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Abstract

Sequential release of drugs aligned with the phases of tissue healing could reduce scarring. To
achieve this aim, layered film devices comprising cellulose acetate phthalate (CAP) and Pluronic
F-127 (Pluronic) were loaded with ketoprofen, quercetin, and pirfenidone. Citrate plasticizers were
added to impart flexibility. Release of two or three drugs in sequence over several days was
obtained for all multilayered devices tested. Mechanical analysis showed that elongation increased
and modulus decreased with increasing plasticizer content. Release profiles can be tailored by
order of layers, plasticizer concentration, and drug loaded, making CAP-Pluronic an appealing
system for inhibiting scar tissue formation.
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Introduction

Sequential drug release is an appealing approach for targeting distinct healing phases in soft
tissue defects. After hemostasis, wounds undergo inflammation that, if not controlled, can
result in excessive scar tissue formation [1]. In normal healing, inflammation is a self-
limiting process, and the release of inflammatory mediators, including histamine and
serotonin, will decrease and cells will retract as the threat is resolved [2, 3].

During aberrant healing, chemical mediators, including arachidonic acid metabolites, cause
oxidation of surrounding cells and exacerbate the inflammatory phase as proliferation begins
to replace damaged tissue [4]. Within days following injury, fibroblasts migrate into the
wound site, but with chronic inflammation, chemotaxis recruits excess fibroblasts to the
newly forming granulation tissue [5]. Growth factors, including platelet-derived growth
factor, fibroblast growth factor, and transforming growth factor-p, cause fibroblasts to

Address correspondence to: David A. Puleo, Ph.D., Department of Biomedical Engineering, University of Kentucky, 522 Robotics and
Manufacturing Building, Lexington, KY 40506-0108, USA, Phone: +1-859-257-2405, Fax: +1-859-257-1856, puleo@uky.edu.
Declaration of Conflicting Interests

DAP has an equity interest in Regenera Materials, LLC, a start-up company for commercializing novel biomaterials for tissue
regeneration.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jennings et al.

Page 2

differentiate into myofibroblasts that ultimately express smooth muscle actin, resulting in
contractile forces in the tissue [6-9].

Current research in drug delivery has fallen short in providing systems capable of sequential
delivery of multiple molecules that could be used to combat chronic inflammation and
prevent fibrotic scar formation [10-17]. In most systems, drug diffuses out leaving behind
the polymeric vehicle that could further inflame wounds [18-21].

The polymer films explored in this study were composed of cellulose acetate phthalate
(CAP) and Pluronic F-127 (Pluronic). Together they form a complexed polymer blend that
primarily releases drug as the system erodes [22—26]. Alone, CAP and Pluronic make a rigid
polymer, but the addition of plasticizer imparts flexibility to the system and allows it to
contour to the shape of varying wound geometries. The two plasticizers explored were
citrates, namely triethyl citrate (TEC) and tributyl citrate (TBC) (Figure 1).

Three drugs were evaluated during these studies: an anti-inflammatory, ketoprofen; an anti-
oxidant, quercetin; and an anti-fibrotic, pirfenidone (Figure 1). Ketoprofen non-selectively
inhibits cyclooxygenase (COX) enzymes that generate proinflammatory mediators [27, 28].
Quercetin decreases superoxide activity and reduces wound contraction [29-31]. Pirfenidone
reduces scar formation by down-regulating cytokines, growth factors, and cell adhesion
molecules [32-34].

Sequential release of multiple drugs from plasticized CAP-Pluronic films had not been
previously investigated. Layered devices were made from plasticized films loaded with
ketoprofen, quercetin, or pirfenidone. The goal of these studies was to develop a
mechanically flexible drug delivery system capable of sequential release that ultimately
could be used to reduce fibrotic scar tissue formation as outlined in Figure 2.

