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ABSTRACT

Purpose The introduction of curcumin into clinics is hindered
by its low water solubility and poor bioavailability. To overcome
these limitations, we developed curcumin implants using poly
(e-caprolactone) as the polymeric matrix.

Methods Implants were prepared by melt-extrusion method;
in vitro drug release was optimized for effects of polymer
composition, drug load, surface area and water-soluble
additives. Implants were also tested under in vivo conditions
for cumulative curcumin release, and liver concentration was
correlated with its efficacy to modulate selected xenobiotic-
metabolizing enzymes (CYPIAI and GSTM).

Results Drug release from implants followed biphasic release
pattern with Higuchi kinetics and was proportional to the
surface area of implants. Drug release increased proportion-
ately from 2 to 10% (w/w) drug load, and incorporation of
10% (w/w) of water-soluble additives (F-68, PEG 8000 and
cyclodextrin) did not significantly alter the drug release. In vivo
drug release was found to be ~1.8 times higher than in vitro
release. Curcumin was detected at 60 =20 ng/g in the liver
after four days of implantation and was almost constant
(8—15 ng/g) for up to 35 days. This time-dependent drop in
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curcumin level was found to be due to induction of CYPIAI
and GSTM (u) enzymes which led to increased metabolism of
curcumin.

Conclusion Our data showed that these implants were able
to release curcumin for long duration and to modulate liver
phase | and phase Il enzymes, demonstrating curcumin’s
biological efficacy delivered via this delivery system.

KEY WORDS bioavailability - chemoprevention - controlled
release - curcumin - implants

ABBREVIATIONS

ACN acetonitrile

BCS bovine calf serum

CYP IAl  cytochrome P450 |Al

DCM dichloromethane

DSC differential scanning calorimetry

ECF extracellular fluid

FT-IR Fourier transform infrared spectroscopy
GSTM glutathione S-transferase ()

HPCD 2-hydroxyl propyl B-cyclodextrin

PBS phosphate-buffered-saline

PCL poly (e-caprolactone)

PEG 8K  polyethylene glycol (molecular weight 8,000)
PXRD powder X-ray diffraction

SEM scanning electron microscopy
INTRODUCTION

Curcumin, a mixture of three curcuminoids, vz curcumin
(curcumin I), demethoxycurcumin (curcumin II) and bisde-
methoxycurcumin (curcumin III) (Fig. 1), has shown
significant potential as a chemopreventive agent in the last
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Fig. | Structures of the three curcuminoids present in curcumin.

few decades. It is obtained from rhizomes of Curcuma longa
(turmeric) and is an important ingredient of Indian folklore
medicine used in Ayurvedic medicine from 1900 BCE (1).
Pubmed shows around 3,000 hits when curcumin is used
as a search string, of which ~1,350 are published in the
last three years. CGurcumin has been found to be a potent
inhibitor of NF-kB, AP-1, c-Jun, Jak- STAT pathways
and alters the expression of various other cell-signaling
pathways in different cancer cell lines (2, 3). This array
of activities confers it with potent anti-oxidant, anti-
inflammatory, anti-proliferative, anti-metastatic, anti-
angiogenic, anti-arthritic, hepatoprotective, anti-diabetic,
anti-atherosclerotic, anti-thrombotic, wound healing, and
HIV (human immunodeficiency virus) replication inhibi-
tion properties and makes it effective in various other
ailments of cardiac and pulmonary origin (4). Further-
more, due to inhibition of NF-kB, it has been found to be
a potent chemopreventive, able to inhibit carcinogenesis
process at its initiation and progression stages induced by
environmental carcinogens inducing apoptosis in onco-
genic cells (5).

