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Biodegradable materials are widely used in drug delivery at present. Blending polymers with complementary
properties has become a promising strategy to tune drug release. In this study, the effects of poly(D, L-lactic acid)
(PDLLA) and poly(L-lactide-co-ε-caprolactone) (PLCL) blend films on the in vitro release kinetics of sirolimus
were investigated. Herein, a series of PDLLA/PLCL blend films with different ratios were prepared by the ul-
trasonic spray technology and in vitro release tests of these polymer films were carried out in phosphate buffered
saline (PBS). Release profiles showed biphasic release pattern: the initial rapid release (phase I) and stable
release (phase II) and more PLCL resulted in earlier and faster sirolimus release, with more cumulative drug
release observed. The release rate could be tuned by adjusting the ratio of PLCL to PDLLA in blend films, but they
may not be a simple linear proportional relationship. Moreover, in vitro sirolimus release kinetics from these
blend films were analyzed using mathematical models. This work can provide a feasible way for tuning drug
release in polymer matrices under a blend strategy and improve the design of coating films in drug delivery
systems.

1. Introduction

Tunable drug release is an important field in drug delivery and
material research. The biodegradable polymers as release carriers have

become the promising research focus due to their excellent compre-
hensive properties [1–3]. At present, the biodegradable polymers such
as poly(L-lactic acid) (PLLA), poly(D, L-lactic acid) (PDLLA), poly
(lactic-co-glycolic acid) (PLGA), polycaprolactone (PCL) or poly(L-
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lactide-co-ε-caprolactone) (PLCL) are widely applied in commercial
medical equipment or scientific research [4–6]. There are many
methods to modulate the drug release pattern, including the increase of
surface area by using nano-patterned polymer [7], drug-loaded micro-
particles or nano-particles [8,9], the modification of crystallinity of
drug on polymeric matrix [10], synthesis of new polymer materials
[11], incorporation of hydrophilic additives [12,13]. The methods de-
scribed above alter the release kinetics of drug delivery systems by
modifying certain property of the drug or polymer. Compared to these
methods, the blend is simple and reproducible which can obtain better
physicochemical properties from the newly generated matrices. Pre-
vious reports have shown that polymer blend is a feasible strategy for
tuning materials properties [14,15]. However, there are few studies on
the controlled-release properties of blend polymer materials as drug
carriers.

Regarding the optional blending materials, the PDLLA material can
be selected as drug carriers for targeted treatment of cancer [16], car-
diovascular diseases [17] and wound healing [18]. However, single
PDLLA material belongs to brittle material, resulting in weak toughness.
In the application of drug-eluting stents, the peeling and cracking of
drug-loaded PDLLA coatings are still problems to be overcome [19].
Some reports showed that one polymer blended with PCL or PLCL could
have better comprehensive properties [20,21]. PCL is prone to perma-
nent deformation and is a polymer with high crystallinity and very slow
degradation. Therefore, PLCL material may be a more suitable choice as
the drug carrier compared with PCL. PLCL material is obtained from the
ring-opening polymerization of PLLA and PCL. It is a semi-crystalline
polymer with high flexibility and short degradation time. To our
knowledge, some reports have only studied the physical properties of
PDLLA or PLCL blended with other polymers, such as morphology,
structure and mechanics [20,22]. However, less attention has been paid
to drug delivery performance. Therefore, it is also necessary to study
the release mechanism and regularity of PDLLA/PLCL blends used as
drug carriers. In this context, sirolimus, an anti-proliferative hydro-
phobic agent commonly used in drug-eluting stents (DESs), drug-
eluting balloons (DEBs) or cancer therapy [23,24], was selected to
study its release from polymer blends.

There are many preparation techniques of polymer blends, such as
spin coating technique [25], solvent evaporation technique [26],
melting technique [27], ultrasonic spray atomization technique [28],
etc. Ultrasonic spray technology has more obvious advantages in surface
morphology, preparation size and thickness accuracy of three-dimen-
sional microstructures [29,30]. Moreover, there is no degradation
compared to the melting method. Bose et al. have shown the advantage
of ultrasonic spray coating to achieve a continuous film with uniform
thickness and low roughness [31]. Sharma et al. [5] have coated bio-
degradable polymers to fabricate bioresorbable composite implants
with high mechanical strength.

