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Photocrosslinkable biomaterials are promising for tissue engineering applications due to their capacity to be
injected and form hydrogels in situ in a minimally invasive manner. Our group recently reported on the
development of photocrosslinked alginate hydrogels with controlled biodegradation rates, mechanical
properties, and cell adhesive properties. In this study, we present an affinity-based growth factor delivery
system by incorporating heparin into photocrosslinkable alginate hydrogels (HP-ALG), which allows for
controlled, prolonged release of therapeutic proteins. Heparin modification had minimal effect on the
biodegradation profiles, swelling ratios, and elastic moduli of the hydrogels in media. The release profiles of
growth factors from this affinity-based platform were sustained for 3 weeks with no initial burst release, and
the released growth factors retained their biological activity. Implantation of bone morphogenetic protein-2
(BMP-2)-loaded photocrosslinked alginate hydrogels induced moderate bone formation around the implant
periphery. Importantly, BMP-2-loaded photocrosslinked HP-ALG hydrogels induced significantly more
osteogenesis than BMP-2-loaded photocrosslinked unmodified alginate hydrogels, with 1.9-fold greater
peripheral bone formation and 1.3-fold greater calcium content in the BMP-2-loaded photocrosslinked HP-
ALG hydrogels compared to the BMP-2-loaded photocrosslinked unmodified alginate hydrogels after 8 weeks
implantation. This sustained and controllable growth factor delivery system, with independently controllable
physical and cell adhesive properties, may provide a powerful modality for a variety of therapeutic
applications.
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16 368 6425; fax: +1 216 368

ll rights reserved.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Hydrogels are widely applied in many biomedical applications, such
as drug delivery [1–3], cell transplantation [4–6], and tissue engineering
[7–10]. Hydrogels are frequently used in an injectable format, which
allows them to be administered to a site in aminimally invasivemanner.
The crosslinking method used to form the hydrogels is important as it
should not damage or denature any encapsulated bioactive factors or be
toxic to incorporated or surrounding host cells; a wide variety of
crosslinking approaches have been explored [11]. Photocrosslinking has
emerged as a popular method for crosslinking hydrogels, offering the
advantages of the capacity to crosslink the material in situ upon
application of UV light and to produce precise structures in two and
three dimension using photopatterning [12]. Recently, biodegradable
and photocrosslinked hydrogels have been developed [13–15]; hydro-
gels such as the photocrosslinked alginate and hyaluronic acid can have
tunable biodegradation rates and tunable mechanical properties
[13,14]. Our group has developed photocrosslinked alginate hydrogels
in which the degradation rates and mechanical properties can be
controlled by varying the degree of methacrylation of the alginate
backbone [13], and the cell adhesive properties of the material can be
independently modulated by covalently coupling cell adhesion ligands,
such as those containing the Arg-Gly-Asp (RGD) amino acid sequence,
to the polymer [16]. However, in spite of the promising capacity to
regulate these physical and biochemical biomaterial properties, these
hydrogels typically share a similar problem with many other hydrogel
systems regarding delivery of small bioactive factors [17,18]: the release
of growth factors from thehydrogels is completedwithin a fewdays due
to rapid diffusion out of the water-swollen network [19–21] and is thus
not sustained over a long period of time. For many tissue regeneration
applications, the sustained presentation of growth factorsmay enhance
the growth of new tissue, as the cells in the area may require extended
exposure to a specific soluble factor in their microenvironment to elicit
certain cellular behaviors or morphogenetic events [22]. The native
extracellular matrix in which cells reside in the body stores bioactive
growth factors and protects them from degradation [23]. The use of
hydrogels, which are able to retain growth factors and then locally
deliver them to a specific site over a prolonged time period, may mimic
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this native environment and be beneficial for tissue regeneration. The
long-term release of growth factors would allow transplanted cells and
cells in tissues adjacent to the hydrogel injection site to be exposed to
bioactive growth factors for an extended time.

Several reports have tried to address this issue by introducing
growth factor binding ligands to polymer delivery systems [24–26].
Heparin, a highly sulfated glycosaminoglycan, has been used extensive-
ly as it is able to bind to many growth factors through affinity
interactions [27]. Heparin has been conjugated to natural hydrogels
(i.e. fibrin [18], collagen [28], and alginate [29]) and synthetic hydrogels
(i.e. poly(ethylene glycol) [30–32] and Pluronic F127 [33]) to elicit the
sustained release of heparin-binding growth factors.