However, despite its high activity in cell culture studies,
it has elicited only limited efficacy in various pre-clinical
and clinical studies, even at high doses, due to its very poor
bioavailability on oral administration. Various studies
showed that its low solubility and high rate of metabolism
result in limited plasma levels, much below its required
therapeutic concentration (6). Although parenteral admin-
istration of its high doses in rats helped in achieving
therapeutic levels, they were short lived and were found to
be cleared within 1-2 h (7).
observed in several clinical studies where oral administra-

Similar results were also

tion of bolus doses (8—12 g/day) given to human volunteers
resulted in low plasma concentrations (<1 pg/ml) insuffi-
cient to exert any clinically useful pharmacological activity
(8-11). To combat this problem and to achieve therapeutic
concentrations, various novel drug-delivery systems, like
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microparticles (12), micelles (13), liposomal vesicles (14),
nanoparticles (15), and phospholipid complexes (16), were
prepared and tested. But their frequent dosing, invasive
administration, inability to achieve high therapeutic con-
centrations and complex manufacturing requirements lim-
ited their introduction into the clinical setting.

Opver the past few decades, polymeric implantable drug-
delivery systems have shown significant potential for
systemic delivery of various therapeutic drugs (17), proteins
(18) and enzymes (19) at a controlled rate. These implants
are prepared by homogenous entrapment of drugs in a
polymeric matrix and can be effectively used to achieve
sustained localized delivery with complete bioavailability
(20). These polymeric implants were found to be effective
for many chemotherapeutic drugs, and several such
implants are approved by the FDA for cancer chemother-
apy (21). These delivery systems slowly release the encap-
sulated drug either directly at the tumor site or into the
systemic circulation after implantation (22). Furthermore,
due to their slow-release kinetics, implants can provide
continuous (“24/77) drug release ranging from months to
>1 year, which improves the patient compliance (23) while
maintaining constant low serum levels of chemopreventives
essential for their efficacy.

Therefore, we hypothesized that delivery of curcumin by
polymeric implants could enhance its therapeutic efficacy
by continuous systemic delivery over an extended period of
time. In this paper, we describe design and optimization of
curcumin implants prepared using polycaprolactone (PCL)
as the polymeric matrix, which has a relatively low melting
point and long half-life of degradation (24-26). Drug
release was studied and optimized under simulated i vitro
conditions, and the effect of various parameters was studied
in detail. The optimized implants were also tested  vivo to
determine their rate of release and modulation of selected
biomarkers.

MATERIALS AND METHODS
Materials

Dichloromethane, poly (e-caprolactone) 15,000 and 65,000
molecular weight (PCL-15 and PCL-65), 2-hydroxypropyl p-
cyclodextrin and phosphate-buffered saline (PBS) tablets
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
F-68 was a generous gift from BASF Corporation (Florham
Park, NJ, USA). Poly(ethylene glycol) of 8000 molecular
weight (PEG-8K) was purchased from Fisher Scientific (Fair
Lawn, NJ, USA), ethanol from Pharmco-AAPER (Louisville,
KY, USA) and bovine calf serum (BCS) from Hyclone
(Logan, UT, USA). Silastic tubing (3.4 mm internal
diameter) was purchased from Allied Biomedical (Ventura,
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CA, USA), and curcumin (>98% purity) was purchased from
Acros Organics (Morris Plains, NJ, USA). All the materials
were used as received without any further analysis.

Methods
Preparation of Curcumin Implants

Curcumin implants (2, 5, 10 or 20% w/w) were prepared
by melt-extrusion technique. Briefly, the polymer (PCL)
and curcumin were dissolved in dichloromethane (DCM)
and ethanol, respectively, and mixed together in the
presence or absence of a water-soluble polymer to prepare
a homogenous dispersion of drug in polymeric matrix.
After evaporation of the solvents overnight under vacuum,
the molten drug-polymer mixture was extruded using melt
extrusion technique through silastic tubing mould attached
to a syringe. After a few minutes, the cylindrical implants
(3.4 mm diameter) were removed from the tubing, excised
into desired lengths (0.5, 1.0, 1.5 and 2.0 cm) and stored at
—20°C under argon until use.

Content Uniformity of Implants/Residual Drug Determination

Drug contents in implants (z=3) were analyzed to deter-
mine the homogeneity of drug distribution and to verify the
amount of drug incorporated in each implant. One implant
(equivalent to 10 or 20 mg drug/cm implant for 10 or 20%
drug load) was weighed and dissolved in 5 ml DCM. Once
the implants were dissolved, 5 ml ethanol was added to
completely dissolve the drug. The solution was then diluted
suitably with ethanol, and drug concentration was mea-
sured by UV spectrophotometer at 430 nm.

