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Abstract Semi-interpenetrating networks (sIPNs) designed to mimic extracellular
matrix via covalent crosslinking of poly(ethylene glycol) diacrylate in the presence of
gelatin have been shown to aid in wound healing, particularly when loaded with
soluble factors. Ideal systems for tissue repair permit an effective release of thera-
peutic agents and flow of nutrients to proliferating cells. Appropriate network
characterization can, consequently, be used to convey an understanding of the mass
transfer kinetics necessary for materials to aid in the wound healing process. Solute
transport from and through sIPNs has not yet been thoroughly evaluated. In the current
study, the diffusivity of growth factors and nutrients through the polymeric system
was determined. Transport of keratinocyte growth factor was modeled by treating the
sIPN as a plane sheet into which the protein was loaded. The diffusion coefficient was
determined to be 4.86 x 107° & 1.86 x 10~'? cm?/s. Glucose transport was mod-
eled as flow through a semi-permeable membrane. Using lag-time analysis, the
diffusion coefficient was calculated to be 2.25 x 107® + 1.98 x 10”7 cm?/s. The
results were evaluated in conjunction with previous studies on controlled drug release
from sIPNs. As expected from Einstein-Stokes equation, diffusivity decreased as
molecular size increased. The results offer insight into the structure-function design
paradigm and show that release from the polymeric system is diffusion controlled,
rather than dissolution controlled.
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Introduction

Biomaterials are currently being explored to promote the wound healing process.
Natural and synthetic matrices can be used to provide sites of attachment for cell
migration and as vehicles for the controlled delivery of therapeutic molecules,
particularly tissue promoting growth factors. For example, photocrosslinked
poly(vinyl alcohol) hydrogels with hydrophilic fillers have been used for the
sustained release of platelet derived growth factor (PDGEF-f, ) [1], fibrin matrices
have allowed for the controlled delivery of keratinocyte growth factor (KGF) [2],
and hyaluronate-heparin conjugate gels have been used to supply basic fibroblast
growth factor (FGF-2) [3]. Other polymer based wound dressings have further been
utilized as conduits for antimicrobials and analgesics. Ag™ and doxycycline have
been incorporated into sulfonated elastomers [4] and minocycline has been included
in chitosin-polyurethane films [5] to reduce bacterial growth, while bupivacaine-
loaded poly(acrylamide(A)-co-monomethyl itaconate) hydrogels have been gener-
ated to provide prolonged pain relief [6].

In addition to controlling the delivery of therapeutic agents, optimal systems for
wound healing allow for the effective flow of nutrients to proliferating cells. In
general, release of solutes from and flow of solutes through polymer-based materials
is controlled by a combination of network swelling, molecular diffusion, and
polymer degradation/dissolution [7]. For example, hydrocortisone alcohol release
from partially esterified methyl vinyl ether-maleic anhydride copolymers is
regulated by dissolution, while release of larger drug molecules, such as
chloramphenicol and idoxuridine, is controlled by a combination of both dissolution
and diffusion [8]. In contrast, papaverine release from a poly(L-lactic acid) matrix is
solely diffusion-controlled [9]. Identification and modeling of the methods by which
nutrients and therapeutics are delivered to a wound by a particular biomaterial can
provide valuable insight into the design paradigm.

Our lab has developed a novel, binary hydrogel system that aids tissue repair and
wound healing. Poly(ethylene glycol) diacrylate (PEGdA) is photocrosslinked in the
presence of gelatin to yield biodegradable, mechanically stable semi-interpenetrat-
ing networks (sIPNs) that mimic extracellular matrix [10-12]. Fibronectin-derived
peptides can be tethered to the gelatin through poly(ethylene glycol) (PEG) linkers
prior to photopolymerization. RGD and PHSRN have been shown to have a
significant impact upon adhesion and response of a number of cell types involved in
the wound healing process [13—15]. An sIPN grafted with RGD through a PEG
tether and loaded with KGF resulted in regenerated tissue with cellularity and
extracellular matrix organization comparable to undamaged tissue when applied to a
full thickness wound model [14]. Additionally, sIPNs loaded with silver sulfadi-
azine showed a significant reduction in bacterial load [16]. Current work is aimed at
obtaining a better understanding of the transport of therapeutic molecules from the
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sIPN to the wound bed, as well as the transport of nutrients through the sIPN to
regenerating cells. Characterization will provide valuable information pertaining to
the structure-function relationship of polymeric delivery matrices, as well as offer
insight into the mass transfer kinetics necessary to promote wound healing.

In the current study, mass transfer of solutes relevant to wound healing through
sIPNs prepared from unmodified gelatin and PEGdA was characterized. The
effective diffusion coefficient of KGF was determined by release from the gel, while
that of glucose was evaluated by flow through the gel. The results are viewed in
light of previous work showing controlled release of silver sulfadiazine and
bupivacaine HCI from the sIPNs. Therefore, the solutes evaluated encompass a
number of functions and sizes.