Alginate, a naturally derived biocompatible polysaccharide com-
posed of repeating units of α-L guluronic acid and β-D mannuronic
acid, has been used in a variety of tissue engineering applications,
including for bone [34–36], cartilage [35,37], skin [38,39] and nerve
regeneration [40,41]. As a result of its biocompatibility, hydrophilic
nature, and ability to form a hydrogel under mild conditions, alginate
has great potential as a material for regenerative medicine applica-
tions. Several different approaches have been taken tomodify alginate
systems with heparin. Chitosan-alginate polyelectrolyte scaffolds
functionalized with heparin were found to delay the release of
fibroblast growth factor-2 (FGF-2), although the majority of the
growth factor was released after only 2 days [10]. Heparin has been
mixed into alginate prior tomaking ionically-crosslinkedmicrospheres,
and its addition was found to delay the release of a neurotrophin,
although again themajority was releasedwithin the first couple of days
[42]. Alginate and heparin have also been covalently crosslinked by
ethylenediamine to forma hydrogel, and theburst release of FGF-2 from
these hydrogels was found to be less than that from covalently
crosslinked alginate hydrogels without heparin; however these hydro-
gelswould likely not exhibit biodegradability over timedue to the stable
amide bond between ethylenediamine and alginate or heparin [29].
Alginate modified with sulfate groups using carbodiimide chemistry
exhibits growth factor affinity binding capabilities similar to heparin
due to the electrostatic interactions of growth factors with the sulfate
groups [43], and when mixed into pre-formed freeze-dried calcium-
crosslinked alginate scaffoldswas shown to delay the release of vascular
endothelial growth factor (VEGF), platelet-derived growth factor
(PDGF), and transforming growth factor-β (TGF-β) substantially [44].

In this study, we present an affinity-based growth factor delivery
system using photocrosslinked heparin-alginate (HP-ALG) hydrogels
to allow for the controlled, prolonged release of therapeutic proteins.
Solutions of methacrylated alginate and methacrylated heparin are
mixed together, and during the photopolymerization of the alginate
hydrogels, the heparin is covalently bound to the alginate via free
radical polymerization, and thus is covalently incorporated through-
out the hydrogels. The alginate crosslinks and heparin linkages
contain ester groups that are hydrolytically labile, thus permitting the
degradation of the hydrogels by hydrolysis. Furthermore, growth
factors incorporated into these hydrogels can bind to the heparin via
affinity binding, and these bioactive factors can then be released
through disassociation from the heparin and subsequent diffusion out
of the hydrogels and through hydrolytic degradation of the heparin
linkages and alginate crosslinks. Here, we determine if heparin
modification has an effect on the biodegradation profiles, swelling
ratios, and elastic moduli of the hydrogels and report on the release
profiles and bioactivity of growth factors from these materials. We
also examine the capacity of BMP-2-loaded HP-ALG hydrogels to
enhance bone formation at an ectopic site in mice compared to BMP-
2-laden alginate hydrogels without covalently coupled heparin. To
our knowledge, this is the first report on an injectable alginate
hydrogel system that offers the advantages of tunable physical
properties [13], cell adhesive properties [16], and bioactive factor
release properties; thus it may prove useful for a variety of therapeutic
applications.
2. Materials and methods

2.1. Synthesis of methacrylated heparin

The methacrylated heparin was prepared by reacting heparin (Mw
17,000, Sigma, St. Louis, MO) with 2-aminoethyl methacrylate (AEMA,
Sigma). To synthesize the methacrylated heparin with theoretical
methacrylation of two carboxylic acid groups, heparin (1 g) was
dissolved in a buffer solution (1% w/v, pH 6.5) of 50 mM 2-
morpholinoethanesulfonic acid (MES, Sigma) containing 0.5 M NaCl.
N-hydroxysuccinimide (NHS, 13.8 mg; Sigma) and 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride (EDC, 45.1 mg;
Sigma) (molar ratio of NHS:EDC=1:2) were added to the solution to
activate the carboxylic acid groups of the heparin. After 5 min, AEMA
(21.7 mg) (molar ratio of NHS:EDC:AEMA=1:2:1) was added to the
product and the reactionwasmaintained at room temperature for 24 h.
Themixturewas precipitatedwith the addition of excess acetone, dried
under reduced pressure, and rehydrated to a 1% w/v solution in
ultrapure deionized water (diH2O) for further purification. The
methacrylatedheparinwaspurifiedbydialysis (MWCO3500; Spectrum
Laboratories Inc., RanchoDominguez, CA, USA) against diH2O for 3 days,
filtered (0.22 μm filter), and lyophilized. To verify themethacrylation of
heparin, unmodified and methacrylated heparin were dissolved in
deuterium oxide (D2O, Sigma) and placed in separate NMR tubes. The
1
H-NMR spectra of the samples were recorded on a Varian Unity-300
(300MHz) NMR spectrometer (Varian Inc., Palo Alto, CA, USA) using 3-
(trimethylsilyl) propionic-2,2,3,3-d4 acid (Sigma) as an internal
standard.

