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ABSTRACT: This study aimed to develop drug delivery system of doxycycline-loaded polycaprolactone (PCL) microspheres. The inves-
tigated microsphere formulation can be considered for local application in bone infections and degenerative joint diseases, which gen-
erally require long-term treatments via systemic drugs. PCL-14 kDa and 65 kDa were used in microsphere preparation. Before release,
the microspheres were characterized by scanning electron microscopy, differential scanning calorimetry, and X-ray photoelectron spec-
troscopy. The mean particle size of microspheres was in the range of 74-122 pum and their drug loadings ranged between 10 and
30%. In vitro release profiles were described using the Higuchi and the Korsmeyer—Peppas equations. Diffusion model was applied to
experimental data for estimating diffusion coefficients of microspheres; calculated as between 4.5 X 10~ ' and 9.5 X 107 ' cm?/s.
Although long-term release from microspheres of PCL-14 kDa obeyed diffusion model, PCL-65 kDa microspheres showed this tend-
ency only for some period. Modeling studies showed that the drug release mechanism was mainly dependent on loading and molecu-
lar weight differences. Release behavior of PCL-65 kDa microspheres, however, might be better represented by derivation of a

different equation to model for the total release period. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41768

KEYWORDS: biodegradable; drug delivery systems; kinetics; properties and characterization; theory and modeling

Received 22 August 2014; accepted 8 November 2014
DOI: 10.1002/app.41768

INTRODUCTION

Controlled release with polymer-based delivery systems has
become one of the most interesting topics in pharmaceutical
science and technology since 1980s.'~> However, it is difficult to
foresee the exact release behavior for these systems as the drug
release mechanism is governed by several factors like polymer
and drug physiochemical properties. Besides polymer-related
main factors like molecular weight (Mw), crystallinity, hydro-
philicity, and degradation kinetics, drug/bioactive agent-related
factors like solubility, Mw, physical state, and stability also
necessitate specific modeling of the release behavior for such
systems. In addition to these, the drug/polymer couple will
form unique characteristics of the formulation as drug loading
efficiency, polymer-drug interactions, size distribution, and
porosity that cause additional modifications in the release
behavior.*™°

Poly-¢-caprolactone (PCL) being a hydrophobic, semicrystalline
polymer with low glass transition temperature (7,) of about

—60°C and lower degradation rate than other common polyest-
ers such as poly(lactide-co-glycolide) (PLGA) and polylactic
acid (PLA) is one of the most challenging polymers for drug
delivery studies.”® High permeability for many drugs and non-
toxic degradation products are also the major reasons for using
PCL as a long-term drug delivery vehicle. Capronor®, for exam-
ple, is a delivery device in which PCL is used for the long-term
zero-order release of levonorgestrel.”

Doxycycline, the most stable group member of tetracyclines, is a
wide spectrum antibiotic effective for gram positive and nega-
tive bacteria and protozoa.'” It is active against periodontal
pathogens such as Actinobacillus actinomycetemcomitans (A.a.),
Porphyromonas gingivalis (P.g.), and Bacteroides frosthytus (B.f.).

In this study, it was aimed to develop a long-term doxycycline
delivery system in the form of PCL microspheres and investigate
it for physicochemical properties and drug release behavior. For
this purpose, we designed and optimized an antibiotic/anticolla-
genase delivery system that can be applied in treatment of
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Table I. Particle Size Analysis Results of Microspheres

MW of PCL (kDa) Aqueous phase MS type d(0.1) (um) d(0.5) (um) d(0.9) (um) SPAN
14 PVA-4% Empty 16.652 57.439 143.442 2.207
14 PVA-gelatin® Empty 49.625 84.847 137.943 1.041
14 PVA-4% Loaded 31.421 74.348 151.228 1.611
14 PVA-gelatin® Loaded 52.214 90.331 149.130 1.073
65 PVA-4% Empty 64.738 104.474 167.744 0.986
65 PVA-gelatin® Empty 50.853 106.343 224.456 1.632
65 PVA-4% Loaded 46.528 94.010 369.996 3.441
65 PVA-gelatin® Loaded 41.546 121.918 341.314 2.459

2PVA-gelatin (1%, each).

several diseases such as bone and joint inflammations. This
model is different from those in literature for modeling long-
term (3 months) release behavior of the drug delivery system
for a long-term treatment approach applied locally in certain
diseases. Here, in vitro release outcomes were used to determine
the diffusion coefficient of the system with a new approach.
Taking into account the long term of release, diffusion coeffi-
cients were calculated as the average of release results at all time
points for each release study.

EXPERIMENTAL

Materials

Doxycycline, PCL (Mw of 14 and 65 kDa), polyvinylalcohol
(PVA) (Mw of 27 kDa), and gelatin (Type A) were obtained
from Sigma Chemical Co. (St. Louis, MO). Chloroform, tetra-
hydrofuran (THF), methanol, acetonitrile, and ethanol (all
HPLC grade) were purchased from Merck.