Materials and Methods

Cytotoxicity Studies

C2C12 mouse myoblastic cells (CRL-1772; ATCC, Manassas, VA) were seeded into 24-well
plates at a density of 15,000 cells/cm? and cultured in Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) at 37°C in a humidified, 5%
CO>, incubator. The next day, the medium was changed, and cells were exposed for 24 hours
to different concentrations of TEC or TBC plasticizer diluted into DMEM containing 10%
FBS. To determine the cell viability, an MTT (3-(4, 5-dimethylthiazolyl-2)-2,5-diphenyl
tetrazolium bromide; Sigma-Aldrich, St. Louis, MO) assay was performed. Three hundred
pL of 5 mg/mL MTT were added to each well and incubated for 2 hours. After replacing the
medium with 500 pL of extraction buffer composed of 20% sodium dodecy! sulfate in 50%
N,N-dimethyl formamide, the plates were incubated at 37°C on an orbital shaker for 24 hr
before reading absorbance at 570 nm.

Film and Device Fabrication

Polymeric films were made by combining Pluronic F-127 (Sigma-Aldrich) and cellulose
acetate phthalate (CAP; Sigma-Aldrich) in a 30:70 weight ratio, respectively. Triethyl citrate
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(Sigma-Aldrich) or tributyl citrate (Sigma-Aldrich) were added to the CAP and Pluronic at
0, 10, or 20 wt% to create a 2 g film. Ketoprofen (100 mg; Sigma-Aldrich), quercetin (10
mg: Sigma-Aldrich) or pirfenidone (6.13 mg; Tokyo Chemical Industries, Portland, OR)
were combined with the polymers and plasticizer. A two week therapeutic dose was chosen
for the ketoprofen loading, and the quercetin and pirfenidone loadings were molar
equivalents at 0.033 mol. Acetone was added to make a 25% (w/v) mixture. To ensure
homogeneity, the mixtures were vortexed before being poured into Teflon dishes and kept in
a 10°C refrigerator overnight to let the acetone evaporate slowly.

Two different device types were made, 4- and 9-layered devices. For the 4-layered devices,
films were laminated using acetone and then punched into circular discs (6 mm). Ketoprofen
and pirfenidone loaded films were separated by two blank films. The discs were press-fit
into polystyrene wells from a 96-well plate to ensure unidirectional erosion and release. Two
device orientations were made: “forward” where the ketoprofen layer was exposed first and
“reverse” where the pirfenidone layer was exposed first (Figure 3).

For the 9-layered devices, discs were cut from the films using circular punches of increasing
diameter (Figure 4). The smallest layer (3.8 mm diameter), loaded with pirfenidone, was
covered on either side by a blank layer of a larger diameter (5.5 mm diameter). Larger
diameter quercetin-loaded layers (8 mm diameter) encased the blank layers. Another two
blank layers (13.0 mm diameter) covered the quercetin layers. Ketoprofen-loaded films
made up the outermost layers (18.2 mm diameter). Bonding between layers was achieved by
painting acetone between films during laminated. All of the devices were desiccated for 48
hours to remove remnants acetone before analysis.

Drug Release and Erosion Studies

Four-layered devices were placed individually into glass vials with 4 mL of phosphate-
buffered saline (PBS), pH 7.4. Samples were incubated at 37°C on an orbital shaker. Every 4
hours, supernatants were collected and replaced with fresh PBS. The nine-layered devices
were placed into 50 mL test tubes with 30 mL of PBS. Every 12 hours, supernatants were
collected and replaced with fresh PBS. Drug release at each time point was determined using
high performance liquid chromatography (HPLC). HPLC analysis was performed with a
Hitachi Primaide system equipped with a Kinetix C-18 column (4.6x150 mm, 5 um;
Phenomenex). For detection of ketoprofen, the mobile phase consisted of water containing
0.1% trifluoroacetic acid and acetonitrile (40:60), and UV absorbance was measured at 258
nm. For detection of pirfenidone, the mobile phase was water containing 0.2% acetic acid
and acetonitrile (50:50), and measurement occurred at 310 nm. For detection of quercetin,
the mobile phase consisted of water containing 2% acetic acid and acetonitrile (40:60), and
UV absorbance was measured at 370 nm. Flow rates were 1 mL/min with injection volumes
of 50 ul for all samples. For nondestructive erosion studies of the 9-layered devices, initial
masses were measured and then every 8 hours, devices were removed from the supernatant,
lightly patted dry, and weighed.
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Mechanical Properties