2.2. Photocrosslinking for physical characterization of hydrogels

Low molecular weight sodium alginate (37,000 g/mol) was pre-
pared by irradiating Protanal LF20/40 (196,000 g/mol, FMCBiopolymer,
Philadelphia, PA, USA) at a gamma dose of 5 Mrad. Methacrylated
alginate (ALG) [13] and RGD-modified methacrylated alginate (RGD-
ALG) at a theoretical methacrylation of 45% (25% actual) were prepared
as previously reported [16]. To fabricate photocrosslinked HP-ALG
hydrogels, methacrylated alginate (0.182 g) andmethacrylated heparin
(0.018 g)were dissolved in 10 ml of diH2O orDulbecco'sModified Eagle
Medium (DMEM, Sigma)with 0.05%w/v photoinitiator (Irgacure-2959,
Sigma). These solutionswere placed between twoglass plates separated
by0.75 mmspacers and photocrosslinkedwith 365 nmUV light (Model
ENF-260C, Spectroline, Westbury, NY) at ~1 mW/cm2 for 10 min to
form the hydrogels. To fabricate ALG hydrogels without heparin as a
comparative group, methacrylated alginate (0.2 g) was dissolved in
10 ml of diH2O or DMEMwith 0.05%w/v photoinitiator. These solutions
were photocrosslinked as described above. Photocrosslinked hydrogel
disks were created using a 6 mm diameter biopsy punch and placed in
diH2O or DMEM for mechanical testing, swelling, and degradation
studies. To verify the completeness of methacrylated heparin and
methacrylated alginate photocrosslinking, methacrylated alginate
(0.0182 g) and methacrylated heparin (0.0018 g) were dissolved in
D2O (Sigma) with 0.05%w/v photoinitiator, placed in an NMR tube, and
photocrosslinked as described above. The

1
H-NMR spectra of the HP-

ALG before and after crosslinking were then determined as described
above.

2.3. Mechanical testing

The elastic moduli of the photocrosslinked HP-ALG or ALG
hydrogels formed with diH2O or DMEM were determined by
performing constant strain rate compression tests using a Rheo-
metrics Solid Analyzer (RSAII, Rheometrics Inc., Piscataway, NJ, USA)
equipped with a 10 N load cell. The photocrosslinked HP-ALG or ALG
hydrogel disks were prepared as described above and maintained in
DMEM or diH2O at 37 °C. After 24 h incubation in DMEM or diH2O,
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swollen hydrogel disks were punched once again to form 6 mm
diameter disks, their thickness was measured using calipers, and
uniaxial, unconfined compression tests were performed on the
hydrogel disks at room temperature using a constant strain rate of
5%/s. Elastic moduli of photocrosslinked HP-ALG hydrogels were
determined from the slope of stress vs. strain plots, limited to the
linear first 5% strain of the plots (N=3 for each condition).
2.4. Swelling and in vitro degradation of HP-ALG hydrogels

The photocrosslinked HP-ALG or ALG hydrogels were lyophilized
and initial dry weights (Wi) were measured. Dried hydrogel samples
originally formed with diH2O or DMEM were immersed in 50 ml of
diH2O or DMEM, respectively, and incubated at 37 °C to reach
equilibrium swelling state. The diH2O or DMEM was replaced every
week. Over the course of 8 weeks, samples were removed, rinsed with
diH2O, and the swollen (Ws) hydrogel sample weights were measured.
The swelling ratio (Q) was calculated by Q=Ws/Wi (N=3 for each
condition per time point). After weighing the swollen hydrogels, they
were lyophilized and weighed (Wd). The percent mass loss was
calculated by (Wi−Wd)/Wi×100 (N=3 for each condition per time
point).
2.5. Release kinetics of growth factors

The release kinetics of four different growth factors [FGF-2
(generously provided by the NCI BRB Preclinical Repository), VEGF
(generously provided by the NCI BRB Preclinical Repository), TGF-β1

