in vitro experiments. The 95% confidence

interval (···) and prediction interval (---) are displayed, determined from the linear regression

fit of the slopes of the calibration curves. Concentrations of LMWH were determined via

toluidine blue tests.
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FIGURE 6.
LMWH release in vivo versus time after injection, measured by the ACTICHROME®

chromogenic assay for injections of (A) unmodified LMWH (B) Mal-LMWH and (C, D)

Hydrogels. Top panels (A,B) are averages of 4 and 3 animals for LMWH and Mal-LMWH

respectively with measurement after each daily injection for 5 days. Bottom panels (C,D) are

an average of 4 animals with a single injection of a hydrogel at time 0, and LMWH

concentration monitored over 5 days after injection. All LMWH concentrations represent

equivalent doses of unmodified LMWH. Error bars indicate standard error of sample sets.
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FIGURE 7.
Comparison of area under curve (AUC) results for 24hr segments for LMWH, Mal-LMWH

and hydrogel injections. Horizontal lines represent the medians, box extents represent

standard error, whiskers represent 10th and 90th percentile range. AUC were statistically

similar except for 24–48, and 48–72hr intervals of LMWH release from hydrogel (2 sample

t-test), whereby the release of LMWH was not sufficient to maintain an adequate level

concentration in the blood. Subsequent 24hr AUC intervals return to the reference range

established by standard LMWH injections.
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FIGURE 8.
Excised hydrogel 5 days after implantation. The hydrogel remained intact over the study,

indicating that release of LMWH over longer time periods would be possible.
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SCHEME 1.
Synthesis of thiolated four-arm PEG (PEG-SH).
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SCHEME 2.
Synthesis of maleimide-functionalized LMWH (Mal-LMWH).
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SCHEME 3.
Michael-type addition reaction of Mal-LMWH and PEG-SH, shown with further reaction to

form a crosslinked network.
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SCHEME 4.
Degradation of hydrogel via ester hydrolysis.
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