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Abstract
Cellulose acetate phthalate (CAP) and Pluronic F-127 combined together (70:30 wt:wt) create a
rigid, surface eroding association polymer. To impart flexibility into the polymer system and allow
for a drug delivery film that can contour to varying wound shapes, plasticizers were added.
Triethyl citrate (TEC) or tributyl citrate (TBC) was combined with CAP and Pluronic F-127 at 0,
10, or 20 wt%. Mechanical analysis was performed on the films as they were prepared and
following a 2 hour incubation in phosphate-buffered saline. Tensile tests showed that higher
plasticizer content increased the % elongation but decreased the elastic modulus (E) and ultimate
tensile strength (UTS). The effect TEC had on the % elongation was twice as much than that of
TBC. After incubation, % elongation, E, and UTS all increased because plasticizer leached out of
the films. MicroCT and SEM were performed on the samples both before and after incubation to
determine how erosion and leaching of plasticizer affected the interior and exterior structure of the
films. Porosity increased as plasticizer content increased, however, plasticizer content did not have
a significant effect on the rate of erosion. The mechanical properties of CAP-Pluronic films can be
adjusted by the type and amount of plasticizer added to the system and therefore can be tailored
for different drug delivery applications.
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Introduction
While convenient, medications taken orally must make a long journey, traveling from the
intestines, through the portal vein, into the liver, through the bloodstream until finally
reaching their intended therapeutic target. During this convoluted process, many drug
molecules are eliminated from circulation by the liver and kidneys, metabolized and
excreted from the body [1–4]. Because of this, oftentimes drugs must be given at doses far
exceeding what the target site needs for treatment. This excessive concentration coupled
with presence of the drug throughout all of the body systems results in a scenario where
systemic side effects are guaranteed [5–7].

As a result, there is a need for a degradable, localized, drug delivery system capable of
delivering drug to soft tissue so unnecessary sites are not medicated, reducing the risk of
side effects, and drug is not wasted during clearance. Most of the current drug delivery
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systems are composed of slowly eroding polymer networks, including Eudragit and
poly(sebacic anhydride), from which drug diffuses out to provide therapy [8–13]. This kind
of device leaves behind material that may cause a foreign body reaction or cause
inflammation from the byproducts as it slowly degrades. Also, many of the other currently
researched systems are composed of rigid polymers, such as chitosan and Eudragit, that
cannot contour to the shape of the treated site [13–15]. The rigidity or stiffness of materials
is related to their elastic modulus [16]. Rigid polymers implanted in soft tissue will cause
discomfort and possible fibrous capsule formation [17–19].

Plasticizers can be added to polymers to make them more flexible [20, 21]. Plasticizers are
small lubricating molecules that can change polymer properties and processability [21]. In
this study, the effect of plasticizers on the mechanical properties of an association polymer
was explored. The system formed from cellulose acetate phthalate (CAP) and Pluronic
F-127 has been proven to be a surface-eroding system that would release drug as the device
eroded so no material would be left behind to cause an inflammatory reaction [22–24].
Without plasticizer, however, the polymer is rigid and cannot be readily contoured. Two
plasticizers, triethyl citrate (TEC) and tributyl citrate (TBC), have been included, and the
system as a whole has been evaluated through mechanical analysis and degradation studies.
Because these materials are ultimately intended to be implanted, their properties and
structure when wet were also determined [25, 26].

Materials and Methods
Film Production

Films were made with a 70:30 weight percent ratio of cellulose acetate phthalate (CAP;
Sigma-Aldrich, St. Louis, MO) and Pluronic F-127 (Sigma-Aldrich), respectively (Figure 1).
Plasticizer, either tributyl citrate (Sigma-Aldrich) or triethyl citrate (Sigma-Aldrich), was
added to the CAP-Pluronic mixture at either 0, 10, or 20 wt%. Acetone was added to make a
25% (w/v) solution. After vortexing the solution to ensure homogeneity, it was cast into
Teflon dishes and then let stand in a 10°C refrigerator overnight. Films were desiccated
overnight before testing.

