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Abstract

Because many complex physiological processes are controlled by multiple biomolecules,
comprehensive treatment of certain disease conditions may be more effectively achieved by
administration of more than one type of drug. Thus, the objective of the present research was to
develop a multilayered, polymer-based system for sequential delivery of multiple drugs. The
polymers used were cellulose acetate phthalate (CAP) complexed with Pluronic F-127 (P). After
evaluating morphology of the resulting CAPP system, in vitro release of small molecule drugs and
a model protein was studied from both single and multilayered devices. Drug release from single-
layered CAPP films followed zero-order kinetics related to surface erosion of the association
polymer. Release studies from multilayered CAPP devices showed the possibility of achieving
intermittent release of one type of drug as well as sequential release of more than one type of drug.
Mathematical modeling accurately predicted the release profiles for both single layer and
multilayered devices. The present CAPP association polymer-based multilayer devices can be
used for localized, sequential delivery of multiple drugs for the possible treatment of complex
disease conditions, and perhaps for tissue engineering applications, that require delivery of more
than one type of biomolecule.
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1. INTRODUCTION

Several conditions, such as severe bacterial infection,[!! periodontitis,[?! and traumatic bone
loss along with infection, 3] require repeated administration of a drug or administration of
more than one drug for efficacious treatment. As reviewed by Chen et al., delivery of
multiple growth factors is also important for tissue engineering.[4l Thus, this research was
directed at developing a bioerodible system capable of delivering one or more types of drug
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in a predetermined temporal sequence, which could be helpful for treatment of different
stages of complex diseases and also in tissue engineering.

Polyanhydrides and poly(ortho esters) are two common classes of surface-eroding polymers
employed for controlled delivery of drugs for a variety of purposes, including antimicrobial,
anti-inflammatory, analgesic, cancer, and ocular applications.[>-8] Surface-eroding polymers
provide a constant rate of drug release that is directly proportional to polymer erosion.[®] As
such, they provide highly controllable and reproducible drug release profilesl® that would
be useful for designing multiple drug delivery systems. Ease of processing is an important
consideration for designing and developing a versatile drug delivery system capable of
delivering more than one type of drug, but the high processing temperature and poor
solubility in organic solvents cause difficulty in fabrication of some polyanhydrides and
polyorthoesters into dosage forms.[8: 9]

An alternative, but less well known, surface-eroding system is composed of cellulose acetate
phthalate (CAP) and Pluronic F-127 (P). When mixed in an aprotic solvent, the polymers
associate via hydrogen bonds.[19] The properties of the CAPP system, such as ease in
fabrication and drug loading, make it a suitable candidate for designing a surface-eroding
multiple drug delivery system. The CAPP association polymer system has already been
studied for the release of a single drug.[10: 111 For example, Xu et al. demonstrated the effect
of the CAP to Pluronic ratio on erosion rate and drug release.[1%] The CAPP association
polymer has also been used in the form of consolidated microspheres for the release of
protein.[12] Jeon et al. fabricated CAPP microsphere-based devices for intermittent release of
simvastatin and showed positive results for osteoblast responses and bone formation in vitro
and in vivo, respectively.[13 141 The same group also studied intermittent release of two
different drugs using CAPP microsphere-based devices.[15] There is less research, however,
toward delivery of more than two drugs or biomolecules in a predetermined temporal
sequence.

In the present studies, different small molecule drugs, such as metronidazole (antibiotic),
doxycycline (antibiotic/anti-resorptive), ketoprofen (anti-inflammatory) and simvastatin
(hypolipidemic/osteogenic) along with a model protein (lysozyme) were loaded in CAPP
films. After evaluating individual layers, the morphology of multilayered devices and
subsequent intermittent and sequential release profiles were measured. To determine effects
of encapsulation and release on bioactivity, enzymatic activity of the released model protein
was determined.

