Pharmaceutical Research, Vol. 26, No. 9, September 2009 (© 2009)
DOI: 10.1007/s11095-009-9923-1

Research Paper

Drug Release Kinetics and Transport Mechanisms from Semi-interpenetrating
Networks of Gelatin and Poly(ethylene glycol) diacrylate

Yao Fu,' and Weiyuan John Kao'?*

Received March 23, 2009; accepted June 3, 2009; published online June 25, 2009

Purpose. To elucidate the key parameters affecting solute transport from semi-interpenetrating networks
(sIPNs) comprised of poly(ethylene glycol) diacrylate (PEGdA) and gelatin that are partially crosslinked,
water-swellable and biodegradable. Effects of material compositions, solute size, solubility, and loading
density have been investigated.

Materials and Methods. sIPNs of following gelatin/PEGdA weight-to-weight ratios were prepared: 10:15,
10:20, 10:30, 15:15, 20:15. Five model solutes of different physicochemical properties were selected, i.e.
silver sulfadiazine (AgSD), bupivacaine hydrochloride (Bup), sulfadiazine sodium (NaSD), keratinocyte
growth factor (KGF), and bovine serum albumin conjugated with fluorescein isothiocyanate (BSA-
FITC). Release studies were performed and the results were analyzed using three hydrogel based
common theories (free volume, hydrodynamic and obstruction).

Results. The release kinetics of model solutes was influenced by each factor under investigation.
Specifically, the initial release rates and intra-gel diffusivity decreased with increasing PEGdA content or
increasing solute molecular weight. However, the initial release rate and intra-gel diffusivity increased
with increasing gelatin content or increasing solute water solubility, which contradicted with the classical
hydrogel based solute transport theories, ie. increasing polymer volume leads to decreased solute
diffusivity within the gel.

Conclusion. This analysis provides structure-functional information of the sIPN as a potential therapeutic

delivery matrix.
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INTRODUCTION

A semi-interpenetrating network (sIPN) comprised of
photocrosslinked poly(ethylene glycol) diacrylate (PEGdA)
and a naturally derived macromolecule gelatin has been
developed (1). Designed for wound healing, the sIPNs are
photocrosslinked in situ under physiological conditions, en-
abling complete wetting of the wound bed, even in the presence
of complex 3-D topography (2). sIPNs are distinguishable from
blends, block copolymers, and graft copolymers in two ways:
firstly, the sIPN swells but does not dissolve in solvents, and
secondly, creep and flow are suppressed (3). Bearing similarities
to hydrogels, such as crosslinked matrices, high water capacity,
and swelling ability, the sSIPN system is only partially crosslinked,
which makes it more complex, more heterogeneous and less
rigid than classical hydrogel systems. Previous studies revealed
that the sIPN (gelatin:PEGdA 10:15 w/w) had a 30-fold higher
Young’s modulus compared to the 0.1% glutaraldehyde cross-
linked gelatin hydrogel and that sIPNs with higher gelatin
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content showed significantly higher Young’s modulus (4).
Incorporating crosslinked PEG matrices enhances protein
resistance and maintains the mechanical stability (5). It also
allows the mesh sizes of the sIPN system to be varied by varying
the amount of PEG component in the formulation, which may
further influence solute transport out of the sIPNs. The
incorporation of gelatin component presents elasticity and
biodegradability to the network. Increasing the gelatin content,
a significantly higher Young’s modulus has been observed (4).
Moreover, the gelatin backbone has modification sites (lysyl
residue) that can be grafted with PEG linker and further
conjugated with bioadhesive peptide sequences, such as Arg-
Gly-Asp (RGD) and Pro-His-Arg-Ser-Asn (PHRSN) (6), to
mimic the extracellular matrix and act as a platform for wound
healing. The sIPN has material properties, including moisture
absorbance, high tensile strength and elasticity, tissue integra-
tion and adhesion, and favorable tissue response, that make it a
potential wound-dressing material (7,8). In vivo studies have
demonstrated that the in situ photopolymerized sIPN is a
comparable and viable treatment for both partial-thickness
porcine wounds and full-thickness rodent wounds (9,10). In
addition, drug molecules can be directly incorporated into the
polymer solution prior to polymerization rather than through
equilibrium partitioning, which allows control over loading
density. Drugs that possess poor water solubility can also be
loaded in sIPNs ie. fine drug particles with poor aqueous
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solubility are suspended in the polymer solution and homoge-
neously distributed in the sSIPN matrix after photopolymerization.