Residual drug in the implants recovered from animals
was also measured similarly, and the average rate of release
was calculated as follows:

Initial amount — Residual amount

Average daily release = Time (days)

In Vitro Drug Release

Release of curcumin from implants (equivalent to 2, 5, 10
or 20 mg/cm in 2, 5, 10 or 20% w/w) was determined
under simulated i vitro conditions. Briefly, implants were
agitated in 5 ml PBS (pH 7.4) supplemented with 10% (v/v)
BCS at 37+ 0.5°C in a reciprocating shaker water bath (Julabo
SW 23, Seelbach, Germany) (150 rpm), and the release
medium was changed after every 24 h. PBS was supplemented
with BCS (10% v/v) to mimic extracellular fluid composition
and to simulate the # viwo situation. Albumin present in the
BCS binds curcumin via van der Waals forces of interaction

and provides perfect sink conditions for release of curcumin
(27). Furthermore, t; /9 of curcumin degradation was found to
increase significantly in the presence of 10% (v/v) BGS (40 h)
as compared to PBS (<30 mins) (Supplementary Material
Fig. S1). Curcumin concentration was measured spectropho-
tometrically at 430 nm against a standard curve following the
addition of ethanol (10%, final concentration) to ensure
complete dissolution of curcumin.

Scanning Electron Microscopy (SEM)

Surface morphology of implants was studied by SEM using
Jeol JSM-5310 (Jeol Ltd., Tokyo, Japan). Sections of the
implants before and after the n vitro/in vivo release were cut
and mounted on a copper base with carbon glue. The
sections were sputter coated with gold using Spi-Module
sputter coater (SPI Supplies, West Chester, PA) and
analyzed at 25 kV.

In Vivo Drug Release

In vivo drug release was analyzed in female Sprague-Dawley
rats following an approved protocol from the Institutional
Animal Care and Use Committee (IACUC). After receiv-
ing, animals were provided with standard rodent chow diet
for seven days and then provided with purified diet AIN-
93M until termination of the study. Diets and water were
provided ad lLbitum. Two 2-cm implants, containing 10%
(w/w) drug load were then subcutaneously grafted at the
back of the rats as described (28). Animals were euthanized
at different intervals by asphyxiation, and blood, liver and
implants were collected. Implants were dried overnight
under vacuum and stored at —80°C until analysis of the
residual curcumin content. Liver tissue was snap frozen and
stored at —80°C for future use.

Analysis of Tissue Curcumin Levels

Liver tissue (~500 mg) from each animal was homogenized
in 3 ml PBS (pH 7.4), and 200 pl of 0.5 M sodium acetate
was added to reduce the pH to 5. The homogenate was
then extracted twice with two volumes of ethyl acetate.
After evaporation under vacuum, the residue was recon-
stituted in 1 ml acetonitrile (ACN). The ACN solution was
filtered through 0.45 p glass-microfiber filter and evapo-
rated under vacuum. The residue was finally reconstituted
in 100 ul ACN and analyzed by HPLC using Shimadzu
liquid chromatography system equipped with LC-10ADVP
pump, RF-10AXL fluorescence detector and a Shimadzu
Cig column of 5 um particles (250x4.6 mm). The three
curcuminoids were separated by using ACN and 1% citric
acid (adjusted to pH 2.5) at a flow rate of 1 ml/min with a
gradient elution in which ACN concentration was increased
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from 0 to 30% in first 5 min, followed by an increase to
45% in the next 5 to 20 min. ACN was then maintained at
this ratio until 36 min. Curcumin detection was achieved
using 410 and 500 nm as excitation and emission maxima,
respectively, in the fluorescence detector.