2. MATERIAL AND METHODS
2.1 Fabrication of CAPP films

CAPP films were fabricated by solvent casting. CAP (MW 2,534 Da; Sigma, St. Louis, MO)
and Pluronic F-127 (Sigma) were mixed in the weight ratio of 70:30, respectively, and
dissolved in acetone to obtain an 8% polymer solution. Either 2.5 or 5 wt% of drug was
added to the acetone-polymer (CAPP) solution and mixed thoroughly until the drug was
completely dissolved, except for the case of the model protein, which did not completely
dissolve. The drug-polymer solution was poured in a Teflon dish and stored at 4°C for 24
hours to slow solvent evaporation and avoid bubbles. Afterward, films were dried and stored
at room temperature before use. Blank CAPP films were prepared in the same way but
without the addition of drugs. For the present study, CAPP films were loaded with
metronidazole (MW 171 Da; Sigma), doxycycline (MW 444 Da; Sigma), ketoprofen (MW
254 Da; Sigma), lysozyme (MW 14,304 Da; Sigma), or simvastatin (MW 419 Da; Haorui
Pharma-Chem, Inc., Edison, NJ). Samples with 6 mm diameter and 0.5 mm thickness were
punched from the CAPP films for further study.
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Multilayered CAPP films were fabricated to obtain intermittent release of the same drug or
sequential release of more than one drug. Figure 1 shows a schematic representation of the
fabrication process. The drug-loaded and blank CAPP films were arranged in the desired
sequence and then bonded together by compressing them after 5 L of acetone were applied
between the layers. For intermittent release of drugs, four-layered CAPP devices were
prepared with alternating layers of blank and metronidazole-loaded films. For achieving
sequential release of more than one type of drug, three-layered CAPP devices were
fabricated using metronidazole- and ketoprofen-loaded CAPP films with blank films
between the drug-containing layers. The stacked CAPP films were inserted into a 6 mm
diameter polystyrene well, which acted as in impermeable backing to enable unidirectional
polymer erosion and drug release. A similar procedure was followed to fabricate
multilayered devices loaded with simvastatin and doxycycline.

2.2. Morphological characterization

2.2.1. Scanning electron microscopy (SEM)—SEM imaging was used to study the
overall morphology and interfaces of the blank and drug-loaded CAPP films that form the
device. For this purpose, four-layered devices were fabricated with alternating
metronidazole-loaded and blank films. The CAPP films were freeze-fractured, and the cross-
section was sputter-coated with platinum and observed using an S-3200-N Hitachi
instrument.

2.2.2. Fluorescence imaging—To analyze the spatial distribution of drug between
loaded and unloaded layers following device fabrication, a fluorescent molecule was
incorporated into multilayered films. Fluorescein (Sigma) was loaded in CAPP films at 0.16
wt%, and multilayered CAPP films were fabricated with alternating layers of fluorescein-
loaded and blank films. Thin (5 pum) cross-sections of the multilayered CAPP films were cut
with a microtome and observed under epifluorescence (Olympus 1X51). To determine the
effect of aging on interlayer diffusion of fluorescein, samples were incubated at 37°C for 6
days followed by sectioning and microscopic analysis. Line profiling of the fluorescent
microscopic images was conducted using ImageJ software.

2.3. Drug release and mass loss

In vitro release studies were conducted for single-layered CAPP films by eroding the
materials in 4 mL of phosphate-buffered saline (PBS), pH 7.4, at 37°C on an orbital shaker.
Release supernatant was collected every hour and replaced with fresh PBS until samples
were completely eroded. Blank CAPP films of the same dimensions were used as controls.
Multilayered devices were eroded in either 2 or 4 mL of PBS to study the effect of sink
volume on device erosion and drug release. For multilayered devices, release supernatants
were collected approximately every 8-10 hours and replaced with fresh PBS.

The total amount of the drug present in the films was determined two ways. Initially,
theoretical loading was calculated based on the mass of a CAPP films and the weight
percentage of drug used during fabrication. Subsequent studies were conducted with CAPP
samples randomly cut cast films, which were then completely dissolved in PBS and the
amount of drug measured as described below. The theoretical and actual amounts were
similar.

Mass loss was also measured during the release studies. After removal of the supernatant,
residual PBS was wicked off the samples, and the remaining mass was recorded at each time
point during the course of erosion in 2 ml of PBS. These data were used to construct the
mass loss profiles of the multilayered CAPP films.
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Three-layered blank devices were used as controls for the release and erosion studies.
Because lysozyme loaded in the films did not dissolve completely, protein particles were
distributed in the CAPP films. To determine whether the heterogeneous distribution affected
release, the lysozyme-loaded films were tested in two orientations (protein side up and
protein side down) within the polystyrene well.

