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Abstract One of the advances in biotechnology has been the development of the
capability to produce large quantities of highly purified polypeptides and proteins.
Unfortunately, the circulatory half-lives of many of these agents are short, usually of the
order of minutes and the time required for a response in tissues is usually long compared
to the half-life. Hence, there is always demand for polymeric systems which can deliver
the proteins for prolonged period and also to protect the molecules from degradation. The
present work was attempted to develop heparin-functionalized gelatin microspheres
(HMS) to deliver heparin-binding growth factors particularly for wound-healing appli-
cations. The heparin conjugation was carried out using EDC/NHS coupling protocol.
Heparin-binding EGF-like growth factor (HB-EGF) was loaded in HMS and its in vitro
release behaviour in an environment with or without proteases was studied. The bioac-
tivity of the HB-EGF released from the microspheres was assessed using NIH 3T3 mouse
embryonic fibroblast culture. The extent of heparin modification was found to be
1.97 pmol/g of HMS and demonstrated significant protection against enzymatic degra-
dation and sustained release of HB-EGF for more than 10 days. The bioactivity of HB-
EGF released from the HMS was retained during the observed release period. The HMS
was also found to be non-toxic as determined by calcein AM fluorescent staining. The
overall study suggests that the HMS could be used as a growth factor’s delivery com-
ponent in tissue engineering scaffolds particularly for wound-healing applications.
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Introduction

Normal response to tissue injury is a compilation of sequential and overlapping events
involving several cell types and growth factors that ideally result in the restoration of
biological and functional integrity and ultimately ending with wound repair and
closure. However, in a person with diabetes, the healing process is impaired and takes
more time even if the injury is minor and often leads to diabetic ulcers. Current
treatment for such wounds or ulcers includes the administration of antimicrobials
followed by application of growth factors containing gels around the lesions [1].

The polypeptide growth factors are a class of biological mediators that have
diverse effect on cell proliferation, motility, matrix synthesis and differentiation.
Several investigators have shown that the level of growth factors is markedly
decreased in chronic wounds compared to acute wounds [2, 3]. It is postulated that
repeated trauma and infection increase the presence of pro inflammatory cytokines
with subsequent increase in the level of matrix metalloproteinase (MMPs) leading to
the degradation of growth factors. However, it has been shown that venous stasis
ulcers are not absolutely deficient in growth factors, but the growth factors appear to
be trapped within the fibrin cuffs surrounding capillaries [4, 5]. Several other
investigators have also suggested that the trapping occurs in diabetic ulcers of the
lower extremity [6]. These above factors suggest a potential role for exogenous
growth factors in treating chronic wounds.

Numerous growth factors, which are thought to have a potential role in wound
healing such as platelet derived growth factor (PDGF), epidermal growth factor (EGF),
basic fibroblasts growth factor (bFGF) and vascular endothelial growth factor (VEGF)
have been isolated, cloned, produced as recombinant molecules and evaluated for their
potential to accelerate wound healing [7]. However, to date only PDGF has been
approved by the FDA for use in diabetic ulcers [8]. Preliminary reports show that the
conventional delivery systems used in clinical trials are ineffective due to the high level
of MMPs in the chronic wound. Over the past few decades, several technologies have
been developed to deliver growth factors by incorporating them into hydrogels [9]
micro and nanoparticles [10], and so on. However, bioavailability of growth factors is
very poor, since they have a short half-life and rapid clearance from the implant site.
The development of a delivery system, which exhibits greater entrapment efficiency
with controlled release of growth factors in an active form, would have a significant
clinical impact in the field of tissue engineering.

Several of these growth factors have been shown to bind to heparin and this
binding stabilizes and protects these growth factors from inactivation and
degradation [11]. Based on this, several heparin-containing systems have been
developed for the controlled release of the growth factors. Wissink et al. [12]
modified the collagen matrices by covalently conjugating heparin for physical
binding of bFGF. The alginate gel covalently cross-linked with heparin was
demonstrated for sustained release of bFGF [13]. Heparin-functionalized PLGA
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nanoparticles were reported by Chung et al. [14] who demonstrated the sustained
release of VEGF. The long-term delivery of heparin-binding growth factors such as
bFGF was also demonstrated by heparin-conjugated polymeric micelle [15].
However, none of the heparin-functionalized delivery systems have been demon-
strated for its potential effect in chronic wound healing. Hence, it is proposed that
the application of heparin-functionalized delivery systems to deliver the heparin-
binding growth factors particularly to address chronic wounds would be the novel
approach and would have high impact in chronic wound-healing therapy.