Methods

Preparation of Doxycycline Encapsulated PCL Microspheres.
Doxycycline encapsulated microspheres were prepared by single
emulsion-solvent evaporation method as described elsewhere.'!
Briefly, doxycycline powder was added into PCL solution (7%
in chloroform) at drug : polymer ratio of 1 : 2 (w/w) and
mixed homogeneously. This oil phase was then added drop-wise
into the aqueous phase; PVA or PVA-gelatin solutions, while
stirring with a magnetic stirrer. The organic phase was then
evaporated under a hood with continued stirring. After the
preparation of microspheres they were separated from the aqueous
phase by filtration'” and then centrifugation. Polymeric micro-
spheres were collected by centrifugation of the aqueous medium at
6000 rpm for 10 min. The microspheres were then washed with
distilled water several times for the removal of PVA remaining on
their surfaces and centrifuged again.'”> At the end of these proce-
dures, the microspheres were placed in a vacuum oven to dry
completely and then stored in a desiccator at 4°C until use."*

Different sets of microspheres were prepared using PCL sources
with two different average Mws (14 and 65 kDa). To optimize
the properties of PCL microspheres, such as surface properties
and average size and shape, different concentrations, and for-
mulations of PVA and PVA-gelatin combinations were applied
in aqueous phase (Table I).
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Determination of Loading and Encapsulation Efficiency. To
determine doxycycline loading and encapsulation efficiency of
the microspheres, they were dissolved in THF-methanol solu-
tion (1/1, v/v). For complete extraction of the drug, the mixture
was stirred at 37°C and then centrifuged for 20 min at 6000
rpm. The collected supernatant was analyzed by high perform-
ance liquid chromatography (HPLC, Shimadzu Prominence
Model, Japan) for determining the doxycycline content of
microspheres. The system consisted of a C;g column (Inertsil
ODS-3, 5 um, 250 X 4.6 mm; GL Sciences, Japan), UV-Vis
absorbance detector (set at 275 nm). The mobile phase con-
sisted of methanol, acetonitrile, and THF (50 : 40 : 10, v/v).

The doxycycline content of the extracted samples was converted
to drug amounts using a calibration curve of the free drug. Per-
centages of drug loading and encapsulation efficiency were then
calculated with the following equations:

Weight of Drug in Microspheres

Drug Loading (%)= X100 (1)

Weight of Microspheres

Actual Drug Loading (%)
Theoretical Loading (%)

Encapsulation Efficiency (%)= X100

(2)

In Vitro Doxycycline Release. The release profiles of doxycy-
cline from microspheres were determined by incubating the
microspheres in dialysis bags (Mw cutoff: 12 kDa) placed in 100
mL of phosphate buffered saline (PBS, 0.01 M; pH 7.4).'>"
The whole setup was kept at 37°C in a shaking water bath
throughout the release period. Aliquots taken from the release
medium at certain time intervals were used to measure the dox-
ycycline amounts at 275 nm'® using UV-spectrophotometer
(Hitachi, U2800A, Japan). An average of three separate release
experiments was release profile of
doxycycline.

used to obtain the

Microsphere Particle Size and Surface Analysis. Particle size
distribution of the microspheres was determined by the wet
method; microspheres were dispersed in liquid, and the mea-
surement principle was based on the Mie Theory. Measurements
were carried out in a Malvern Mastersizer 2000 in the Central
Laboratory (Middle East Technical University, METU, Turkey).
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For particle size distribution width, SPAN values were calculated

using the following equation:

d[0.9]—d[0.1]
d[0.5]

where d[0.9], d[0.1], and d[0.5] are the particle diameters deter-

mined, respectively, at the 90th, 50th, and 10th percentile of
particles.'”

SPAN= (3)

Surface and morphological properties of microspheres were ana-
lyzed by scanning electron microscopy, SEM, after gold sputter
coating (Jeol JSM 6400, Tokyo, Japan) in the Department of
Metallurgical and Materials Engineering (METU, Turkey).

Differential Scanning Calorimetry Analysis. The thermal char-
acteristics of PCL microspheres were measured using Perkin
Elmer Diamond differential scanning calorimetry (DSC) in N,
atmosphere in the Central Laboratory (METU, Turkey). Two
temperature cycles were applied for commercial PCL. The first
run from —65 to 100°C (40°C/min) was followed by a cooling
step (—10°C/min), allowing to see the crystallization (7T,.) and
melting (7,,) temperatures. One temperature cycle was applied
for microspheres for observing T, shifts and to calculate crys-
tallinity. The measurements were carried out at a scan rate of
10°C/min between —40 and 100°C. The melting point was
determined at the maximum of the melting endotherm. Crystal-
linity (X¢) was calculated assuming proportionality to the
experimental heat of fusion (AH,)using the reported heat of
fusion of 139.5 J/g for the 100% crystalline PCL."®

X (%)= AHy X100 (4)
136.5

Degradation Analysis of PCL Microspheres. Microspheres

were placed in dialysis bags in 100 mL of phosphate buffered

saline (PBS, 0.01 M, pH 7.4; 0.02% sodium azide, at pH 7.4).