Erosion Studies
Films were cut into discs using a circular punch measuring 5 mm in diameter. After
determining their initial mass, samples were placed individually in a 24-well plate, and 1.85
ml of phosphate-buffered saline (PBS), pH 7.4, was added to each well. Plates were
incubated on an orbital shaker plate 37°C. Half of the supernatant was replaced with fresh
PBS every 12 hours. Three samples were collected and dried at different time points ranging
from every 3 to 5 hours. Dried samples were weighed to determine final mass. The average
mass loss was determined. The erosion rates were found by calculating the slope of average
mass loss with time. Supernatants were collected from both TEC and TBC films after being
incubated in PBS for 2 hours. The supernatants were pipetted into a 96-well plate and UV
absorbance was measured at 630 nm using the BioTek PowerWave HT and Gen5 software
to determine the opacity. PBS was used as a control.

Mechanical Properties
Films were cut to make microtensile test samples using a dog bone die (ASTM D 1708).
Wet samples were incubated in 4 ml of PBS for two hours. Cross-sectional areas were
measured for each film, both wet and dry, using calipers. Samples were mechanically tested
to failure in tensile mode using the BOSE ELF 3300 with a ramp at a displacement rate of
0.5 mm/sec. Stress and strain were calculated, and elastic modulus (E), percent elongation,
and ultimate tensile strength (UTS) were determined. The percent elongation was
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normalized by the cross-sectional area so this value would not be influenced by thickness
variations in the cast films.

Scanning Electron Microscopy (SEM)
After dog bone samples were incubated in PBS for two hours, they were lyophilized to
better preserve microarchitecture for morphological assessment. Dried polymeric films were
then frozen and frozen at −80°C for 30 min before being fractured so the cross-sectional
area could be analyzed using a model S-3200-N Hitachi scanning electron microscope. The
samples were coated with gold, and the microscope was operated at 20 kV and digital
images were collected.

Microcomputerized Tomography (microCT)
To determine the interior porosity, microCT scans were performed using the SCANCO
Medical AG µCT 40. Samples were cut to fit 12.3 mm tubes and were batch scanned. Scans
were run in high resolution having 1000 projections with 2048 samples, a current of 177 µA,
a potential of 70 kVp, and a 0° angle. Samples were contoured and evaluated with a program
that distinguished between the polymer material and vacancies. The uniformly biased lower
threshold was set to 20 so any part of the scan with a density below that was considered a
void. The slices were reconstructed into a 3-dimensional representation of the scanned
samples, from which the total volume, porosity volume, average pore size, and average
spacing between pores were calculated using a morphometry script. Samples were scanned
before and after being incubated in PBS for two hours.

Mass Spectrometry
Analyses were conducted in the University of Kentucky Mass Spectrometry Facility.
Supernatants from erosion studies were mixed with an equal volume of acetonitrile before
analysis. Electrospray ionization mass spectra were obtained on a ThermoFinnigan LTQ
(ion trap mass spectrometer), with sample introduction by direct infusion at 3 µL/min. Full
scan mass spectra were recorded in positive ion mode. Instrument parameters included:
spray voltage, 3.5kV; capillary temperature, 185°C; capillary voltage, 50V; and tube lens
voltage, 80V.

Statistics
Statistical analysis was performed using Instat (GraphPad Software). All of the samples with
the same weight percentage of plasticizer or the same type of plasticizer were compared
against each other. Results were analyzed using one-way ANOVA, and a p-value < 0.05 was
considered statistically significant.

Results
Films

Plasticized films increased in flexibility as plasticizer content increased, while the
unplasticized films remained rigid and could not be plastically deformed without failure
(Figure 2). Qualitatively, films plasticized with TEC were more flexible than those
plasticized with TBC at an equivalent weight percentage.

Erosion Studies
Figure 3 shows typical mass loss curves for the control (unplasticized) and plasticized films.
The addition of plasticizer did not significantly affect the erosion of the films. As the weight
percentage of plasticizer increased, the magnitude of rate of erosion slightly increased from
2.2 wt% to 2.4 wt% per hour but the differences between the three rates were not significant
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(Figure 3). As the films eroded, collecting the residual polymer to measure mass loss
became a challenge so samples were only collected for the first 24 hours. The remaining
mass of all of the films, plasticized with either TEC or TBC, after 16 hours was also
statistically the same (Figure 4). Sixteen hours was chosen because at that point the initial
mass loss due to plasticizer leaching had already occurred and the supernatant had been
replenished with fresh PBS resulting in close to sink conditions. As TBC films eroded, the
PBS became milky in appearance, whereas the supernatant remained transparent as TEC
films eroded (Figure 5). Quantitatively, the opacity of the supernatant from the TBC sample
was over 10 times as high as the TEC sample. The supernatant from the TEC sample was
the same as PBS alone. Analysis of two hour erosion supernatants by mass spectrometry
showed higher relative abundance of positive ion mass numbers corresponding to TEC and
TBC than any other peak.

