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Abstract

Controlled release of growth factors allows the efficient, localized, and temporally-optimized
delivery of bioactive molecules to potentiate natural physiological processes. This concept has
been applied to treatments for pathological states, including chronic degeneration, wound healing,
and tissue regeneration. Peptide microspheres are particularly suited for this application because of
their low cost, ease of manufacture, and interaction with natural remodeling processes active
during healing. The present study characterizes gelatin microspheres for the entrapment and
delivery of growth factors, with a focus on tailored protein affinity, loading capacity, and
degradation-mediated release. Genipin crosslinking in PBS and CHES buffers produced average
microsphere sizes ranging from 15 to 30 microns with population distributions ranging from about
15 to 60 microns. Microsphere formulations were chosen based on properties important for
controlled transient and spatial delivery, including size, consistency, and stability. The microsphere
charge affinity was found to be dependent on gelatin type, with #ype A (GelA) carriers consistently
having a lower negative charge than equivalent fype B (GelB) carriers. A higher degree of
crosslinking, representative of primary amine consumption, resulted in a greater negative net
charge. Gelatin type was found to be the strongest determinant of degradation, with GelA carriers
degrading at Aigher rates versus similarly crosslinked GelB carriers. Growth factor release was
shown to depend upon microsphere degradation by proteolytic enzymes, while microspheres in
inert buffers showed long-term retention of growth factors. These studies illuminate fabrication
and processing parameters that can be used to control spatial and temporal release of growth
factors from gelatin-based microspheres.
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Introduction

Recent breakthroughs in understanding the diverse structure and roles of bioactive proteins
have generated an increasing interest in controlling the localization and transient availability
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of growth factors to control cell function and tissue development. Similar efforts have been
made to apply lessons from natural physiological remodeling to improve the treatment of
pathological states such as chronic degeneration, delayed wound healing, and fracture
fixation. Tissue regeneration is a complex process that requires coordinated formation of
new tissue, concomitant with generation of an integrated vasculature to supply nutrients and
remove metabolic waste products. In large defects, regeneration may be limited by
insufficient tissue formation and/or delayed vascularization [1], and therefore delivery of
exogenous growth factors is an attractive approach to accelerate healing. However, global
growth factor administration is costly, inefficient, and ineffective due to the short half-life
and /imited activity of these factors /n vivo[2,3]. Furthermore, unmoderated growth factor
administration can lead to anomalous and ectopic tissue formation [3]. For these reasons,
spatially- and temporally-controlled release of growth factors is a promising approach to
coordinating and enhancing tissue repair.

Hydrogel microcarriers have been used to sequester growth factors through stable
electrostatic interactions between oppositely charged molecules, known as polyionic
complexes [4,5]. This mechanism has been utilized to adsorb growth factors to polymeric
carriers, including alginate [3,6], gelatin [4,7,8], polyanhydrides [9], and polyesters [10-12].
The release rate from such matrices is typically determined by the rate and degree of
polymer swelling and degradation both /n vitroand in vivo [4,7,13]. For peptide-based
systems such as gelatin matrices, growth factor loading via electrostatic interaction is
dependent on the isoelectric point (pl) of the carrier material relative to the growth factor of
interest [14]; for example, negatively charged (pl < 7) materials are favored for delivery of
positively charged (pl > 7) molecules under physiological conditions. Release is then
dictated by the local ionic environment [4,8], peptide conformation [4,8], water absorption
[14,15], and the degradation rate of the carrier material [4,14,15]. In such systems, short-
term ‘burst’ release can be minimized by crosslinking the peptide using glutaraldehyde
[14,15], carbodiimide (EDC) [16], or genipin [17-20]. Modulation of the crosslinking
conditions can be used to tailor the properties of the peptide matrix, and such approaches
have been shown to increase growth factor loading efficiency, decrease burst-release, and
enable long-term growth factor retention.

Gelatin has been used widely for delivery of bioactive molecules, and a variety of growth
factors have been adsorbed to gelatin-based matrices, including bFGF [4,7,8], BMP2
[4,15,21], BMP4[22], VEGF [4,15], and TGF-B [4,13,23], /GF[21,23], and NGF[4,13,24].
Gelatin microparticles possess particular functional and logistical benefits for controlled
delivery of growth factors due to their small size and high surface area to volume ratio. The
use of polyionic complexing, as opposed to covalent immobilization or physical entrapment,
avoids the need to expose cells or cytokines to protein-denaturing organic solvents or
treatments. Gelatin microcarriers loaded in such a way mimic the physiological process of
extracellular matrix (ECM)-mediated sequestration of inactive growth factors, whose release
naturally directs and coordinates tissue remodeling. The small size of the carriers allows
minimally-invasive delivery to the desired site and makes controlled spatial delivery
possible. Growth factor reservoirs may also protect the delivered molecule from proteolytic
degradation and preserve its physiological function by excluding large proteolytic enzymes
[9,11]. Since gelatin is a form of denatured collagen, it retains important functional
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properties such as biocompatibility, cell-adhesive peptide sequences, and enzymatic
degradability to cell-secreted matrix metalloproteinases (MMP). Two types of gelatin are
commonly used: gelatin Type A (GelA), which is isolated through an acid-based process,
and gelatin Type B (GelB), which is extracted under alkaline conditions. Basic (lyme)
treatment hydrolyzes peptide bonds resulting in a higher density of carboxyl groups relative
to the source collagen, yielding a material with a negative ionization potential. Conversely,
acid treatment produces a gelatin with higher pl similar to native collagen. Additionally,
treatment time may affect gelatin molecular weight, altering solution viscosity and gel
viscoelastic response (bloom strength). Thus, gelatin processing influences both physical
properties and electrochemical affinity.