PBS was refreshed at determined time intervals.'” They were

placed in a shaking water bath and kept at 37°C for 1 year.

The surface chemistry properties of PCL microspheres were
determined by X-ray photoelectron spectroscopy (XPS), carried
out on an ESCA System with Mg/Al dual anode (SPECS, Ger-
many) using an Al Ko (monochromatic) radiation in the Cen-
tral Laboratory (METU, Turkey). In the literature, degradation
of PCL microspheres has also been reported to be analyzed
using the XPS method.*

THEORY

Empirical and Semi-Empirical Mathematical Models

There are numerous model equations that predict drug release
profiles. Takeru Higuchi proposed the “square root of time”
equation and several theoretical models for the release of water-
soluble and low-soluble drugs incorporated in semisolid and
solid matrixes.”"** The Higuchi model is defined as:

Mz/MOC:ICH.tO.S (5)

Widely known as the power law model, Peppas and coworkers
developed a much simpler and more comprehensive semiempir-
ical model to describe drug release from polymeric devices such
as microspheres.”>** This model is also named as the Kors-
meyer—Peppas model and the equation is defined as:
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M =Kot (6)

In egs. (5) and (6), M / M is the fractional release of the drug
over time t, Ky and Kxp are the Higuchi and the Korsmeyer—
Peppas constants characterizing the drug-polymer system,
respectively, and #» is the diffusion exponent characterizing the
release mechanism. The geometric shape of the system influen-
ces the diffusion exponent (). In Fickian diffusion, n is 0.50
for slab, 0.45 for cylinder, and 0.43 for sphere. In non-Fickian
(anomalous) diffusion, n is between the Fickian diffusion value
and zero-order value (n = 1) for nonswellable systems. For
swellable systems, 7 is between the above and case-II transport
(n =1 for slab, 0.89 for cylinder and 0.85 for sphere).**

Some of the other most relevant and more commonly used
empirical and semi-empirical mathematical models describing
the release kinetics are the zero order, the first order, and the
second order, the Weibull model, etc.?®

Mechanistic Realistic Theories

Usually, the drug release mechanisms from micro/nanoparticles
might be assumed to regard the following factors; surface
desorption, diffusion through pores, diffusion through intact
polymers, diffusion through water swollen polymers, and sur-
face or bulk erosion of the polymeric matrix.?®

A mechanistic realistic mathematical model is based on equations
that describe real phenomena, for example, mass transport by dif-
fusion, dissolution of drug and/or excipient particles, and/or the
transition of a polymer from the glassy to the rubbery state.””

The main mechanism determining drug release profile from a
polymer matrix is diffusion. Drug dissolution or dispersion is
the other factor that affects release profiles. Each of these repre-
sents the release of a drug by a single mechanism, that is, either
by dissolution or dispersion. In various cases, drug diffusion is
the predominant step, in others it “only” plays a major role, for
example, in combination with polymer swelling or polymer deg-
radation/matrix erosion.”**’

According to the “diffusion model,” the release of the drug
from the polymeric matrix follows Fick’s second law of diffu-
sion, which requires the concentration gradient of the spherical

particles obey
dc &c  20c
E‘D<W+?E) @

where ¢(r, t) is the local drug concentration at time  and at the
distance 1, from the center of the particle and D is the diffusion
coefficient of the drug in the polymer matrix.

The initial condition is

C(T, O):CO (8)
and the boundary conditions are
8C1 SVS Jc
L="Zp(= 9
Va2 2(a) 2

c(r,t),_,= finite (10)

¢ is the initial concentration of drug in microspheres, V is the
bulk liquid volume of the surrounding medium, V is the total
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volume of the particles, and R 1is the diameter of the
microspheres.

The solution of the initial-boundary value problem given in

eqs. (7-10) can be expressed in concentration ratio as****>!:
a . 6nl n*m?
n=1

where ¢ is the time-dependent concentration of the drug in the
medium and ¢, is the equilibrium concentration of drug in
medium. Equation (11) is used to quantify drug release from
nondegradable controlled release microparticles.*

To avoid infinite series of exponential functions, short time, and
late time approximations are used in calculations.’® Equation
(12) given below represents the short time approximation and
it is used to calculate the diffusion coefficient from experimen-
tal results;

“/, =6 (m /w)l/z_ (m /RZ) (12)

This equation is inverted for the diffusion coefficient (D) and
the optimum value of D is found by averaging the diffusion
coefficients calculated at each time step. This is novel for diffu-
sion coefficient measurements and not be found in the litera-
ture. However, in another study, eq. (12) was further simplified
and obtained an alternate equation to calculate the diffusion
coefficient for microspheres:**