Per different clinical requirements, different release
profiles are preferred. Thus, understanding the mechanism
of solute transport out of sIPNs is critical. The three main
forces that drive solute transport in hydrogels include a
penetrant concentration gradient, a polymer stress gradient
and osmotic forces (11). Fickian diffusion plays a dominant
role for non-swelling controlled delivery systems, where
polymer chain relaxation rate is slow. However, Fickian
diffusion alone cannot explain the solute transport from
swelling controlled delivery systems, where Case II trans-
port is observed (11). Being partially crosslinked, water-
swellable and biodegradable, there are multiple driving
forces controlling solute transport out of the sIPNs.
Therefore, it is necessary to characterize the contributing
factors of sIPN components on the release kinetics of
solutes by investigating the effect of each material compo-
nent separately. Five model compounds were selected
based on the molecular weight, structure, size, water
solubility, and clinical utility, which not only explored the
effect of solute physicochemical properties on their trans-
port kinetics but also demonstrated the sIPN system as a
potential carrier to deliver newly identified therapeutic
factors, especially proteins and peptides. The Ritger-
Peppas release model was applied to the experimental
release data to gain insight into the major driving forces
behind solute transport from sIPNs. Furthermore, the
relationship between polymer volume fraction and the
diffusivity reduction of solutes within the matrix was tested
based upon three hydrogel diffusion models.

MATERIALS AND METHODS

Gelatin (type A: from porcine skin, 300 bloom), poly
(ethylene glycol) diacrylate (PEGdA, MW 575 Da), 2.2-
dimethoxy-2-phenyl-acetophenone initiator (DMPA), phos-
phoric acid (HPLC grade), methoxy poly(ethylene glycol)
(mPEG, MW 2 kDa), silver sulfadiazine (AgSD), bupivacaine
hydrochloride (Bup), sulfadiazine sodium (NaSD), and bo-
vine serum albumin conjugated with fluorescein isothiocya-
nate (BSA-FITC) were purchased from Sigma-Aldrich.
Keratinocyte growth factor (KGF) was obtained from R&D
systems. RPMI 1640 culture media was purchased from
Gibco, Invitrogen. All other commercial reagents were
received from Fisher Scientific and used without further
purification.

Synthesis of sIPNs, PEG-hydrogel and Gelatin-Hydrogel

sIPNs of different gelatin-PEGdA weight ratios were
prepared following previously described procedures (4,6).
Gelatin dissolved in ddH,O was heated to approximately 45°C
and mixed with PEGdA and 0.1% DMPA (w/v). The mixture
was poured over Teflon® molds (disk; surface area, 0.75 cm?;
thickness, 1.4 mm) and crosslinked under UV light with CF1000
LED (Amax=365 nm, Clearstone Technologies) for 3 min. sIPN
formulations included the following gelatin/PEGdA weight-to-
weight ratios 10:15, 10:20, 10:30, 15:15, and 20:15. mPEG
modified gelatin was synthesized and the modified sIPNs were
prepared as described above (6). To elucidate the impact of each

Fu and Kao

component, PEG-only hydrogels (15% PEGdA, w/v) were
prepared following the same protocol as above but in the
absence of gelatin.

In Vitro Release Kinetics of Selected Compounds

Model solutes were first mixed with gelatin and PEGdA
solution prior to polymerization and synthesized as described
previously. The physicochemical properties of five solutes
were summarized in Table I. AgSD and Bup were loaded
both separately and concurrently into sIPN disks. Drug-
loaded sIPNs were placed in individual glass vials containing
5 ml 1x PBS at pH 7.4 or RPMI 1640 culture media at 37°C.
At a given time, 5 ml release media was removed and
replaced with fresh release media to maintain the sink
condition. Aliquots of samples were further analyzed to
determine the concentration of drug released at each time
point. The amount of drug released was calculated by
concentration x volume (x5 ml). The amount at each time
point was added to the amount at all previous points to obtain
the cumulative release amount (#72,), which was then divided
by the original mass of drug loaded (m,) to obtain the
cumulative release fraction (m,/my). Assuming homogeneous
distribution of drug molecules in the unpolymerized material
solution, the original mass of drug loaded (m,) was estimated
using Eq. 1.

Viisk
Vta tal

my = Atolal : (1)

In Eq. 1, A, represents the total amount of drug added
to the polymer solution. V. is the volume of polymer
solution applied to each Teflon® mode and V/,,,, is the total
volume of polymer solution.

Analytical Methods

To simultaneously quantify the release of AgSD and
Bup, an HPLC-based analytical method was developed.
The HPLC system consisted of Model 306 pumps (Gilson)
and a variable-wavelength UV detector (Model UV/Vis-
155, Gilson). Separations were performed on a reverse
phase column (Ciyg, Spm pore size, 4.6x250 mm, Waters).
The mobile phase consisted of solvent A, 0.1% (v/v)
H;PO, and solvent B, acetonitrile containing 0.1% H3;PO,
(v/v). A gradient elution was carried out as follows: 15%
(v/v) solvent B was used for 0-5 min, then linearly
increased to 85% (v/v) for 5-25 min and maintained for
another 5 min. The injection volume was 200 pl and eluted
at a flow rate of 1.0 ml/min at 23°C. The eluents were
monitored at 210 nm and 254 nm. Samples were pre-
filtered through a 0.45um membrane filter (Whatman)
before injection into the HPLC column. Due to the poor
water solubility of AgSD, a standard stock solution of
AgSD was prepared at a concentration of 1 mg/ml in 10%
NH;'H,O (17). Thus, the HPLC analytical method quan-
tified the concentration of sulfadiazine (SD) group instead
of the AgSD complex. AgSD standards were prepared at
concentrations of 1.625, 3.125, 6.25, 12.5, 25, 50, 100,
200pg/ml. Bup standards were prepared similarly using
distilled water as solvent. The calibration curve was
obtained by linear regression of the peak-area vs. concen-
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Table L. Physicochemical Properties of Model Compounds
Properties AgSD*® Bup® NaSD¢ KGF ¢ BSA-FITC ©
Chemical formula CioHoAgN,4O,S CsHxsN,O-HCl  C0HoN4NaO,S - -
Chemical structure - OQ{N«:} @iﬂ T@ " Og ZN%\N - _
¥ HCL \ [
Molecular weight (Da) 357.1 324.9 272.3 19k 66 k
pKa/IEP 6.1° 8.1° 6.51 35¢ 50¢
Hydrodynamic radius r; A) 6.15 5.15 4.0 19.7 36.5
Water solubility Insoluble Soluble Soluble Soluble Soluble
Loading density (per disk) 1000 pg 1000 pg 2000 ug 10 ng 1000 pg