Microsome Extraction

Liver (~500 mg) was homogenized in 0.25 M sucrose buffer
(pH 7.4) at 3,000 rpm with Polytron. The homogenate was
centrifuged at 3,000 g for 20 min at 4°C to separate the
nuclear content. The supernatant was collected and again
centrifuged at 11,000 g for 20 min at 4°C to separate the
mitochondria. The supernatant was then transferred to
ultracentrifuge tubes and finally centrifuged at 100,000 g
for 1 h at 4°C to separate the microsomes. The pellet was
suspended in 1 ml sucrose buffer, aliquoted and stored
at —80°C until use.

Analysis of Cytochrome P450s and GSTy (GSTM)

Microsomal proteins were quantified using bicinchoninic acid
(BCA) method (29) using BCA™ Protein Assay kit (Thermo
Scientific, Rockford, IL, USA) and were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) on a 10% gel. Protein bands were then transferred
to polyvinylidene diflouride (PVDF) membrane, which was
incubated with 5% non-fat dried milk in Tris-buffered saline
for 1 h at room temperature (25°C) to block the non-specific
binding sites. The membrane was then incubated with
primary antibodies for CYPIA1 and GSTM, followed by
horseradish peroxidase conjugated secondary antibody. The
bands were detected by enhanced chemiluminescence using
Pierce® ECL Western-Blotting Substrate (Thermo Scientific,
Rockford, IL, USA) and quantified using VersaDoc Imaging
System (Bio-Rad Laboratories, Hercules, CA, USA). Coo-
masie blue stained gel was used as a loading control and is
given as Supplementary Material Fig. S2.

RESULTS AND DISCUSSION

Due to the low melting point of PCL (60°C), curcumin
implants were prepared by melt-extrusion technique at 65°
C. No residual solvents were found by gas chromatography
(data not shown). Curcumin was found to be stable as
determined by HPLC, and polymer was found to be stable
by differential scanning calorimetry (Supplementary Mate-
rial Fig. S2). Drug-polymer blend showed only one melting
endotherm at 58°C corresponding to PCL polymer, and no
melting endotherm corresponding to curcumin was ob-
served at 10% drug load (10 mg/cm). However, slight
crystallization was observed at 20% w/w drug load.
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Similarly, a halo pattern with only two peaks characteristic
of PCL (due to its semi-crystalline nature) was observed in
10% drug load implants by powder X-ray diffraction
studies (PXRD) (Supplementary Material Fig. S3). The
absence of curcumin melting endotherm by DSC and
appearance of a halo pattern by PXRD in the implants
containing 10% curcumin revealed that the drug was
dispersed at a molecular level in the polymer matrix and
was stabilized in its amorphous form by the polymer (30).
Furthermore, Fourier transform infrared spectroscopy (FT-
IR) studies showed that a small fraction of curcumin
molecules existed as keto-enol tautomers. In the presence
of PCL, these keto-enolic -OH groups of curcumin interact
with —C = O group of PCL via formation of H bonds (data
not shown).

Drug Content Analysis

To ensure the homogenous distribution and batch-to-batch
reproducibility of curcumin in the polymer matrix, 1-cm
implants (10 mg drug/cm implant) were dissolved in DCM:
ethanol (1:1),
triplicate. Analysis of drug content in implants showed that
the implants were uniform with homogenous dispersion of
drug. Almost 95%+1.2% drug was recovered from PCL
implants prepared in the same batch or different batches,

and curcumin content was measured in

with negligible variability in drug loading between the
implants prepared at different times. This showed that
curcumin implants prepared under these conditions were
reproducible with respect to drug content and drug
distribution.

