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Abstract
The localized delivery of exogenous, angiogenic growth factors has become a promising alternative
treatment of peripheral artery disease (PAD) and critical limb ischemia. In the present study, we
describe the development of a novel controlled release vehicle to promote angiogenesis in a murine
critical limb ischemic model. Ionic, gelatin-based hydrogels were prepared by the carbodiimide-
mediated amidation reaction between the carboxyl groups of gelatin or poly-L-glutamic acid
molecules and the amine groups of poly-L-lysine or gelatin molecules, respectively. The degree of
swelling of the synthesized hydrogels was assessed as a function of EDC/NHS ratios and the pH of
the equilibrating medium, while the release kinetic profile of basic fibroblast growth factor (FGF-2)
was evaluated in human fibroblast cultures. The degree of swelling (DS) decreased from 26.5 ±1.7
to 18.5 ±2.4 as the EDC concentration varied from 0.75 to 2.5 mg/ml. 80% of the FGF-2 was released
at controlled rates from gelatin-polylysine (gelatin-PLL) and gelatin-polyglutamic acid (gelatin-
PLG) hydrogel scaffolds over a period of 28 days. Cell adhesion studies revealed that the negatively
charged surface of the gelatin-PLG hydrogels exhibited superior adhesion capabilities in comparison
to gelatin-PLL and control gelatin surfaces. Laser Doppler Perfusion Imaging as well as CD31+
capillary immunostaining demonstrated that the controlled release of FGF-2 from ionic gelatin-based
hydrogels is superior in promoting angiogenesis in comparison to the bolus administration of the
growth factor. Over four weeks, FGF-2 releasing gelatin-PLG hydrogels exhibited marked
reperfusion with a Doppler ratio of 0.889 (± 0.04) which was 69.3% higher than in the control groups.
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1. Introduction
Peripheral artery disease (PAD) currently afflicts 27 million people in the western world [1].
Strategies to enhance peripheral blood flow in patients afflicted by PAD are an area of ongoing
research [2–4]. Endoarterectomy is the most widely used method to treat patients with critical
limb ischemia and PAD, however this treatment is highly invasive [5]. Non-invasive therapies
for the treatment of PAD such as the localized delivery of therapeutic growth factors, or
autologous stem cell transplantation have become promising alternative options for patients
[1,6–10]. The administration of angiogenic peptides like vascular endothelial growth factor
(VEGF) and FGF-2 have shown beneficial effects in reversing ischemia and improve regional
blood flow in underperfused regions of the heart or extremities in animal as well as controlled
clinical studies [9–14]. However persistent concerns relating to growth factor’s long term
efficacy, dose selection, growth factor stability and optimal release profiles have prevented
exogenous growth factor therapy from becoming a common practice in treating PAD.

FGF-2 is a single chain peptide (MW=16,000) composed of 146 amino acids, which promotes
proliferation, differentiation, and numerous other cellular functions in cells derived from the
mesoderm and neuroectoderm. It is a potent angiogenic factor in vivo and in vitro, and is
mitogenic and chemotactic for both fibroblasts and endothelial cells [15]. Additionally, FGF-2
drives the alignment of smooth muscle cells in the basement membrane of newly formed
capillaries [16–18]. A number of clinical studies using FGF-2 have demonstrated significant
reperfusion and angiogenesis in patients with myocardial infarction, critical limb ischemia,
and cerebrovascular diseases [19–22]. Unfortunately, the exact dosage of FGF-2 or VEGF
required to induce the formation of mature vasculature without the occurrence of adverse
effects is not yet certain. It is known that excessive dosage of either of these growth factors
can have negative consequences. For example, the angiogenic effect commonly associated
with FGF-2 administration is rather limited due to its rapid clearance when it’s administered
in its free form and can cause immature and leaky blood vessel formation. Furthermore,
fibromatosis could be a concern with the prolonged delivery of high doses of FGF-2 [23].