Bone regeneration is an example application in which controlled release of multiple growth
factors has been shown to improve outcomes [25-27]. Vascular endothelial growth factor
(VEGF) released by supporting cells (e.g. MSC and fibroblasts) or by activated immune
cells is associated with increased proliferation and differentiated functionality of endothelial
cell populations, leading to angiogenesis and vasculogenesis [1,28,29]. Bone morphogenetic
protein 2 (BMP2) is a potent agonist of mesenchymal osteogenesis [30], which has been
used clinically to promote bone regeneration [31-33]. Ideally, growth factor release should
be triggered by local, cell-mediated matrix remodeling to mimic the native healing process,
allowing angiogenesis to precede osteogenesis, without causing ectopic tissue formation.
Therefore, spatial and temporal control of VEGF and BMP2 delivery via degrading
microsphere carriers may be an effective way to enhance osteoregenerative therapies.

In the present study, we developed and characterized gelatin-based microspheres reacted
with genipin, a biocompatible and polymerizable crosslinker, which were designed for cell-
controlled delivery of BMP2 and VEGF. Fabrication parameters were varied to tailor
microsphere size and swelling, as well as protein affinity, loading potential, and degradation-
mediated release. Particular emphasis was placed on the gelatin type and genipin
crosslinking conditions, which were varied to tailor the properties of the resulting
microspheres. Selected microsphere formulations were then exposed to proteolytic enzymes
and the degradation rate and corresponding rate of BMP2 and VEGF release were
characterized. The data demonstrate that gelatin microspheres can be made to respond to
cell-initiated degradation, and their formulation can be tailored to provide some control over
growth factor release. Such microspheres allow efficient, localized, and economical
therapeutic delivery that may promote sustained and controlled tissue remodeling.

Materials and methods

Materials

Gelatin type A (porcine skin, 175 bloom) and type B (bovine skin, 225 bloom), and 2-
(Cyclohexylamino)ethanesulfonic acid (CHES) were purchased from Sigma Aldrich (St.
Louis, MO, USA). Polydimethylsiloxane (PDMS, 100 cSt) was purchased from Clearco
Products (Bensalem, PA, USA). Pluronic® L101 was purchased from BASF Corporation
(Vandalia, IL, USA). Genipin was purchased from Wako Chemicals (Richmond, VA, USA).
Collagenase-11 and CLSPA (purified) collagenase were purchased from Worthington
Biochemical (Lakewood, NJ, USA). Recombinant human VEGF-165 (rhVEGFI) and
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VEGF-specific sandwich ELISA assay kits were purchased from Thermo Scientific
(Rockford, IL, USA). Recombinant human BMP2 (rHBMP2) and BMP2-specific sandwich
ELISA assay kits were purchased from R&D Systems (Minneapolis, MN, USA).

Fabrication of gelatin microspheres

Gelatin microspheres were produced by water-in-oil emulsification shown in Figure 1(a)
along with representative micrographs of washed microspheres prior to genipin crosslinking.
Briefly, 6 mL of 6 wt% gel A or B solution warmed to 40 °C was added dropwise to 70 mL
of warm (40 °C) PDMS oil. The mixture was stirred by a custom impeller at 2300 rpm for 5
min to disperse the aqueous (gelatin) phase into fine, microscale droplets within the oil
phase. The emulsification was then rapidly cooled to 4 °C in an ice bath and stirred for an
additional 30 min to set the gelatin microspheres. The emulsification was then washed with
three cycles of PBS/0.01% L 101 surfactant and centrifuged at 200 g to collect the
microspheres and remove residual PDMS oil.

Crosslinking of gelatin microspheres using genipin

Chemical crosslinking imparts gelatin microspheres with a negative electrochemical
potential promoting adsorption of positively charged proteins and allows microspheres to
swell under physiological conditions without eroding (Figure 1(b)). Gelatin microspheres
were crosslinked by reacting lysine residues on adjacent molecules with amine-reactive
genipin as summarized in Figure 1(c). Briefly, genipin has been proposed to form crosslinks
via a two-stage process involving (1) Attack by a primary e-amine from lysine on the C3
carbon in genipin and (2) Sy2 nucleoplic substitution between another primary amine and a
genipin ester [34]. However, more complex structures have been suggested involving
dimeric [35-38], trimeric [36], and tetrameric [36] genipin crosslinks. Crosslinking was
accomplished by suspending the washed microspheres in 3-fold excess volume of reaction
buffer (PBS or 0.2 M CHES) containing 1.0 wt% genipin. Though ethanol mixtures are the
most common crosslinking media, PBS and CHES buffers allowed the reaction pH to be
controlled and stabilized while improving genipin solubility in an agueous environment. The
pH of the reaction buffer was set to 7 or 10 using 1.0 N NaOH or HCI. The crosslinking
reaction was allowed to proceed at room temperature (below the gelation point for both gel
A and B) for 24 h for GelA and 96 h for GelB to achieve complete and similar degrees of
crosslinking [19]. Crosslinking times were kept consistent for buffer type and pH, though
preliminary studies indicated complete (>90%) crosslinking efficacy was achieved in CHES
buffer within 6 h (data not shown). After the crosslinking reaction, microspheres were
washed in ethanol followed by deionized water to remove reactants and reaction buffer.
Microspheres were frozen at —80 °C and freeze-dried to remove all residual water mass.
Though gelatin itself shows faint autofluorescence, genipin crosslinking imparts a distinct
response at the 590/620 Ex/Em wavelengths used to visualize sphere morphology and
measure degraded microsphere mass. Uncrosslinked gelatin micrographs (Figure 1(a)) were
collected using an inverted phase contrast microscope (Olympus). Optical sections of
crosslinked microspheres (Figure 2(a)) and 3D reconstructions (Figure 6(a)) were collected
with confocal microscopy (Nikon A1) and processed using NIS Elements viewer software
(Nikon).
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Measurement of swelling ratio