In Vitro Drug Release: Effect of Polymer Molecular
Weight

Since molecular weight of polymers is one of the determin-
ing factors for rate of influx and efflux of extracellular fluid
through the polymeric matrix (31), different implants were
prepared by blending PCL of 15,000 (PCL-15) and 65,000
(PCL-65) molecular weights in different proportions with
10% drug load (10 mg/cm). The implants were then
analyzed for their daily drug release for up to ~140 days
(Fig. 2). Data showed that initially ~17% drug was released
from PCL-15 implants in one week, as compared to around
13% from PCL-65 implants, and decreased slightly with
increasing concentration of PCL-65. Daily drug release was
slightly higher from PCL-15 implants during the first week,
as compared to PCL-65, after which it was similar from
both the implants up to 60 days. However, after ~60 days,
drug release was higher from PCL-65 implants than PCL-
15. Daily release from PCL-65 implants was ~3 times
higher (30-35 pg/day) than PCL-15 implants (10-12 pg/
day) after 100 days. It appears that the pore size of the
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Fig. 2 Effect of polymer composition on drug release. Data denote
average of three replicates. SD, generally 5-10%, has been excluded for
clarity. Implants were prepared by blending different proportions of PCL-
I'5 (poly(e caprolactone)) with | 5000 molecular weight and PCL of 65000
molecular weight, and release rate was determined.

polymeric matrix of both PCL-15 and PCL-65 is greater
than the molecular size of the curcumin molecules and,
hence, is not the limiting factor for the drug diffusion
during initial period. However, with time, when the path
length of solvent diffusion increases, PCL-65 offers least
resistance to the drug release; hence, the drop in daily drug
release is minimal with PCL-65 implants (32).

This study also showed that drug release from these
polymeric implants follow biphasic release kinetics. A burst
release was observed initially, which declined rapidly during
the first 25 days followed by a much slower decline for next
100 days. Two hundred to 250 pg curcumin was found to
be released on day 1, which then declined with time and
dropped below 100 pg/day after 20 days. This burst release
could be due to release of surface-bound drug, followed by
a more controlled release from the inner layers of implant’s
polymer matrix. Such a burst effect can be useful in cases
where rapid achievement of plasma concentration of
therapeutic agents is desired and which can then be
maintained with slow controlled release of drugs (33).
However, in cases where such a burst release is undesirable,
these implants can be incubated in ethanol for 1-2 h to get
rid of most of the surface-bound drug (data not shown).
Furthermore, the decline in drug release during the
diffusion from the inner layers of polymeric matrix could
be attributed to either reduction in drug’s permeability due
to increased crystallinity of polymer and/or decrease in
concentration gradient of drug in outer layers of polymer
matrix (31). It is known that due to the semi-crystalline
nature of PCL, its crystallinity increases with time in the
presence of aqueous release media, which might result in
increased resistance for diffusion of aqueous fluids and,
hence, decreasing the drug release with time (34). More-
over, a decrease in concentration gradient of drug in outer
polymer layers results in longer path length for diffusion of

aqueous fluid into deeper layers, which also results in a
decrease in drug release (34). However, when cumulative
release data (Fig. 2 inset) from these implants was analyzed
by zero-order, first-order, Higuchi and Hixson Crowell
models for drug-release kinetics (35), it was found that drug
release from PCL implants followed diffusion-mediated
Higuchi kinetics (r*>0.98). It shows that PCL implants are
able to release drug at a controlled rate over an extended
period of time, and the drop in drug release was indeed
partly due to longer path length of diffusion (35).

The implants were also analyzed by SEM before and
after the i vitro release. The freshly prepared implants were
found to be smooth with homogenous dispersion of drug
without any visible evidence of discontinuities. No signifi-
cant difference was observed in the polymeric matrix
140 days after the wm vitro release, which showed that the
polymeric matrix was stable in the release medium for at
least this period of time. However, a small amount of drug
crystallization was observed in these implants, which might
be due to slow crystallization of amorphous drug in the
polymer matrix that can occur when it comes in contact
with the aqueous release media (Fig. 3a-c).