Supernatants were analyzed using UV spectroscopy (Powerwave HT, Biotek) to determine
the concentration of metronidazole (318 nm) and doxycycline (350 nm). High performance
liquid chromatography (HPLC; Shimadu Prominence) was used to measure the
concentration of ketoprofen (mobile phase of acetonitrile (60):trifluroacetic acid (TFA)
buffer (40); UV detection at 260 nm) and simvastatin (mobile phase of acetonitrile (70): TFA
buffer (30); UV detection at 240 nm). The BCA protein assay (Pierce, Rockford, IL) was
used to quantify the concentration of lysozyme.

2.4. Mathematical modeling

Release profiles for drugs released from the CAPP system were evaluated using
Hopfenberg’s model for controlled release from erodible slabs (Equation 1):

My [, kot
My [ coa] M

where M is the amount of drug released (mg) at time t (hours), M, the total amount of drug
released from the device (mg), ko the erosion constant (mg/hr/mm?), C initial concentration
of the drug in the device (mg/mm?3), a the half thickness of the slab, and n=1 for a slab.[16]
Based on the conditions provided for the model, CAPP devices were considered erodible
slabs. Furthermore, only one side of the slab was exposed for polymer erosion and drug
release due to the presence of the polystyrene well. To accommodate this condition of
unidirectional erosion and release, the term a (half the thickness of the slab) was replaced
with 2a (total thickness of the slab in mm) in equation (1). The predicted release profiles
were compared with the experimentally determined cumulative release profiles.

2.5. Bioactivity of the released protein

Lysozyme bioactivity was measured by its ability to lyse cell walls of Micrococcus
lysodeikticus (Sigma).[17: 18] |Lysozyme release supernatant or standard dilutions of
lysozyme in PBS were added to 0.5 mg/mL of M. lysodeikticus, and the absorbance at 450
nm was measured at 0 and 10 minutes. The observed and expected (obtained from the
standard curve) absorbances were compared to determine the relative bioactivity of released
lysozyme.

2.6. Statistical analysis

Experimental data were analyzed for statistical significance by the Student’s t-test using
InStat (GraphPad Software, Inc., La Jolla, CA). Slopes of the release profiles for different
drugs as well as those obtained from mathematical modeling were analyzed by linear
regression using Graphpad Prism software.

3. RESULTS

3.1. Morphological characterization

SEM showed clear demarcation between the alternating layers of drug-loaded and blank
CAPP films along with some interlayer voids and defects that were likely created during
multilayered fabrication (Figure 2A). Figure 2B shows the cross-section of a multilayered
CAPP film with alternating layers of fluorescein-loaded and blank CAPP films visualized by
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fluorescence microscopy. Heterogeneity in distribution was observed on the top/side of the
CAPP layer where it was attached to another CAPP layer. Figure 2C shows a cross-section
of a sample after 6 days of incubation at 37°C. Both fluorescence images showed that layers
loaded with fluorescein were distinctly separate from the blank CAPP layers. Line profiling
quantitatively confirmed the distinction between the fluorescein-loaded and blank CAPP
films. Line profiles obtained at three different sections of the multilayered device showed
clear separation in brightness between layers

3.2. Single layer drug release profiles

Release of individual drugs (metronidazole, ketoprofen, simvastatin, doxycycline, and
lysozyme) from a single layer of CAPP showed sustained release of the drug during the
course of erosion (8-10 hours) reflecting near zero-order kinetics (Figure 3A and 3B). The
total amount of drug released from the CAPP films corresponded to the amount of drug
loaded in the CAPP films. For example, 5 wt% of metronidazole and ketoprofen was loaded
in the CAPP films, which resulted in 1 mg of drug in each sample. The cumulative release
profile showed that, on average, 97% of the metronidazole and 89% of ketoprofen loaded in
the CAPP films were detected (Figure 3A). The loading of simvastatin and doxycycline was
2.5 wt%, resulting in 0.5 mg of drug present in each sample. The average percentages of
simvastatin and doxycycline released were 100% and 98%, respectively (Figure 3B). Slopes
of the release profiles for different small molecule drugs released from single-layered CAPP
films were statistically similar. The release profiles of lysozyme-loaded CAPP films,
however, differed from those of the other drugs (Figure 3C). Approximately 60% of the
protein was released either during the first 4 hours of film erosion or during the final 4
hours, depending on which surface of lysozyme films was exposed to PBS.