/e =61/ (P r2) (13)

RESULTS AND DISCUSSION

Optimization Studies of PCL Microspheres

Here, it was aimed to prepare doxycycline-loaded microspheres
with a smooth surface, having homogenous size distribution
and spherical morphology in order to minimize variations in
release behavior of the samples. Hence, to optimize these prop-
erties of microspheres, different preparation conditions were
studied. Spherical forms could be obtained with 1, 2, 4, and 6%
PVA, but not with 0.5%. The particle size homogeneity and
smoothness were improved and mean particle diameters
decreased by increasing the surfactant (PVA) concentration as
also observed by other researchers.'®*>*® Smaller microspheres
have been previously reported with the use of surfactant during
the preparation of microspheres due to the amphiphilic behav-
ior of the surfactant (PVA).*”™*° Further optimization involved
use of gelatin in the preparation of microspheres, from 1 to 3%
(w/v) and at different temperatures (37 and 45°C) for prevent-
ing gellation. SEM images of PCL microspheres at different
evaporation temperatures (data not shown) showed that evapo-
ration at 37°C resulted in a more homogeneous shape and size
distribution than at 45°C. Uniform and spherical microspheres
were obtained with 1% gelatin concentration but increasing the
concentration resulted in more roughness and caused the for-
mation of aggregates. SEM images of empty and doxycycline-
loaded PCL (14 and 65 kDa) microspheres are presented in Fig-
ures 1 and 2. The surfaces of empty microspheres were observed
as rough and irregular in Figures 1(A,B) and 2(A,B).
Doxycycline-loaded PCL (14 kDa) microspheres prepared with
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PVA-gelatin (1%, each) were more spherical, less porous, and
had smoother surface than microspheres prepared with PVA
(4%) surfactant [Figure 1(C-F)]. However, size distribution of
latter was more homogeneous. Drug-loaded microspheres pre-
pared using two optimum conditions according to above out-
comes (PVA-4% and PVA-gelatin-1%, each) had larger size than
the empty ones. In addition, mean particle size of microspheres
of PCL (14 kDa) was smaller than those of PCL (65 kDa). In
Table I, the particle size results of empty and loaded micro-
spheres have been listed with SPAN values to compare the dis-
tribution width between microspheres. When high Mw PCL (65
kDa) was used, smaller microspheres were obtained with PVA
(4%) than with PVA-gelatin (1%, each) (Table I). Hnaien et al.
reported that high viscosity of the organic phase resulted in an
increase in the particle size.*' It was indicated that the viscosity
of the organic phase of high Mw PCL was higher than that of
low Mw PCL.*’

Microspheres prepared with PVA-gelatin were smoother and
more homogeneous than those prepared with PVA (4%). Simi-
lar positive effects of gelatin use have been reported in other
studies.*” It is reported that PVA produced the smallest micro-
spheres whereas gelatin resulted in microspheres with smooth
surfaces.*’

Loading and Encapsulation Efficiency

As the Mw of polymer was increased, both encapsulation effi-
ciency and loading values were increased (Table II). This was
mainly due to the higher viscosity of the PCL (65 kDa) solution
than that of the PCL (14 kDa). In another study describing
felodipine-loaded PCL microspheres, PCL (80 kDa) had the
most viscous organic phase, so the encapsulation efficiency was
the highest.”” In our study, this trend was more pronounced for
high Mw PCL microspheres in which gelatine was also used.

Highest loading and encapsulation efficiency were obtained
with PCL (65 kDa) microspheres prepared in PVA-gelatin (1%,
each) aqueous phase (Table II). In another study, etoposide was
entrapped in different polymers such as PLGA (50 : 50), PLGA
(75 : 25), and PCL. Among them, PCL (the most hydrophobic
polymer) had the highest entrapment efficiency."” In a recent
study, two model drugs p-Nitroaniline and rhodamine B with
water solubilities of app. 1 and 10 mg/mL, respectively, were
encapsulated in PCL (10 kDa). Drug loading of p-Nitroaniline
was 47.14%, whereas that of rhodamine B was 7.84%° thus,
indicating the importance of drug hydrophobicity on the load-
ing parameter.