(PeproTech Inc., Rocky Hill, NJ), and BMP-2 (GenScript, Piscataway,
NJ)] from HP-ALG, ALG, HP-RGD-ALG, and RGD-ALG hydrogels were
determined. ALG (27.3 mg) and methacrylated heparin (2.7 mg) or
RGD-ALG (27.3 mg) and methacrylated heparin (2.7 mg) were
dissolved in diH2O (1.5 ml) with 0.05% w/v photoinitiator. One of
four different growth factors (0.75 μg) was added to the alginate
solutions. After gently mixing for 5 min, aliquots (300 μl) of solution
were placed in 96-well tissue culture plates andphotocrosslinkedwith
365 nm UV light at ~1 mW/cm2 for 10 min to form the hydrogels. To
prepare the ALG or RGD-ALG hydrogels, ALG (30 mg) or RGD-ALG
(30 mg) was dissolved in diH2O (1.5 ml) with 0.05% w/v photoini-
tiator. Each of four different growth factors (0.75 μg) and unmodified
heparin (18.75 μg) were added to themethacrylated alginate solution.
After gently mixing for 5 min, aliquots (300 μl) of solution were
photocrosslinked as described above. Each photocrosslinked hydrogel
was then placed in a 15-ml conical tube containing 10 ml phosphate
buffered saline (PBS, pH 7.4) and incubated at 37 °C. At predetermined
time points over the course of 3 weeks, the supernatant was
withdrawn and fresh buffer was replenished. The amount of growth
factor in the supernatants was determined with sandwich enzyme-
linked immunosorption assay (ELISA) kits (FGF-2, VEGF, and TGF-β1:
Duoset, R&D Systems; BMP-2: Human BMP-2 Construction kit,
Antigenix America Inc., New York, NY, USA). ELISA plates were coated
with capture antibodies according to the manufacturer's instructions,
and were blocked with bovine serum albumin (1 % w/v) and sucrose
(5 % w/v) for 1 h. After the appropriately diluted samples were added
to the ELISA plates, bound growth factors were detected using
biotinylated anti-human antibodies. Then, streptavidin-conjugated
horseradish peroxidase was added to the plates. The substrate
(tetramethylbenzidine) was subsequently added and incubated for
20 min. The enzyme reaction was stopped by addition of an acidic
solution (2 N H2SO4). The absorbance of the samples was read at
450 nm on a plate reader (SAFIRE, Tecan, Austria). The amount of
growth factor present in each sample was determined using
calibration curves derived using known concentrations of the growth
factors (N=3 for each condition per time point).
2.6. Bioactivity assessment of released growth factors in vitro

The bioactivity of VEGF released from HP-ALG hydrogels in vitro
was examined by determining its ability to stimulate the proliferation
of human umbilical vein endothelial cells (HUVECs, passage number
3; a generous gift from Andrew Putnam, Ph.D.) cultured in endothelial
cell basal medium-2 (EBM-2, Cambrex Bio Science Inc., Walkersville,
MD, USA) with 2% fetal bovine serum (FBS, Cambrex Bio Science Inc.)
in a humidified incubator at 37 °C with 5% CO2. 1 μg of VEGF was
loaded into the HP-ALG hydrogels, prepared as in Section 2.5. Cells
(1×105 per well) were plated in each well of six-well tissue culture
plates in 3 ml EBM-2+2% FBS, and 1 h hour later the VEGF-loaded
hydrogels were placed on culture inserts (Transwell®, Corning
Incorporated) in each well. The medium was changed every 3 days.
At 1, 2, and 3 weeks, cell numbers were measured using a
hemacytometer. ALG hydrogels containing 1 μg of VEGF and 25 μg of
unmodified heparin in 3 ml EBM-2 with 2% FBS served as a
comparative group. An additional comparative group without hydro-
gels was composed of VEGF (300 ng) with unmodified heparin
(7.5 μg) supplied to HUVEC cultures in 3 ml EBM-2 with 2% FBS;
these cultures were therefore exposed to 2.1 μg soluble VEGF over the
course of 3 weeks. HUVECs cultured without hydrogels in endothelial
cell growth medium (EGM-2, Cambrex Bio Science Inc.) or EBM-2
without VEGF served as positive and negative controls, respectively
(N=3 for each condition per time point).