Gelatin a natural polymer has long history of medical use for designing wound
dressing materials, tissue engineering scaffolds, drug delivery matrices, hydrogels
[16] and microspheres [17]. It is biodegradable, biocompatible, non-immunogenic
and suitable for easy modification of the functionality of the molecules [18, 19].
Gelatin has been exploited extensively for growth factor delivery particularly for
bFGF and it was believed that the electrostatic interaction sustained the release of
the bFGF [20]. In our previous report aminated gelatin microspheres were prepared
and functionalized with a MMP inhibitor dihydroxybenzoic acid and demonstrated
its potential for inhibition of MMPs from diabetic wound tissue [21]. In the present
study, attempt was made to functionalize the aminated gelatin microspheres with
heparin using EDC/NHS coupling protocol and evaluated for its potential as drug
delivery systems for growth factors. Heparin-binding EGF-like growth factor (HB-
EGF), a polypeptide chain of 87 amino acid residue, demonstrated for wound
healing [22] was used as a model growth factor. The developed system was studied
for its potential against enzymatic degradation, entrapment efficiency and controlled
release of growth factors in an environment with or without proteases.

Materials and methods
Materials

Gelatin Type B from bovine skin (bloom strength ~ 225), soya oil, 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), ethylenediamine (ED), morpholinoethanesulphonic acid (MES), heparin
sodium salt from porcine intestinal mucosa (average MW ~ 3,000), collagenase
crude Type 1A from Clostridium histolyticum, Dulbecco’s modified eagle’s medium
(DMEM), Foetal bovine serum and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltet-
razolium bromide (MTT) were purchased from Sigma, St. Louis, USA. Human
recombinant HB-EGF and Human HB-EGF Duoset ELISA kit was obtained from
R&D systems, Minneapolis, USA. NIH 3T3 mouse embryonic fibroblast cell line
was obtained from NCCS, Pune, India. All other reagents were of analytical grade,
obtained from SD fine chemicals Mumbai, India.

Preparation of cross-linked gelatin microspheres

Gelatin microspheres were first prepared by emulsification solvent extraction
method and then cross-linked using 50 mM EDC as reported earlier [23]. Briefly,
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gelatin aqueous solution (10 ml of 15 % w/v) was added at 60 °C to 100 ml of soya
oil pre-heated to 60 °C. The two phases were emulsified for 5 min using overhead
stirrer (Remi Instruments, Mumbai, India) rotating at about 400 rpm. The emulsion
was then rapidly cooled to 5 °C in an ice bath and stirring continued for 30 min to
allow the spontaneous gelation of the gelatin aqueous solution. The microspheres
formed were dehydrated by stirring with pre-cooled acetone, recovered by filtration,
washed several times with acetone and vacuum dried for at least 2 days. The dried
microspheres (500 mg) were suspended in 25 ml of acetone: water (8:2) containing
EDC (50 mM) and stirred using magnetic stirrer for 24 h at 5 °C. Microspheres
were then filtered and washed extensively with deionized water and then with
acetone and vacuum dried for at least 2 days.

Preparation of heparin-modified gelatin microspheres

The cross-linked microspheres were aminated using ethylenediamine and the
amine-terminated microspheres were then conjugated with the carboxylic acid
groups of the heparin using EDC/NHS coupling protocol.

Preparation of aminated gelatin microspheres

Aminated gelatin microspheres were prepared by conjugating ethylenediamine with
cross-linked gelatin microspheres using EDC coupling protocol as reported earlier
[21]. Briefly, cross-linked gelatin microspheres (CMS) (1 g) were dispersed in
100 ml of 0.1 M MES buffer containing 1 N NaOH at pH 5.0. EDC (50 mM) and
ED (2 g) were added and allowed to stir at room temperature in a magnetic stirrer
for 3 h and the pH was maintained at 5.0 by adjusting with 1 N HCl or I N NaOH
accordingly. The reaction mixtures were then filtered and the microspheres were
suspended in a 0.1 M Na,HPO, and 2 M NaCl solution for 1 h with moderate
stirring. Microspheres were then filtered and washed extensively with deionized
water for 20 min, followed by dehydration with 50 % acetone and finally with neat
acetone. The aminated microspheres (AMS) thus obtained were vacuum dried for at
least 2 days.