The amount of water absorbed by the crosslinked gelatin, or swelling ratio, was measured
using cylindrical pucks (diameter ~5 mm) cast from gelatin stocks and crosslinked using the
same treatment as microsphere carriers. Briefly, gelatin pucks were cast in cylindrical molds
using 200 pL of 6.0 wt% gelatin solution set at 4 °C. The gelatin pucks were then removed
from their molds and suspended in 600 uL excess volume of reaction buffer (PBS or 0.2 M
CHES, pH 7.0 or 10.0) containing 1.0 wt% dissolved genipin and allowed to react until
completion (24 h for GelA, 96 h for GelB). After the crosslinking reaction, gelatin samples
were washed three times for one hour each in excess ethanol followed by two one-hour
washes in DI water. Samples were swelled in excess DI water overnight at 37 °C prior to
measurement. Sample pucks were gently dabbed dry and weighed to determine their swelled
(hydrated) weight (Ms). Samples were frozen at =80 °C and lyophilized, then re-weighed to
determine their dry mass (Mp). Swelling ratios were calculated with the following equation:

Mg—Mp,

S

Water content =

Determination of degree of crosslinking

Percent crosslinked or crosslinking efficacy was quantified by ninhydrin assay based on the
proportion of primary amines consumed during the gelatin-genipin crosslinking reaction.
Approximately 3 mg of lyophilized microspheres were swelled in 300 uL PBS for 1 h and
sonicated at 20 W for 20 s prior to assay. A working assay solution was made by mixing
equal volumes of stock Solution A containing 218.6 mM citric acid, 7.0 mM Tin(Il)
Chloride, and 0.4 M NaOH in DI water with Solution B containing 224.5 mM Ninhydrin
dissolved in ethylene glycol monomethyl ether. 1 mL assay solution was added to each
sample and briefly mixed by vortex. Samples were gently boiled on a heating block set to
120 °C for 25 min. After cooling to room temperature, samples were diluted 3-fold in
50%/50% DI water/isopropanol. Sample volumes of 200 pL were aliquoted and their
absorbance at 570 nm was read on a plate reader (Biotek) in triplicate.

Particle size analysis

The relative size of swelled crosslinked gelatin microspheres was determined by laser
diffraction using a particle analyzer (Mastersizer 2000, Malvern Instruments, Westborough
MA). Samples were prepared by suspension in DI water at a concentration of 10 mg/mL and
allowed to swell overnight prior to measurement. Samples were deflocculated by sonication
at 20 W for 1 min of 20 s on/off cycles. Suspended microspheres were added to the sample
reservoir stirring at 500 rpm and sonication at 20% until the laser obscuration reached at
least 15%. Measurements assumed a default refractive index of 1.52 and solvent RI of 1.33.

Determination of zeta potential

Charge affinity as represented by the zeta potential of the microsphere carriers was
determined using a zeta potential analyzer (Zetasizer Nano ZSP, Malvern Instruments,
Westborough MA) by measuring suspended particle motion in response to an applied
electrical field. Samples were prepared by suspending approximately 1 mg of microsphere
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carriers in 1 mL of PBS. Microspheres were deflocculated by sonication at 20 W for 1 min
of 20 s on/off cycles prior to measurement. Samples were transferred to DTS1070 capillary
cells and zeta potentials measured. Instrument settings used the refractive index of protein
(1.45) with PBS as a dispersant (R1 1.334), with measurements of electrophoretic mobility
fit to the Smoluchowski Model. At least six measurements were taken per sample and
crosslinking condition.

Enzyme-mediated microsphere degradation

Degradation progress, defined by solubilization of degradation particles, was tracked
fluorometrically on a Synergy H1 plate reader (Biotek) using 590/620 excitation/emission
(unique to genipin-gelatin reaction). To determine the relative enzymatic degradation rates of
crosslinked gelatin microspheres, 1 mg of microsphere samples were suspended in 200 uL
of PBS containing 0-25 U/mL collagenase 1. The plate reader was set to maintain 37 °C
and continually scan the samples wells at 20 min intervals. As degradation progressed,
solubilized mass increased the intensity of fluorescent signal. Sample degradation time was
defined as the time to reach a steady emission after exposure to collagenase. A calibration
curve relating microsphere mass to fluorescent emission was constructed from degraded
GelA and GelB (PBS 7) microspheres. The calibration curve was linear and indicated the
technique was applicable to solubilized mass concentrations of approximately 0.1-0.5
pg/mL.

Genipin polymerization and gelatin microsphere crosslinking

Genipin has been found to spontaneously undergo ring-opening polymerization in basic pH
buffered conditions [36], forming long chains of 7-88 members (1600-20,000 Da) as
described in Figure 1(d). To investigate the potential impact of genipin polymerization on
microsphere properties, 1 wt% genipin was dissolved in 0.2 M CHES at pH 10 and allowed
to polymerize for O to 12 h at room temperature. GelB microspheres were then crosslinked
with the crosslinked genipin solution as described previously at pH 10 in CHES buffer.