 taken from (12)
® taken from (13)
¢ taken from (14)
4 taken from (15)

¢ taken from (16)
f

pKa
¢ isoelectric point

tration (AgSD, Y = 356383X — 233195 , R*=0.9998; Bup,
Y =492685X — 644029 , R*>=0.9995). The linearity range
was between 3.125-200png/ml for both AgSD and Bup. To
quantify NaSD concentration, the UV absorbance of samples
was measured at 254 nm using a spectrophotometer (Genesys
8, Thermospectronic). Linearity range was between 3.9-
62.5ng/ml (Y=0.0333X, R*=0.9906). To quantify KGF,
commercially available anti-human KGF enzyme-linked
immunosorbent assay (R&D System) kits were used. KGF
release samples were lyophilized and reconstituted in 0.5 ml
ddH,O. The detection range of the KGF ELISA assay was
15-2000 pg/ml. To quantify BSA-FITC, the concentration of
BSA-FITC was determined by spectrofluorometric analysis
(Thermo-Spectronic AB/2 luminescence spectrometer) with
excitation and emission wavelength of 495 and 520 nm,
respectively (Y =0.2011X —0.0785 , R?>=0.9995). The
linearity range was between 0.625-20pg/ml. Samples were
pre-filtered and diluted prior to analysis.

Mathematical Analysis

Analysis of drug release kinetics from sIPNs and PEG-
only hydrogels was performed by calculating the diffusion
coefficients within the gel, Dr and D, using the early-time
(Eq. 2) and late-time (Eq. 3) approximation equations,
respectively. Both Eqgs. 2 and 3 are approximations of the
equation obtained when solving Fick’s second law of diffusion

under initial and boundary conditions equivalent to those
tested in this work (18):

M, _  (Det\"™

s 4(7) @)
M 8 —m? Dyt
M Se(T)

Where M/M., is the cumulative fractional drug release, ¢
is the release time, Dr and D, are the corresponding
diffusion coefficients and ¢ is the diffusion distance, i.e. half
the thickness of the disk, which is 0.7 mm. The data points
used for fitting eqs. 1 and 2 were defined as 0-6 h for early-
time equation and 6-24 h for late-time equation.

M,

= kt"
Mo,

)

The Ritger-Peppas equation (Eq. 4) was employed for
evaluating the drug release mechanism. M/M, is the
cumulative fractional drug release, k is a kinetic constant, ¢
is the release time and n is the diffusional exponent related to
transport mechanism (19). For a slab-like delivery device,
when n = 0.5, drug transport is driven by Fickian diffusion
(19). When n = 1, Case II transport is observed, leading to
zero-order release (19). When 0.5<n<1 anomalous transport
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occurs involving both Fickian diffusion and polymer chain
relaxation (19).

The reduction in diffusivity of drug molecules in the sSIPN
was expressed as the ratio of the diffusivity in the sIPN to the
diffusivity in the water, D /Dy or D;/D, (20). D, was roughly
correlated to size and calculated according to Stokes-Einstein
equation (Eq. 4). Small molecules can be considered as spheres
and the molecular radius can be estimated by Eq. 6 (21).

kT

Dy = Grrs (5)
3Mv,\’
_ Yp
s = (47rN0) ©)

In Eq. 5, k is Boltzmann constant, 7 is the temperature
assuming at room temperature (25°C), and 5 is the water
viscosity at the temperature 7 and ry is the Stokes radius of
solute. In Eq. 6, M is the molecular weight, Ny is Avogadro’s
number, and v, is the specific gravity. Eq. 6 was used to
estimate the molecular radii of AgSD, Bup, NaSD and KGF
(Table T).

Dg/Dy or D;/D, data were fit to three hydrogel-based
solute diffusion models using a nonlinear regression algo-
rithm (Origin 8.0). The applicability of the model was
determined by analysis of the sum of squares of the residuals
(SSR), the correlation coefficient (R?), and the fitted
parameters (22).

Statistical Analysis

Statistical analysis of all release data was performed
using paired Student’s t-test at the p<0.05 level. All experi-
ments were repeated in triplicates and the data was repre-
sented as the mean + standard deviation (S.D.).