Heparin modification of AMS

Heparin at various concentrations as given in Table 1 was dissolved in 0.1 M MES
buffer (pH 5.5). EDC (50 mM) and NHS (50 mM) were added and stirred 15 min
under magnetic stirrer at room temperature for pre-activation of COOH groups of
heparin. AMS was then dispersed into the activated heparin solution and stirring
continued for 3 h at room temperature and the pH was maintained at 5.5. The
heparin-modified microspheres (HMS) were recovered by filtration and washed
extensively with deionized water for 20 min, followed by dehydration with 50 %
acetone and finally with neat acetone. The obtained HMS was then vacuum dried
and stored in desiccators until use. The degree of heparin modification was
determined by performing toluidine blue assay.
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Table 1 Preparation of heparin-conjugated gelatin microspheres

S1. no AMS Heparin AMS:Hep EDC NHS Heparin content
(mmol) (mmol) w/w ratio (mM) (mM) pmol/g of HMS

1 0.01 - - - - 0

2 0.01 0.17 4:2 - - 0

3 0.01 0.17 4:2 50 - 0.73 £ 0.2

4 0.01 0.17 4:2 50 50 1.97 £ 0.13

5 0.01 0.08 4:1 50 50 1.5+ 0.13

6 0.01 0.33 4:4 50 50 1.98 + 0.1

The heparin content is the mean of 5 determinations and is reported with the standard deviation

Localization of immobilized heparin

Alcian Blue staining was used for localization of immobilized heparin in HMS.
Microspheres were treated with Alcian Blue 8GX (0.5 % w/v) in 3 % acetic acid
solution for 30 min. After washing with water, the microspheres were dried under
vacuum and examined under microscope (Leica trinocular light microscope) for the
colour development.

Toluidine blue assay

The amount of heparin conjugated to the microspheres was determined by the
toluidine blue assay as reported elsewhere [24]. Toluidine blue (50 mg) was
dissolved in 0.01 N HCI containing NaCl (0.2 wt%). A known amount of HMS was
weighed and dispersed in 2.5 ml of NaCl (0.2 wt%) and to this was added 2.5 ml of
toluidine blue solution, the mixture was agitated with a vortex mixer. Normal
hexane (2.5 ml) was added and the mixture was shaken vigorously, so that the
toluidine blue-heparin complex could be extracted into the normal hexane layer.
The hexane layer was then removed and the aqueous solution containing
microspheres was centrifuged at 5,000 rpm for 5 min. The remaining toluidine
blue from the supernatant was determined by measuring the absorbance at 631 nm,
after diluting the solution into 10 fold with NaCl (0.2 wt%), using PerkinElmer
lamda 45 spectrophotometer. The concentration of conjugated heparin was
calculated, based on calibration with reference standard.

Morphological analysis

The morphology of the microspheres was assessed by scanning electron microscope
(JEOL-JSM-5200). The samples were mounted on aluminium stubs using a double-
side adhesive tape and sputter coated with gold. Particle size measurements of the
gelatin microspheres were performed at least five times with the use of Malvern
diffraction particle size analyser (Malvern Mastersizer E-Laser, UK). The particles
were analysed at a focal length of 300 mm using isopropanol as a non-reacting
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dispersion medium. The samples were kept at constant stirring using a magnetic cell
stirrer till completion of analysis.

In vitro enzymatic degradation

Enzymatic degradation of the HMS was carried out using collagenase crude type 1A
from Clostridium histolyticum with an activity of 441 U/mg. An exactly weighed
amount of microspheres (100 mg) was suspended in 5 ml of Tris buffer, pH 7.4 with
or without collagenase (20 U/ml) and incubated at 37 °C for 72 h. EDTA (10 mM)
in water was then added to prevent further degradation and then filtered. The residue
was washed with water and oven dried at 105 °C until constant weight was reached.
The % weight loss of the microspheres after enzymatic degradation was quantified
as follows

Weight loss (%) = (W, — W,)/W, x 100

where W, is the initial weight of the microspheres and W, is the weight of
microspheres after enzymatic treatment.