Mechanical Properties as Prepared
Increasing the plasticizer content increased the effects on the mechanical properties; more
plasticizer decreased the E and UTS and increased the percent elongation. Compared to
unplasticized films, the 20 wt% samples plasticized with TEC had a lower E and UTS
(Figures 6a & 6b), by about half, but had a 5 times higher percent elongation (Figure 6c).
Addition of TEC to the films always significantly (p ≤ 0.05) affected the mechanical
properties except between the ultimate tensile strength of the 10 wt% TEC and unplasticized
samples. Adding 10 wt% TBC to the films decreased the UTS by roughly half, but addition
of more TBC did not further affect the UTS. The 0 wt% TBC films had an elongation that
was statistically the same as the 10 wt% TBC films, which had an elongation that was
comparable to that of the 20 wt% TBC films. However, 0 and 20 wt% TBC films had
elongations significantly (p ≤ 0.05) different from each other. The elastic modulus did
significantly (p ≤ 0.001) decrease as more TBC was added to the films. For the
concentrations examined, as plasticizer increased, the UTS of the TEC films decreased.
With the TBC films, increasing plasticizer concentration past 10 wt% did not significantly
affect the UTS. For similar plasticizer content, TEC caused greater changes to elongation,
UTS, and E. For the 20 wt% samples, the TEC and TBC films had statistically similar UTS
and E values, but their elongations were statistically different (p < 0.001), with and the 20 wt
% TEC films plastically deforming over twice as much as the TBC films.

Mechanical Properties after Incubation
Allowing the films to soak in PBS for 2 hours drastically changed their properties, with the
magnitude of some properties being five times different from those of the dry samples. With
both TEC and TBC films, the UTS, E, and elongation (except for the 20 wt% TEC film) all
increased after films soaked in PBS for 2 hours. When comparing the dry samples to their
wet counterparts, the differences were always significant (p < 0.001) for all UTS data for
both TEC and TBC samples (Figure 7a). The elongation significantly decreased for 0 and 10
wt% TEC samples when they became wet, but the 20 wt% had an elongation that was the
same when wet or dry (Figure 7c). For the TEC samples, the elastic modulus was
significantly (p < 0.05) affected by the duration in PBS for only the 0 wt% films (Figure 7b).
Elastic moduli for the 0 and 20 wt% TBC films were significantly (p < 0.05) higher after
incubation in PBS. For both TEC and TBC films, the elongation increased (p < 0.001) for 0
wt% and 10 wt% films, but not 20 wt%.

Morphology
Figure 8 shows representative SEM images of dry film surfaces and surfaces and cross-
sectional areas after incubation in PBS for two hours. Samples appeared smooth and had no
porosity present before incubation. All of the samples had begun eroding after incubating in
PBS for two hours. Porosity was seen both on the surfaces and in the cross-sections. As
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plasticizer content increased, more erosion occurred both on the exterior and interior of the
film, resulting in increased porosity.

MicroCT analysis quantitatively confirmed what was seen in the SEM images. Figure 9
shows cross-sectional slices of representative films before and after two hours in PBS, and
the porosity of each film type is plotted in Figure 10. For TEC films, as plasticizer content
increased, so did the porosity. The 20 wt% films increased to 17% porosity during
incubation. The incubated samples were always statistically (p ≤ 0.05) different from their
dry counterparts. Incubated 0 and 10 wt% samples were statistically the same, but both were
significantly (p < 0.001) different than the porosity measured in the 20 wt% films. With
TBC films, plasticizer content did not affect the porosity after 2 hours in PBS. Porosity
increased uniformly to just under 1%. Pore sizes for both TEC and TBC films were found to
be as small as 6 µm. The majority of the accessible volume in the films after erosion was
from pores with a diameter of less than 20 µm. There were almost no pores present that were
larger than 40 µm in either TBC or TBC plasticized films.