A number of biomaterials including alginate, heparin-sulfate, dextran, glycosaminoglycans,
and poly(ethylene) glycol have been employed to develop controlled delivery vehicles for
FGF-2 that facilitate a sustained, localized and effective dose response [24–29]. Gelatin, a
readily available natural biomaterial derived from the denaturation of collagen, has been widely
used as an additive in pharmaceutical formulations, drug delivery and tissue engineering
applications. A number of studies describe the stabilizing effect of gelatin on FGF-2 via poly-
ion complexation [6,10], as well as its efficiency in maintaining a release profile for an extended
period of time [19,28]. Herein, we investigate the effectiveness of the controlled delivery of
FGF-2 from highly ionic gelatin-based hydrogel scaffolds to reperfuse ischemic tissues in a
murine hindlimb ischemic model. Ionic hydrogels were prepared under mild conditions by
covalently crosslinking gelatin with either poly-L-lysine (PLL) or poly-L-glutamic acid (PLG).
The cytotoxicity and adhesion characteristics of the hydrogels were tested in human neo-natal
fibroblast cell culture and the release kinetics of FGF-2 was assessed in vitro as a function of
hydrogel properties. Laser Doppler Perfusion Imaging (LDPI) was used to quantify the extent
of angiogenesis that has occurred over an eight-week period for each treatment group in a
murine hindlimb ischemic model, and validated by CD31+ immunohistological staining for
capillaries in the quadriceps muscle.

2. Materials and Methods
2.1 Materials

Gelatin type A, alkaline wash from porcine skin (~ 225 bloom; IEP = 5.0), gelatin B, acidic
wash from bovine bone (~ 300 bloom; IEP = 9.0), poly-L-glutamic acid (PLG; MW = 75,000
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− 120,000 kDa), poly-L-lysine (PLL; MW = 90,000 − 140,000 kDa), 1-[3-(dimethylamino)
propyl]-3-ethylcarbodiimide (EDC), and N-hydroxysuccinimide (NHS) were obtained from
Sigma Aldrich (St. Louis, USA) and were used as indicated by the manufacturer. All other
chemicals and organic solvents were purchased at their highest purity from Sigma Aldrich.

2.2 Synthesis and characterization of ionic gelatin hydrogels
In a typical procedure a 10 wt/vol % gelatin solution was prepared by adding 100 mg of gelatin
A or B to 1 mL of phosphate buffered saline (PBS; pH = 7.4) and heating the mixture to 40 °
C for 5 minutes to allow complete dissolution. Following gelatin solubilization, 10 mg of PLL
or PLG was added to the mixture, upon stirring. EDC/NHS was added into the mixture to
activate the carboxyl groups of gelatin or PLG during the amidation reaction. EDC/NHS
solutions were prepared at NHS concentrations of 0.22 mg/ml, 0.44 mg/ml, and 0.75 mg/ml,
and EDC was added in 1:1, 2:1, and 4:1 molar ratios in phosphate buffered solution (PBS; pH
= 7.4) and stored at 4 °C until use. 1 mL of EDC/NHS solution was added to the heated gelatin-
PLL or gelatin-PLG solution and the reaction mixture was allowed to polymerize for 10
minutes at 4 °C (Figure 1). Following crosslinking, the ionic hydrogels were immersed in 40
mL of PBS for 30 minutes to equilibrate and allow the removal of the unreacted by-products
and the urea derivative of EDC. The hydrogels were then swollen in buffer solutions of pH
4.5, 7.4, and 10.0 for 2 hours. Following equilibration, the hydrogel disks were removed from
the buffer solution and their swollen weight was recorded. The swollen gel was then placed in
an oven at 65 °C overnight to allow complete water evaporation. The dry weight of the gels
was recorded, and the degree of swelling was then calculated by Equation 1.

φ =
MW − MD

MD
(1)

where φ is the degree of swelling, MW is the weight of the swollen gel, and MD is the dry weight
of the cross-linked hydrogel.

2.3 Cytotoxicity of ionic hydrogels
In 6-well culture plates, ionic gelatin hydrogel films (300 L) were prepared from filter-sterilized
(0.2 m) gelatin solutions according to the procedures described previously. All experiments
were conducted in triplicates and the following groups were tested to assess the cytotoxicity
of the hydrogels as well as of the EDC/NHS concentration: gelatin solutions, gelatin hydrogels
alone (no PLL or PLG), hydrogels without being washed, and gelatin-PLL and gelatin-PLG
hydrogels washed in PBS. The groups that required rinsing were placed immediately after
cross-linking in 5 mL of deionized water for 40 minutes and the soluble by-products were
aspirated. The gels were further sterilized in a biological fume hood upon exposure to 254 nm
irradiation for 2 hours.