Statistics

Results

Cytotoxicity

A microtensile test die (ASTM D1708) was used to punch dog bone-shaped films that were
laminated to four layers in thickness, with bonding again obtained by painting acetone
between each layer. Samples were desiccated overnight before calipers were used to
measure the width and thickness. Tensile testing was performed on a Bose ELF 3300 system
in ramp mode with a displacement rate of 0.5 mm/sec. The elastic modulus (E), percent
elongation normalized by the cross-sectional area, and ultimate tensile strength (UTS) were
calculated using the sample dimensions and force and displacement data.

Samples with the same plasticizer concentration or type were compared against each other
for cytotoxicity, erosion, release, and mechanical studies. Results were analyzed using two-
way ANOVA, and a p-value < 0.05 was considered statistically significant.

Triethyl citrate was significantly less toxic to C2C12 cells than was tributyl citrate at 0.5, 1,
5, and 10 pL/mL (0.0005% to 2%) (p < 0.001). Background absorbance accounts for 10—
20% of the baseline. Even at a low concentration, 0.5 uL/mL, TBC was found to be toxic to
the cells (Figure 5). In contrast, TEC had no significant effect on cell viability at that
concentration; metabolic activity was still at 96%. As the concentration of TEC increased,
cell viability decreased. At 5 uL/mL of TEC, 83% of the exposed cells were still viable, but
20 pL/mL of TEC was found to be equally as toxic as all tested concentrations of TBC.
Because of these results, all further studies were performed using only TEC-plasticized
films.

Four-Layered Device Release

For the 4-layered “forward” devices, peaks of ketoprofen and pirfenidone release occurred at
4 and 16 hours, respectively, regardless of plasticizer concentration (Figure 6). The overlap
of the ketoprofen and pirfenidone peaks was 12 hours for all three plasticizer concentrations.
The overlapping area under the release curves, which corresponds to simultaneous release of
ketoprofen and pirfenidone, was not significantly affected by the plasticizer concentration
(Figure 6). The ketoprofen peaks for all three devices were also similarly shaped. One
difference observed was the pirfenidone release profile for the 20 wt% TEC devices; the
peak was more rounded than that for the 0 and 10 wt% TEC devices. The peak release at 16
hours was lower than that observed for the 0 and 10 wt% TEC devices, but the peaks at 12
and 20 hours were higher than those for the other two device types.

For the “reverse” devices, the peak of the first drug, pirfenidone, still occurred at 4 hours
(Figure 7). However, the peak of the second drug, ketoprofen, occurred at 24 hours for 0 wt
% TEC devices and at 16 hours for the plasticized devices. The release overlap of both drugs
was 12 hours long for the 0 and 10 wt% TEC devices and 16 hours for the 20 wt% TEC
devices. The area under the release curves was significantly different between the 20 wt%
TEC devices and the 0 and 10 wt% TEC devices (p <0.05) (Figure 7). The pirfenidone peak
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for all three device types was similarly shaped, however the ketoprofen release profiles were
all different. The 0 wt% TEC devices had a rounded release profile with similar release rates
at both the 24 and 28 hour time points, whereas 10 wt% TEC devices had a more squared-
shaped profile, with release occurring at 16, 20, and 24 hours being statistically the same.
The 20 wt% TEC devices had a sharper release profile similar to those of the 0 and 10 wt%
TEC “forward” devices.