Discussion
CAP-Pluronic films are rigid and unable to conform to the varying topology of soft tissue
defects that may occur in motor vehicle accidents or war wounds. In order to aid in
placement of the films, imparting flexibility and allow the films to contour to any shape,
plasticizers were added. With the aim of making the FDA approval process quicker,
plasticizers that were already deemed safe were chosen for the CAP-Pluronic films. Both
triethyl citrate and tributyl citrate are common plasticizers used in pharmaceutical and
biomedical devices ([20, 27–29]. The United States Pharmacoepia deems both TEC and
TBC appropriate to be used in pharmaceutical dosage forms [29]. They are used in gelatin
capsules, enteric coatings on pills, and transdermal drug delivery patches [27, 28, 30]. They
are also used in poly(vinyl chloride) and poly(vinyl acetate) components of medical devices,
including tubing and films [31]. Toxicology studies showed that, when taken orally, TEC
was toxic to rats in high doses corresponding to over half a liter in a 70 kg man. TBC was
non-toxic in rats even at extremely high doses [32]. If a multilayered, plasticized film were
applied to a wound that is 10 by 10 centimeters, it would contain approximately 5 mL,
which is well within the toxicity limits for a 70 mg man.

Triethyl citrate and tributyl citrate have molecular weights of 276.28 g/mol and 360.45 g/
mol, respectively. This means that, for the same weight percent, more TEC molecules are
present in the films than TBC molecules (TEC: 0.74 mol per film for 10 wt%, TBC 0.58 mol
per film for 10 wt%). The same molar concentration was not compared between TBC and
TEC since plasticizers are most commonly added as a weight percent of the whole polymer.
However, the 20 wt% films had 1.57× more plasticizing molecules than the 10 wt% TEC
and they had very similar effects on the % elongation, UTS, and E, which shows that even
with fewer molecules present, TEC plasticizes to a greater degree than TBC. Plasticizers
with a lower molecular weight cause more flexibility in the material they are incorporated
into because they have a higher mobility and allow polymer chains to more easily slide
across one another [30]. With more lubricating plasticizer added to the films, a greater
number of molecules were present between the polymer chains, which thereby increased the
molecular separation and decreased the packing order of CAP and Pluronic F-127 [29].
Because of this, for the same weight percent of plasticizer added, the TEC had more of an
impact on the mechanical properties of the CAP-Pluronic F-127 films.

Similar to what has been previously reported for poly(lactic acid) and poly(lactic-co-glycolic
acid) [33], the mechanical properties of CAP-Pluronic films changed rapidly after
incubation in PBS. In the present case, however, properties were altered because much of

Rabek et al. Page 5

J Biomater Appl. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the plasticizer leached out in the first two hours of erosion. In addition to inferring leaching
from effects on mechanical properties, mass spectrometry confirmed the abundance of both
plasticizers in the erosion supernatant after only two hours of incubation. The TEC may
leach out more quickly than the TBC because it is more hydrophilic than the TBC, and
having smaller molecules also allowed it to travel down its chemical gradient faster. Triethyl
citrate is a water soluble plasticizer up to 65 g/L, while TBC is a water-insoluble plasticizer
[34, 35]. Differences in the solubility of TBC and TEC explain the differences in the
supernatant’s appearance during degradation. The milky appearance was likely due to the
TBC separating out from the PBS solution as the molecules leached out since it is insoluble
in water, while the supernatant from the TEC films remained clear since it had not reached it
solubility limit. Plasticizer leach out will not be an issue since the polymer will be in the
shape of the wound and the film will only become stronger. After the film has been laid in
place, there will no longer be a need for flexibility and the increased strength of the film will
cause it to be a protective barrier during healing.

Pluronic F-127 may be eroding at a faster rate than CAP causing the porosity seen in the 0
wt% films. CAP is commonly used in enteric coatings because of its low water solubility. It
dissolves at higher pH and therefore more slowly than Pluronic F-127 [36]. This, in addition
to the plasticizer leaching out, created the nanometer- and micron-sized voids seen in the
SEM and microCT images. The pores increased the surface area and allowed the films to
degrade at a faster rate. The films containing more plasticizer may allow the Pluronic
degradation to occur more quickly. As voids are created in the film, PBS can penetrate the
films more deeply. Water causes disassociation of the hydrogen bonds linking the ether
oxygens from the Pluronic F-127 to the carboxylic acid groups on CAP, leaving behind a
material that contains increasing amounts of CAP relative to all of the other materials.
Because CAP is a stronger polymer than Pluronic and the association polymer they form
together, erosion actually increased the strength of the material [37, 38]. The ultimate tensile
strength and elastic modulus increased since the polymer chains could not stretch and begin
to slide past each other as easily as before incubation. But interestingly, the elongation also
increased. This is likely due to the small holes that were created in the polymer which
allowed it to behave and stretch more like a sponge. As tension was applied to the wet
material, the holes collapsed and caused the remaining chains to elongate. CAP is a stiffer,
slower eroding material than Pluronic F-127, so even the 0 wt% samples had an increase in
the elastic modulus and ultimate tensile strength as CAP became the predominant material in
the films.