3.3. Intermittent and sequential drug release profiles

Polymer erosion of multilayered (four-layered) CAPP devices with alternating
metronidazole-loaded and blank layers resulted in intermittent release of the same drug
(Figure 4A). This release profile showed no release of drug during the initial stages of
erosion (first 10 hours) due to the presence of blank layer on top, followed by release of
metronidazole from the second CAPP layer (approximately 10-40 hours). The third (blank)
layer delayed release of metronidazole from the fourth layer, while metronidazole from the
final (bottom) layer of the device was released during the last stages (last 40 hours) of
erosion.

Figure 4B shows release profiles for three-layered devices with metronidazole- and
ketoprofen-loaded layers separated by an intermediate blank film eroded in 4 mL of PBS.
Based on design of the device, metronidazole was released during the first 20-25 hours of
device erosion. The blank layer delayed the next phase of release, which involved release of
ketoprofen during the final stages of device erosion (last 40-50 hours). When the same type
of device was eroded in 2 mL of PBS, the total erosion time was around 155 hours
compared to only 77 hours observed for 4 mL PBS (Figure 4C). Even though the device
eroded more slowly when the amount of medium (PBS) was reduced, sequential drug
release was still achieved. Metronidazole was released during the first 40 hours of device
erosion followed by a small delay in the release of ketoprofen due to the presence of the
blank layer; ketoprofen was again released during the last 100 hours of the device erosion.

Figure 5A shows both empirical and predicted release of one drug (metronidazole) from a
single layer CAPP film. As for films containing metronidazole and ketoprofen, multilayered
devices with simvastatin and doxycycline eroded in 2 mL of PBS also followed the same
sequential release pattern, with a total erosion time of approximately 160 hours (Figure 5B).
Simvastatin was released significantly faster during the first 50 hours of device erosion than
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doxycycline was released during the last 100 hours (p<0.05), but there were no significant
differences between the experimentally measured slopes and those predicted by
mathematical modeling.

3.4. Loading and release efficiency

In general, 96.5% of the small molecule drugs loaded into CAPP films was released,
irrespective of the type or wt% of the drug (Figure 6A). There was no statistically significant
difference between the observed and expected amount of metronidazole and doxycycline
loaded and released from the CAPP multilayer devices. In the case of ketoprofen, 83% of
the expected amount was released, and in the case of simvastatin 90% of the expected
amount was released.

3.5. Mass loss profiles

Figure 6B shows mass loss profiles for three-layered devices eroded in 2 mL of PBS. The
profiles presented are for blank, sequential metronidazole and ketoprofen, and sequential
simvastatin and doxycycline films. Both the blank devices and the drug-loaded devices
eroded with linear mass loss profile characteristic of a zero-order system. Neither loading
nor the type of drug incorporated into the films had a significant effect on the erosion rate.

3.6. Bioactivity of released protein

Figure 7 shows the bioactivity of lysozyme in release supernatants during the final 6 hours
(time points when lysozyme release occurred) of film erosion. Results showed that, on an
average, lysozyme released from the CAPP films retained 57% of the expected bioactivity.

4. DISCUSSION

The main aim of this research was to develop a CAPP film-based system that will serve as a
platform for delivery of different types of drugs, suitable for treatment of a broad range of
disease conditions. These multilayered devices may also be adapted for delivery of more
than one type of biomolecule for tissue engineering applications. The drugs used and release
profile needed for efficacy will depend on, among other factors, the particular condition or
tissue defect being treated.