The cytotoxic nature of the cross-linked hydrogels was examined using a 2,3-bis (2-methoxy-4-
nitro-5-sulfophenyl)-5-[(phenylamino)-carbonyl]-2H-tetrazo-lium hydroxide (XTT) assay
(Roche Applied Sciences; Penzberg, Germany). Human neonatal fibroblast (HNF) cells
(passage 4–7; ATCC; Manassas, VA) were grown to confluence in a 75 cm2 cell culture flask
in 10 ml of 90% Iscove Modified Dulbecco Medium (IMDM) supplemented with 10% fetal
bovine serum (FBS) and a 5 U/ml penicillin-streptomycin solution. Fibroblast cells were
incubated at 5% CO2 and 37 °C to promote cell growth. Medium was replaced every two to
three days allowing the cells to grow to confluence. Once they reached confluence the cells
were trypsinized, counted, and 60,000 cells were added into culture plates containing the
hydrogels. The cells-hydrogel mixtures were incubated in a 5% CO2/37 °C atmosphere for 96
hours and the cytotoxicity of the gels was assessed at the end of the incubation period with a
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viability assay. Optical density readings were measured on an ELISA reader (Bio-Rad
Laboratories; Philadelphia, PA) at 490 nm with reference wavelength of 655 nm.

2.4 Cellular adhesion on ionic gelatin-based hydrogels
Cell adhesion on gelatin-based hydrogel films was assayed according to methods described
previously [30,31]. Briefly, 300 L of gelatin solution were poured into a 24-well plate and
crosslinked with EDC and NHS at 4°C for 10 min as described previously. Following
polymerization, the gelatin sheets were UV-sterilized by irradiation at 254 nm for 2 hours.

60,000 cells/well were seeded in the wells containing the experimental groups and allowed to
adhere for either 1 or 24 hours at 37 °C and 5% CO2 atmosphere. After incubation, loosely
adherent or unbound cells were removed by aspiration, the wells were washed twice with PBS,
and the remaining bound cells were fixed with 10% formalin in PBS for 15 min. The fixative
was aspirated, the wells were washed twice with PBS, and the attached cells were stained with
hematoxylin and eosin. The wells were gently washed 3 times with double distilled water and
cell adhesion was confirmed using a LEICA Microsystems AF6000LX brightfield/
fluorescence microscope and Q Imaging 5.0 software immediately after the staining procedure.
Only cells that exhibited a flattened, polygonal shape with whip-like projections were
considered to be viably adherent cells onto gelatin films.

2.5 FGF-2 in vitro release
250 ng of FGF-2 was reconstituted in 0.1% bovine serum albumin (BSA) and incorporated
into the gelatin solutions prior to crosslinking. Plastic cylinders (h = 4.0 mm; D = 6.5 mm; V
= 135.0 mm3) were sealed to the bottom of a 6-well culture plate using silicon glue (Dow
Corning). 150 L of gelatin solutions with or without PLL or PLG (10 wt/vol % gelatin; 1 wt/
vol % poly-amino group) containing FGF-2 and 150 L of EDC (1.3 mg/mL) and NHS (0.44
mg/mL) solutions were placed in the cylinders and immediately cooled to 4 °C for 10 minutes
to facilitate cross-linking. Release experiments were conducted in an orbital shaker (MaxQ
4000 Bench Top Orbital Shaker - Barnstead International; Dubuque, IA) at 37 C with constant
agitation at 100 rpm. PBS (5 mL) was added to each well, and the wells were covered with a
parafilm sheet to avoid medium evaporation. Medium was changed at predetermined times
(ranging from 2 hours up to 28 days) and the collected medium was placed in a 10 mL vial and
frozen at −20 °C until the ELISA analysis was performed. The amount of FGF-2 released from
the hydrogels was determined using a FGF-2 ELISA assay (EMD Biosciences; San Diego,
CA). The optical density was determined at a wavelength of 450 nm with reference of 570 nm.

2.6 In vivo assessment of angiogenesis induced by FGF-2-releasing gelatin hydrogels
Balb/C mice (Charles River Laboratories; Boston, MA) of age 39–49 days, weighing 25–35
g, were cared for and operated following IUCAC guidelines at the University of Miami Miller
School of Medicine. Prior to surgery, mice were anesthetized using a ketamine/xylazine/
aceprozamine cocktail injection of 40 mg/kg, 8 mg/kg, and 10 mg/kg respectively. The hair
was sheared from the left leg of the mouse (dorsal), and an incision was made, exposing the
femoral artery and vein. A 7-0 grade silk suture was used to ligate the femoral artery and vein
in three locations (above the saphenous branches, along the deep femoral artery, and below the
external iliac artery) as seen in Figure 2. The femoral artery and vein were excised and the ends
were cauterized to prevent leaking.