Growth factor entrapment

To the heparin-modified gelatin microspheres (100 mg) about 100 pl of HB-EGF in
phosphate-buffered saline (PBS) (1 mg/ml) was added and vortexed for 30 min in
cold room (4-8 °C) and then vacuum dried. The HB-EGF-loaded microspheres
were then stored under desiccation in cold room.

In vitro release studies

A known amount of microspheres were suspended in 1 ml of PBS with or without
Collagenase Type I A (20 U/ml) in 1.5 ml Eppendorf tube and incubated at 37 °C
with mild shaking. At every 24 h, the suspension was centrifuged at 5,000 rpm for
5 min and the supernatant was recovered and stored at —20 °C. A fresh release
medium (1 ml) was added and the whole process was continued for 10 days. The
amount of HB-EGF released was estimated by ELISA.

In vitro bioactivity of HB-EGF

The mitogenic potential of the standard HB-EGF and HB-EGF released from
microspheres in presence of proteases was evaluated by performing MTT assay
using NIH 3T3 mouse embryonic fibroblasts. Cells were routinely cultured as
monolayers in 25 cm? culture flasks using Dulbecco’s modified Eagles medium
(DMEM) with 10 % foetal bovine serum (FBS). For cell growth assay, cells were
seeded in 96-well plates at 10,000 cells/well containing DMEM with 10 % FBS and
allowed to attach and maintained for 16 h. Cells were then washed with PBS and
treated with serum-deprived DMEM for 24 h. After 24 h, the medium was replaced
with fresh serum-free medium containing standard HB-EGF at various concentra-
tions such as 0.5, 1.0, 5.0, 10 and 100 ng/ml. About 10 ng/ml equivalent HB-EGF
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(determined by ELISA) present in the release medium on day 1 (HMS 1 and CMS
1), 5 (HMS 5 and CMS 5) and 10 (HMS 10 and CMS 10) was used. The control was
devoid of either serum or growth factors. Cells were then incubated at 37 °Cin 5 %
CO, and 95 % air atmosphere for 24, 48 and 72 h. After the incubation period,
10 pl of MTT aqueous solution (5 mg/ml) was added to each well and incubated at
37 °C for 4 h. After removal of the supernatants, the purple formazan crystals
formed were dissolved in 200 pl of dimethylsulphoxide and the absorbance [A] was
measured using Biorad (Model 680) microplate reader at 570 nm. The relative cell
growth (%) related to control cells containing without HB-EGF was calculated from
the following equation

% Relative cell growth = [A] test / [A] control x 100.
Cytotoxicity

The cytotoxicity of the HMS was evaluated using NIH 3T3 mouse embryonic
fibroblasts. Cells were seeded in 24-well plates (4 x 10* cells/well) containing
DMEM with 10 % FBS and allowed to attach and maintained for 16 h. Then the
medium was replaced with DMEM with 1 % FBS containing 1 mg of HMS. The
viability of the fibroblasts in presence of the microspheres was observed by
fluorescence microscope using a fluoroprobe calcein AM [23]. After treating the
cells with microspheres for 72 h, 0.2 uM of calcein AM was added to each well and
incubated for 20 min and then viewed under phase contrast fluorescent microscope
(Leica DMIRB, USA). Photomicrographs were taken to visualize the metabolically
active cells.

Statistical analysis

All quantitative data were expressed as the mean =+ standard error. Statistical
analysis was performed by unpaired Student’s ¢ test using GraphPad Prism software.
A value of p < 0.05 was considered statistically significant.