In this paper, a series of degradable drug-free and drug-loaded
PDLLA/PLCL blend films with different ratios were prepared by ultra-
sonic spray technology. The properties of these films were characterized
by water contact angle (WCA), scanning electron microscopy (SEM) and
X-ray diffraction (XRD). The effect of PLCL content on the sirolimus

release from blend films was studied. It is found that sirolimus release
from blend films showed biphasic release pattern: the initial rapid re-
lease (phase I) and stable release (phase II) and modulation of drug
release can be achieved by altering the ratio of PLCL to PDLLA. Herein,
this study could provide a feasible way to tunable release profiles for
hydrophobic drug and might contribute to the design of drug delivery
systems such as drug-eluting stents.

2. Materials and methods

2.1. Materials and reagents

The PDLLA used in the study was a medical grade (RESOMER
R203S) obtained from Evonik Industries (Essen, Germany). It has the
inherent viscosity of 0.25-0.35 dl/g and average molecular weight of
24,600 g/mol. PLCL (IV =0.8 dl/g) was purchased from Jinan Daigang
Biomaterial. Sirolimus (purity ≥ 98 %) was supplied from Shanghai
Yuan Ye Biological Co., Ltd. China. Phosphate buffered saline (PBS,
pH=7.4) and surfactant Brij58 (Mn, 1124) were purchased from
Sigma. Acetonitrile and methanol of chromatographic grade were
purchased from USA Tedia. All of the other reagents were of analytical
grade if not otherwise specified. Ultra-pure water with a specific re-
sistivity greater than 18.25MΩ cm was used in these experiments.

2.2. Fabrication of polymer film

Fabrication of drug-free and drug-loaded blend films were realized
by ultrasonic spray atomization technology. The PDLLA and PLCL were
weighed and grouped into multiple blend ratios to prepare polymer
solutions with different formulations. They were co-dissolved in di-
chloromethane by the oscillator (IKA, 640 rpm, 1 h) at room tempera-
ture, to obtain clear and homogenous solutions with concentration of 2
% w/w. Sirolimus was added to the prepared polymer solution. The
ratio of polymer to drug was 2:1. The specific formulations are shown in
Table 1.

The prepared solution was filtered and loaded into a glass syringe.
The schematic diagram of the spray system is shown in Fig. 1.

The ultrasonic spray setup was equipped with the ultrasonic spray
system (Sono-Tek; 120 kHz), a syringe pump (KD Scientific, MA, USA),
an ultrasonic generator and a custom-built X–Y movable motor plat-
form. The flow rate of polymer solution was controlled by the syringe
pump, while nitrogen was used as a carrier gas. Major spray parameters
including flow rate, nozzle-to-substrate distance and X–Y moving speed
were tested and adjusted in order to obtain optimized spray char-
acteristics. And the platform was moved along the X and Y axis to spray
the needed area in a pre-programmed zig-zag pattern. The ultrasonic
spray films were allowed to dry under vacuum at 37 ℃ for 48 h to
completely eliminate residual solvents and stored in a desiccator for
further analysis.

All of the coating procedures were performed in a Class-10,000
clean room within temperature range of 20 °C–25 °C and relative hu-
midity of 40 %–50 %.

Table 1
Compositions of the polymer blends used in this study.

Polymer blend (percentage polymer) Drug-free film Drug-loaded film

Sample name Polymer :Sirolimus(w/w) Sample name Film weight (μg)

100 % PDLLA 100DL 2:1 100DLd 1443.5 ± 36
80%PDLLA+20 %PLCL 8020 2:1 8020d 1573.5 ± 32
70%PDLLA+30 %PLCL 7030 2:1 7030d 1511.5 ± 62
60 %PDLLA+40 %PLCL 6040 2:1 6040d 1623.0 ± 21
50 %PDLLA+50 %PLCL 5050 2:1 5050d 1692.9 ± 15
100 % PLCL 100CL 2:1 100CLd 1470.0 ± 41
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2.3. Sample characterization

The surface morphology of films and sirolimus particles were stu-
died by scanning electron microscopy (SEM; FEI, Inspect F50, USA) at
an accelerating voltage of 10 kV and a working distance of 10mm. Prior
to scanning, dried samples were mounted on copper stubs and sputter
coated by gold palladium for 120 s at 5 Pa to make them electrically
conductive.