The bioactivity of BMP-2 released from HP-ALG hydrogels in vitro
was assessed by determining its ability to stimulate the alkaline
phosphatase (ALP) activity of MC3T3-E1 Subclone 4 cells (ATCC CRL
2593, Manassas, VA, USA), a mouse preosteoblast cell line, cultured in
DMEM containing 10% FBS. 1 μg of BMP-2 was loaded into each
photocrosslinked HP-ALG hydrogel, which was formed as in Sec-
tion 2.5. Cells (3×104) were plated in each well of six-well tissue
culture plates with 3 ml DMEM+10% FBS, and 1 h later the BMP-2-
loaded hydrogels were placed on culture inserts in each well. The
mediumwas changed every 3 days. BMP-2 (300 ng)mixedwith 25 μg
unmodified heparin added to MC3T3 cell cultures in 3 ml DMEMwith
10% FBS served as a positive control. MC3T3 cells cultured in DMEM
with 10% FBS and HP-ALG hydrogels without BMP-2, and DMEMwith
10% FBS without either HP-ALG or BMP-2 served as a comparative and
a negative control group, respectively (N=3 for each condition per
time point). At predetermined time points over 2 weeks, the
hydrogels were removed, and the ALP activity of the cells was
measured using SensoLyte® pNPP ALP Assay kit (AnaSpec Inc.,
Fremont, CA) according to manufacturer's instructions. At each time
point, cells were lysed by adding 1 ml lysis buffer solution, and the
lysates were cleared by centrifugation for 10 min at 16,200×g using
an ultracentrifuge. 50 μl of supernatant was incubated with 50 μl of
ALP substrate containing p-nitrophenylphosphate (pNPP) at room
temperature for 30 min. The reaction was stopped by adding 50 μl of
stop solution to the substrate reaction solution. The absorbance of the
samples was read at 405 nm on a plate reader. Each ALP activity
measurement was normalized to total sample protein content, which
was quantified using a BCA protein assay kit as per the manufacturer's
instructions (Pierce Chemical, Rockford, IL, USA) (N=3 for each
condition per time point).

2.7. In vivo bone formation

The capacity of the system to promote in vivo bone formation by
host cells was tested. The following conditions were examined: BMP-2
(1 μg/hydrogel disk) loaded in HP-ALG hydrogels, BMP-2 (1 μg/hydrogel
disk) mixed with unmodified heparin (25 μg/hydrogel disk) loaded in
ALGhydrogels, andHP-ALGhydrogelswithout BMP-2. SCIDmice (ICRSC,
4–5 weeks old; Taconic, city, USA) were anesthetized with xylazine
(20 mg/kg) andketamine (100 mg/kg), 2 small skin incisionsweremade
on the right and left sides of the backs of themice to create subcutaneous
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pouches, and photocrosslinked hydrogel disks (diameter=6mm)were
immediately implanted into the pouches (2 implants per mouse, N=10
implants per condition). Subsequently, the skin was closed with 6–0 silk
sutures (Ethicon, Lenneke Marelaan, Belgium). Eight weeks after
implantation, the mice were sacrificed, and the implants were retrieved.
Three implants per condition were used for histomorphometric analysis
and another three were used for quantification of total calcium content.
The histological specimenswere fixed in formalin, embedded in paraffin,
sectioned at a thickness of 4 μm, and examined with hematoxylin and
eosin (H&E) staining and Goldner's trichrome staining. The
bone formation (%) was calculated using three different Goldner's
trichrome stained images according to the following equation:
Bone formation (%)=presence of bone on the perimeter of implant
(mm)/perimeter of implant (mm)×100. The amount of calcium
deposited in and directly surrounding the implants was measured
using a calcium assay kit (Calcium Reagent Set, Pointe Scientific Inc.,
Canton, MI, USA) according to the manufacturer's instructions. All
animal procedures were carried out in accordance with a protocol
approved by the Institutional Animal Care andUsage Committee at Case
Western Reserve University.
Unmodified heparinb
2.8. Statistical analysis

All quantitative data are expressed as the mean±standard devia-
tion. Statistical analysis was performed with one-way analysis of
variance (ANOVA) with Tukey honestly significant difference post hoc
test usingOrigin software (Origin Lab Co., Northampton,MA). A value of
pb0.05 was considered statistically significant.
a b

Methacrylated heparin

c

6 5 4 3 2 1 0 ppm

6 5 4 3 2 1 0 ppm

Fig. 1. (a) Schematic illustration of the heparinmethacrylation reaction and (b)
1
H-NMR

spectra of the unmodified and methacrylated heparin in D2O.
3. Results

3.1. Characterization of synthesized methacrylated heparin and
photocrosslinked hydrogels

To incorporate heparin into photocrosslinked alginate hydrogels
during the photopolymerization process, methacrylates were
covalently coupled to the heparin main chains by reacting the
carboxylic acid reactive groups of the heparin with the amines of the
AEMA to form stable amide linkages using aqueous carbodiimide
chemistry (Fig. 1a). The

1
H-NMR spectra of methacrylated heparin

(Fig. 1b) exhibit new peaks of vinyl methylene, methylene, and
methyl protons that were newly formed by the reaction with AEMA,
which are located at δ6.2 and 5.7, 2.9, and 1.95, respectively. The
spectra demonstrate that the heparin was successfully methacry-
lated. The efficiency of heparin methacrylation was 70%
as calculated from

1
H-NMR spectra based on the ratio of the

integrals for the internal standard protons to the methylene protons
of methacrylate.