The two polymers used for the association polymer, CAP and Pluronic F-127, form
intermolecular hydrogen bonds in aprotic solvents, such as acetone, used during fabrication.
In this case, carboxylic acid groups in CAP act as proton donors, and the ether sites in the
non-ionic surfactant Pluronic F127 form the proton acceptors.l*X] When the CAPP system is
exposed to physiological conditions, deprotonation occurs and leads to dissolution of the
CAPP into its CAP and Pluronic components. This type of mechanism results in erosion-
based, sustained release of drugs.l11-131 CAP is commonly used as an enteric coating on
tablets[19], and Pluronic, an amphiphilic triblock copolymer, has been widely used for drug
delivery purposes and as a surfactant. [20] In vivo studies have been performed with the
CAPP association polymer system without any adverse effects.[14]

The CAPP polymer system has been used in the form of microspheres!*3l and single-layered
films1% for zero-order release of different drugs, but the present research focused on its use
in multilayered devices for delivery more than one type of drug. CAPP in the form of films
is more appropriate for this application, as it suits the design of multilayered devices for
sequential delivery of multiple drugs. The fabrication of the CAPP films involves a
relatively simple solvent evaporation technique compared with other fabrication processes,
such as melt processing and injection molding, needed for other surface-eroding polymers.
Fabrication of the multilayered devices involved adhering individual CAPP films using
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acetone as a solvent for plasticizing the surface of the CAPP films without altering the bulk
properties of the film. This simple technique without the use of potentially harsh processing
conditions, such high temperature and pressure, reduces the chances of small molecule drugs
losing bioactivity during the fabrication process. Limitations of these CAPP films include
the non-uniform distribution of hydrophilic molecules, such as proteins and lack of
mechanical flexibility of the films which is being addressed by inclusion of a plasticizing
agent during the fabrication process.

4.1. Morphological characterization

SEM and fluorescence microscopy were used to characterize the morphological properties
of the multilayered CAPP device. SEM images of the cross-section of a four-layered device
showed demarcation between the CAPP layers, indicating the separation between the drug-
loaded and blank layers. This type of separation between the layers was necessary to
maintain the layer-based design of the device and enable sequential drug release. Cross-
sectional images also showed that the small volume of solvent applied to bond layers
dissolved only the surface of the films and did not affect the internal portions of the CAPP
films.

Further characterization using fluorescence imaging showed clear distinction between the
fluorescent and blank layers. Both qualitatively and quantitatively, fluorescence was not
observed in the blank layers, which confirmed that there was no diffusion of fluorescein
from loaded to unloaded layers during fabrication. Some non-uniformity within the loaded
layers likely resulted from the solvent evaporation process used to cast the films. An absence
of interlayer diffusion even during incubation (“aging™) at 37°C for six days was confirmed
by the distinct separation of fluorescein-loaded and blank layers.

4.2. Single layer drug release profiles

As indicated previously, the primary aim of this research was to fabricate a drug delivery
device that serves as a platform for delivery of wide spectrum of drugs in a specified
sequential order. For this purpose, some of the most commonly used drug types, such as
antibiotics (metronidazole and doxycycline), an anti-inflammatory agent (ketoprofen), and a
potentially osteogenic small molecule drug (simvastatin), along with a model protein
(lysozyme) were chosen, and their loading and release were studied.[21-24] All the CAPP
films with drugs were inserted into a polystyrene well to aid unidirectional polymer erosion.
Results for the drugs investigated in this study showcase the ability of the CAPP system to
serve as delivery platform for a variety of biomolecules.

Except for lysozyme, the other four drugs that were loaded and released are currently used
for treatment in patients. Metronidazole is effective against most Gram-negative and Gram-
positive anaerobic bacteria and a wide variety of protozoans.[2° Doxycycline is one of the
commonly prescribed tetracycline antibiotics that are effective against variety of infectious
agents.[26] In addition, it also possesses bone anti-resorptive properties.[27] Ketoprofen,
which is commonly used for treatment of arthritisl28] and in dentistry,[29] is a
phenylproprionic acid derivative with analgesic, anti-inflammatory, and antipyretic
properties. The fourth small molecule drug used in this study was simvastatin, which is
widely used for controlling high cholesterol level.[3] Importantly, however, simvastatin has
the ability to stimulate bone formation via enhanced expression of bone morphogenetic
protein 2 (BMP-2).131]

All four drugs were released in a sustained manner from the CAPP films and followed zero-
order release kinetics. In vitro release results for the single layer CAPP films were
statistically comparable to predictions from Hopfenberg’s model developed to predict drug
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release from a slab.[16] Irrespective of the type of drug or the amount of drug that was
loaded, similar release rates were measured, and nearly all of the drug was accounted for
during the experiments. As a nonionic surfactant, the Pluronic F-127 component of this
association polymer increases the solubilizing power of the system.[1%] This property allows
a wide range of dosages to be achieved.