RESULTS
Release Kinetics of AgSD, Bup and NaSD

The release of single loaded AgSD and Bup was
quantified over 7 days. For most sIPN formulations, SD or
AgSD showed a near zero-order initial release between 0 and
12 h followed by a second release phase with decreased release
rate and the cumulative maximum release reached near
constant after 24 h (Fig. 1A). Comparison between sIPNs of
varying PEGdA content showed that less SD or AgSD was
released with increasing PEGdA weight percentage. The
increased crosslinking density and smaller mesh size as a result
of increasing PEGdA weight percentage may prevent the
diffusion of SD out of the sIPN matrix (16). With increasing
gelatin weight percentage, the average cumulative release
fraction of SD was increased within the first 8 h (Fig. 2A).
Significant differences between sIPN and PEG-only hydrogel
groups showed significantly higher fractional release from
sIPNs than from PEG-only hydrogels (p<0.05) (Fig. 2A),
suggesting that gelatin dissolution might promote the solute
release. Compared to the release behavior of SD, single-
loaded water-soluble Bup displayed an extremely rapid ‘burst
effect’ release from 0 to 6 h with maximum cumulative
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Fig. 1. Effects of PEGdA content and mPEG-modified gelatin on SD
and Bup release from (A) Single loading sIPNs and (B) Concurrent
loading sIPNs. SD from sIPNs of PEGdA content (w/v) 15%
(—m—), 20% (—1—), 30% (—P—); SD from mPEG modi-
fied SIPN (—m—); Bup from PEGdA content (w/v) 15% (—@—),
20% (—O—), 30% (—&—); Bup from mPEG modified sIPN
(—a—). Data represented as average + S.D. (n=3).

fractional release of 70-100% (Figs. 1A, and 2A). PEGdA
and gelatin weight percentages both had impacts on the
cumulative release fraction of Bup. The average cumulative
release fraction was decreased for Bup with increasing PEGdA
weight percentage. However, more Bup was released with
increased gelatin weight percentage. With respect to mPEG
modified sIPNs (Fig. 1A), SD and Bup showed relatively
higher initial release rates than unmodified sIPNs (Table II).
The aim of concurrent loading was to delineate the
possible drug-drug interaction that could impact the release
kinetics of each compound. Compared to single loading
release results, concurrent loading did not show significant
differences in the overall release behavior of Bup in terms of
initial release rates (p>0.05) (Table II). But for AgSD, single-
loaded 15% PEGAA group reached around 100% cumulative
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Fig. 2. Effects of gelatin content on SD and Bup cumulative release
fraction from (A) Single loading and (B) Concurrent loading sIPNs
and PEG-only hydrogels. SD from sIPNs of gelatin content (w/v) 0%
(—m—), 10% (—3—), 15% (—&—), 20% (—m—); Bup
from gelatin content (w/v) 0% (—@—), 10% (—O—), 15%
(—%—), 20% (—a»—). Data represented as average + S.D. (n=3).
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release percentage over 168 h while only around 60% when
loaded with Bup (Fig. 1B). This decreased cumulative SD
release could be related to drug loading errors as a result of
inhomogeneous distribution of drugs due to the low water
solubility of AgSD. sIPNs of varying PEGdA content showed
no statistically significant differences within first 8 h (p>0.05),
suggesting that the PEGdA content had a less significant
impact on the release behavior of AgSD from concurrent
loaded sIPNs than from single loaded sIPNs in the early time
points (Fig. 1B). Varying the gelatin weight percentage led to
AgSD and Bup release behaviors similar to that observed
with single loaded sIPNs as increased gelatin weight percent-
age led to increased cumulative fractional release (Fig. 2B).
mPEG modified sIPN release results were not statistically
different from the unmodified sIPNs but showed slightly
higher initial release rate (Table II).

To address whether the differences in release patterns
between AgSD and Bup was due to the solubility differences
of the two molecules, a water-soluble molecule NaSD was
employed. Two release media, PBS and RPMI 1640 culture
media, were used. Though some differences in terms of
maximum release percentage were observed, no significant
differences were observed in the initial release rate of NaSD
between PBS and RPMI 1640 within 6 h (p>0.05) (Fig. 3),
illustrating that release media was not a major impacting factor
in this case. NaSD displayed a different release behavior from
AgSD, but similar to the release profile of Bup, where
approximately 50% was released in the first hour. As shown
in Table II1, all three model solutes mentioned above displayed
the similar relationship between PEGdA/gelatin content and
their release kinetics from single-loaded sIPNs.

Release Kinetics of KGF and BSA-FITC

KGF, a water-soluble protein, yielded a significantly
different release behavior compared to small molecules
(Fig. 4). KGF showed a slight burst release from 0 to 6 h,
due to the release of surface associated KGF. Relatively low
maximum cumulative release was observed, around 2-15%.
Protein denaturation, aggregation, or interaction with the
PEG diacrylate may account for the incomplete protein
release. Similar to previous release results, increasing PEGdA
weight percentage caused a decrease in drug release fraction
while an increased drug release fraction was observed when
increasing gelatin weight percentage.