The completeness of photocrosslinking was verified with
1
H-NMR.

After photocrosslinking of methacrylated alginate and methacry-
lated heparin, the disappearance of the peaks of vinyl methylene
(Fig. 2a, peaks labeled a) and shift ofmethyl peak to δ1.2 (Fig. 2a, peak
labeled c) in the

1
H-NMR spectrum indicates the complete reaction of

the methacrylate groups. The peak of newly formed methylene
proton (Fig. 2a, peak labeled b) following photocrosslinking appears
at δ2.25.

Photocrosslinked alginate hydrogel disks (diameter=6 mm)were
then formed using ALG or HP-ALG. The gross morphologies of the
DMEM or diH2O-equilibrated ALG and HP-ALG hydrogel disks are
exhibited in Fig. 2b, their mean diameters are 7.0±0.1 mm and 7.1±
0.1 mm in DMEM, and 8.3±0.7 mm and 9.5±0.3 mm in diH2O,
respectively. There are no significant differences in gross morphol-
ogies or size change between the hydrogel groups after 24 h
equilibration in either solution.
3.2. Elastic moduli, swelling kinetics, and degradation of the
photocrosslinked hydrogels

To compare mechanical properties of photocrosslinked ALG and
HP-ALG hydrogels, constant strain-rate compression tests were
performed after 24 h equilibration in DMEM or diH2O. There was no
significant difference in compressive elastic modulus between the
two hydrogel groups, however the hydrogels were significantly stiffer
when equilibrated in diH2O compared to DMEM (Fig. 3a). The
swelling ratio of the hydrogels was measured over time in DMEM
(Fig. 3b) and diH2O (Fig. 3c) as it reflects changes in their physical and
chemical structures. In DMEM both hydrogel conditions exhibited
rapid swelling after 24 h, and then slightly increased over the course
of 8 weeks. In diH2O both hydrogel conditions displayed rapid
swelling after 24 h which was significantly greater than that observed
in DMEM. The ALG hydrogels continued to swell to reach a maximum
value at 2 weeks, and then the swelling ratio decreased to 0 after
5 weeks. In contrast, the HP-ALG hydrogels continued to swell and at
the final time point of 8 weeks exhibited their highest recorded value.
Compared to the ALG hydrogels, photocrosslinked HP-ALG hydrogels
exhibited slower and decreased swelling kinetics in diH2O over
8 weeks. The mass loss of photocrosslinked hydrogels over time was
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Before photocrosslinking

After photocrosslinking

a
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b c

Fig. 2. (a)
1
H-NMR spectra of HP-ALG before and after photocrosslinking in D2O.

(b) Morphology of photocrosslinked ALG and HP-ALG hydrogel disks after 24 h
equilibration in DMEM and diH2O.
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then determined as a measure of degradation. The mass loss of the
photocrosslinked ALG and HP-ALG hydrogels was similar in DMEM
(Fig. 3d), indicating minimal impact of methacrylated heparin
addition. Both hydrogel conditions lost approximately 20% of their
mass by 2 weeks and demonstrated little additional mass loss up to
8 weeks. However, in diH2O, both hydrogel groups exhibited much
more rapid degradation, with the photocrosslinked HP-ALG hydrogels
losing almost 72% of their mass by 8 weeks and the ALG hydrogels
completely degrading by 5 weeks (Fig. 3e). These differences in
hydrogel swelling and degradation may be attributable to increased
osmotic pressure in diH2O.

3.3. Growth factor release kinetics

To examine whether incorporating heparin into the hydrogels
during the UV crosslinking process could delay the release of growth
factors through affinity binding interactions, release profiles of 4
different growth factors from photocrosslinked HP-ALG hydrogels in
PBS were determined using ELISA assays and compared to those from
photocrosslinked ALG hydrogels. The release of growth factors from
the ALG hydrogels was more rapid than that from the HP-ALG
hydrogels, with 82% to 100% being releasedwithin the first 5 to 7 days.
In contrast, the release of all 4 growth factors from the photocros-
slinked HP-ALG hydrogels was sustained over 3 weeks (Fig. 4).