The hydrophilic property of drug-free and drug-loaded films was
evaluated by water contact angle measurement. A droplet of deionized
water (5 μL) was added on the surface using micropipette at room
temperature and the contact angle was determined using optical bench-
type contact angle goniometry (OCA 15 plus, Data Physical
Instruments, Germany). All data were measured from 3 measured areas
of the films and the average values were recorded.

The crystallinity of samples was analyzed by X-ray diffraction. Pure
PDLLA, PLCL and blend films placed on the glass sheet were exposed to
Cu radiation (40 kV, 30mA) in X-ray diffractometer (SmartLab, Japan).
The analysis conditions were scan speed of 5°/min and 2θ range of 5°-
50°.

2.4. In-vitro drug release study

For the in vitro drug release study, PBS (pH 7.4) solution was se-
lected as the release medium [32–35]. In order to increase the solubility
of sirolimus and maintain sink conditions, 0.1 % Brij 58 was added in
PBS solution.

The drug-loaded films were cut into rectangular samples of about
6mm x 6mm for drug release study. Prepared samples were incubated
at 37 °C in 10mL buffer solution in brown glass vials at a stirring speed
of 120 rpm. At predetermined time points, the media were completely
removed for analysis and replaced with fresh media. The drug release
media were analyzed by reverse-phase HPLC on a C-18 column with a
mobile phase consisting of water and acetonitrile (35:65, v/v). Sample
solution (20 μL) was injected into the HPLC system (Agilent, 1200).
Before injection, the solution was filtered with organic nylon filter head
of 0.22 μm in order to make the chromatographic column run more
stably.

An isocratic mode at a flow rate of 1.0mL/min was set and the C-18
column was kept at a temperature of 50 °C throughout the separation.
The detector wave length was set to 278 nm using UV spectro-
photometry to obtain the best sirolimus response. The retention time of
sirolimus was 10.9min. Calibration curves were prepared in a con-
centration range of 1−50 μg/mL for sirolimus (R2 = 0.999).

In order to evaluate the sirolimus loading efficiency in multiple
films, sample films were placed in brown bottles containing 15mL
acetonitrile and ultrasonically shaken for 20min. Then solutions were
filtered and detected to obtain the drug mass at the initial time. And the
drug loading efficiency (%) was determined by eq. (1).

= ×
Mass of the drug detected at the initial time

M of the drug in theory

Drug loading efficiency(%,w/w)

ass
100%

(1)

2.5. Analysis of release kinetics and mechanisms

The application of models to the drug release profiles may help to
understand the mechanisms. For this purpose, three common models
(Zero-order, Higuchi and Korsmeyer-Peppas models) were chosen to fit
experimental data by the OriginPro 8 software. Parameters obtained
from these models include kinetic constant (k), diffusion release ex-
ponent (n) and adjusted coefficient (R2). The equations for each model
are shown as follow:

= + ∗M M k tZero-order model: t 0 0 (2)

= ∗∞M M k tHiguchi model: t H
1/2 (3)

= ∗∞M M k tKorsmeyer-peppas Model(KP) t KP
n (4)

where M0, Mt and ∞M are defined as the amount of drug released at the
initial time, at time t and time approaches infinity, respectively. k0, kH
and kKP are defined as kinetic constant of models. And ∞M Mt is the
fraction of drug released at time t. For the n parameter in the KP model,
it is the release exponent and allows identifying the mechanism of the
first 60 % of drug release [36]. In the eq. (4), if the n value is 0.5 or less,
the release mechanism follows Fickian diffusion, and high value

< <n0.5 1 for mass transfer follows a non-Fickian model (anomalous
transport).When =n 1, the drug release rate corresponds to zero-order
release kinetics. For the Higuchi model, it describes the drug release as
a Fickian diffusion process [37]. The kinetic model that best fits the
release data is evaluated by comparing the correlation coefficient (R2)
values obtained in the three models above.

These models are easy to use and the established empirical rules will
help explain release mechanisms.

2.6. Statistical analysis

All of the data was obtained at least in triplicate and were expressed

Fig. 1. Schematic diagram of film preparation.
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as the mean ± standard deviation.

3. Results and discussion

3.1. Preparation and characterization of the blend films

3.1.1. Process optimization of ultrasonic spray coating
Fabrication process optimization of blend films became necessary as

drug release characteristics were influenced by morphology, due to its
thin configuration. So a preliminary investigation on process para-
meters was performed to obtain desired surface morphology. Fig. 2
shows the effect of process parameters such as height (Fig. 2a), gas
pressure (Fig. 2b) and ultrasonic power (Fig. 2c) on morphology and
homogeneity of blend films.