Growth factor loading and degradation-mediated release

Purified collagenase (CLSPA) was used to demonstrate degradation-mediated growth factor
release, as collagenase-1l was found to cause deterioration of VEGF and BMP2, indicated by
a gradual reduction in signal strength from the ELISA assay over time by preliminary
studies. Evaluated under the same conditions, CLSPA collagenase was found to degrade
gelatin microspheres at a similar rate as Collagenase 11 without affecting growth factor
response to ELISA assays. Due to the gradual degradation period (14-24 h) and
compatibility with growth factor molecules, CLSPA collagenase (5.0 U/mL) was chosen to
perform degradation of growth factor-loaded microspheres.

Gelatin type A and B microspheres crosslinked in PBS at pH 7 were chosen as carrier
vehicles for growth factor sequestration and release experiments based on their distinct size
distributions, zeta potentials, and degradation rates. For VEGF studies, microspheres were
loaded by swelling overnight in PBS-Albumin (5 mg/mL) buffer containing 20 pg/mL
VEGF165 using 10x excess solvent mass (10 pL/mg carrier), based on the previously
measured swelling ratios of the microsphere carriers. Microspheres were loaded with 200 ng
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VEGF/mg carrier and samples were suspended in PBS-albumin and sonified at 20 W for 40
s with two 20 s on/off cycles. Degradation was initiated by separating microsphere samples
into 100 pg aliquots and suspending in 5.0 U/mL collagenase. Loading buffer lacking
microsphere carriers (representing 100% release) served as a positive control to normalize
VEGF release, and VEGF-loaded microspheres suspended in PBS-albumin without
collagenase served as negative controls. VEGF release was determined using a sandwich
ELISA kit (Fisher) following the manufacturer’s suggested protocols. Absorbance of the
chromophore was measured at 450 nm using a plate reader (Biotek) with readings corrected
against 550 nm absorbance.

For BMP2 sequestration and release studies, gelatin type A and B microspheres crosslinked
in PBS at pH 7 were loaded with growth by swelling overnight in PBS-Albumin (5.0
mg/mL) buffer containing 80 pg/mL BMP2 using 10x excess solvent mass (10 uL/mg
carrier). Microspheres were loaded with 800 ng BMP2/mg carrier. Microsphere samples
were suspended in PBS-albumin and sonicated at 20 W for 40 s with two 20 s on/off cycles.
Degradation was initiated by separating microsphere samples into 100 ug aliquots and
suspending in 5.0 U/mL collagenase. VEGF-loaded microspheres suspended in PBS-
albumin without collagenase served as negative controls. GelA and GelB (Genipin, PBS 7).
BMP2 release was determined using a sandwich ELISA kit (R&D Systems) following the
manufacturer’s suggested protocols. Absorbance of the chromophore was measured at 450
nm using a Biotek plate reader with readings corrected against 550 nm absorbance. Released
growth factor mass was quantified based on a BMP2 standard provided with the ELISA
assay Kkit.

Statistical analysis

Microsphere swelling ratios, zeta potentials, degradation rates, and loading/release rates are
expressed as numerical mean * 95% confidence intervals. Microsphere dimensions are
expressed as numerical mean and volume-weighted mean with error bars representing the
90% population distributions. Swelling ratios (Figure 3(a)), zeta potentials (Figure 3(b) and
4(b)), and degradation rates (Figure 5(b)) were analyzed by one-way ANOVA and individual
groups were compared with a Bonferroni post hoc test using RGui data analysis software. ~-
values of less than 0.05 between groups were considered statistically significant. Growth
factor release relative to microsphere degradation is fit to second or third order polynomial
curves.

Results and discussion

Physical and electrochemical properties of crosslinked microsphere carriers

Gelatin microspheres produced via emulsification were generally spheroidal and
demonstrated consistent and uniform autofluorescence when imaged at 590/620 ExX/Em
wavelengths (Figure 2(a)). The median diameter (m) of microspheres ranged from 15 to 35
microns, depending on gelatin type and crosslinking regime, with 90% population
distributions ranging from about 15 to 65 microns (Figure 2(b)). For comparison, we also
sized human umbilical vein endothelial cells (HUVEC) and human mesenchymal stem cells
(MSC) and found them to be of uniform size, with diameters of 18 microns. The size of
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microsphere carriers in relation to the size of cells is provided for scale and functionally
relevant to ensure that the carriers are small enough to efficiently deliver their load in close
proximity to the cells. Gelatin processing conditions (GelA vs. GelB) strongly influenced
microsphere physical properties, with GelB spheres typically larger and more polydisperse
than GelA spheres emulsified and crosslinked under the same conditions. GelB (225 bloom
strength) may be inferred to possess a higher molecular weight than GelA (175 bloom
strength) and greater solution viscosity, resulting in larger microspheres during the
emulsification process. A main thrust of this study was to determine the effect of
crosslinking conditions on the properties of the resulting microspheres. These microspheres
exhibited diverse morphologies, ranging from large, amorphous, and fragmented (e.g. GelA
PBS10, GelB CHES?) to relatively small and uniform (GelA PBS7, GelB CHES10) as
shown in Figure 2(a). Crosslinking both gel types in PBS in an alkaline environment (pH 10)
resulted in larger spheres with greater variability in size, which was correlated with greater
swelling ratios, relative to those crosslinked at a neutral pH. Crosslinking with CHES buffer
exhibited the opposite trend, with microspheres reacted at basic pH having more
homogenous size distributions and smaller average sizes relative to those reacted at neutral
pH. This outcome may reflect the pH selectivity of the buffers, with PBS being more stable
ionizing environment around neutral pH, whereas CHES is a more stable basic buffer. The
CHES buffer has also been observed to rapidly promote genipin polymerization and
complete gelatin crosslinking relative to PBS.