In Vitro Doxycycline Release

Drug encapsulated in the polymer is released from the system
depending on many parameters of the system. Hydrophilic
drugs localize near the surface when used with hydrophobic
polymers.*> Doxycycline is a water-soluble drug with enhanced
dissolution and diffusion in aqueous environment. However,
PCL is a hydrophobic polymer which potentially retains its con-
tent for extended time periods. Besides this, it was indicated
that a highly porous matrix releases drug at a higher rate than a
less porous one.” In SEM results, the PCL (14 kDa) micro-
spheres were observed to have less-porous structure. Yet, for
both Mw microspheres, the surface structure after the release

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41768
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Figure 1. SEM images of empty PCL (14 kDa) microspheres prepared by aqueous phase of (A) 4% PVA, (B) PVA-gelatin (1%, each) and doxycycline
loaded PCL (14 kDa) microspheres (shown at two different magnifications), (C) 4% PVA (200X), (D) 4% PVA (650X), (E) PVA-gelatin (1%, each)
(200X), and (F) PVA-gelatin (1%, each) (650X) solutions.
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Figure 2. SEM images of empty PCL (65 kDa) microspheres prepared by aqueous phase of (A) 4% PVA, (B) PVA-gelatin (1%, each) and doxycycline
loaded PCL (65 kDa) microspheres (shown at two different magnifications), (C) 4% PVA (150X), (D) 4% PVA (1200X), (E) PVA-gelatin (1%, each)
(150X), and (F) PVA-gelatin (1%, each) (500X) solutions.
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Table II. Loading and Encapsulation Efficiency Percentages of Doxycycline Loaded PCL Microspheres

MS Agueous phase MW of PCL (kDa) Drug loading (%) Encapsulation eff. (%)
1 PVA (4%) 14 17.58 = 0.33 52.79 = 0.99
2 PVA-gelatin (1%) 14 10.80 = 0.46 3243 +1.38
8 PVA (4%) 65 24.50 = 1.30 73.57 = 3.89
4 PVA-gelatin (1%) 65 2942 =212 88.35 = 6.36

experiments was observed to be similar to the surface structure
before the release (Figure 3 vs. Figures 1 and 2).

The cumulative release of doxycycline from the two PCL micro-
sphere preparations had similar curves for each Mw group (Fig-
ure 4). During the first few days, a small burst effect was seen
which then slowed down at a constant rate. The initial rapid
release phase was thought to be caused by the high water solu-
bility of doxycycline molecules at the superficial regions of the
microspheres. PCL (14 kDa) microspheres prepared using PVA-

g

W
r . 7
Py 100Mn ¢
\ﬂ’}wsw\ 20K W0 X3
- N 4 ‘-L—kLL

gelatin solution encapsulated less doxycycline (10.80 *= 0.46%)
than microspheres prepared with only PVA (17.58 = 0.33%).
Therefore, the slight difference in the amount of doxycycline
release curves was thought to be related to either the amount of
drug loaded or with differences in particle sizes of the micro-
spheres. It is known that a decrease in the total surface area
directly reduces the total amount of contact with water.* More-
over, an increase in area/volume ratio increases drug release by
enhancing the diffusion of the drug molecules. In 1 month

“l zoep
HETU 20KY) o X200W

Figure 3. SEM images of microspheres after release prepared by (A) PCL (14 kDa) with 4% PVA (B) PCL (14 kDa) with PVA-gelatin (1%, each) (C)
PCL (65 kDa) with 4% PVA (D) PCL (65 kDa) with PVA-gelatin (1%, each) solutions.
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the release studies, PCL (65 kDa) microspheres prepared with
only PVA surfactant showed increased surface roughness, and
they appeared more porous. Surfaces of PVA-gelatin group,
however, were almost the same as before release [Figure
3(C,D)]. The overall release results indicated that large modifi-
cations of release behavior and rates were governed by polymer
properties; smaller effects were dependent on the preparation

Modeling of Doxycycline Release from Microspheres

The release behaviors and related constants of doxycycline-
loaded PCL microspheres were calculated for the Higuchi and
Korsmeyer—Peppas model equations. The model parameters are
tabulated in Tables III and IV, respectively. The results indicated
that the kinetics of doxycycline release from PCL (14 kDa)
microspheres can be described effectively by the Higuchi Model
(linear relationship of release amount with the square root of
time), that is, the release was governed by Fickian diffusion.
Thus, a decrease in doxycycline release over time is expected as
the drug is depleted in the matrix and diffusion path length is
increased. The release rate was boosted by raising the drug load-
ing in the matrix, correlating with the response of diffusing spe-
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Figure 4. In vitro release profiles of doxycycline-loaded (A) PCL (14 kDa)
and (B) PCL (65 kDa) microspheres prepared with two aqueous environ-
ment (n = 3).

period, microspheres prepared with PVA and PVA-gelatin could
release about 20% of the drug and in 3 months about one-third
of their contents (33 and 37%, respectively). The water solubil-
ity of doxycycline (50 mg/mL) is high, and this might be the
reason for its faster release profile compared to other PCL
microsphere systems. Researchers also observed a relatively high
burst release of cytochrome c¢ from microsphere preparations
with the more hydrophilic polymer.** Hydrophobic polymers
have low amounts of surface adsorbed drugs compared to
hydrophilic polymers. In this study, despite the solubility of
doxycycline in water, hydrophobic characteristics of PCL
decreased the burst effect compared to those observed with
more hydrophilic polymers.