The model protein that was loaded into and released from CAPP films was lysozyme. Being
hydrophilic, lysozyme did not dissolve completely in acetone during the fabrication process.
To determine the effect of the non-uniformly distributed lysozyme particles on the release
profiles, lysozyme-loaded CAPP films were eroded in two different orientations. When the
film surface that was in contact with the Teflon dish (bottom surface, where the undissolved
lysozyme settled during fabrication) was attached face down in the impermeable well, the
top surface (with fewer lysozyme particles) eroded initially, and protein was predominantly
released during the final stages of the film erosion. When the film surface that was exposed
to the atmosphere (top surface) during film fabrication faced the polystyrene, release of
lysozyme occurred during the initial stages of films erosion. These release profiles further
confirm that release of lysozyme occurred by surface erosion of polymer, because lysozyme
was released only when the part of the polymer film with high concentration of lysozyme
was exposed.

4.3. Intermittent and sequential release of drugs

Erosion of multilayered devices in vitro resulted in successful release of drugs in both
intermittent and sequential manners. These multilayered devices also had a polystyrene
backing layer for unidirectional polymer erosion and drug release. Further research is being
conducted to replace the non-degradable polystyrene with a biodegradable backing material
suitable for in vivo implantation.

Intermittent release of the antibiotic metronidazole was achieved using an intermediate
blank CAPP layer. Similarly, sequential release of an antibiotic, metronidazole, and an anti-
inflammatory agent, ketoprofen, was also demonstrated by placing a blank CAPP layer
between drug-loaded layers. When incubated in a smaller volume of PBS, the same devices
with metronidazole and ketoprofen eroded at a slower rate. These findings show the effect
that the sink has on device erosion and the consequent release profile. In both release
studies, the interval at which the samples were collected was the same (every 8-10 hours).
The release byproducts generated during erosion of CAPP might have saturated the smaller
volume of release medium and thereby prevented (slowed) further polymer erosion. When a
larger volume of release medium was used, saturation with erosion byproducts would have
occurred relatively slower, thereby resulting in faster erosion. In spite of the change in
erosion rate, sequential release of metronidazole followed by the release of ketoprofen was
not altered. In the multilayered devices, release of the second drug occurred in a relatively
more sustained manner when compared to the first drug. When multilayered devices were
eroded in 4 mL of PBS, the first drug was released within 20 hours, and the second drug was
released over the last 50 hours. The slower release at later stages of erosion can be explained
by the cylindrical polystyrene wells in which the layers were inserted. As CAPP eroded,
PBS was retained more deeply within the well, and the reduced circulation of buffer near the
final layer resulted in relatively slower erosion and drug release. With only 2 mL of PBS,
the first drug was released within 40 hours, and the second drug was released over the last
100 hours. In this case, the combined effects of the reduced sink conditions and reduced
mixing within the wells further slowed erosion, but the total amount of drug released was
not significantly affected. Mass balance calculations again showed comparable expected and
observed drug amounts loaded and released. Hopfenberg’s equation was also suitable for
modeling sequential release of more than one drug from the multilayer CAPP device. The
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predicted profiles also showed that the rate of release of the first drug was approximately
twice as fast as that for the second drug. The predicted and experimentally measured release
profiles were statistically similar for both the single layer and multilayered devices,
indicating the suitability of this particular model for the present delivery system. This model
for predicting the release profiles from CAPP devices would be helpful for further design of
advanced multilayered devices.

Mass loss profiles showed that CAPP devices, irrespective of the type of drugs loaded,
followed a surface-erosion pattern. As such, the duration of the drug release as well as the
time interval between the release peaks of the same or different drugs can be increased or
decreased by altering the thickness of the blank CAPP films. Overall, the type and amount
of drug loaded in the CAPP films can be altered to achieve a desired intermittent or
sequential release using this multilayered system.