As shown in Fig. 2, before optimizing the fabrication conditions, a
rough surface including granules, small pits was observed which are not
recommended for a precise drug delivery system. The thin film showed
a wet or dry deposition state at lower (Fig. 2a1) or higher (Fig. 2a3)
height, because the drying rate of polymer solution was lower or higher
than the deposition rate during the preparation process. Therefore, it is
found that the surface was uniform at moderate height (Fig. 2a2) while
numerous granules were observed in polymer film at lower or higher
height. Similarly, lower (Fig. 2b1) or higher (Fig. 2b3) gas pressure
resulted in uneven surface morphology. When the ultrasonic power was
above the critical power (about 1.0 w), the surface was smooth and
showed no significant morphological change with increasing ultrasonic
power. These results indicated that the ultrasonic spray coating process
used in this study was facile and versatile for polymer thin film fabri-
catetion. According to the optimized parameters, the macro material
object picture of the prepared film is shown in the Fig. 2(d1), and the
film size is approximately 50mm x 40mm. Furthermore, thickness of
the film also plays a vital role in the eluting of drugs. It governs the
diffusion of drug transfer within the films to the release media when
exposed. Hence, it is necessary to maintain consistent thickness of films

of different blend ratios in order to ensure the comparability of drug
release in subsequent experiments. In the present study, all films were
prepared to have a thickness of about 12 microns (Fig. 2d3) by con-
trolling the number of spray cycles (5 times).

3.1.2. XRD and surface wettability analysis
XRD analysis was an important method to investigate the compo-

sition of the crystalline states in the films in many previous papers
[38,39]. The physical states of sirolimus incorporated in the polymer
films are shown in Fig. 3.

The result in Fig. 3a shows that sirolimus powder was highly crys-
talline and exhibited intense diffraction peaks at 7.16°,
10.14°,14.4°,16.12°,19.96° and 21.72° as also reported by Seong Min
Kim et al. [12]. Meanwhile, pure PLCL and drug-loaded PLCL both
showed the main diffraction peak at 16.58°, suggesting high crystal-
linity, while pure PDLLA films shown only amorphous halo patterns.
After loading sirolimus into PDLLA or PLCL film, no diffraction peaks
associated with sirolimus crystal molecules were observed, which in-
dicated that sirolimus drug was in amorphous form in polymer films.
The result is consistent with other studies about the state of hydro-
phobic drug such as sirolimus, paclitaxel (PTX) and progesterone in the
polymeric matrix in literature. Choi et al. [40] have reported a similar
result that sirolimus was amorphous in PLGA films. Zhang et al. [41]
showed that crystalline progesterone turned into amorphous in the
PLGA matrix. Lu et al. [10] also indicated that PTX granule existed in an
amorphous state in the PVP matrix. Therefore, the explanation for XRD
result is that sirolimus molecules were molecularly dispersed within the
polymeric matrix and almost complete amorphization was achieved.

As shown in Fig. 3b, the XRD patterns of blend films including
PDLLA and PLCL still exhibited the one characteristic peak at about
16.5° and intensity respectively decreased with the content of PDLLA,
these results were also supported by the pure polymer diffraction pat-
terns. The blue curve represented the XRD pattern of drug-free PDLLA/
PLCL (70/30) blend film and its intensity was relatively highest. All

Fig. 2. The images of films morphology. By adjusting the preparation parameters: (a) height, (b) gas pressure, (c) ultrasonic power, (d) obtained film morphology and
thickness.
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curves in Fig. 3b have shown no sirolimus diffraction peaks, which
indicated sirolimus particles in blend films were amorphous.

Surface wettability, which is often characterized by the water con-
tact angle, is determined using a sessile drop method. The water contact
angle values of drug-free and drug-loaded polymer films are shown in
Table 2.