To ensure that the modification of the alginate with a cell adhesive
peptide, GRGDSP, would not significantly influence the release rate of
the growth factors, the release profiles of growth factors from
photocrosslinked HP-RGD-ALG hydrogels in PBS were determined
using ELISA. The release of growth factors from the RGD-ALG
hydrogels was more rapid than that from HP-RGD-ALG hydrogel
delivery systems. Almost all of the growth factors were released from
the RGD-ALG hydrogels within the first 4 to 7 days. In contrast, the
releases of growth factors from the HP-RGD-ALG hydrogels were
slower and sustained over 3 weeks. However, there was little
difference in release profiles when comparing the RGD-containing
hydrogels to those without.

3.4. Bioactivity of growth factors released from the photocrosslinked
hydrogels

To determine whether growth factors released from the hydrogels
remain bioactive, the biological activity of released VEGF was evaluated
by measuring its ability to stimulate the proliferation of HUVECs
(Fig. 5a). The HUVECs exhibited the lowest cell growth in the basal
medium without VEGF. VEGF-loaded in ALG hydrogels promoted
significantly increased HUVEC growth compared to the basal medium
at 1 week. Moreover, VEGF released from photocrosslinked HP-ALG
hydrogels significantly improved HUVEC growth compared to VEGF
released from ALG hydrogels or EBM-2 by itself at both 2 and 3 weeks.
Impressively, the HUVECs exhibited similar levels of proliferation in
response to VEGF released from the HP-ALG hydrogels and to VEGF
exogenously supplied in the EBM-2 at 1 and 2 weeks. The HUVECs
exhibited greatest proliferation in EGM-2 or EBM-2 supplemented with
VEGF at 3 weeks; the cell growth for these conditions at this time point
was not significantly different. These results indicate that the VEGF
released from photocrosslinked HP-ALG hydrogels was bioactive for up
to 3 weeks.

The biological activity of the BMP-2 released from the HP-ALG
hydrogels was also evaluated by measuring its ability to stimulate the
ALP activity of MC3T3 preosteoblasts (Fig. 5b). The ALP activity of
MC3T3 cells did not increase over the entire culture period for
photocrosslinked HP-ALG hydrogels without BMP-2, and the ALP
activity mirrored that measured for cells cultured in DMEM alone. The
addition of BMP-2 in a free form to the culture medium significantly
enhanced the ALP activity over the entire culture period. The ALP
activity resulting from BMP-2 released from photocrosslinked HP-ALG
hydrogels was not significantly different from that resulting from
exogenous BMP-2 supplementation in the media and was significantly
greater than the control conditions without BMP-2 at all time points.
This demonstrates that the BMP-2 released from photocrosslinked
HP-ALG hydrogels was bioactive for at least 2 weeks.

3.5. Ectopic bone formation

The capacity of sustained delivery of BMP-2 from photocrosslinked
HP-ALG hydrogels to enhance ectopic bone formation compared to
the delivery from photocrosslinked ALG hydrogels was examined.
Histological examination shows no evidence of bone formation
surrounding the photocrosslinked HP-ALG hydrogels without BMP-2
after 8 weeks (Fig. 6a). Implantation of BMP-2-loaded ALG hydrogel
induced moderate bone formation around the hydrogel periphery
(26%). Importantly, BMP-2-loaded photocrosslinked HP-ALG hydro-
gels induced peripheral bone formation to a much greater extent (1.9-
fold higher) than did BMP-2-loaded photocrosslinked ALG hydrogels,
with more than 50% of the constructs lined with new bone tissue.

Peripheral bone formation and calcium content in the implantswere
1.9-fold and 1.3-fold higher, respectively, in the BMP-2-loaded photo-
crosslinked HP-ALG hydrogels compared to the BMP-2-loaded photo-
crosslinked ALG hydrogels after 8 weeks implantation (Fig. 7). The
control photocrosslinked HP-ALG hydrogels without BMP-2 had
significantly less calcium content than the 2 experimental groups
releasing BMP-2.

4. Discussion

There is great need for the development of a drug delivery system for
the sustained and controlled delivery of growth factors to increase the
therapeutic efficacy of these growth factors [22]. Release of growth
factors over a long period may not be expected from hydrogels, as they
are water-swollen polymer networks frequently consisting of more than



Fig. 4. Release profiles of (a) TGF-β1, (b) FGF-2, (c) VEGF, and (d) BMP-2 from ALG,
RGD-ALG, HP-ALG, and HP-RGD-ALG hydrogels. The values represent mean±standard
deviation.
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90% water, and the growth factor release rate is generally controlled by
diffusion through aqueous channels within hydrogels [45]. Recently,
affinity-based drug delivery systems using heparin-functionalized
hydrogels have been investigated [18,30,46], because heparin's in-
teractions with growth factors have permitted their controlled release
Fig. 3. (a) Elastic moduli in compression, (b) swelling ratio in DMEM, (c) swelling ratio
in diH2O, (d) in vitro degradation in DMEM, and (e) in vitro degradation in diH2O of
photocrosslinked ALG and HP-ALG hydrogels. The values represent mean±standard
deviation. *pb0.05 compared to HP-ALG at a specific time point.