Effect of Drug Loading

These implants were also analyzed for the effect of drug
loading on daily drug release. It has been found that due to
channeling effect, increasing drug loads lead to higher drug
release (36). Therefore, implants with 2%, 5%, 10%, 20%,
30%, 40% and 50% drug load (2, 5, 10, 20, 30, 40 and
50 mg per cm implant, respectively) were prepared and
analyzed for daily drug release. Data from 2-20% drug
load implants is shown in (Fig. 4). It was found that drug
release was proportional to drug concentration for only up
to 10% drug load, and no further increase in the release
was observed with higher drug loads. Daily drug release
was ~2—3 times higher from 5% implants as compared to
2% implants and similarly was 1.7-1.9 times higher from
10% drug load implants as compared to 5% drug load at
all time points. It appears that only up to 10% drug load,
the channeling effect increases, enhancing the porosity of
matrix for diffusion of release media. But, at higher drug
loads, solubility of curcumin in the polymeric matrix
becomes a limiting factor. Furthermore, due to lipophilic
nature of curcumin, increasing drug concentration leads
to an increase in lipophilicity of the curcumin-polymer
matrix, which could also be a contributing factor leading
to retardation of influx of release medium (32). SEM
analysis of these implants showed that at drug loads
>10%, degree of discontinuities and extent of drug
crystallization in the polymeric matrix also increased
proportionately (Fig. 3d, e and f), which could also be a
limiting factor.
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Crystallization

Fig. 3 Scanning electron microscopy (SEM) photographs (1,000X magnification) of blank implant (polymer alone) (a), implant with 10% drug load (b),
implant with 10% drug load after 140 days of in vitro release (c), implants with 20% drug load (d), implants with 30% drug load (e), and implants with

20% drug load showing traces of crystallization (f) (2,000X magnification).

Effect of Formulation Additives

Addition of certain excipients in the polymeric matrix
influences drug release significantly. They may increase or
decrease the drug release rates by changing the matrix
lipophilicity, matrix porosity, microclimate pH and or
polymer drug interactions (37, 38). Excipients, especially
hydrophilic polymers compatible with the polymeric matrix,
are helpful in providing aqueous channels to facilitate the
diffusion-mediated drug release. Due to their water
solubility, such hydrophilic excipients preferentially dissolve

250 —&— 2 %wiw
e ——5 % wiw
200 ‘ —A— 10 % wiw

—B—20 % wiw

By A £rA

Daily Release (ug)

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32
Days
Fig. 4 Effect of drug loading (2%, 5%, 10% and 20%, w/w) on daily

drug release. Each |-cm implant contained 2, 5, 10 or 20 mg drug,
respectively. Data presented denote average of three replicates (+SD).
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in the ECF and form a porous matrix, enhancing the drug
release (39). This effect is more profound in case of less
permeable polymeric matrices, especially where drug
release is dictated by diffusion through the polymer.
Furthermore, a reduction in implant’s rigidity and viscosity
due to a relative decrease in matrix-forming polymer
content (due to addition of water-soluble polymers) might
also be a contributing factor towards enhancement of drug
release.

Therefore, we studied the effect of several water-soluble
polymeric additives for their influence on drug release.
Implants were prepared using PCL-65, 20% drug load and
10% of either F-68, PEG-8,000 or 2-hydroxypropyl f-
cyclodextrin (HPCD), and the drug release was compared
with the control implants prepared without any such
additives (Fig. 5). It was observed that the presence of
10% F-68 or PEG decreased the drug release to some
extent. Implants prepared without any additive or with
HPCD showed 12% drug release over a period of 31 days
as compared to 9.5% drug release from implants prepared
with F-68 or 11% with PEG. Since no significant difference
in drug release was observed with 10% water-soluble
additives and the presence of F-68 was found to facilitate
the extrusion by significantly reducing the viscosity of
polymeric mixtures, it was retained as a formulation
additive in all subsequent studies.
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Fig. 5 Effect of water-soluble additives on daily drug release. Data
presented denote average of three replicates of |-cm implants containing
20 mg drug. SD, generally 5-10%, has been excluded for clarity and is
shown only for one set of implants.

Effect of Surface Area

Since the drug release from implants was found to follow
Higuchi kinetics, it was expected that an increase in
surface arca should proportionately increase the drug
release. Therefore, to study the effect of surface area,
implants of different sizes were prepared—0.5 cm with a
surface area of 0.69 cm? (10 mg drug), 1 ecm with a surface
area of 1.21 em? (20 mg drug) and 2 cm with a surface arca
of 2.24 cm” (40 mg drugl—and analyzed for daily drug
release (Fig. 6). As expected, a proportionate increase in
drug release was observed with increasing surface area.
Daily drug release from l-cm implants was ~1.6 to 1.8
times higher as compared to 0.5-cm implants after
one week. Simlarly, daily drug release from 2-cm implants
was 1.3 to 1.5 times higher as compared to 1-cm implants.
Since drug release from these implants was diffusion
mediated, according to Fick’s law of diffusion, as the size
of the implants increases, the effective surface area for