Following surgery, the mice were randomized to the following treatment groups (N=5 per time
point per group): phosphate buffered saline (PBS; 300 L), gelatin-PLL (300 L), gelatin-PLG
(300 L), gelatin A with FGF-2 (300 L; 250 ng FGF-2), gelatin B with FGF-2 (300 L; 250 ng
FGF-2), gelatin-PLL with FGF-2 (300 L; 250 ng FGF-2), gelatin-PLG with FGF-2 (300 L;
250 ng FGF-2), FGF-2 bolus injection (300 L; 250 ng FGF-2). The treatment groups were
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placed on the quadriceps muscle adjacent to the femoral artery excision site and the wound
was closed with sutures.

2.6.1 Laser Doppler Perfusion Imaging—Hindlimb perfusion was assessed using laser
Doppler perfusion imaging (LDPI; Perimed Medical Systems New York, NY). LDPI provides
a non-invasive measurement of blood flow by determining the Doppler frequency shift due to
light reflecting off the moving red blood cells. Data acquisition was performed in a method
similar to Rivard et al. [32]. Briefly, the sedated mice were secured on a monochromatic surface
and an area of 2070 mm2 was scanned from the lower abdomen to the end of the toes. Color
images were obtained and hindlimb perfusion ratios were determined by comparing the
perfusion of the hindlimb prior to surgery to that at specified time points: post-surgery, one,
two, three, four, and eight weeks. An ischemic Doppler ratio was established for all groups
and compared.

2.6.2 Tissue Preparation—The mice were sacrificed at predetermined time points (two,
four, and eight weeks) with an overdose of halothane inhalation. Quadriceps muscle tissue was
removed and immediately placed in 10% formalin in PBS overnight. After fixation, tissue was
embedded in paraffin and 5-m tissue sections were cut and mounted on positively charged
slides. The tissue’s antigenicity was recovered using a warmed proteinase K solution. The
tissue samples were then treated with a diluted primary antibody (1:200), mouse anti-CD31
monoclonal antibody (BD Pharmingen, Minneapolis, MN), and incubated for 2 hrs. They were
then rinsed, incubated with a secondary biotinylated antibody, goat anti-mouse (Vector Labs;
Burlingame, CA) and treated with ABC and DAB chromogen reagent and counterstained with
hematoxylin. Slides were then viewed using light microscopy at 40X using a LEICA
Microsystems AF6000LX brightfield/fluorescence microscope (Bannockburn, IL), and
images were captured using Zeiss Axiovision 4.1 Software. CD31+ cells were counted in five
separate fields and all treatment groups were compared by determining capillaries per square
millimeter.

3. Results and discussion
3.1 Characterization of ionic gelatin-based hydrogels

In the present study, ionic hydrogels were prepared under mild conditions by the direct
crosslinking of gelatin molecules with either linear polylysine or polyglytamic acid polymers.
Figure 1 describes the EDC/NHS mediated crosslinking reaction via covalent amide bond
formation. The degree of swelling (provides a direct relationship to the crosslinking density)
of the gelatin-based hydrogels was determined as a function of EDC/NHS concentration and
pH. In the case of gelatin-PLL hydrogels, the degree of swelling did not significantly changed
at EDC/NHS molar ratios from 1:1 to 4:1 with EDC concentrations ranging from 0.75 to 2.5
mg/ml (Fig. 3 A). Alternatively, the DS for the gelatin-PLG hydrogels depended on the amount
of the EDC/NHS catalyst used. As seen in Figure 3B, there was a significant change in the
degree of swelling (p < 0.01) from 26.5 ±1.7 to 18.5 ±2.4 at a 1:1 ratio and EDC concentration
increase from 0.75 to 1.3 mg/mL. There is a similar effect for the other EDC/NHS ratios of
2:1 and 4:1. This is attributed to the increased number of free carboxyl groups capable of being
activated on the PLG molecule (2.2 mol/g catalyst) than on the gelatin A molecule (~8 mmol/
g catalyst) which in turn require more EDC/NHS for optimal activation. As the EDC
concentration was increased more carboxyl groups were activated, which led to the formation
of gelatin-PLG hydrogels with higher crosslinking density and lower degree of swelling values.