Results and discussion
Preparation of heparin-modified gelatin microspheres

An attempt was made to functionalize the gelatin microspheres with heparin by
conjugating the COOH group of heparin with the NH, groups of gelatin. As the
cross-linked microspheres possess very limited number of NH, groups (7.0 mol/g),
as they are utilized in microspheres cross-linking [23], the heparin conjugation was
performed in two steps. First the microspheres were aminated by conjugating with
ethylenediamine (ED) and the resulting aminated gelatin microspheres (AMS) were
allowed to conjugate with heparin using EDC/NHS as a coupling agent. The
aminated microspheres displayed about 27 mol of NH, groups per gram of AMS
and this reveal that about 20.0 mol of ED conjugated per gram of AMS [21].
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Throughout the study, it was observed that the addition of NHS did not exert any
influence in the activation of carboxylic acid groups present in the gelatin
microspheres, during both the cross-linking and conjugation reaction. However,
while activating the COOH present in the heparin; it was observed that EDC alone
could not favour the conjugation reaction. This is because the rapid hydrolysis of the
intermediate O-acylisourea group leads to the reformation of COOH groups. The
use of NHS along with the carbodiimide gives activated carboxylic groups which
are less susceptible to hydrolysis [25, 26]. Hence, the combination of carbodiimide
with NHS is considered for effective conjugation reactions.

Heparin at various weight ratios with respect to the AMS as given in the Table 1
was used to determine the optimal concentration for effective heparin modification.
The extent of heparin modification was determined by toluidine blue assay. Since
heparin forms complex with toluidine blue, the unbound dye was estimated by
measuring absorbance at 631 nm. The addition of NHS along with EDC
demonstrated the threefold enhancement in heparin conjugation. The maximum
heparin conjugation was found at the weight ratio 4:2 of AMS and heparin,
respectively, displayed about 1.97 umol of heparin per gram of HMS. Further
increasing the concentration of heparin did not have any impact on heparin
modification and this may be due to the steric hindrance of the heparin molecules.
Hence, the weight ratio 4:2 of AMS and heparin, respectively, along with the
coupling agents EDC and NHS at 50 mM each was considered optimal and used for
further modification of the microspheres with heparin.

The proposed reaction scheme for heparin modification was presented in Fig. 1
and the reaction involves the EDC-mediated activation of COOH groups in gelatin
microspheres and subsequent nucleophilic attack resulted in the formation of amide
bond for both cross-linked and aminated gelatin microspheres. Further the activation
of carboxyl groups at heparin molecule by EDC and NHS, followed by nucleophilic
(AMS) attack, resulted in the formation of peptide bond between COOH groups of
heparin and NH, groups of AMS.

Localization of immobilized heparin

Alcian blue is a cationic dye which binds with glycosaminoglycans and this
property has been employed in quantitative determination of glycosaminoglycans in
solution and selective staining of histological sections [27]. This phenomenon has
been used to stain the HMS and observed under microscope. The light microscopic
images as shown in Fig. 2 revealed that the Alcian Blue-stained HMS displayed
homogenous staining of blue colour through the entire microspheres, whereas the
CMS showed no staining using the same procedure. This indicates that the heparin
is immobilized homogenously throughout the entire surface of the HMS.

Morphology of HMS
The particle size of the HMS was found to be in the range of 60—130 pm and it was

slightly lower than the size of the CMS (80-150 pum), as observed in our previous
report, [21] probably due to erosion of microspheres during coupling reactions. Both
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Fig. 1 Reaction scheme for preparation of heparin-modified gelatin microspheres (HMS)
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Fig. 2 Photomicrographs of the light microscopy images of microspheres after treatment with Alcian
Blue for 30 min

light microscopy (Fig. 2) and scanning electron microscopy (Fig. 3a) revealed that
the microspheres were spherical, uniform with smooth surface. SEM image of the
HB-EGF-loaded HMS in Fig. 3b demonstrated that the surface of the microspheres
is rough due to the binding of the HB-EGF molecule over the surface. However,
HMS demonstrated the lose of sphericity due to surface erossion (Fig. 3c) and
partial degradation (Fig. 3d) after HB-EGF release for 10 days in absence and
presence of proteases respectively.

In vitro enzymatic degradation

The effect of enzymatic degradation on HMS was studied using a crude mixture of
proteases for 72 h. Collagenase crude Type 1A from Clostridium histolyticum at
20 U/ml was used and this contains a mixture of collagenases, gelatinase and minor
amounts of other proteases. The weight loss with collagenase degradation was
significantly greater than that without collagenase degradation for both CMS and
HMS. It was reported that bacterial collagenase splits tropocollagen molecules into
small fragments between X and Gly in the Pro-X-Gly-Pro-Y sequence [28]. The
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Fig. 3 Scanning electron microscopy of a plain HMS, b HB-EGF-loaded HMS, ¢ HMS after HB-EGF
release in absence of collagenase, d HMS after HB-EGF release in presence of collagenase