The release profiles of PCL (65 kDa) microspheres of two differ-
ent preparation conditions are compared in Figure 4(B). Drug
release was sustained throughout the release period for both
sets (PVA and PVA-gelatin). Unlike low Mw polymer micro-
spheres, they had a constant release rate with similar amounts
of drug being released in each time interval starting from an
earlier time point (app. first day). So, for PCL (65 kDa) micro-
spheres, a burst release was not as apparent as for PCL (14
kDa) microspheres, which might be another indication of the
increased hydrophobic properties. On the third day of the
experiment, the released doxycycline amount was only 3% of
the total amount. This was probably due to the lower water per-
meability for high Mw PCL. Previous reports with similar Mw
PCL (50 kDa) also observed a limited burst release.*> Overall,
the percentage of the drug released from the microspheres pre-
pared with PCL (65 kDa) was lower than PCL (14 kDa). After
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cies to a higher concentration gradient. The value of the release
exponent (n) in the Korsmeyer—Peppas model was calculated as
0.37 and 0.43 for PCL (14 kDa) microspheres for two different
preparation conditions (Table IV), providing further support
that the release mechanism was governed by Fickian diffusion.

Determination of an exact diffusion coefficient was quite diffi-
cult for the total duration of the experiment due to several fac-
tors such as variations in water conduction into the polymer
matrix or changes in the microenvironment with the release of
drug molecules. Therefore, diffusion coefficients of the micro-
spheres were calculated at each time step of the measurements
using eq. (12) (Figure 4) and averaged in order to find the opti-
mum diffusion coefficient for each microsphere group. These
average values, tabulated in Table V, were very close to each
other and ranged between 8.1 X 10 '® and 9.2 X 10™'° cm?/s
except for the PCL (65 kDa) microspheres prepared from PVA
(4%). The number of experimental studies available in the liter-
ature on the diffusion coefficients of doxycycline through PCL
is limited. Here, we suggest a new method for the calculation of
diffusion coefficient obtained from the release data. The diffu-
sion coefficient of doxycycline in water through PVDF mem-
brane was reported as 6.59 X 10~° cm?/s with Franz diffusion
cell.*® Conversely, the diffusivity of another antibiotic, gentami-
cin sulfate, in the porous PCL matrix (with 8.3% loading) was
calculated as 1.5 X 10~° cm?/s.*” In another study, the diffusion
coefficient of lidocaine in PLA nanoparticles was very low, of

Table III. Higuchi Model of Doxycycline Release from PCL Microspheres

Aqueous phase MW of PCL (kDa) Ky R?

PVA (4%) 14 3.968 0.970
PVA-gelatin (1%) 14 3.360 0.988
PVA (4%) 65 2.081 0.936

PVA-gelatin (1%) 65 2.484 0.951
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Table IV. Korsmeyer—Peppas Model of Doxycycline Release from PCL
Microspheres

MW of PCL
Aqueous phase (kDa) Kxp n R?
PVA (4%) 14 7.508 0.374 0.986
PVA-gelatin (1%) 14 5.003 0.432 0.989
PVA (4%) 65 1.652 0.550 0.965
PVA-gelatin (1%) 65 1.652 0.600 0.988

the order of 107%° m?/s. ' Small diffusion coefficients were
mainly due to dense polymer matrices.”* Indeed, PCL (14 kDa)
microspheres had lower drug loadings than PCL (65 kDa)
microspheres (Table II), and hence, it is seen that the diffusion
model correlated better with the experimental data for the par-
ticles with lower loadings. It has been indicated that drug
release is diffusion controlled at low loadings (at least 10%) in
PLA nanospheres.*’!

The experimental results were then compared with the diffusion
model, based on Fick’s second law. A diffusion model is
dependent on mass transfer of the substance caused by random
molecular motion and associated with a concentration gradi-
ent.?® The diffusion model was applied for description of the
experimental release data and for identification of the release
mechanisms. In Figures 5 and 6, the experimental release profiles
were compared with the diffusion model equation, eq. (11), in
which the calculated diffusion coefficients were used. The experi-
ments were carried out for a period of more than 3 months, at
the end of which complete release of the loaded drug was still
not achieved. As a result, it was assumed in the modeling studies
that all loaded doxycycline was released into the media.