300 ——0.5¢cm
——1cm
—&—2cm
250

200

150

100

Daily Release (ug)

50

Days

Fig. 6 Effect of surface area on daily drug release. Data represent average
of 3 implants (=SD) with 20 mg drug/cm.

diffusion of extracellular fluid increases, which, in turn,
increases the amount of drug efflux from the polymeric
matrix (40). Therefore, in order to have maximum drug
release, 2-cm implants were selected for further studies.

In Vivo Drug Release

Drug release from implants is a dynamic process that
largely depends upon the surrounding environment and
polymer characteristics. Extracellular fluid composition and
volume can drastically alter the rate and extent of drug
release. Furthermore, the presence of other components,
such as collagen, plasma proteins, and lipids, determines
the drug distribution in the tissues and drug partitioning
into the plasma (33). All these factors warrant drug release
studies to be done under & vivo conditions and to determine
at what rate and extent these polymeric implants can
release the drug and maintain their integrity under more
stringent i viwo conditions. Therefore, 2-cm implants (10%
w/w drug load) were grafted subcutaneously beneath the
skin of female S/D rats and were recovered following
cuthanasia after predetermined time intervals for a period
of five weeks to determine the residual drug content (Fig. 7)
and to derive an i vitro-in vivo correlation.

As evident from Fig. 7, these implants exhibited similar
behavior under # viwo conditions as was observed under i
vitro conditions. A burst release of ~2.64 mg was observed in
the first week, corresponding to an average daily release of
377 ng. However, release dropped to 313 pg per day in the
next week and continued decreasing with time, although at
a slower rate. This i vivo release trend is in concordance
with the i vitro release rates, except that the average i vivo
daily release was found to be nearly 1.8-fold higher than
vitro release in 5 ml media. Furthermore, comparison of
vivo drug release from 10% or 20% drug load revealed that
the burst effect was almost double with 20% drug load as
compared to 10% drug load. The subsequent release

—l— Avg Release (per day)

4801 —5—9% Cumulative Rel T60
1 ()
s 420 150 &
= 360+ S
§ 300+ 740 %
L 240+ +30 3
I} ©
X 180+ S
> +20 =
T 120+ S
a +10 ©
60 1 <

0 ; ; ; ; 0

4 7 13 22 37
Days

Fig. 7 In vivo release of curcumin from each 2-cm implant with 109% (w/w)
(equivalent to |0 mg drug/cm implant) curcumin load (0= 3). Implants were
grafted subcutaneously in Sprague-Dawley rats and were recovered at
indicated time intervals to measure the residual curcumin content.
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Fig. 8 Curcumin distribution in liver tissue of Sprague-Dawley rats
administered by two 2-cm polymeric implants each containing 20 mg
drug. Curcumin was extracted with ethyl acetate from tissues and
analyzed by HPLC equipped with a fluorescence detector.

kinetics following the burst effect were essentially similar
with the two drug loads, as was observed under  vitro
conditions. Moreover, intact nature of these implants after
16 months under i vwo conditions showed that these
implants were physically stable under these conditions and
can efficiently deliver curcumin for at least 1.5-2 years.

Analysis of Drug Distribution in Tissues

The pharmacokinetics of drug disposition often depend upon
the route of administration. It is well known that when
curcumin is administered orally, it exhibits poor bioavailability
due to poor absorption coupled with high first-pass metabo-
lism (2, 7). Moreover, curcumin, being a lipophilic com-
pound, is known to possess high volume of distribution (41).
Therefore, in order to ensure the efficacy of these polymeric
implants, curcumin was extracted and analyzed in liver tissue
(a highly perfused organ), instead of plasma, of rats implanted
with two 2-cm implants with 10% drug load (10 mg/cm). It
was found that ~60£20 ng/g (0.16 pM considering liver
density equal to water) of curcumin was present in the liver
after 4 days of implantation, which dropped with time and
remained almost constant ~8—15 ng/g (0.025 to 0.04 uM)
from 7 days to 37 days (Iig. 8).