Table II. Initial Normalized Release Rates (ug/h) from sIPNs and PEG Hydrogels at 37°C

Formulations

Solute Type of loading MW (Da) 14 27 3¢ 47 54 6" 7¢
AgSD Single 357.1 99.8+6.3 85.1+8.2 71.8+3.5 96.8+6.6 131.0£10.3  136.5+9.4 75.4+5.1

Concurrent 357.1 96.2+4.5 94.0+£6.9 92.0+5.8 109.0+£7.8 92.3+4.2 92.0+5.8 71.6+5.4
Bup Single 3249 358.8+20.6 2547115 240.7+10.7  360.4+8.5 360.8+8.8 340.4+12.4 334.6+14.6

Concurrent 324.9 360.0+152 3054193  260.2+7.7 3722+129  334.8+145 399.2+17.2 292.6+13.6
NaSD Single 273.3 6258+16.9 619.1+224 4484+11.6 776.8+28.7 881.5+33.4 - 808.4+39.4
KGF Single 19k 0.1+£0.012  0.07+0.005 0.03+0.002  0.11+0.014  0.12+0.011 - 0.04+0.009
BSA-FITC Single 66 k 51.0+4.1 40.5+5.4 29.4+3.8 46.1+2.5 100.6+8.2 - 66.4+7.2

@, sIPN of gelatin/PEGdA w/w: 1, 10:15; 2, 10:20; 3, 10:30; 4, 15:15; 5, 20:15; 6, sIPN of mPEG modified gelatin/PEGdA w/w 10:15; 7, PEG-only
hydrogel of 15% w/v PEGdA. Data represented as mean + S.D. (n=3).
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Fig. 3. Effects of PEGdA content on NaSD release fraction from
sIPNs in (A) PBS and (B) RPMI 1640. 15% w/v PEG-only hydrogel
(——), sIPNs of gelatin/PEGdA w/w ratios 10:15 (—[}—), 10:20
(—B&—), 10:30 (—m=—). Data represented as average + S.D. (n=3).

To further examine the phenomenon behind the low
cumulative release of KGF, BSA-FITC was selected. BSA-
FITC also exhibited a biphasic release pattern with an initial
release phase from 0 to 12 h and a second phase from 12 to
168 h (Fig. 5). In contrast to previous hydrophilic model

Table III. Summary of Factors That Influence Release Kinetics

Initial release  Fractional
Material and solute factors rate release
PEGdA weight percentages in sIPN 1 l !
Gelatin weight percentages in sIPN 1 1 1
Solute molecular size 1 l l
Solute water solubility 1 1 1

Time (h)
Fig. 4. Effects of PEGdA and gelatin content on KGF cumulative
release fraction from sIPNs. sIPNs of gelatin/PEGdA w/w ratios 10:15
(—e—), 1515 (—0o—), 2015 (—&—), 1020 (—m—), 10:30
(—B8—), 15% w/v PEG-only hydrogel (—<>—). Data represented
as average = S.D. (n=3).

solutes, BSA-FITC showed a slight burst effect followed by a
sustained release through 168 h. This could be explained by
the relatively large molecular size of BSA-FITC. With higher
PEGdA content, BSA-FITC release was decreased
corresponding to the results observed with other model
compounds. In contrast, more BSA was released from the
sIPN disks when increasing gelatin content. The release
profile of BSA-FITC from sIPN with the highest content of
gelatin (20%, w/v) showed a sigmoid release curve. During
the initial release phase, this sIPN group had the highest total
polymer fraction (35%, w/v) and as a result, presented the
most barriers for solute transport. Although gelatin dissolu-
tion seemed to enhance the release rate of solutes, the
delayed burst effect could also be due to the time-lag related
to gelatin dissolution. In comparison to small molecular
weight solutes, KGF and BSA-FITC showed much smaller
initial release rates (Table II), and as a result, increasing the
solute molecular weight will lead to decreased release rate
and cumulative release fraction (Table III).

Mathematical Analysis
Mathematical Analysis of the Drug Release Kinetics

In this study, we sought to apply the release data to the
theoretical models and to elucidate the mechanism behind
release kinetics. Dy values of small molecules were on the
order of 10 8cm?/s while the Dy values were on the order of
107°-10 " em?s for proteins (Table IV). D, values were
smaller than Dg values for most solutes tested in this study
(Table IV). This decreased diffusivity within the gel over time
could be due to the decreased concentration gradient
between release media and sIPN matrix, or the increased
transport pathway for solutes resided in the bulk of the sIPN
disks. In the early stage of release study, most of the drug
molecules will stay in the bulk of sIPN matrix and as a result,
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Fig. 5. (A) Effects of PEGdA content on BSA-FITC release from
sIPNs, sIPN of gelatin/PEGdA w/w ratios 10:15 (——), 10:20
(—3—), 10:30 (—8&—). (B) Effects of gelatin content on BSA-
FITC release from sIPNs and PEG-only hydrogels, 15% w/v PEG-only
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15:15 (—&&—), 20:15 (—m—). Data represented as average + S.D.
(n=3).
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a higher concentration gradient would be expected. While in
the late-time stage, the bulk concentration will decrease due
to continuous release of solutes and the concentration
gradient will keep decreasing until it reaches equilibrium. At
the equilibrium, the concentration gradient approaches zero
and there will be no driving force for solute transport. As
shown in the release graph, the release curve reaches a
plateau in the late-time stage. This is why smaller late-time
diffusivity (D) values were observed using late-time release
data. The sIPNs prepared with higher PEGdA content
exhibited a lower diffusion coefficient derived from both
early-time and late-time equations. This reduction in
diffusivity might be due to the smaller mesh size as a result
of increased crosslinking density. According to the Stokes-
Einstein equation, decreased diffusivity can be explained by
the increased viscosity inside the sIPN matrix or by the
increased Stokes radius of the solute. However, sIPNs
prepared with higher gelatin content showed a higher
diffusion coefficient. Due to the effect of gelatin dissolution,
solutes would possibly diffuse out of the matrix along with
gelatin molecules. On the other hand, gelatin dissolution may
generate more free volume inside the gel matrix, increasing
the potential pathways for solute transport.