Before plasticization, the CAP-Pluronic system is less rigid than other drug delivery
polymers such as Eudragit, which has a modulus of 500 MPa or chitosan, which has a
modulus of over 1000 MPa without plasticizer (14, 39). CAP-Pluronic F-127 is a
competitive system for drug delivery applications because it is surface eroding so drug is
released as the device erodes, and since it erodes, no material is left behind to cause
inflammation. Another beneficial property is its lower elastic modulus allowing it to be
more flexible and contour and set to the shape of varying wounds when it is plasticized.

Conclusion
The degradation behavior and mechanical properties of CAP-Pluronic films can be varied by
the type and amount of plasticizer incorporated into the system. The material properties will
change shortly after the CAP-Pluronic drug delivery films are exposed to fluid. These
changes do not affect the integrity of the system, since the material only gets stronger and
will maintain the shape formed in the tissue. The CAP-Pluronic system is attractive for a
variety of soft tissue drug delivery applications because it could be tailored to have different
properties.
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Figure 1.
Chemical structures of (a) Pluronic F127, (b) cellulose acetate phthalate, (c) triethyl citrate,
and (d) tributyl citrate.
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Figure 2.
A) Unplasticized, inflexible CAP-Pluronic film and B) plasticized CAP-Pluronic film able
to conform to any shape.

Rabek et al. Page 10

J Biomater Appl. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Example of typical degradation curves. Data are mean ± standard deviation (n=3).
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Figure 4.
Remaining mass after 16 hours of incubation in PBS at 37°C. Data are mean ± standard
deviation (n=3). No differences were statistically significant.
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Figure 5.
Absorbance at 630 nm of supernatants from TEC and TBC films after 2 hours of incubation
compared to PBS. Data are mean ± standard deviation (n=3). Inset: Images showing
appearance of supernatants from TEC (top) and TBC (bottom) films.
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Figure 6.
A) UTS of TBC and TEC films. 0 and 20 TEC were statistically different, p < 0.001; 0 and
20 TBC were statistically different, p < 0.01. B) Elastic modulus of TBC and TEC films. 0,
10, and 20 TBC were all statistically different from each other, p < 0.01; both 10 and 20
TEC were statistically different from 0 TEC, p < 0.001 but 10 and 20 TEC were statistically
the same. C) Elongation of TBC and TEC films normalized by the cross-sectional areas
(CSA). 0 TBC samples were statistically different from 20 TBC samples, p < 0.05; 0 TEC
was statistically different from 10 TEC, p < 0.05; 20 TEC was statistically different from
both 0 and 10 TEC, p < 0.001. Data are mean ± standard deviation (n=3).
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Figure 7.
A) UTS of dry films and films incubated in PBS for 2 hours. Dry values compared to
degraded values were all significantly different, p < 0.001. B) Elastic modulus of dry films
and films incubated in PBS for 2 hours. 0 TEC and TBC films were statistically different
than their degraded counterparts, p < 0.05; 20 TBC were statically different from their wet
counterparts, p < 0.05. C) Elongation of dry films and films incubated in PBS for 2 hours.
Dry 0 and 10 TBC and TEC films were statistically different from their wet counterparts, p
< 0.001. Data are mean ± standard deviation (n=3).
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Figure 8.
Scanning electron micrographs of the as-prepared surface (top left), the surface (top right),
and the cross-section (bottom) of films incubated in PBS for 2 hours. A) 0, B) 10, and C) 20
wt% TEC films.
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Figure 9.
MicroCT images showing A) 0, B) 10, and C) 20 wt% TEC films incubated in PBS for 2
hours.
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Figure 10.
Porosity measurements for as-prepared films and films incubated in PBS for 2 hours. A)
TEC-containing films. Films with 20 wt% TEC were statistically different than those
without TEC, p < 0.05. B) TBC-containing films. There were no statistical difference
between incubated samples and no statistical difference between non-incubated samples.
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