Interestingly, we can see that the surface wettablity of the drug-
loaded polymer films exhibits a lower value than that of the drug-free
polymer films, indicating the loading of polymer films with hydro-
phobic sirolimus leads to more hydrophilic surface. We infer that the
different surface roughness between drug-loaded film and drug-free
film may affect the contact angle, and some literature also gave this
explanation for the results [42]. Compared the results obtained by Xu
et al., the difference in contact angles between drug-free films and drug-
loaded films was relatively small in this work. Like 100 % PDLLA drug-
free film (100DL), their water contact angles were 81.3° and 79.1°,
respectively. Also for 100 % PLCL drug-free film (100CL), the values
were 73.07° and 70.13°, respectively. This might be relative to pre-
paration methods for films. Their group used the drop-coating method
while we used ultrasonic spray technology, which may be more accu-
rate and repeatable. But the contrast between two pure polymers, the
drug-loaded PDLLA film (100DLd) was significantly more hydrophobic
than the drug-loaded PLCL film (100CLd). Xu et al. [42] have reported
similar results to ours. And the water contact angles of the four blend
polymers decreased with the increase of PLCL content, which result was
consistent with the value of pure polymer film. A more hydrophilic
polymer surface may prevent non-specified protein adsorption and
platelet adhesion [43]. Therefore, blending PLCL to PDLLA may have
better biocompatibility than single PDLLA material.

3.1.3. Drug loading efficiency analysis
Drug-loading efficiency is a basic parameter of films. It reflects the

utilization and accuracy of drug loading during the ultrasonic atomi-
zation spray-preparation process. Taking into account subsequent cu-
mulative drug release studies of films, high and stable drug-loading
efficiency is necessary. Table 2 shows the drug-loading efficiencies
obtained for the six formula films using HPLC analysis. The results

showed that the drug loading efficiencies of most samples were around
95 %. However, the efficiency of 5050d samples was the lowest (92.48
%), and that of 7030d samples was the highest (104 %). This phe-
nomenon may be caused by weighing error and measurement error of
chromatographic system.

3.2. In vitro release study

In order to better investigate the effect of blend ratio on sirolimus
release pattern, firstly, a preliminary experiment about the cumulative
release rates of sirolimus from pure PDLLA and PLCL drug-loaded films
were performed for a period of 14 days.

As shown in Fig. 4, it is found that the sirolimus release behavior
was completely different in the pure PDLLA and PLCL films. The sir-
olimus in PLCL films exhibits a trend of sustained release throughout 14
days while sirolimus was almost undetectable in pure PDLLA films after
1 day. Finally, up to 14 days, the cumulative release rate of PLCL-sir-
olimus films was 31.92 ± 1.24 % while that of PDLLA-sirolimus films
was only 1.17 ± 0.34 %.

This result is consistent with the hypothesis that the PDLLA-sir-
olimus film is in a semi-glassy state while the PLCL-sirolimus film is in a
rubber-like flexible state in the release medium with 37 °C. PLCL is a
semi-crystalline polymer with a Tg of 22 °C while PDLLA is an amor-
phous polymer with a Tg of 48 °C. The PLCL backbone chain may be
presumed to be in a highly flexible state with significant free volume in
the PLCL-sirolimus matrix at 37 °C. The results reported by Xu et al.
[42] about the release profiles of sirolimus from PDLLA and PLCL
matrix were similar to ours. In their study, the cumulative percentages
of released sirolimus from PDLLA and PLCL at 14 days were slightly
higher, which might be related to the dipping preparation method of
films. The surface of films prepared by ultrasonic spray atomization was
relatively compact, which restrained the initial release of sirolimus.

To confirm that sirolimus release profiles were related to the state of
PDLLA and PLCL, surface morphologies incubated in release buffer at
37 °C for a period of 0–14 days were investigated by SEM.

As shown in Fig. 5(a1) and (b1), the surface micrographs of PLCL
and PDLLA are both smooth and uniform at the initial moment.

Fig. 3. X-ray diffraction patterns of (a) sirolimus powder and pure polymer films, (b) blend polymer films.

Table 2
Water contact angle of drug-free and drug-loaded polymer films, and drug loading stability.