Release data from various sIPN formulations and PEG-
only hydrogels (0-24 h) were fit to Eq. 3, and the diffusional
exponents, n, are listed in Table V. SD or AgSD and BSA-
FITC release from most sIPN formulations had n-values
closer to 0.5, indicating Fickian diffusion. Bup, NaSD and
KGF had n-values less than 0.5, which suggests anomalous
release profiles. However, one important trend was the
increase of the diffusional exponent with increasing PEGdA
content. With the assumption that increasing PEGdA content
would lead to increased degree of crosslinking, the results in
this study corresponded well with others’ findings (15). The
power law exponent with varying gelatin content did not
show any noticeable trend which made these material systems
particularly interesting for further study.

The early- and late-time equations are derived from the
Fickian diffusion equation for one-dimensional solute trans-
port. However, the actual transport mechanism may not be
pure Fickian diffusion driven as discussed above. Therefore,
the determination of intra-gel diffusivity in this study is a rough
estimation and could provide some insight into the relationship
between solute diffusivity and the sIPN material system.

Table IV. Diffusion Coefficients of Model Compounds in sIPNs and PEG-only Hydrogels at 37°C

D (x10 8cm?/s)

Early-time (0-6 h)

Late-time (6-24 h)

Solute Type of loading ~ 1¢ 2¢ 3¢ 47 54 6" 1¢ 28 3¢ 47 5% 6"
AgSD Single 1760 1.680 1.640 1.670 2.640 0972 1.647 0.987 0.745 1.869 3307 1.112
Concurrent 2900 2.026 2.052 1.540 1.170 0.645 0.642 0.888 0.812 1228 0.494 0.325
Bup Single 4250 3.829 3.649 4.180 4.620 275 1.480 0.787 0.895 2480 1.534 0.096
Concurrent 4394 3.841 3.878 4.080 3.950 212 138 1.20 0.827 1.193  2.028 0.094
NaSD Single 2560 2560 1.530 - - 318 113 1.19 0.675 - - 1.6
KGF Single 0.060 0.005 0.001 0.085 0.092 0.001 7.1x10° 52x10° 3.9x10°> 0018 5.1x10° 12x107°
BSA-FITC  Single 0333 0234 0.155 0412 1310 063 0.155 0.131 0.110 0.225 0.331 0.23

“, sIPN of gelatin/PEGdA w/w: 1, 10:15; 2, 10:20; 3, 10:30; 4, 15:15; 5, 20:15. 6, PEG-only hydrogel of 15% w/v PEGdA.
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Table V. Diffusion Exponents, n, for Drug Release in PBS at 37°C From sIPNs and PEG-only Hydrogels
Solute Type of loading 14 2¢ 3¢ 44 5¢ 6"
AgSD Single 0.537 0.531 0.561 0.598 0.448 0.644
Concurrent 0.379 0.445 0.440 0.449 0.440 0.434
Bup Single 0.124 0.166 0.200 0.189 0.208 0.113
Concurrent 0.118 0.150 0.160 0.162 0.191 0.125
NaSD Single 0.139 0.165 0.178 - - 0.081
KGF Single 0.193 0.313 0.044 0.102 0.242 0.18
BSA-FITC Single 0.524 0.555 0.622 0.605 0.545 0.483

¢, sIPN of gelatin/PEGdA w/w: 1, 10:15; 2, 10:20; 3, 10:30; 4, 15:15; 5, 20:15. 6, PEG-only hydrogel of 15% w/v PEGdA.

Diffusion Model Fit

There are three main theories that were successfully
applied to explain experimental diffusivity data in either
heterogeneous or homogeneous gel systems. Therefore, both
Dg/Dyand D;/D, were fit to following hydrogel-based diffusion
models to explain the solute diffusion within sIPNs.

Lustig and Peppas’s Free Volume Model. Based on the free
volume theory, solutes pass through the polymer chains only if
their effective radius is smaller than the scaling correlation length
between crosslinks (16,23). In Eq. 7, ¢ represents the volume
fraction of polymer in the gel. D, is estimated by the diffusion
coefficient of the solute in water. r; denotes the hydrodynamic
radius of solute. k; and k, accounts for undefined structural
constants for a given polymer-solvent system.