Crosslinking imparts thermal phase stability to otherwise water-soluble gelatin at 37 °C, and
the mesh size, swelling potential, and free volume are largely determined by the degree of
crosslinking and crosslink length. Genipin was used as a crosslinker of gelatin in this study
due to its biocompatibility relative to aldehyde crosslinkers [38,39] and chromatic properties
[34,40]. The reactivity of genipin has been shown to be dependent on pH, and tends to
undergo spontaneous polymerization at basic pH [36,41]. To maintain neutral (pH 7) and
basic (pH 10) reaction conditions, we used both PBS and CHES buffers. Other strategies
used to control hydrogel microsphere size include altering emulsification conditions such as
impeller rotation speed [16,38], surfactant concentration [16], and oil viscosity [16].
However, we chose to isolate crosslinking condition as a determining factor for microsphere
dimensions, with all Gel type A and B microspheres produced by the same emulsification
technique.

The swelling ratio of microspheres depended on gelatin type and crosslinking conditions, as
shown in Figure 3(a). The swelling ratio is indicative of the connectivity of the matrix mesh,
and is also important in determining loading volumes of growth factor solutions that are
appropriate for specific formulations of microsphere carriers. Crosslinked gelatin samples
absorbed 10-25x excess water vs. dry weight, corresponding to a range of 0.9-0.96 swelling
ratios, reflecting an open mesh structure and a large free volume for loading biomolecules,
and the strong affinity of the gelatin matrix for hydration. PBS-crosslinked gels exhibited
reduced swelling ratios (~0.9-0.92) relative to uncrosslinked controls (0.94) when
crosslinked in PBS at pH 7, but similar ratios after crosslinking at pH 10. Gels crosslinked in
CHES buffer indicated increased swelling (0.96) when crosslinked at pH 10. Though
consistent with other reported trends associating hydrogel swelling ratio with crosslink pH
[36], the greater swelling ratio in alkaline CHES seems to contradict the smaller sphere sizes
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measured after crosslinking. This inconsistency may be due to differences in reaction
kinetics due to the large volume used to determine swelling ratio excluding genipin
migration relative to the high surface area microsphere carriers.

Since crosslinking limits molecular chain mobility during liquid absorption and swelling,
higher crosslink densities have typically been associated with lower swelling ratios in
hydrogel systems [17,20,21,42]. Similar gelatin hydrogel systems have been reported with
substantially lower water absorption (1.5-6x hydrated mass; i.e. 0.6-0.83 swelling ratios)
with similar degrees of crosslinking (>75%) [17,20,21,43]. However, these systems are often
crosslinked as cast films [17] or lyophilized scaffolds [21,43] with higher mass density and
closer molecular affiliation at the time of crosslinking. Also, swelled systems are commonly
crosslinked in ethanol rather than an aqueous environment [20,44,45], which we have
observed to result in hydrogel compaction. Thus, it follows that our crosslinking mechanism
performed on hydrogels in fully swelled (6 wt%) and aqueous state largely maintain high
swelling potentials (similar to uncrosslinked controls) even after crosslinking.

Charge affinity as represented by the zeta potential of crosslinked gelatin microspheres also
varied by gelatin type and crosslinking condition (Figure 3(b)). These values were measured
to assess the potential for the carriers to attract and form polyionic complexes with
oppositely charged proteins and growth factors. The zeta potential was measured at 20 °C in
PBS (pH 7.4) to approximate the ionic environment under physiological conditions.
Uncrosslinked control spheres made from the source gelatin exhibited zeta potentials around
-3 mV in PBS. Genipin-crosslinked GelA microspheres were found to have zeta potentials
ranging from -5 to —6 mV, while crosslinked GelB microspheres were significantly more
negatively charged, with potentials ranging from —8 to —11 mV. Crosslinking in CHES
buffer promoted a greater degree of crosslinking, resulting in a greater negative net charge.
Microsphere carriers crosslinked in CHES buffer possessed a relatively high charge affinity
and high degree of crosslinking (shown as superimposed values in Figure 3(b)). However,
initial studies demonstrated poor loading potential by CHES pH 10 carriers, attributed to the
high degree of crosslinking.

The processing techniques used to extract gelatin have been tailored to yield materials with
varying isoelectric points and charge affinities. Specifically, gelatins produced by acid-
treatment (GelA) possess similar isoelectric points (pl > 7) as their collagen source material.
In contrast, alkaline pre-treatment hydrolyzes asparagine and glutamine residues in collagen,
producing a gelatin (GelB) with a higher concentration of carboxyl groups and negative net
charge (pl < 7). Traditionally GelA has been proposed to deliver negatively charged proteins,
whereas GelB has been used to adsorb positively charged proteins [4]. However, due to the
consumption of primary amines during crosslinking and the addition of negatively charged
genipin [20], both gel types in the current experiment have been altered to possess a negative
net charge for attracting cationic growth factors. Other studies have reported similar zeta
potentials of gelatin carriers ranging from -9 mV [16] to —13 mV [46] at physiological pH.