Nine-Layered Device Release

For the 9-layered devices, peak release remained sequential except for the 20 wt% TEC
devices, in which case ketoprofen and quercetin both peaked at 32 hours. Overlapping drug
release was observed from the first time point with ketoprofen and quercetin (Figure 8). The
ketoprofen peak was delayed with increasing plasticizer; peaks occurred at 8, 24, and 32
hours for 0, 10, and 20 wt% TEC, respectively. For all three device types, the quercetin
release peak occurred at 32 hours. With increasing plasticizer concentration, the pirfenidone
peak occurred earlier. The pirfenidone peak occurred at 144, 84, and 64 hours for the 0, 10,
and 20 wt% TEC devices, respectively. Pirfenidone was also more quickly released with
increasing plasticizer, i.e., at 96, 64, and 32 hours for 0, 10, and 20 wt% TEC devices,
respectively. Peak pirfenidone release for 0 wt% TEC samples was significantly different
from that for 10 and 20 wt% samples (p < 0.05 and p < 0.001, respectively). For all devices,
release steadily decreased after ketoprofen and quercetin peaked, however pirfenidone rates
were more sustained for the duration of the release and did not taper as did the other two
drugs.

Initial water absorption increased with plasticizer content (Figure 9). Eight hours after the
study began, the 20 wt% TEC devices gained 150% of their initial mass, those with 10 wt%
TEC increased in mass by 38%, and 0 wt% TEC devices gained the least, with an additional
30% mass. The mass gain of the 20 wt% samples was significantly different from that of the
0 wt% samples (p < 0.01). The slopes of the mass loss profiles were 19, 21, and 25 mg/hr for
0, 10, and 20 wt% TEC devices, respectively. As plasticizer content increased, the mass loss
profiles became less linear. The rate of mass loss from the 20 wt% samples was significantly
different from that for the 0 and 10 wt% samples (p < 0.001 and p < 0.05, respectively).

Mechanical Properties

Greater amounts of plasticizer increased the elongation and decreased the ultimate tensile
strength and elastic modulus of the films (Figure 10). Layered films that were not plasticized
(0 wt% TEC) had a significantly higher elastic modulus and ultimate tensile strength than
films that were plasticized (p < 0.01 and p < 0.0001, respectively). For elongation, every
increase in plasticizer concentration was significantly different (p < 0.05).

Discussion

Mouse myoblastic cells were analyzed in the cytotoxicity study because they differentiate
into muscle cells, which are one cell type that would be present in one potential soft tissue
application of this polymeric drug delivery system. Myoblast viability was affected less by
TEC than by TBC, but both plasticizers have been implicated in adverse effects on different
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organ systems, including the cardiovascular, respiratory, and central nervous systems [35—
37]. When taken orally, however, TEC and TBC are non-toxic even in high doses equating to
0.5 and 2 liters, respectively, in a 70 kg man [38]. Molecules delivered orally must be
absorbed in the intestines, through the hepatic portal vein, and filter through the liver before
circulating through the rest of the bloodstream. The mouse myoblast model examined was a
worst case scenario for parenteral delivery because cell culture systems do not have a
lymphatic system or blood vessels to remove the TBC or TEC, which led to the cells being
unable to survive the toxic effects as concentration increased.

Both the “forward” and “reverse” four-layered devices sequentially released pirfenidone and
ketoprofen. The first drug released always had a sharp peak that occurred at 4 hours,
whereas the second peak was much wider than the first, regardless of drug order. It was
observed that the center of the devices eroded faster than the edges, resulting in donut-
shaped devices during the last few hours of release. Factors that affected the second peak
and the mechanism of erosion include the geometry and material of the wells. The surface
tension in the narrow cylindrical wells likely reduced movement of the supernatant during
shaking. In addition, because polystyrene is a hydrophobic polymer, it can form nanobubbles
on the surface that prevent complete wetting of the material closest to the walls [39]. Some
small bubbles were observed on the polystyrene wells during testing (not shown). This
incomplete wetting protected the edges of the films and allowed more movement of
supernatant, and therefore greater polymer erosion, toward the center of the well.
Consequently, the center of the last (bottom) drug-loaded layer began eroding before edges
of the two blank layers separating them had completely eroded. Lastly, plasticized CAP-
Pluronic films develop pores as they erode, and these pores could facilitate diffusion of the
second drug, allowing it to release sooner and for a longer duration, thereby broadening its
release peak [40].