Due to the ionic nature of the hydrogels, pH significantly affected the degree of swelling of
the prepared gelatin hydrogels. Aqueous buffers of pH 4.5 and 10.0 were selected because
these values approach the pKa for glutamic acid and lysine respectively. The degree of swelling
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dependency on pH for gelatin-PLL and gelatin-PLG is shown in Figure 3C and Figure 3D
respectively at various NHS concentrations while the EDC concentration was held constant at
1.3 mg/mL. In the case of gelatin-PLL as the pH increased from 7.4 to 10 (the pKa of the lysine
group) the DS was decreased due to the deprotonation of the lysine’s amine groups and the
decrease of the electrostatic repulsion (positively charged ammonium cations) among the
polylysine chains of the hydrogel. Similarly, in the case of gelatin-PLG the DS was decreased
as the pH of the equilibrating buffer solution was changed from 7.4 to 4.5 due to protonation
of the carboxyl groups and the reduction of the electrostatic repulsion between the carboxylate
groups of the polyglutamic chains of the hydrogels.

3.2 Adhesion and cytotoxicity
The cytotoxicity and the cell adhesion behavior of the gelatin-based hydrogels were assessed
in neo-natal fibroblast cell cultures. Figure 4(A) depicts the percent adherence of HNF cells
on hydrogel films at 1 and 24 hours of cell incubation. The ionic nature of the gels had a
profound effect on cell adhesion, specifically the negative charged surfaces which
demonstrated the highest cell adhesion. The amount of HNF cells positively stained with
hematoxylin were counted in five separate fields (triplicate experiments) and compared to
control. Gelatin-PLG films demonstrated the greatest adhesion over a 24 hour incubation
period with 42,409 ±2547 cells/mm2 compared to control which adhered 33,827 ±392 cells/
mm2. One hour incubation studies revealed no discernable adhesion characteristics on gelatin
surfaces compared to control.

Based on the XTT viability assay, all of the synthesized gels demonstrated no in vitro
cytotoxicity. In all groups the percent viability of the gelatin cross-linked complexes utilizing
NHS and EDC was greater than 97% compared to the polystyrene control (Fig. 4B). The percent
viability was derived as function of the optical density and compared to that of the control
group (polystyrene plates). Our results demonstrated that the EDC and NHS at the reported
concentrations used to prepare the hydrogel scaffolds had no significant effect on cell viability.

3.3 FGF-2 In Vitro Release
The need for a sustained growth factor exposure at the ischemic site for optimal collaterization
has led to the employment of delivery vehicles that facilitate a therapeutic, localized dose,
provide a stabilizing matrix for the growth factor, and minimize toxic side effects usually
associated with systemic administration. In the present study the effect of the ionic
characteristics of the gelatin-based hydrogels on the release kinetics of FGF-2 was determined
in temperature-controlled (37 ºC) conditions. The gels were swollen within the cylinder and
FGF-2 was released (top surface, one dimension) into the surrounding medium. Within 5 days,
gelatin-PLG released 20.2% ±5.4% of the growth factor whereas the alternate anionic hydrogel,
gelatin A, released 36.3% ±4.9% of the FGF-2. For the gelatin A and gelatin B vehicles, 100
% of the growth factor was released within 28 days, whereas in the case of gelatin-PLL and
gelatin-PLG hydrogels 81.3% ±2.2%, and 78.9% ±4.8% of the FGF-2 was released over the
same period. The presence of either PLL or PLG significantly affected the rate of FGF-2 release
compared to the gelatin gels without PLL or PLG. Gelatin-PLL and gelatin-PLG hydrogels
demonstrated a sustained release profile of the FGF-2 in comparison to gelatin hydrogels that
exhibit pronounced burst release profiles within the first 4 days. On average, gelatin-PLL and
gelatin-PLG released 17.2% ±3.6% less of the growth factor over the first 5 days compared to
gelatin A and gelatin B. There was a minimal difference on the release profile of FGF-2 from
gelatin-PLL and gelatin-PLG over 28 days; contrary to what has been previously reported in
the literature that positively charged scaffolds (gelatin-PLL) tend to release FGF-2 in a burst
manner [6]. The release profile of FGF-2 could be potentially modified to meet the
requirements of natural angiogenesis by altering the PLL/PLG content or the EDC
concentration. Previous studies have shown that using a smaller amount of catalyst, less than
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0.5 mg/mL for EDC, a total of 64 ±5% of FGF-2 was released over 5 days [28]. In addition,
longer crosslinking times (12 hrs at 4 °C) led to prolonged release profiles over a period of 12
days with [EDC] concentrations of 0.25 mg/mL [33].