Film formula Drug-free film Drug-loaded film Drug-loading stability (%)

100 % PDLLA 81.3°± 0.64° 79.1°± 0.24° 95.81 ± 3.61
80%PDLLA+20 %PLCL 80.5°± 0.82° 77.43°± 1.72° 101.43 ± 0.22
70%PDLLA+30 %PLCL 80.15°± 1.61° 76.43°± 2.04° 104 ± 5.16
60 %PDLLA+40 %PLCL 78.03°± 1.05° 76.33°± 2.40° 95.38 ± 0.22
50 %PDLLA+50 %PLCL 77.6°± 0.78° 72.8°± 2.82° 92.48 ± 1.26
100 % PLCL 73.07°± 2.37° 70.13°± 5.76° 96.05 ± 1.62
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However, their surface morphologies changed and appeared different
after 14 days. In Fig. 5(a2), there is no obvious change on PDLLA-sir-
olimus films except for rougher surface and few scattered holes, which
was consistent with the little release of sirolimus in PDLLA films. In
Fig. 5(b2), however, numerous micro holes were observed on the sur-
face of the PLCL-sirolimus film. Furthermore, in order to confirm that
the holes on the film were left by sirolimus release, the sizes of drug
particles were characterized individually. We dissolved the sirolimus in
dichloromethane, then a small amount of solution was dropped onto
the silicon plate. And the silicon plate was then placed at room tem-
perature to completely evaporate dichloromethane. The morphologies
detected by SEM on the silicon plate were shown in Fig. 5(c). The size of
sirolimus particles was observed about 1 μm or smaller, which matched
the size of the holes.

In order to better understand the sirolimus release from PDLLA/
PLCL blends, four different blend ratios were selected for research. In

this paper, the cumulative release rates of sirolimus in 45 days from the
films with four ratios were measured and the release results are shown
in Fig. 6.

As shown in Fig. 6, the cumulative release percentage of these four
samples were all released continuously and exhibited faster growth in
the first 14 days period (phase I) than that in the later (phase II). Phase I
is usually described as initial rapid release, which may be caused by the
weak binding force of drugs on the surface of film and diffusion of drug
particles from the nearer surface. Phase II is predominately governed by
drug diffusion through water-filled pores on polymer matrix. Moreover,
we can see that within a certain proportion, the increase in release rate
was not as pronounced with increasing PLCL content. The sirolimus
release curves of 8020d and 7030d samples, 6040d and 5050d samples
were similar, respectively. Overall, the higher the content of PLCL in
blend films, the greater the release rate of sirolimus. Mcdonald et al.
[44] have reported results similar to ours whereby aspirin released from
PDLLA/PCL films. This might be relative to the similar physical prop-
erties between PCL and PLCL. In the initial 1 day, with the increase of
PLCL content from 20 % to 50 %, the cumulative release of sirolimus
also increased continuously from 6.1 %, 8.72 %, 11.77 % and 13.82 %
accordingly (Fig. 6b). This result was consistent with the decrease of
water contact angle of the blend films with the increase of PLCL ratio.
Water-uptake and polymer hydration occur immediately upon immer-
sion in water or administration in vivo [45]. The buffer media can easily
permeate into the surface of blend films with the increase of hydro-
philicity [46]. This property has been found to be the process of pore-
formation, leading to an increase in drug diffusion [47–49]. The sir-
olimus was continuously released in the release media. After 7 days, the
cumulative release rates of these blend films were 19.84 %, 25.58 %,
33.1 % and 31.27 %, respectively. And by the 14th day, their cumu-
lative release rates were about 30 % (sample: 8020d, 7030d) and 36 %
(sample: 6040d, 5050d). During 14–45 days, the blend films released
slowly and stably compared with the previous release and the highest
release rate up to 44.16 % at 45 days. Overall the drug release period,
the release curves of sirolimus showed biphase pattern and were not
simple linear proportionate to the ratios of PLCL in the blend films. This
result might provide us with more choices to adjust the release rate by

Fig. 4. In vitro release profiles of sirolimus from pure PDLLA and PLCL drug-
loaded polymer films.

Fig. 5. Surface morphologies of (a) pure PDLLA drug-loaded films and (b) pure PLCL drug-loaded films after incubation in release media for 0 days and 14 days,
respectively and (c) sirolimus particle size characterization.
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changing the ratio of PLCL for tunable drug release.
The surface morphologies of PDLLA/PLCL blend films before and

after sirolimus release were observed by SEM.
As shown in Fig. 7, the surfaces of these films were compact and

smooth before drug release (0 day). It indicated that different

proportions of above materials did not particularly affect appearance.
After 14 days, some holes left by sirolimus release appeared on the
surfaces of all blend films. Obviously, the number of holes on the sur-
face of blend films with 40 % or 50 % PLCL content were more than that
of 20 % or 30 % PLCL content. The results were consistent with the

Fig. 6. (a) In vitro release profiles of sirolimus in PDLLA/PLCL blend drug-loaded films with different ratios, (b) sirolimus release at predetermined intervals.