image of Fig.�4


Fig. 6. (a) Photomicrographs of H&E and Goldner's trichrome-stained histological
sections of photocrosslinked alginate implants at 8 weeks. All photographs were taken
at the same magnification. A: alginate hydrogel; B: bone; F: fibrous tissue (b) A
photomicrograph at higher magnification of an H&E stained BMP-2-loaded HP-ALG
implant at 8 weeks showing newly formed bone tissue surrounding the construct.
Osteocytes are shown within lacunae (closed triangles).
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mean±standard deviation. #pb0.05 compared to EGM-2 or VEGF in ALG hydrogel
group. *pb0.05 compared to HP-ALG hydrogel alone in DMEM or DMEM group.
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[17,46]. In this study,we present an affinity-based growth factor delivery
system using photocrosslinked HP-ALG hydrogels, which allow for
controlled, prolonged release of therapeutic proteins such as FGF-2,
VEGF, TGF-β1, and BMP-2.

The release of growth factors can be sustained by the introduction
of heparin due to affinity binding between heparin and growth
factors, via electrostatic interactions between heparin's negatively
charged sulfate groups and the proteins' positively charged amino
acid groups. Furthermore, all of the growth factors released from
these hydrogels are bioactive and able to influence the behavior of
cells. Additionally, it was demonstrated that the covalent modification
of the HP-ALG with a cell adhesive peptide containing the RGD
sequence had minimal influence on the release rate of these growth
factors. Thus, these hydrogels could be modified to allow for cell
adhesion without influencing the function and benefit of the
covalently bound heparin.

BMP-2 typically has a short half-life in vivo, but heparin-boundBMP-
2 may have increased stability and a prolonged half-life [47,48]. The
delivery of BMP-2 from these photocrosslinked HP-ALG hydrogels
resulted in greater ectopic bone formation in mice. This is likely due to
the maintenance of BMP-2 bioactivity and the long-term release of
BMP-2 from the photocrosslinked HP-ALG hydrogels. Ectopic bone
formation seen with this system likely results from the osteogenic
differentiation of circulating osteoblast progenitor or stem cells when
exposed to the BMP-2 near the implant. The long-term release of BMP-2
would stimulate this osteogenic differentiation for an extended time
period around the implant, thus further promotingbone regeneration in
the area.
Photocrosslinked HP-ALG hydrogels have several advantages as
growth factor delivery matrices for clinical use. Photocrosslinked HP-
ALG hydrogels are biodegradable, and their degradation rate may be
designed tomatch the rate of new tissue formation. Since transdermal
UV illumination has been shown to be feasible for in situ hydrogel
photocrosslinking [49], polymer solutions could be easily placed at the
defect site in a minimally invasive manner by injection and then
crosslinked transdermally or potentially with a UV fiber optic cable,
which could obviate the need for open surgical treatment and reduce
patients' pain. The covalent modification of ALGwith heparin does not
substantially influence its physical properties such as swelling,
degradation, and mechanical properties when the hydrogels are in
media. Furthermore, we hypothesize that the release rate of growth
factors from photocrosslinked HP-ALG hydrogels could be controlled
by varying the concentration of heparin and/or alginate in the
photocrosslinked HP-ALG hydrogels, the degree of heparin and/or
alginate methacrylation, and the molecular weight of the alginate.
Additionally, this system could be applied to deliver multiple growth
factors that have affinities for heparin, such as VEGF, FGF-2, PDGF,
EGF, TGF-β, and BMP-2, which when delivered together in a sustained
manner could synergistically enhance tissue regeneration.

5. Conclusion

In this study, we have demonstrated the first naturally-derived
biomaterial with independently controllable physical properties [13],
cell adhesive properties [16], and bioactive growth factor delivery
capacity. The photocrosslinked HP-ALG hydrogels released the
heparin-binding growth factors in a sustained manner, and the
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growth factors were shown to retain their biological activity.
Importantly, BMP-2 delivery using photocrosslinked HP-ALG hydro-
gels enhanced bone formation, compared to BMP-2 delivered from
photocrosslinked ALG hydrogels. The photocrosslinked HP-ALG
hydrogel system developed in this study offers great potential for
use in bioactive factor delivery for tissue engineering and regenerative
medicine.
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