3.4 Laser Doppler Perfusion Imaging
To determine the rate of reperfusion in the ischemic murine model with respect to FGF-2
releasing gelatin hydrogels, Doppler analysis was performed pre-surgery and compared to, one
hour post surgery, and then after at 1, 2, 3, 4, and 8 weeks. In all treatment groups, a significant
decrease in the perfusion ratio occurred within one hour, confirming the excision of the femoral
artery and induction of hindlimb ischemia (Fig. 6). Significant angiogenic effects can be seen
within two weeks between treatment groups (p < 0.01). Total limb loss occurred within one
week in groups without FGF-2. Additionally, the PBS, gelatin-PLL, and gelatin-PLG groups
demonstrated no significant change on their LPDI ratios over a period of eight weeks (Fig 6).
The gelatin A and gelatin B hydrogels with FGF-2 exhibit a minimal angiogenic response
compared to cross-linked, ionic hydrogels with FGF-2 over the first four weeks. The FGF-2
releasing cationic hydrogels (gelatin-PLL) elicited a significant angiogenic response within
two weeks of treatment but maximal angiogenic activity occurred at four weeks with the FGF-2
releasing gelatin-PLG group with a Doppler ratio of 0.889 (±0.04) which was slightly greater
than gelatin-PLL with FGF-2 with a Doppler ratio of 0.760 ±0.05. Substantial angiogenesis
was observed as early as one week and continued over four weeks. Significant capillary
regrowth was still present after eight weeks, although the Doppler ratio had decreased
noticeably since the previous time point. Interestingly, between four and eight weeks both
FGF-2 releasing gelatin-PLG and gelatin-PLL hydrogels began to lose their angiogenic
capacity probably due to growth factor exhaustion, and scaffold biodegradation. However, no
limb loss was observed in any of the groups that were treated with FGF-2 releasing gel scaffolds
during the eight week period. It is likely that due to deep femoral artery removal,
revascularization to pre-surgery levels would require continuous and/or multiple cytokine
therapy for an extended period of time.

The bolus injection of FGF-2 produced an initial angiogenic response that lasted for four weeks
but it was substantially lower than the effect seen with the delivery vehicles probably due to
growth factor’s rapid diffusion to the surrounding tissue and biodegradation (Fig. 6). Marginal
perfusion was still present after four weeks and no further increase in angiogenesis was
observed at eight weeks. Conversely, the LDPI ratios for gelatin-PLG with FGF-2 were
significantly higher at eight weeks demonstrating the effectiveness of the controlled release of
FGF-2 to maintain angiogenic activity.

3.5 Immunohistochemistry
In order to validate the use of Laser Doppler Perfusion Imaging data as a sound method for
assessing angiogenesis, we quantified the capillary density using immunohistochemistry.
Tissue sections were stained for CD31+, which specifically stains cells present in capillaries
and small arterioles, and their density was determined using brightfield microscopy at a 40 X
magnification (Figure 7). Capillary density was quantified using Image J 6.0 software to count
positively stained capillaries in five separate fields (Figure 8).

As conferred with the LDPI data, the efficacy of slow releasing FGF-2 from ionic gelatin
hydrogels was validated from the histological studies. After four weeks, an increased capillary
density, greater than 900 capillaries per square millimeter was observed in both FGF-2
containing gelatin-PLL and gelatin-PLG networks respectively (Figure 8). In addition, in the
FGF-2 group (bolus injection) the capillary density was significantly lower than the FGF-2
containing gelatin-PLG group at eight weeks, suggesting a potential growth factor degradation
and/or clearance in the case of the bolus administration from the ischemic site thus
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compromising its angiogenic effect. A number of studies have demonstrated a similar loss in
angiogenic activity of bolus FGF-2 administration highlighting the need of a continuous
exposure of the ischemic site to FGF-2 to achieve a therapeutic response [11,23]. Furthermore,
it is evident based on our own preliminary studies and work by others that in order to achieve
a mature vasculature more than one cytokine would need to be administered at the ischemic
site in a pattern that mimics the natural progression of angiogenesis [23,26].