The profile of the second drug released from the 0 wt% TEC “forward” and “reverse”
devices was quite different. The “forward” device had a steep slope before and after the peak
at 16 hours, while the “reverse” device had a much smaller slope before and after the peak.
Differences in the drug properties affected the release profiles. The solubility of pirfenidone
and ketoprofen in water is 4.4 mg/mL and 51 pg/mL, respectively [41, 42], and ketoprofen is
also 1.37 times larger than pirfenidone. Pirfenidone as the second drug was released more
easily than ketoprofen. Ketoprofen, being larger and less water soluble than pirfenidone,
cannot diffuse out of the film as easily as pirfenidone. This explanation is also supported by
the differences between the “forward” and “reverse” overlapping release. The “forward” 0
and 10 wt% TEC devices had larger overlaps of the two drugs than did the “reverse”
devices. Plasticizer did not affect release of pirfenidone as the second drug, but it did
significantly increase the release of ketoprofen from 20 wt% TEC “reverse” devices
compared to the 0 and 10 wt% TEC devices.

In the 9-layered devices, the concentration of TEC affected the release profiles by altering
mobility of the three drugs. Increased TEC concentrations delayed the initial release of
ketoprofen but resulted in a quicker pirfenidone release. This release mechanism has been
seen before in hydroxypropyl methylcellulose matrices loaded with poorly soluble drugs
[43]. TEC is more water soluble than ketoprofen, 65 mg/mL and 51 pg/mL, respectively [41,
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44]. Because of this, TEC diffused from the polymer system faster than ketoprofen was
released. The more TEC in the device, the slower ketoprofen was released. TEC is 1.5x and
1.1x larger than pirfenidone and ketoprofen, respectively, and comparable in size to
quercetin. As TEC leached out of the films, it left behind pores large enough for the drugs to
diffuse out, which is why pirfenidone release occurred faster as TEC concentration increased
[40, 45, 46]. This increased porosity also accounts for the mass gain measured by the 10 and
20 wt% TEC films as water entered the porous network [47].

Compared to mechanical properties of single films plasticized with TEC or TBC [40], the
four-layered films elongated more and had a lower UTS and modulus. Two of the four layers
contained drug. As reported previously, the drug likely acted as plasticizer to further affect
mechanical properties of the films [48]. Because of the additional thickness of the four-
layered films, it is also possible that the acetone used to laminate the layers was not able to
completely diffuse out of the polymer within 24 hours. Any remnant acetone would further
plasticize the films [49]. Because acetone is toxic, future implanted devices need to be
thoroughly processed to remove residual solvent.

Conclusion

CAP-Pluronic films are surface-eroding systems capable of sequentially releasing multiple
drugs over several days. Release profiles can be tailored by the order of layers, concentration
of plasticizer, and the type of drug loaded into the films. This makes them to be an appealing
system for flexible drug delivery films, such as for the prevention of scar tissue formation in
soft tissue defects.
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Figure 1.

Chemical structures of drugs, (a) quercetin, (b) ketoprofen, and (c) pirfenidone, and
plasticizers, (d) triethyl citrate and (e) tributyl citrate.
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Wound healing stages and the proposed drug interventions.
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C2C12 myoblast viability after plasticizer exposure. Data are mean + standard deviation
(n=3).
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Release from “forward” 4-layered devices plasticized with (a) 0, (b) 10, or (c) 20 wt% TEC.
(d) Overlapping area under the curves during ketoprofen and pirfenidone release. Data are

mean = standard error (n=3).
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Release from “reverse” 4-layered devices plasticized with (a) 0, (b) 10, or (c) 20 wt% TEC.
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Figure.
Mass loss of 9-layered devices. Data are mean + standard error (n=3).
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Figure 10.

Mechanical properties of 4-layered devices: (a) percent elongation, (b) ultimate tensile
strength, and (c) elastic modulus. Data are mean * standard error (n=3).
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