Experimental
Materials

Anhydrous N,N-dimethylformamide (DMF) was obtained from a dry solvent
system. PEG was received from Fluka with a molecular weight range of 1,900-
2,200 Da. Type A gelatin from porcine skin with a bloom strength of ~300 g was
ordered from Aldrich Chemical Company. Gelatin molecular weight was estimated
as 76 kDa by gel permeation chromatography. KGF was obtained from R&D
Systems. All other commercial reagents were purchased from Aldrich Chemical
Company and used without further purification.

Preparation of semi-interpenetrating networks (sIPNs)

sIPNs were prepared as described elsewhere [14]. Briefly, 0.3 g of gelatin was
dissolved in 3 mL of Millipore filtered water (10% w/v) by heating at 60 °C. The
gelatin solution was added to 0.38 g of PEGdA (M,, ~ 575 Da). A stock initiator
solution was prepared by dissolving 0.2 g of 2,2-dimethoxyphenylacetophenone
(DMPA) in 0.5 g of PEGdA. About 60 pl of initiator solution were added to the
gelatin-PEGdA solution to give a gelatin:PEGdA weight ratio of 2:3. Depending
upon the diffusion experiment, the solution was transferred to either a disc-shaped
Teflon® mold or a well of a Millicell® Multiwell Cell Culture Insert Plate
(Millipore, Billerica, MA) from which the original membrane was removed.
Exposure to UV light with a CF1000 LED (/,,x = 365 nm, Clearstone Technol-
ogies, Inc., Minneapolis, MN) for 3 min yielded the sIPNs. For experiments
involving release from the sIPN, the solute was added to the mold immediately prior
to photopolymerization.

Keratinocyte growth factor (KGF) release
sIPNs containing KGF were formed by adding the sIPN solution to Teflon® molds

withd = 8 mm and r = 0.75 mm. About 8-10 pl of KGF solution (100 ng/ml in DI
water) was added to each mold prior to photopolymerization. The sIPNs were
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submerged in 35 ml of 1x PBS within a 50 ml centrifuge tube and incubated at
37 °C. About 0.220 ml aliquots were removed at regular intervals for 48 h. The
volume change was accounted for in all concentration calculations. KGF
concentrations at each time point were determined using a Human KGF/FGF-7
Quantikine ELISA kit (R&D Systems, Minneapolis, MN). Diffusion coefficients
were found from plots of the fraction of KGF released by the gel versus time. The
percentage of KGF released was calculated by assuming that the final measured
concentration was equivalent to the initial loaded concentration. Calculations
showed that the latter assumption was valid. Each experiment was performed in
triplicate.

Glucose flow through a sIPN

SIPNs prepared in Millicell® Multiwell Cell Culture Insert Plates were equilibrated
in 1x PBS overnight. The sIPNs were submerged in 32 ml of glucose solution (2 g/
L in PBS), and 0.4 ml of PBS were added to each well. The assembly was placed in
an incubator at 37 °C. About 0.25 ml samples were removed at regular intervals
over the course of 4 h. To ensure that the glucose concentration in chamber 2
remained low, an identical volume of PBS immediately replaced the volume
removed. The samples were diluted with 0.2 ml of PBS and concentration was
determined using the established dinitrosalicylic acid assay method. Briefly, a
dinitrosalicylic acid reagent solution was prepared by combining 10 g of
dinitrosalicyclic acid with 2 g phenol, 0.5 g sodium sulfite, and 10 g of sodium
hydroxide and adding water to 1 L. About 0.45 ml of the latter solution were added
to the 0.45 ml aliquots, and the resultant mixture was heated at 95 °C for 10 min.
About 0.15 ml of 40% sodium potassium tartrate solution was added, and the
absorbance was measured at 575 nm [17]. Sample concentrations were calculated
from a calibration curve constructed with standards of known concentration. Plots of
total glucose flux versus time yield the lag time, which was used to calculate the
diffusion coefficient. The height of the sSIPN was found using digital calipers with an
accuracy of 0.2 mm (Thermo Fisher Scientific, Inc., Waltham, MA) upon
completion of all concentration measurements. The experiment was repeated in
triplicate.

Results and discussion

Exogenous KGF has been shown to accelerate wound healing by promoting re-
epithelialization [2, 18]. In the current study, KGF release from thin, disc-shaped
sIPNs was monitored. By minimizing transport in the radial direction, diffusion
could be treated as unidirectional desorption from a membrane. As described by
Crank, the following equation was derived from Fick’s second law of diffusion by
assuming that the solute was initially distributed uniformly through the sIPN at
concentration ¢, that the sIPN was symmetrical, and that the bulk fluid was
immediately removed the solute from the surface (¢, = 0) [19].
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The rate of disappearance at the surface (z = L) was subsequently found by
letting m,, equal the amount of solute remaining within the sIPN at time ¢ and my
equal the initial amount of solute loaded into the sIPN.
m) 8 K11 _p2ek

= D 2 n=135 ... 00 (2)

As shown in Fig. 1, KGF release was successfully modeled using the latter
equation, and the diffusion coefficient was determined to be
4.86 x 107° £ 1.86 x 107 cm?/s (Table 1).