5. Conclusions
Tunable ionic gelatin-based hydrogel were prepared under mild conditions for the controlled
delivery of FGF-2 in an experimental critical limb ischemic model. Due to the stabilization of
the FGF-2 via ionic complexation, the negatively charged gelatin-PLG gels were the best
carrier for the FGF-2 by inducing the most pronounced angiogenic effect in comparison to
other gel formulations and bolus control groups. The rate of FGF-2 release was controlled by
altering the ratios of EDC/NHS and/or the gelatin and polyamino acid composition. Studies
are underway in evaluating these hydrogel scaffolds as potential vehicles for multiple and stage
cytokine delivery in the area of therapeutic angiogenesis.
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Figure 1. Reaction scheme for the synthesis of ionic, gelatin-based hydrogels
Gelatin A and Gelatin B were co-crosslink with PLL (cationic gels) and PLG (anionic gels)
respectively via an EDC/NHS coupling reaction.
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Figure 2.
Schematic representation for the induction of critical hindlimb ischemia in a murine model.
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Figure 3. Degree of swelling (DS) measurements for crosslinked hydrogels at various pHs
The DS of gelatin-PLL (A) and gelatin-PLG (B) hydrogels was determined as a function of
EDC/NHS molar ratios at pH 7.4 (n= 3 per group, [gelatin] = 0.1 g/mL, [PLL] = 0.01 g/mL,
[PLG] = 0.01 g/mL). (C): DS of gelatin-PLL at pHs of 7.4 and 10.0 (pKa of lysine = 10.4).
(D): DS of gelatin-PLG hydrogels at pHs of 7.4 and 4.5 (pKa of glutamic acid = 4.5). Statistical
significance was determined at p < 0.05 (denoted by *; n=3 per group).
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Figure 4. Adhesion and cytotoxicity studies of the gelatin-based hydrogels in human neonatal
fibroblast cell cultures
(A): Percent adhesion of HNF cells on the hydrogel surfaces was assessed by counting the cells
that showed whip-like projections and stained their cytoplasm (H&E staining, n=3 per time
point per group, p < 0.05 denoted by *). (B): Cell viability in the presence of ionic gelatin
hydrogels was determined with and without EDC and NHS as well as in the presence of the
urea byproduct derivative. [EDC]=1.3 mg/mL, [NHS] = 0.44 mg/mL.
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Figure 5. Release profile of FGF-2 from gelatin-based hydrogels
The overall release rate from gelatin A ( ), gelatin B ( ), gelatin-PLL ( ),
gelatin-PLG ( ) hydrogels was monitored over 28 days (n=3 per time point per group).
[gelatin] = 0.1 mg/mL; [PLL or PLG] = 0.01 mg/mL; FGF-2 = 250 ng; [EDC] = 1.3 mg/mL;
[NHS] = 0.44 mg/mL.
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Figure 6. Laser Doppler Perfusion Imaging intensity ratios of various treatments in a murine
hindlimb ischemic model
Paw blood flow velocity (n = 5 mice per time point per group) was determined at specified
time points for 8 weeks. Representative Doppler ratios of PBS injection (●), gelatin-PLL
(◆), gelatin-PLG (■) gelatin A with FGF-2 (△), gelatin B with FGF-2 (○), FGF-2 bolus
injection (□), gelatin-PLL with FGF-2 (▲), and gelatin-PLG with FGF-2 (×). Statistical
significance was determined at p < 0.01 for all treatment groups (denoted by *). Concentrations
of constituents: [gelatin]=0.1 g/mL; [PLL or PLG]=0.01 g/mL; [FGF-2]=250 ng; [EDC]=1.3
mg/mL; [NHS]=0.44 mg/mL.
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Figure 7. Representative immunohistological staining (CD31+) images of ischemic hindlimb
quadriceps muscle at 8 weeks
(A): CD31+ staining of a non-ischemic limb; (B): Gelatin-PLG treatment; (C): Bolus injection
of FGF-2; (D): Gelatin-PLG releasing FGF-2. Concentrations of constituents: [gelatin]=0.1 g/
mL; [PLL or PLG]=0.01 g/mL; 250 ng of FGF-2; [EDC]=1.3 mg/mL; [NHS]=0.44 mg/mL.
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Figure 8. CD31+ capillary density measurements
At two, four, and eight weeks, positively stained capillaries were counted in five fields per
slide in triplicates by a blinded observer and the treatment groups compared to the controls.
Statistical significance was determined at p < 0.05 and denoted by *.
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