Although the release of doxycycline from microspheres prepared
with PCL (14 kDa) could be explained by the diffusion model
as shown in Figure 5, release from microspheres prepared with
PCL (65 kDa) could not be completely explained by the same
model. This is because the release profiles of the PCL (65 kDa)
groups showed a different behavior (Figure 6). It was observed
that approximately the first half of the release fitted the diffu-
sion equation, while the second half seemed to fit the zero-
order release. Therefore, it can arguably be claimed that the
release profile of doxycycline-loaded PCL (65 kDa) micro-
spheres fits non-Fickian diffusion (see Table IV : n = 0.55 for
PVA and n = 0.60 for PVA-gelatin).** Consequently, the drug

Table V. Diffusion Coefficients Calculated Using Experimental Data Pre-
sented in Figure 4

MW of PCL
Agueous phase (kDa) D (cm?/s)
PVA (4%) 14 8.0989 x 1071°
PVA-gelatin (1%) 14 9.0073 x 1071
PVA (4%) 65 4.5700 x 1071
PVA-gelatin (1%) 65 9.1900 x 1071
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Figure 5. Mathematical modeling of in vitro release of doxycycline-loaded
PCL (14 kDa) microspheres prepared by (A) PVA (4%) and (B) PVA-
gelatin(1%, each) (dashed line: model; points: experimental results).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

release mechanism of PCL can be considered to be Fickian for
PCL (14 kDa) microspheres and non-Fickian for PCL (65 kDa)
microspheres. To the best of our knowledge, there is no study
in the literature that uses diffusion models for analysis of drug
release for such long periods (3 months) as in our research. The
shift from the model in case of PCL (65 kDa) is mainly due to
the characteristic property of the polymer. The release rate
increases after the time of the shift. Researchers have studied
the correlation between release behaviors of different micro-
spheres and reported that surface porosity affects the release
behavior.*® Although it is clear from the SEM figures that the
PCL microspheres did not have a porous structure, water pene-
tration during release may help to increase the rate of released
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Figure 6. Mathematical modeling of in vitro release of doxycycline-loaded
PCL (65 kDa) microspheres prepared by (A) PVA (4%) and (B) PVA-
gelatin (1%, each) (dashed line: model; points: experimental results).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Figure 7. DSC figures of doxycycline-loaded microspheres prepared by (A) PCL (14 kDa) and (B) PCL (65 kDa) with 4% PVA (before release). [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

drug. As a result, it is likely that the structure of the carrier did
not have similar barrier properties shortly after the start of the
release. The particle size, area/volume ratio, encapsulation effi-
ciency, and Mw of the PCL are the other important factors
affecting the release rate of the drug. The shift of the model
might have arisen from these factors.”® It has been claimed that
differences in release behavior of drugs could be due to water
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penetration, degradation of the polymer, and drug solubility.*’
Conversely, the degradation of PCL is slow compared to PLGA
and other polymers.”® This makes PCL suitable for long-term
delivery. Also, it has been argued that water penetration and
degradation were low in PCL, and drug release was only based
on diffusion from amorphous regions of the polymer matrix.*
Drug removal to the surrounding medium is usually governed
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Table VI. DSC Analysis Results of PCL Polymer and PCL Microspheres

AH.,, X
Sample Tm Q) Ulg) (%) T (C)
PCL = 14 kDa 67.61 8274 59.32 22.19
PCL = 65 kDa 65.16 68.16 48.86 9.34
P MS PCL = 65 kDa 63.30 89.26 63.99 34.83
before R
P MS PCL = 65 kDa after R 66.31 9245 66.27 35.84
P MS PCL = 14 kDa 60.11 91.24 6541 36.66
before R
PMS PCL = 14 kDa after R 62.96 91.60 65.66 38.49
PG MS PCL = 14 kDa 60.12 83.65 59.96 36.20
before R
PG MS PCL = 14 kDa 64.98 97.81 70.12 38.38
after R
PG MS PCL = 65 kDa 63.64 81.96 58.75 31.85
before R
PG MS PCL = 65 kDa 66.00 87.00 62.37 36.52
after R
P PCL = 14 kDa empty MS  61.31 97.20 69.67 37.71
P PCL = 65 kDaempty MS  62.78 81.28 58.27 33.34
PG PCL=14 kDa empty MS 61.75 86.14 61.75 36.02
PG PCL = 65 kDa empty MS 63.96 83.03 59.52 33.00

T, melting temperature; AH,, (J/g), Heat of Fusion; X., crystallization
degree; T., crystallization temperature; P, PVA 4%; PG, PVA-gelatin
(1%, each); R, release; MS, microsphere.

by the diffusion process. So, it can be concluded that the rate
limiting property of the microspheres regulated the release
profile.

DSC Analysis

In polymer drug delivery systems, crystallinity strongly affects
both the drug release kinetics and the degradation. Crystallinity
hinders diffusion and drug release.”® From the thermograms, it
was observed that PCL (14 kDa) had higher crystallinity value
than PCL (65 kDa). The DSC results have been compiled in
Table VI (Supporting Information Figures S1-S7).The release
profile (Figure 4) and crystallinity (%) of the microspheres ana-
lyzed in this study was almost identical for PCLs of the same
the Mw. Figure 7 showed DSC images of doxycycline-loaded
PCL (14 and 65 kDa) microspheres (before release) prepared by
aqueous phase of 4% PVA.