In neutral or acidic environments, genipin acts to crosslink peptides by forming short
monomeric (shown in Figure 1(c)), dimeric, trimeric, or tetrameric bridges between adjacent
aminated molecules [47]. However, in alkaline environments genipin undergoes ring-
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opening and polymerization, resulting in crosslink bridges of 7-88 repeat units [36,41] as
described in Figure 1(d). To investigate the potential effects of crosslink length on
microsphere properties, genipin was allowed to polymerize in CHES at pH 10 for 0-12 h
prior to being used to crosslinking gelatin. GelB microspheres were chosen for their small
size and homogeneity, and were then crosslinked for 24 h in CHES buffer at pH 10 using the
polymerized genipin. Size measurements of the microspheres after crosslinking showed a
correlation between increased genipin polymerization time and larger microspheres, as
shown in Figure 4(a). Unpolymerized genipin (0 h) produced microspheres with a median
diameter of 14 um with a population distribution ranging from 8.9 to 21.5 pm (0 h).
Polymerization of genipin for 12 h resulted in an increase in median microsphere diameter
to 30.9 um and range of 17.6 to 52.1 um (12 h). Polymerized genipin also affected the zeta
potential of crosslinked gelatin (Figure 4(b)), with the indicated zeta potential becoming
more highly negative as the genipin was increasingly polymerized. While larger carrier size
was correlated with greater negative charge, ionizable hydroxyl groups from the
polymerized genipin (Figure 1(d)) may be responsible for contributing to the changes in
charge affinity. These data demonstrate that genipin polymerization can be used to increase
the chain length of the crosslinker, providing a potential mechanism for increasing mesh size
and free volume for growth factor delivery.

Enzyme-mediated degradation of microsphere carriers

Collagenase treatment of crosslinked gelatin carriers was used to mimic the /n vivo process
of matrix degradation. A variety of proteases targeting gelatin are secreted by cells during
chemotaxis and extracellular matrix remodeling, including gelatinases (MMP2 and MMP9)
[48-50]. The collagenase enzyme cleaves amide linkages within the recurring peptide motif
QPQGLAK found in collagen and gelatin, a common site targeted by MMP2 and MMP9
activity [50]. Collagenase treatment of the gelatin microspheres resulted in gradual
dissolution into the supernatant, though the degraded material continued to exhibit a
characteristic fluorescent response (590 ex/620 em). Gelatin degradation time could
therefore be tracked by measuring the level of fluorescence in the supernatant, and full
degradation was defined as the time point at which the fluorescence level stopped increasing.
Microsphere degradation curves were derived by normalizing fluorescent measurements to
both the background (samples without collagenase representing 0% degradation) and the
maximum / terminal fluorescent reading (representing 100% degradation) shown in Figure
5(a). Degradation rates of microspheres crosslinked in PBS were largely independent of the
pH at which they were prepared, as shown in Figure 5(a), at both low (5 U/mL) and high (25
U/mL) collagenase concentrations. In contrast, microspheres crosslinked in CHES exhibited
different degradation rates depending on the pH at which they were crosslinked. Notably,
spheres crosslinked in CHES at pH 10 were found to resist collagenase treatment, a property
attributed to the combined high degree of crosslinking and small hydrated sphere size,
resulting in minimal free volume for protease infiltration and activation while microspheres
crosslinked at pH 7 in CHES were significantly larger and degraded more rapidly in
collagenase. Degradation rates were derived by best-fit correlation from the linear region of
the degradation curves, typically representing 70-90% of the total fluorescent signal.
Degradation rate comparisons, expressed as percent of degradation per hour (Figure 5(b)),
showed that gelatin type was the strongest determinant of degradation rate, with GelA
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microsphere carriers typically degrading more rapidly than similarly crosslinked GelB
carriers. Based on the relative enzymatic degradation rates, gels crosslinked in PBS at pH 7
were chosen for subsequent growth factor release studies. These crosslinking conditions
produced GelA microsphere carriers that degraded completely over about 14 h, and GelB
carriers that degraded over about 24 h when treated with 5 U/mL collagenase.

Growth factor loading and degradation-mediated release

GelA and GelB microsphere delivery vehicles crosslinked in PBS at pH7 were chosen for
growth factor loading and release experiments based on their distinct electronegative
potentials (=5 and -9 mV, respectively) and on minimum size and variability, properties
important for homogenous transient and spatial delivery. Histograms shown in Figure 6(b)
describe the morphological differences between GelA and GelB carriers crosslinked in PBS
at pH 7, with GelB microspheres skewed towards higher volumes (50% of the population
volume in spheres larger than 22 pm, Q).

Cell-secreted MMPs, especially gelatinases (MMP2 and 9) released by MSC and endothelial
cells, cause the release of matrix-bound VEGF to promote endothelial cell organization and
angiogenesis [51,52]. GelA and GelB microspheres were loaded with VEGF and treated
with collagenase to induce growth factor delivery, with release normalized to positive
controls containing no microsphere carrier, as shown in Figure 7. GelA microspheres
retained 56% of the loaded VEGF (110 ng/mg carrier), and released up to 76% (152 ng/mg
carrier) over 12 h (90 ng burst + 62 ng due to degradation), (Figure 7(a)). GelB spheres
retained 91% of loaded VEGF (182 ng/mg carrier), released up to 33% (66 ng/mg carrier)
over 24 h (16 ng burst + 50 ng due to degradation), (Figure 7(a)). Thus, the more
voluminous GelB carriers possessing greater negative charge showed greater VEGF
retention (lower initial burst), but slower and overall less VEGF mass released due to
degradation compared to GelA carriers (Figure 7(b)). VEGF release profiles were best fit to
a third order polynomial model, with release skewed towards the degradation of the first
50% of the sphere mass. VEGF-loaded microspheres not exposed to collagenase were used
as negative controls, and retained VEGF without significant release for 2 weeks in the
absence of enzymatic degradation (Figure 7(c)). Nagai et al. (2010) previously demonstrated
collagenase-mediated VEGF release from carbodiimide- crosslinked collagen microspheres,
though their crosslinking formula produced positively-charged carriers. From our model
microcarriers, degree of negative charge was demonstrated to be a predictor of VEGF
loading and subsequent release characteristics.