weight loss of microspheres without collagenase was very minimal (2-6 %) and this
may be due to desorption and surface erosion of the microspheres during 72 h
incubation. However, differences in % weight loss were observed between CMS and
HMS as seen in Fig. 4. The CMS displayed significantly greater % weight loss than
the HMS in both the conditions with or without proteases. This clearly indicates that
the HMS displayed significant protection against the proteases when compared to
CMS. This is mainly attributed to the presence of heparin in the HMS which may
hinder the accessibility of the gelatin molecule to the enzyme and also the additional
cross-links which may be exerted during the subsequent conjugation reaction [29].

Growth factor entrapment

One of the biggest problems of protein releasing systems is the loss of the activity
that results from the denaturation and deactivation of the protein during the
formulation process [30]. In view of this, first the heparin-functionalized carriers
were developed and then the swellability of the microspheres in aqueous solution
was used to entrap the growth factors. The amount of growth factor to be entrapped
was reconstituted in a volume of phosphate-buffered saline which was much less

@ Springer



Polym. Bull. (2014) 71:1015-1030 1025

40

30

20

10 -

% Weight loss

0
Collagenase(+) Collagenase(-)

B CMS [ HMS

Fig. 4 In vitro enzymatic degradation of CMS and HMS at 37 °C in Tris buffer for 72 h in presence of
20 U/ml collagenase (mean £ SE, n = 3). There were significant differences among the groups
(p <0.05)

than the volume required to fully impregnate the microspheres. Thus, the solution
containing HB-EGF was completely absorbed by swelling process of the HMS and
ensured the achievement of 100 % entrapment.

In vitro release

The release of HB-EGF from the microspheres was studied under conditions that
somewhat mimicked potential in vivo situations. Since the non-healing wound
environment may be expected to secrete more collagen degrading enzymes, i.e.
MMPs, we investigated HB-EGF release at relatively high concentration of such
proteinases. Subsequent release experiments were performed in the presence of
20 U/ml of collagenase corresponding to 45 pg/ml.

The cumulative release of HB-EGF from CMS and HMS in the presence and
absence of collagenase was presented in Fig. 5. There were differences in the
release pattern with respect to the presence of collagenase and heparin modification.
In the presence of collagenase (CMS-C, HMS-C), the release profiles were
characterized by substantial burst phase (40-58 %) and subsequent rapid release
(75-90 %) when compared to the corresponding CMS and HMS which displayed
small burst phase (18-34 %) and a subsequent slower release (59-82 %). It is
postulated that the burst phase is mainly due to the release of the HB-EGF molecule
present near the surface of the microspheres by simple diffusion which is possibly
adsorbed into the gelatin molecule. The substantial burst phase in presence of the
collagenase may be due to the superficial degradation of the gelatin molecule
leaving the microspheres structure intact with the release of HB-EGF which is
bound to the gelatin molecule. This non-specific binding of growth factors with
collagenous matrix was already proposed as a means for a controlled release by
Kanematsu et al. [31]. However, in HMS, the procedure for covalently incorpo-
rating the heparin into microspheres leads to an additional cross-linking of the
microspheres and brings about an increase in the resistance against the in vitro
degradation and slows down the release when compared to the CMS. The
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Fig. 5 Cumulative release (%) of HB-EGF from microspheres, in absence (CMS, HMS) and presence
(CME-C, HMS-C) of collagenase at 20 U/ml (mean £ SE, n = 3). There were significant differences
(p < 0.05) between CMS-C and CMS until day 7 and between HMS-C and HMS through out the course

subsequent slow phase release is mainly attributed to release of HB-EGF molecules,
which are physically bound to the covalently incorporated heparin. Since the affinity
of HB-EGF with heparin is very high, the release may be associated with the surface
erosion and partial degradation [14, 29]. In presence of collagenases, the rate of
degradation of HMS was accelerated as seen in the SEM image of HMS (Fig. 3d)
and results in the increased rate of HB-EGF release and accounts for about 75 %
release after 10 days. Whereas in absence of collagenase, the HMS displayed only
59 % release of HB-EGF in the second phase of slow release. The study reveals that
the release profile depends on both the degree of heparin modification and presence
of proteases.