(1- klrs<p0'75) exp (—kzrf (&))

Cukier’s Hydrodynamic Model. Based on the Stokes-
Einstein equation, hydrodynamic model describes solute

Dy

o= )

transport through gels with the assumption that polymer
chains enhance the frictional drag on the solute by slowing
down the fluid near the polymer chain (16,24). In Eq. 8, k. is
an undefined constant for a given polymer-solvent system.

D,
D—I’ = exp(—kersp

0.75
. )

(®)

Ogston’s Obstruction Model. Assuming that the pres-
ence of impenetrable polymer chains causes an increase in the
diffusion path length (16,25), Ogston’s obstruction model
takes into account the probability of the solute to find enough
space between polymer fibers allowing its passage, while
hydrodynamic interactions between the mobile solute and the
polymer matrix are neglected (26). In Eq. 9, ryis the radius of
the polymer fiber.

(rs +17)
ry

Dy

B ©)

o227 ]

All three models achieved a relatively good fit with
release data from sIPNs of varying PEGdA weight percent-

Table VI. Regression Results of Diffusion Models Applied to Solute Diffusion in sIPN

Early-time (0-6 h)

Late-time (6-24 h)

Lustig-Peppas Cukier Ogston Lustig-Peppas Cukier
Solute Type of loading k;  k; R? ke R? It (A) R? ki ko R? ke R? It (A) R?
(A) Varying PEGdA weight percentage
AgSD Single 0 028 089%6 207 09733 141 09834 0 028 09590 206 09595 139 0.9701
Concurrent 0 026 0908 196 09796 132 09923 0 032 08850 236 0.9663 1.63 0.9835
Bup Single 0 035 09021 217 09762 146 09903 0 045 09097 279 09798 192 0.9921
Concurrent 0 035 08997 216 09751 145 09896 0 045 09180 2.75 0.9837 1.90 0.9949
NaSD Single 0 045 08380 270 09505 1.82 09806 O 052 08383 3.09 09512 211 0.9811
KGF Single 0 005 09723 1.18 0995 084 0.9920 0 0.05 09098 1.19 09800 085  0.9927
BSA-FITC Single 0 001 09298 037 0980 025 09976 0 0.01 09092 041 09797 028 0.9925
(B) Varying gelatin weight percentage
AgSD Single 0 029 08606 214 09557 147 09758 0 021 08254 1.57 09188 1.03 0.9383
Concurrent 0 030 08503 222 09453 153 09678 0 034 08132 253 09226 1.77 0.9495
Bup Single 0 036 08676 223 09569 150 09769 0 042 05084 280 0.6798 197 0.7326
Concurrent 0 037 08520 230 09477 156 09699 0 0.55 0.7507 3.50 0.8776 248 09111
NaSD Single - - - - - - - - - - - - - -
KGF Single 0 005 06729 1.07 0.7969 0.74 0.8518 0 0.06 0.8018 133 0.9005 0.94 0.9390
BSA-FITC Single 0 001 08042 034 0908 022 09443 0 0.01 08380 041 09318 027 0.9059

Data represented as the average of three replicate studies.
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age, with R? values near or above 0.9 (Table VIA, B).
Assuming no degradation of the network Dz /Dy or D;/D, vs.
the polymer volume fraction (¢) could be well modulated by
these models. Ogston’s obstruction model showed relatively
better fit with all model solutes. Though based on different
theories, the three equations above were all in the
exponential decay form. Compared to others’ findings, the
polymer volume fractions tested in this study were relatively
big, and the data points were all at the tail end of the
exponential decay curve (16). Changes in ¢ did not lead to
significant changes in Dg /Dy or D;/D,, and the curve fit
results for sIPNs with varying gelatin weight percentages did
not fail completely (Table VIB), even though the trend with
sIPNs of varying gelatin weight percentages contradicted with
what the theoretical model predicted. The theoretical models
predict increasing the polymer volume fraction will decrease
free volume within the gel matrix and thus lead to decreased
diffusivity. However, the in vitro release results of sIPNs
showed initial release rate and intra-gel diffusivity increased
with increasing gelatin content.