Glucose diffusion could not successfully be evaluated by release from the sIPNs
due to the Maillard reaction (data not shown) [20], which occurred upon addition of
glucose to the warm gelatin-PEGdA solution prior to photopolymerization. Hence,
transport was instead characterized as flow through a membrane, as depicted in
Fig. 2. The lag time, or time required for glucose flow to reach a steady-state, can be
derived from Fick’s second law and be used to calculate the diffusion coefficient
[21].
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Fig. 1 A representative plot of KGF release from a small sIPN. The KGF concentrations found
experimentally (diamonds) were directly compared with those predicted using a diffusion coefficient D,
estimated from the experimental data and Eq. (2) (squares)
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Table 1 Diffusion coefficents as a function of molecular size

Molecule MW (g/mol)  Approximate D x 107° (cm?s)  Standard
radius (A) deviation x 107¢ (cm*/s)*
Glucose 180.16 3.30 225 1.98 x 107!
Bupivacaine HCl 324.89 5.15 1.54 x 107! 1.45 x 1072
Silver Sulfadiazine 357.14 6.15 331 x 1072 581 x 1073
KGF 19,000 19.74 486 x 1073 1.86 x 1073

 Standard deviation was determined for a sample size of n = 3

Fig. 2 Glucose flow through a
sIPN. Flux was unidirectional in Chamber 2 (c=c,)
the z direction from chamber 1
to chamber 2
z=L — —_— I
R Ih 2
z=0 —| SIPN T
ﬁi’:— Solute
° ® °
Chamber 1 (c=c,)
L2
thy =——= 3
6D (3)

As illustrated in Fig. 3, glucose transport was effectively characterized using the
latter technique. A lag time of 4.76 x 10° £ 045 x 10° s and, consequently, a
diffusion coefficient of 2.25 x 107° + 1.98 x 107’ cm?/s were determined.

Previous studies have shown that sSIPNs can be used for the concurrent release of
multiple drugs to limit bacterial growth, while simultaneously reducing pain. The
diffusion coefficients for silver sulfadiazine (AgSD), a common, topical antimicro-
bial agent, and bupivacaine HCl (BupHCI), a local anesthetic, were evaluated as
desorption from a membrane, as described for KGF. The diffusivities were
determined to be 3.31 x 107® + 5.81 x 10~ cm?/s and 1.54 x 1077 4 1.45 x
107® cm?/s, respectively (Table 1) [16].

The diffusion coefficients of the solutes evaluated in the current study could be
roughly correlated with size (Table 1), as expected from the Stokes-Einstein relation

kT
= 4
67na “)

where k is Boltzmann’s constant, 7 is temperature in Kelvin, # is the viscosity of the
fluid, and a is the radius of the molecule. Small molecules, including BupHCI,
AgSD, and glucose, can be considered as spheres, and the molecular radius can be
calculated as
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Fig. 3 A representative plot of glucose flux through a sIPN membrane. The lag time #,, was used to
determine the diffusion coefficient D, of glucose

1
3Mv,\?

“= (4nN0> ®)
where M is the molecular weight, Ny is Avagadro’s number, and v,, is the specific
gravity. Although KGF is a large molecule, proteins of similar size, such as
myoglobin, have successfully been treated as spheres in diffusion calculations;
therefore, Eq. (5) was also used in the evaluation of KGF. In accord with other
proteins, the specific volume of KGF was estimated to be 0.74 cm’/g [22]. The
diffusion coefficients drastically decreased as molecular radius increased, as
anticipated based upon diffusion controlled release from the polymer network,
rather than dissolution/degradation controlled release.

Conclusions

SIPNs prepared from unmodified gelatin and PEGdA to mimic extracellular matrix
were characterized in regards to the transport of therapeutic molecules and nutrients
critical to the wound healing process. Diffusion coefficients were determined for
keratinocyte growth factor and glucose and were evaluated in conjunction with
diffusivities previously calculated for AgSD and BupHCI. The calculated diffusion
coefficients in sIPNs are not equivalent to those in pure water, indicating that
transport is impacted by the network structure. As molecular size increased,
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transport was further hindered, as shown by a reduction in the calculated
diffusivities. The results offer insight into the structure-function relationship of
sIPNs and can be used to predict the ease by which molecules can be transferred to
the wound. Additionally, the sIPNs were shown to be effective matrices for the
delivery of drugs and growth factors, as well as for the transport of nutrients to
proliferating cells, during wound healing. As indicated by the fit of the models to the
experimental data, in conjunction with the dependence of diffusivity upon
molecular size, solute transport through the network appears to be diffusion
controlled, rather than dissolution/degradation controlled.
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