4.4. Bioactivity of released protein

Because proteins are more unstable compared to small molecule drugs, initial bioactivity
testing was conducted for only the protein that was released from the CAPP films. Results
showed that lysozyme lost approximately 40% of its activity during loading and delivery.
Although protein may have interacted with the polymers, exposure of lysozyme to acetone
during the fabrication process resulted in aggregation and precipitation, which reduced
bioactivity. This was reflected in the two-sided nature of the lysozyme-loaded films. Other
commonly used bioerodible/biodegradable delivery systems, such as poly(lactic-co-glycolic
acid) (PLGA) and poly(ethylene glycol) (PEG), also result in loss of protein activity by
aggregation, hydrolytic degradation, and chemical modification during the necessary
manufacturing process, which can involve heating, pH changes, shear forces, organic
solvents, drying and others.[321 With the CAPP delivery system, however, the amount of
protein loaded can be easily altered, and excipients may enhance preservation of bioactivity.

The present studies have shown that CAPP film-based devices can be used to deliver a wide
variety of drugs and can be used to achieve sequential delivery of multiple drugs. These
advantages will be helpful for customizing devices different applications. For example,
some bacterial infections, which might involve more than one type of microorganism,
require combination of antibiotics for treatment[33] to eliminate the infection and reduce the
potential for developing antibiotic resistance.[!] The ability of this CAPP system to
sequentially deliver anti-inflammatory agents with other drugs creates the possibility of
inflammation control and pain management during wound healing. The system may also be
useful for delivery of multiple growth factors for tissue engineering. A growing body of
research suggests the importance of more than one growth factor for regeneration of tissues,
such as bone, 1313411351 plood vessels,[3¢] and cartilage.[371[38]

There have been several attempts towards the delivery of multiple growth factors.[4l Most of
these approaches, however, have been successful for simultaneous delivery.[39-50]
Temporally controlled release has been obtained by other strategies, including fabrication
scaffolds and/or microspheres consisting of one or more polymers each loaded with a
different drug, e.g., PLGA in combination with gelatin hydrogels, poly(propylene fumarate),
poly(4-vinyl pyridine), alginic acid, cellulose acetate.[51-55] The system presented in this
paper was composed of a single association polymer system in the form of multilayered
films, which simplifies the fabrication process and eases loading of wide variety of drugs to
obtain localized delivery of multiple drugs in a required temporal sequence. Furthermore,
the system can be modified to adjust the duration of drug release based on a particular
application, such as by changing the ratio of CAP to Pluronic and/or inclusion of
intermediate polymeric barriers between erodible layers.
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5. CONCLUSION

The easy to fabricate CAPP association polymer can be used to achieve zero-order release of
a wide variety of drugs. As such, this system can serve as a general platform for localized,
controlled drug delivery to treat several disease conditions. Different release profiles can be
designed, including sustained release of one drug, intermittent release of a drug, or
sequential release of multiple drugs. This system could be used for applications that require
delivery of more than one type drug in a predetermined temporal sequence.
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Figure 1.
Schematic representation of the process for fabricating multilayered CAPP devices.
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Figure2.

Morphology of multilayered CAPP devices. (A) SEM image of the cross-section showing
four CAPP films attached to each other. Fluorescent images of multilayered CAPP devices
with alternating fluorescein-loaded and blank films obtained (B) one day after fabrication
and (C) after 6 days of incubation at 37°C. (D) Line profiles showing the distinct difference
between the fluorescein-loaded and blank layers at different locations (shown in Figure 2B).
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Figure4.

Instantaneous drug release profiles for multilayered CAPP devices. (A) Intermittent release
of metronidazole (blank-metronidazole-blank-metronidazole) during erosion in 4 mL of
PBS. Sequential release of metronidazole followed by ketoprofen (metronidazole-blank-
ketoprofen) during erosion in (B) 4 mL or (C) 2 mL of PBS. Data are mean + standard
deviation (n=3).
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Figureb.

Comparison of observed and mathematically predicted cumulative release profiles for (A)
metronidazole in a single layer CAPP film and (B) simvastatin followed by doxycycline in a
three-layered film. Data are mean * standard deviation (n=3).
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(A) Observed and expected amounts of drugs released from multilayered CAPP devices. (B)
Mass loss profiles for multilayered devices with blank layers (blank), layers loaded with
metronidazole and ketoprofen (metro and keto), or layers loaded with simvastatin and

doxycycline (sim and doxy) degraded in 2 mL of PBS.
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Figure7.
Retention of lysozyme bioactivity following release from CAPP films. Data are mean *

standard deviation (n=3).
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