These results showed that polymeric PCL implants were
able to efficiently release the drug which gets distributed to
distant organs through the systemic circulation. Although
curcumin levels were not measured in the local tissue, visual
inspection of implant site showed significantly higher levels
of (yellow) pigmented curcumin, which can act as a tissue-
storage site (“tissue depot”) from which constant amounts of
drug can diffuse into the systemic circulation, irrespective of
the rate of release from the implants (not shown).

Curcumin is known to be a potent inducer of phase I
and phase II enzymes, including CYPIAI and glutathione-
S-transferase mu (GSTM), which are also responsible for its
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metabolism (42, 43). It appears that induction of these
enzymes with initial high doses of curcumin leads to an
enhanced curcumin metabolism which decreases the liver
concentration with time. However, with time, when there is
no further induction, almost constant levels of curcumin
were observed. In order to further substantiate these results,
we analyzed CYPIAl and GSTM in the liver tissue by
Western-blot analysis. Since curcumin concentration was
highest at 4 and 7 days after implantation with 10% drug
load implants, microsomes were isolated from liver tissues
from these time points. The microsomal proteins were then
separated on polyacrylamide gels, and CYP1Al and
GSTM levels were quantified (Fig. 9).

Analysis of CYP1AI and GSTM levels as the biomarkers
of curcumin efficacy showed an induction of 13- and 3-fold
in CYPIAI and GSTM levels, respectively, after 4 days of
implantation. After 7 days, the levels somewhat increased to
16- and 4-fold, respectively. These data showed that
decreased levels of curcumin in liver with time were indeed
due to an increase in its metabolism due to sustained
induction of phase I and phase II enzymes. It, therefore,
would be interesting to determine the effect of incorporat-
ing piperine-like compounds into the curcumin implants
that can inhibit curcumin metabolism and hence could
further enhance curcumin levels in tissue, as was shown by
Shoba et al. (44).

Opverall, the data presented demonstrate that consid-
erably higher amounts of curcumin can be delivered to
distant organs from subcutaneous implants compared to
the traditional oral route and could provide a viable
alternative for the delivery of such potent chemopreven-
tives in target organs where surgical implantation of such
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Fig. 9 Western-blot analysis of liver tissue for CYPIAI and GSTM levels
4 and 7 days after subcutaneous implantation of two 2-cm curcumin
implants each containing 20 mg drug. B-Actin was used as loading control,
and Coomassie blue stained gel was used to visualize modulation of
various proteins (supplementary Fig. 4).
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delivery devices in desired organs (brain, liver, breast
tissue) 1s feasible.

CONCLUSIONS

In this study, we prepared and optimized polymeric
implants of curcumin to bypass the oral route and to
enhance its efficacy by continuously delivering curcumin at
a controlled rate, directly into the systemic circulation.
Curcumin, due to its lipophilic nature, was found to be
miscible with the polymer and showed a diffusion-mediated
biphasic release pattern in accordance with Higuchi
kinetics. Drug release was found to increase with increasing
drug load for up to 10% (w/w) and was constant at higher
drug loads (>10%, w/w). Analysis of liver tissue showed
presence of ~60 ng/g of curcumin 4 days after implanta-
tion, which then seemed to plateau at 8-15 ng/g after
7 days. Furthermore, presence of a tissue depot of curcumin
at the site of implantation implies an almost constant influx
of drug into the systemic circulation even after prolonged
periods of time. Sustained higher levels of CYPIAI and
GSTM proteins in liver microsomes are reflective of
constant exposure to curcumin. This study showed that
polymeric implants could be a viable alternative for the
delivery of potent chemopreventives like curcumin and
afford a continuous (“24/7”) delivery system. Further-
more, this approach could also be useful in analyzing the
chemosensitivity potential of curcumin or its efficacy in
metronomic chemotherapy with and without other
chemotherapeutics.
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