When the Mw of PCL is increased, the crystallinity decreased.*
Papaverine- and felodipine-loaded microspheres were prepared
with different Mws of PCL and DSC results showed that encap-
sulation did not change the melting and crystallization tempera-
tures of these microspheres.”*” Crystallization temperature of
PCL (65 kDa) of our samples was also lower than that of PCL
(14 kDa) (Table VI). However, DSC results of microspheres did
not show much difference in crystallinity degrees between
microspheres made with polymers of different Mw when they
were prepared in the same aqueous environment. The degree of
polymer crystallinity was found to be higher in the micro-
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spheres than the original polymers, indicating that polymer
chains got more ordered while being transformed into the
microsphere form. Also, after the release experiment the micro-
spheres had higher degree of crystallinity, which is a common
observation in similar drug delivery studies. This can be
explained by the loss of small amorphous polymer chains espe-
cially on the surface of the microspheres during release
experiments.

Crystallinity of the polymer is also very important in the encap-
sulation of drugs. The crystalline phase of the polymer is known
to be impermeable to water and drug is encapsulated in the
amorphous phase of the polymer. In this study, doxycycline-
loaded PCL (65 kDa) microspheres were more amorphous than
PCL (14 kDa) microspheres. Hence, PCL (65 kDa) microspheres
showed higher drug encapsulation than the PCL (14 kDa)
microspheres. It has been indicated that low Mw PCL (10 kDa)
microspheres with the lowest entrapment efficiency exhibited
higher crystallinity than the higher Mw ones (65 and 80 kDa).””

Degradation Analysis of PCL Microspheres

PCL is known to degrade very slowly because of its hydrophobic
structure which does not allow fast water penetration.'” Crystal-
linity is known to play an important role in determining both
biodegradability and permeability because of the widely
accepted fact that the crystalline phase is inaccessible to water
and other permeates. PCL is defined as a semicrystalline hydro-
phobic polymer, having long in vivo degradation times."
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Figure 8. XPS analysis of PCL (65 kDa) microspheres prepared by PVA
(4%) (A) before and (B) after 1 year incubation in PBS at 37°C. [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com. ]
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Table VII. Quantitative Chemical Composition of Microspheres Before
and After 1 year PBS Incubations at 37°C

PCL PCL PCL PCL
(14 kDa) (14 kDa) (65 kDa) (65 kDa)
Element before after before after
at % release release release release
C 70.7 63.2 70.3 63.8
] 29.3 36.8 29.7 36.2

The change in structure was determined by the composition of
microspheres after the release studies. The binding energies for
Cls and Ols were obtained at Al monochromatic anode (58.70
eV). Representative XPS survey spectra of PCL microspheres
before and after 1 year of incubation in PBS are given in Figure
8. The relative compositions of all the microsphere surfaces cal-
culated from the XPS spectra are given in Table VII. Consider-
ing the time period of the degradation study (1 year), no
significant decrease in Cls peaks and its atomic percentage was
observed while no significant increase in Ols peaks and their
percentages were seen for both PCL-14 kDa and 65 kDa micro-
spheres. Its slow degradation property allows PCL to be used in
long-term delivery devices, especially for applications lasting
more than 1 year.” These facts support the SEM micrographs
observed after the release studies [Figure 3(A,C)] and release
results (Figure 4).

CONCLUSIONS

Polymeric controlled drug delivery systems have many advan-
tages over conventional drug therapies including reduced side
effects, possibility of local or targeted application of the treat-
ment and enhanced treatment potency. In this study, doxycy-
cline encapsulated PCL microspheres were prepared and studied
for their potency as a new treatment approaches.

The particle size of the microspheres can be controlled by
manipulating the aqueous phase and the Mw of the polymer.
Two different Mws of PCL (14 and 65 kDa) were used to obtain
the desired properties in the developed systems. Modifications
of the conditions for the preparation of microspheres were also
carried out for this purpose: PVA (4%) and PVA-gelatin (1%,
each) were used. Such modifications (e.g., addition of gelatin
and temperature optimization) showed improvement in micro-
sphere surface and morphological structures as well as homoge-
neity in size.

The estimated diffusion coefficients of doxycycline were calcu-
lated from the experimental results with values varying in range
of 45X 107195 X 107'° cm?%s. PCL (14 kDa) microspheres
showed Fickian diffusion and its release results were in good
agreement with the diffusion model for the entire course of the
experiments. However, the release profiles of PCL (65 kDa)
microspheres agreed with the diffusion model only for the first
50 days, while the rest of the release duration did not, suggest-
ing non-Fickian diffusion. This can be justified by previously
calculated # values of PCL (65 kDa) microspheres, which indi-
cated that the release kinetics of the PCL (65 kDa) microspheres
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could be explained by non-Fickian diffusion. It can be con-
cluded that these PCL microspheres can be proposed as suitable
long-term doxycycline delivery systems. Yet, these outcomes
should be investigated under in vivo conditions.

The authors would like to acknowledge the financial support
provided by Middle East Technical University (Project No:
METU-BAP-R07-02-12). The authors are also grateful to Dr.
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