Fig. 7. Surface morphologies of PDLLA/PLCL blend films with different ratios exposed to the release medium (PBS solutions with 0.1 % Brij 58, pH=7.4) after 0
day, 14 days and 45 days, (a) 80:20 radio, (b) 70:30 ratio, (c) 60:40 ratio and (d) 50:50 ratio.

Table 3
Parameters obtained from drug release models of blend polymer films.

Samples Higuchi model (0–45 days) Korsmeyer-Peppas model (0–45 days) Higuchi model Zero-order model

(0–14 days) (14–45 days)

kH R2 kKP R2 n kH R2 k0 R2

8020d 6.41 0.96 8.55 0.97 0.41 – – – –
7030d 6.68 0.9 11.37 0.96 0.33 – – – –
6040d 7.87 0.71 16.84 0.90 0.26 11.39 0.9 0.16 0.95
5050d 8.01 0.78 16.59 0.96 0.27 11.01 0.91 0.29 1

Unit of kinetic constant k : %/day.
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faster release of sirolimus from the blend films with 40 % or 50 % PLCL
content. After 45 days, surfaces of the four blend films turned to be
rough and uneven and were covered with a large number of holes.
There was no obvious difference except that the surface of films with 40
% or 50 % PLCL content had more surface erosions. The phenomenon
about surface erosions was also observed by Raval et al. [50] on the
PLCL/PVP coating. This indicated that at 45 days PLCL might have
begun to degrade.

3.3. Analysis of release kinetics and mechanisms

The purpose of mathematical model of drug release is to predict
drug release rates and diffusion behavior from the delivery systems. In
this study, the experimental data were analyzed and fitted on three
common theoretical models to understand the underlying release me-
chanisms. The fitting results are shown in Table 3.

For the drug release profiles of the blend films with PLCL content of
20 % and 30 % (8020d, 7030d), their fitting degrees obtained from
Higuchi and Korsmeyer-Peppas model were higher than 0.9. This re-
sults suggested that drug release mechanisms from the above two blend
films belonged to Fickian diffusion.

For drug release profiles from blend films with PLCL content of 40 %
and 50 % (6040d, 5050d), the Higuchi model did not show good fitting
degree, yielding the R2 values of 0.71 and 0.78, respectively. In addi-
tion, although the corresponding plot of Korsmeyer-Peppas model
yielded comparatively good fitting degree, the values of n were much
smaller than 0.5. This may be related to other driving forces of drug
release. In order to further analyze the release mechanism of sirolimus
in the two blend films (6040d, 5050d), the piecewise fitting was carried
out. As shown in Table 3, during the first 14 days, R2 values obtained by
Higuchi model fitting were 0.9 and 0.91, respectively, which indicated
that the release mechanism was diffusion-based release. During the
following 14–45 days, the release was linearly fitted by the Zero-order
model, with the release constant k of 0.16 % and 0.29 %/day, respec-
tively. As a preliminary result, the drug release mechanism of the two
blend films (6040d, 5050d) was Fickian diffusion in the early stage and
Zero-order release in the late stage. This result was consistent with the
surface characterization in Fig. 7(c3), (d3) where surface erosion was
found in films with 40 % or 50 % PLCL content. These results provided
us with potential options to design drug delivery systems with different
release mechanisms by blending PDLLA and PLCL. For example, on the
drug-eluting coating, antiproliferative drug is required a fast release in
the early state and follows by a slow release for more than a month
[51]. Under these circumstances, blend films of 5050d or 6040d for-
mulation may be more suitable and recommended.

4. Conclusion

In this study, the in vitro release profiles of sirolimus from PDLLA/
PLCL blend films with different ratios were investigated. The
morphologies of blend films were uniform with low roughness under
optimizing process parameters. It is found that sirolimus release from
blend films showed biphasic release pattern: the initial rapid release
(phase I) and stable release (phase II) and modulation of drug release
can be achieved by altering the ratio of PLCL to PDLLA. Moreover, the
release rate of sirolimus was not a simple linear proportional relation-
ship to the ratio of PLCL. In this work, three mathematical models were
selected to describe the obtained release data, indicating that different
mechanisms may be involved in drug release and the main one was the
diffusion. This work could provide a feasible way to tunable release
profiles for hydrophobic drug and might contribute to the design of
drug delivery systems such as drug-eluting stents.
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