DISCUSSIONS

Single-loaded AgSD and Bup retained their unique shape
of release curves in all sIPN formulations. For AgSD, near
zero-order release kinetics was observed in the first 8 or 12 h.
For Bup, the release curves obtained from sIPNs, PEG-only
hydrogels and gelatin-only hydrogels all displayed first-order
kinetics. These results suggest that the release patterns of
AgSD and Bup (i.e. release order) were less influenced by the
formulations than by solute physicochemical properties.
AgSD had very low water solubility (KSP:SX10_12 at pH 7
and 25°C) (27) and as a result, the ionization of SD group
appeared to be the release rate controlling step. On the
contrary, Bup had good water solubility and displayed a
significant ‘burst effect’. This burst release could be either due
to the specific drug property or the heterogeneity of the
polymer matrices (28). Serra and Peppas revealed that the
incorporated solvent during polymerization greatly affected
the release kinetics, which decreased the formation of
crosslinks and led to heterogeneous networks (29). As the
solvent for gelatin, water was incorporated during sIPN
polymerization, and as a result, it might lead to a non-
homogeneous structure and burst release. mPEG-modified
sIPN showed more significant burst release than unmodified
sIPN. As the gelatin backbone was modified with PEG linkers,
the sIPN matrix had more PEG chain entanglements. These
hydrophilic PEG linkers may be on the surface of the matrix
forming a brush-like structure, creating more free space for
solute transport, and the overall hydrophilicity of the system is
increased. For most of the sIPN formulations, the concurrent
loading of AgSD and Bup into various sIPN matrices did not
change their overall release behaviors, indicating no strong
interaction between SD and Bup exists within the sIPN
matrices of varying formulations. The similarity between
NaSD and Bup release profile might be explained by the
water solubility and comparable molecular size. Water
solubility renders the molecule more likely to be associated
with the PEG-brushes on the sIPN surface, leading to the
‘burst effect’. Small molecular size suggests they are not likely
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to be trapped in microregions of the interpenetrating matrices.
The release of NaSD depended on PEGdA content in PBS,
while this trend was less observed in RPMI 1640.

In contrast to the low cumulative release of KGF, the
maximum cumulative release percentage of BSA-FITC reached
above 50% for all formulation groups. One of the major reasons
behind this difference might be the differences in loading
amount. The loading amount of BSA-FITC per disk was 10°-
fold higher than that of KGF. One hypothesis is the free thiol
groups in cysteine residues may react with acrylate groups via
Michael-type addition (30). Due to the small loading amount of
KGF (10 ng per disk), most of the KGF might react with the
acrylate groups, resulting in the formation of covalent bond with
PEG matrices or conformational changes and the extremely low
cumulative release percentage. The greater amount of BSA-
FITC loaded most likely saturated free acrylate groups inside
the PEG matrices with most of the BSA-FITC free to diffuse out
of the sIPN matrices in a controlled manner. In addition, the
interaction between proteins and free radicals generated during
photopolymerization may lead to irreversible immobilization of
the protein during network formation. A study revealed that
when increasing the loading amount of albumin, the maximum
cumulative release has been greatly increased but the amount of
unreleased protein within each of these photopolymerized
hydrogel networks remains relatively constant (31).

In short, various contributing factors impacted the
release kinetics of model solutes from sIPN matrices, such
as gelatin and PEGdA content, molecular size, solute water
solubility. Any factor that reduces the size of water-filled
spaces inside the gel matrix should have an effect on the
solute transport. Such factors include the solute size in
relation to the opening size between polymer chains and
polymer chain mobility (26). Thus, the polymer weight
percentage was varied in the sIPN to yield different for-
mulations, and the release profiles of solutes of different sizes
were also investigated. A relationship between the decreased
solute diffusivity and the increased PEGdA weight percent-
age was observed due to the increased crosslinking density. In
addition, the gelatin weight percentage was varied while
keeping the PEGdA weight percentage constant. Increasing
the gelatin weight percentage led to an increased cumulative
fractional release, which contradicted with the polymer
volume theory. According to the polymer volume theory,
the polymer volume of sIPN formulation is greater than that
of PEG-only hydrogel, and as a result, the sIPN should have
smaller free volume and slower release rate. Pokhade et al
studied the release kinetics of chlorothiazide from a semi-
interpenetrating network composed of crosslinked chitosan
and hydroxypropyl cellulose, which also revealed that
diffusion coefficients decreased with increasing crosslinking
density, but increased with increasing the content of non-
crosslinked hydroxypropyl cellulose (32). Therefore, the
polymer volume theory-based solute transport mechanism
does not apply to the non-crosslinked polymer system. A
degradation- or dissolution-controlled mechanism needs to be
taken into account. In polymeric delivery systems displaying
biphasic release kinetics, the first phase is generally consid-
ered as diffusion driven and the second phase to be controlled
by degradation (33). Thus, the diffusion model alone was
unable to explain the release kinetics of solutes from the
sIPNs with varying gelatin weight percentage due to gelatin
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dissolution effect. Furthermore, previous studies on the
swelling effect of sIPNs demonstrated increased swelling
ability with increased gelatin weight percentage (1). As a
result, solute release kinetics from sIPNs with higher gelatin
content showed anomalous release kinetics influenced by
both swelling and diffusion.

CONCLUSION

Gelatin- and PEGdA-based sIPNs were synthesized for
the delivery of model drugs and proteins. The study showed
that both the polymer weight/volume fraction and the
physicochemical properties of model compounds affected
the solute release behavior. The release rate is inversely
proportional to PEG content while proportional to gelatin
content. However, the release order of model compounds
from sIPNs seemed to depend more on the drug properties,
such as water solubility and size, than on polymer composi-
tion. Mathematical analysis showed that diffusion coefficients
of model solutes within the sIPNs decreased with increasing
PEGAdA fraction but increased slightly with increasing gelatin
weight percentage. Power fit analysis revealed that AgSD
and BSA-FITC transport from sIPNs was mainly Fickian
diffusion-driven, while for the other model solutes, the
mechanism of solute transport was anomalous, which could
be due to various factors, including swelling, polymer chain
relaxation, and material degradation.
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