In vitro bioactivity of HB-EGF

HB-EGF is a mitogenic polypeptide, present in many mammalian species in a
variety of tissues and wound fluids, which can stimulate the proliferation of
epithelial cells, fibroblasts and smooth muscle cells [32]. In the present study, the
NIH 3T3 mouse embryonic fibroblasts cell line was used to evaluate the bioactivity
of both standard and released HB-EGF. After supplementing the cells with HB-EGF
at various concentrations, the % relative cell growth with respect to control
containing without HB-EGF was monitored by MTT assay and presented in Fig. 6.
When compared to control, the cells treated with HB-EGF displayed increased %
cell growth and thus revealed that the HB-EGF possesses strong mitogenic potency
[33]. However, the maximum cell growth was found at 10 ng/ml HB-EGF and after
that a slight decrease in the cell growth was observed. The % cell growth was
increased irrespective of the concentration of HB-EGF until 48 h and followed by a
decrease in % cell growth for the cells treated with HB-EGF at a concentration of
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Fig. 6 The effect of standard HB-EGF on the % relative cell growth of NIH 3T3 fibroblasts at various
time intervals determined by MTT assay (mean + SE, n = 3)

about 0.5-5 ng/ml. The bioactivity of the HB-EGF released from the microspheres
in presence of collagenase was evaluated and presented in Fig. 7. The amount of
HB-EGF present in the release medium was quantified by ELISA (Human HB-EGF
Duoset ELISA kit, R&D systems, Minneapolis, USA) and 10 ng/ml equivalent
medium was treated with the cells. The Fig. 7 reveals that there was difference in
mitogenic potential of the HB-EGF released from CMS and HMS. When compared
with standard, the HMS displayed an identical % cell growth during 48 h and
slightly lower % cell growth during 72 h. Whereas CMS displayed significantly
lower % cell growth when compared to standard HB-EGF during both 48 and 72 h.
The study suggested that the HB-EGF released from HMS was functionally active
when compared to HB-EGF released from CMS. This is demonstrated by the
presence of heparin in HMS, which binds with HB-EGF and stabilizes in the high
protease environment.

Cytotoxicity

The fluoroprobe Calcein AM was used to observe the cell viability under
fluorescence microscope. Calcein AM is a membrane permeant, non-fluorescent
molecule, once inside the cells it is hydrolysed by endogenous esterases into green
fluorescent calcein and retained in the cytoplasm of the live cells (Fig. 8a). When
the cells were exposed into the HMS they were migrated towards the microspheres
and attached over the surface of the HMS as shown in photograph taken after 48 h
(Fig. 8b). Moreover, after 96 h it was observed that the cells near the microspheres
were completely entrapped and accumulated over the surface of the HMS as shown
in Fig. 8c. This clearly indicates that the developed microspheres were cell friendly
and non-toxic. This finding also demonstrated that the HMS possess strong affinity
to the fibroblasts and have potential application in tissue engineering as a carrier for
cell delivery.
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Fig. 7 The effect of HB-EGF released from the microspheres in presence of collagenase at 20 U/ml on
day 1, 5 and 10, on the % relative cell growth of NIH 3T3 fibroblasts (mean £ SE, n = 3). There were
significant differences (p < 0.05) between STD and CMS 1, 5 and 10 on both 48 and 72 h incubation
period

Fig. 8 Photomicrograph of fluorescence in a control fibroblasts b fibroblasts in presence of HMS for
48 h c fibroblast in presence of HMS for 96 h

Conclusions

The present study demonstrated that the development of heparin-functionalized
gelatin microspheres (HMS) for heparin-binding growth factor delivery systems
using EDC and NHS coupling protocol. About 1.97 pmol of heparin per gram of the
HMS was conjugated and this demonstrated significant protection against enzymatic
degradation. The developed system was also found to be non-toxic and useful for
prolonged growth factors release. The HMS demonstrated the sustained release of
HB-EGF for more than 10 days even in the presence of collagenase at 20 U/ml and
most importantly the biological activity of HB-EGF was maintained during the
release period. The overall studies suggest that the HMS could be used as a growth
factor’s delivery component in tissue engineering scaffolds, particularly for wound-
healing applications.
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