BMP2 is a potent osteogenic mediator of the TGF family necessary for natural fracture
repair [30]. It has been proposed that BMP2 activity /n7 vivo, like VEGF, may be modulated
by interaction with the extracellular matrix via proteoglycans such as heparan sulfate [53].
Similarly, our loading data demonstrated that BMP2 may associate with gelatin
microcarriers, with loading capacity dependent upon gelatin type and negative charge of the
carrier. In this experiment, GelA and GelB microspheres were loaded with 800 ng/mg BMP2
using a similar technique as with VEGF. BMP2 release was mediated by gelatin degradation
initiated by 5 U/mL collagenase, as shown in Figure 8. GelA spheres retained ~75% of
loaded BMP2 (~600 ng/mg carrier), while releasing up to ~80% (~640 ng/mg carrier) over
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12 h (~200 ng burst + ~440 ng due to degradation), (Figure 8(a)). GelB spheres retained
~92% of loaded BMP2 (~736 ng/mg carrier) and subsequently released up to ~40% (~320
ng/mg carrier) over 24 h (64 ng burst + 256 ng due to degradation). Similar to the trends
observed with VEGF, BMP2 loading was higher in GelB microspheres compared to GelA,
though degradation-mediated gowth factor release was also incomplete from both carriers
(ELISA indicated less than 100% of loaded mass) (Figure 8(b)). BMP2 release profiles were
best fit to a second order polynomial model, though release appeared more gradual with
respect to degradation compared to VEGF. GelA and GelB microspheres loaded with 400 ng
BMP2 per mg carrier showed high (<90%) retention for 2 weeks while maintained in a PBS-
albumin buffer (Figure 8(c)).

VEGF and BMP2 were released in conjunction with microcarrier degradation and
solubilization. Previous studies [4,8] have investigated the effects of gelatin type on loading
efficacy and release, with optimal outcomes generally achieved from matching acidic type B
(negatively-charged) gelatin with basic (positively charged) growth factors. However, our
methods for crosslinking with genipin induced a net negative charge from both gel types,
with differences in degree that were dependent on gelatin type and crosslinking technique.
The differences in loading and release rates of the growth factors may be attributed to the
difference in zeta potentials of the carriers, as well as their relative degradation rates. GelA
spheres showed overall less loading, but more efficient and effective (more complete) release
with relatively faster degradation rates compared to the GelB carriers. VEGF release
occurred in three distinct stages: initial (burst) release of unbound growth factor, rapid early
degradation-mediated release, and slow late-stage release. Gelatin type and zeta potential
determined the amount of growth factor retained by the microsphere carriers, with GelB
carriers retaining approximately twice the mass of VEGF as equivalent GelA carriers.
However, both carrier types showed similar degradation-mediated release, with 87% of the
measured VEGF release from GelA occurring within the first 30% of solubilized
microsphere mass, with 61% released by GelB for a similar degree of degradation. Both
gelatin carriers showed growth factor retention in the absence of degradation. Like VEGF,
BMP2 retention and burst release was determined by carrier type and zeta potential.
However, BMP2 release was more consistent and sustained throughout the duration of
degradation. Together, these results indicate the effect of matched electrochemical affinity
on VEGF and BMP2 loading into gelatin carriers and subsequent release due to enzymatic
degradation. Despite the apparent complete enzymatic degradation and solubilization of the
gelatin hydrogel carriers, both systems (GelA and GelB) indicated incomplete growth factor
release. This phenomenon has been documented for similar affinity-based delivery methods
[4,13,22,23,54] and, as the total growth factor release in both systems is proportional to
carrier zeta potential, may be attributed to the influence of growth factor-matrix affiliation
on protein solubilization. This interaction may also result in steric hindrance interfering with
antibody binding during the quantitative ELISA assay.

High crosslink density in hydrogels has been shown to increase protein retention and
decrease the rate of long term release [14,15] due to limited free volume and physical
restrictions on molecular mobility and diffusion. Though our system demonstrated similar
high degrees of crosslinking for GelA and GelB carriers (73 and 82%, respectively) and high
degrees of swelling (89 and 92%, respectively), carriers demonstrated differential loading
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potentials relative to their charge affinity (=5 and =9 mV, respectively). After the initial
burst-release of unbound growth factor, spontaneous release due to gradual diffusion, in the
absence of degradation, was also found to be minimal with both GelA and GelB carriers.
Other factors such as temperature [8], and solution ion concentration [8,46], pH [46], and
may affect the conformation of the gelatin carrier or electrochemical affinity with loaded
proteins. Microspheres were loaded overnight at 37 °C to maximize molecular mobility,
optimizing swelling and growth factor uptake [8]. Loading was carried out in an aqueous
environment (PBS) at physiological pH to maximize hydrogel swelling as a result of chain
repulsion from high charge density from ionized carboxyl groups [46] which also attract and
bind cationic growth factors. In this way, release experiments were designed to harness and
optimize the factors affecting binding and release of growth factors from gelatin microsphere
carriers based on the outcomes of previously published studies, resulting in an effective and
efficient electrochemically-selective gelatin hydrogel delivery system.

The genipin-crosslinked gelatin microspheres address an ongoing need for efficient spatial
and temporal control of growth factor delivery. Though our experimental design
demonstrated VEGF and BMP2 sequestration and release, such a system may be appropriate
for a variety of cationic growth factors such as PDGF, TGF, IGF, bFGF, and BMP4. There
has been much recent interest in coordinated or sequential delivery of synergistic growth
factors to direct tissue regeneration such as chondrogenesis (TGFp/IGF) [23], osteogenesis
(BMP2/IGF) [21], myocardial infarction (IGF/VEGF) [55], and angiogenesis (VEGF/
PDGF) [56]. We propose that our results indicate potential application for sequential
therapeutic delivery of VEGF and BMP2 to promote osteogenesis at an ischemic or critical-
sized fracture defect site. In this case, GelA carriers have shown the potential to rapidly
release loaded VEGF upon degradation to promote the migration and infiltration of
endothelial cells. Slower-degrading GelB carriers may be used to gradually release BMP2,
inducing osteogenic differentiation and calcification. Therefore, we propose that the results
from this experiment may be used as a model to alter growth factor loading and release
kinetics as needed for a variety of therapeutic applications.

Conclusions

We have demonstrated that the physical and electrochemical properties of microsphere
carriers, specifically the size distribution, swelling ratio, and electrical affinity/zeta potential
are dependent upon gelatin type, and may be manipulated by altering the crosslinking
environment. Similarly, the rate of enzymatic degradation of the microsphere carriers may
be altered by choice of gelatin type and crosslinking protocol. Loading potential of both
rhVEGF165 and rhBMP2 were found to be dependent on growth factor chemistry and
carrier zeta potential, with a higher loading rates correlated with greater negative charge.
Finally, growth factor release was shown to depend upon microsphere degradation by
proteolytic enzymes, while loaded microspheres in inert buffers showed long-term retention
of growth factors. This work has potential impact in the design and implementation of
biodegradable gelatin microspheres for local growth factor delivery where controlled dosage
and release rates are important for clinical outcomes.
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Figurel.
Gelatin microsphere emulsification, crosslinking, and growth factor loading. (a) Schematic

of the gel emulsification technique used to produce gelatin microspheres. Insets show
microspheres made from gelatin Type A and gelatin Type B prior to crosslinking. (b)
Schematic of genipin crosslinking of the gelatin matrix and the resulting mesh size and
charge affinity. Cationic growth factors can bind to the anionic gelatin via electrostatic
interactions. (c) Crosslink mechanism described by Butler, Ng, and Pudney (2003) showing
reactivity of genipin with lysine primary amines found in gelatin. (d) Structure of genipin
polymer proposed by Mi, Shyu, and Peng (2005) after undergoing ring-opening
polymerization at basic pH.
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Micrographs and size (b) measurements of crosslinked gelatin microsphere carriers. (a)
Overlays of brightfield and fluorescent confocal microscopy sections of autofluorescent
crosslinked gelatin microspheres. (b) Swelled microsphere dimensions in deionized water at
room temperature. Box plots describe size distributions and median carrier diameter as a

function of crosslinking regimen.
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gelatin and genipincrosslinked gelatin microsphere carriers. In both panels letters denote
statistical significance (p < 0.05) between groups relative to control (C) or based on gel type

(G), buffer type (B), or reaction pH (P).
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Physiochemical characterization of GelB microsphere carriers crosslinked with polymerized
genipin. (a) Size of GelB microspheres after crosslinking with genipin polymerized for 0-12
h at pH 10. (b) Zeta potentials of GelB microspheres after crosslinking with genipin
polymerized for 0-12 h at pH 10. Numbers denote statistical significance (p < 0.05) between
groups.
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Enzyme-mediated degradation of gelatin microsphere carriers. (a) Degradation curves
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generated from fluorescence emissions measured from microsphere samples exposed to low
(5 U/mL) and high (25 U/mL) collagenase-11 concentrations and (b) average degradation
rates calculated from degradation curves. Letters denote statistical significance (p < 0.05)
between groups based on gel type (G), buffer type (B), or reaction pH (P).
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Figure®6.

Size measurements of crosslinked gelatin microsphere carriers. (a) Confocal 3-D
reconstructions of autofluorescent gelatin microspheres. (b) Population histograms of GelA
and GelB microspheres.

J Biomater Sci Polym Ed. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Turner et al.

Page 23

(a)

Gel A Degradation Gel B Degradation

® GelA VEGF Release B GelB VEGF Release
120 1 r 120
o 100 1 Arttatttn F 100
7]
3 c
E 80 1 r 80 S
* 4 =
%60 A 2 L4 r60 g
u =)
e 408 m a
an m N ®
20 o L 20
0 T T T T T — 0
0 8 16 24 32 40 48
(b)
3
7]
©
D
Q
4
w
(G}
w
>
ES
0- T T T T d
0 20 40 60 80 100
% Degradation
(c)w 100 7 mGelA
2 80 HGelB
K3
& 60
w
& 40
w
> 20
* 0
0 1 7 14

Time, Days

Figure7.
Transient and degradation-mediated VEGF release from gelatin microsphere carriers. (a)

Transient VEGF release from crosslinked gelatin microspheres overlayed against
microsphere degradation profiles. (b) VEGF release modeled as a function of microsphere
carrier degradation. (¢) VEGF retained in the absence of enzymatic degradation.
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Transient and degradation-mediated BMP2 release from gelatin microsphere carriers. (a)

Transient BMP2 release from crosslinked gelatin microspheres overlayed against

microsphere degradation profiles. (b) BMP2 release modeled as a function of microsphere

carrier degradation. (¢) BMP2 retained in the absence of enzymatic degradation.
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