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A B S T R A C T

Releasing the correct therapeutic drug dose from a bioresorbable drug-eluting stent (DES) is important for in-
hibiting smooth muscle cell growth, neointimal hyperplasia and in-stent restenosis (ISR). In this study, the in
vitro release profiles of sirolimus-in-poly (D, L-lactide) (PDLLA) coatings were investigated under various con-
ditions. First, single-layer, bilayer and various ratios of sirolimus/PDLLA coatings on biodegradable poly (L-
lactide) (PLLA) stents and tubes were prepared. There was no apparent delamination or cracking on the stent
coating surfaces that had undergone crimping and expansion. Second, the degradation performance of drug-free
PDLLA films was investigated to analyse the effects of changes in molecular weight and mass loss. Finally, the in
vitro sirolimus release profiles of various coating formulas in phosphate-buffered saline (PBS) were studied by
high-performance liquid chromatography (HPLC). The results indicated that the profiles exhibited similar two-
phase release kinetics, but the initial release rates were quite different. Moreover, coatings with polyethylene
glycol (PEG) additives were prepared to assess their controlled release behaviours. The work reported herein
represents a step towards establishing an in vitro release model, which will be verified in future works after
comparison with in vivo release profiles.

1. Introduction

The implantation of drug-eluting stent (DES) is currently considered
a standard technology for the treatment of coronary artery disease
(CAD) [1–4]. Stents capable of locally releasing anti-proliferative drugs
have decreased the rate of in-stent restenosis (ISR) compared with bare
metal stents (BMSs) [5–7]. Nevertheless, some drawbacks have been
identified after implantation of the permanent metal structure, such as
hypersensitivity, late stent thrombosis and tissue inflammation in ar-
terial vessels [8,9], which are apparent in clinical follow-up observa-
tions of current commercial DESs.

Bioresorbable DESs have become an attractive alternative strategy
in recent years [10–12]. Compared with metal, bioresorbable stents
support the diseased vessel walls until the arteries recover, and they
completely degrades over time. Generally, a bioresorbable stent is
composed of three parts: a stent platform, a polymer coating and an
anti-proliferative drug. Regarding platform structure, among the var-
ious candidate biodegradable materials, poly (L-lactide) (PLLA) has
attracted great interest due to its desirable mechanical properties and
suitable degradation time [11]. The PLLA degradation time can be

limited to approximately 2 years [13,14], which is consistent with the
vessel remodelling process. As a PLLA isomer, poly (D, L-lactide)
(PDLLA) materials have been widely applied as drug delivery carriers
because of their biocompatibility and nontoxicity [15].

Sirolimus, an anti-proliferative and immunosuppressant drug, is
widely used as drug coating for intravascular stents or drug-eluting
balloons (DEBs). Because of the paradoxical effects on neointima and
re-endothelialization, an appropriate therapeutic dose to the lesion site
in the required time interval is important to inhibit the proliferation of
vascular smooth muscle cells and neointimal hyperplasia [16]. The
drug release rate has become an important criterion when evaluating
the effects of bioresorbable DESs and DEBs. A number of studies have
examined how drug release is influenced by multiple factors, such as
the organic solvent type [17], molecular weight and type of polymer
matrix [18], amount of loaded drug, release media [19] and test setup
[20]. In particular, the drug-polymer ratio can affect the initial drug
release from the coating. Chen [21] et al. reported that the drug/PLGA
ratio has a significant effect on the drug release profile of the coating.

In this paper, the release profiles of sirolimus-in- PDLLA coatings
were investigated in vitro under various conditions. First, the drug/
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polymer ratio of single-layer coatings on biodegradable PLLA surface
was investigated, followed by an evaluation of bilayer coatings with
different top protective layer thicknesses. Moreover, coatings with hy-
drophilic polyethylene glycol (PEG) additives were also prepared to
adjust their controlled release behaviour. Finally, mathematical models
were used to evaluate the mechanism of drug release kinetics governing
the controlled drug delivery of a therapeutic agent. Using these stra-
tegies, a controllable in vitro release profile was achieved, including
yield release amount and release time.

2. Experimental methods and material

2.1. Material, drugs and reagents

The primary materials used in these experiments were as follows.
PLLA (IV= 3.3–4.3 dL/g) and PDLLA (IV= 0.55–0.75 dL/g) were
purchased from Evonik Industries (Essen, Germany). Sirolimus
(purity≥98%) and PEG (MW, 6000) were obtained from Shanghai Yuan
Ye Biological Co., Ltd. China. Phosphate buffered saline (PBS,
PH=7.4), surfactant Brij58 (Mn, 1124) and ProClin-300 were pur-
chased from Sigma. Acetone and acetonitrile of high-performance li-
quid chromatography (HPLC) grade were purchased from Thermo
Fisher Scientific. All of the other reagents were of analytical grade if not
otherwise specified. Ultra-pure water with a specific resistivity greater
than 18.25MΩ•cm was used in these experiments.

2.2. Preparation of coatings

The biodegradable stents were fabricated from the homemade PLLA
tubes using a laser cutting machine. To examine the release profile of
sirolimus, solutions of sirolimus and PDLLA were sprayed onto the
cleaned PLLA stent surface using an ultrasonic spray coating apparatus
(Sono-tek MediCoat, USA). The coating configuration adopts an ab-
luminal spraying strategy. The PLLA stent is set on the stepped shaft,
and the inside is covered by a shaft slightly smaller than the inner
diameter. The schematic of the spraying system is shown in Fig. 1.

All of the coating procedures were performed in a Class-10,000
clean room with a temperature in the range of 20–25 °C and 40–50%
relative humidity. The coated stents were allowed to dry under vacuum
for 48 h to eliminate residual solvent.

Surface quality is a significant factor that affects drug release. To
obtain proper ultrasonic spray parameters and to investigate the in-
tegrity of the coating, the stent was crimped onto a balloon catheter
(Kossel Ballon) and further expanded using 12 atm. As shown in Fig. 2,
the surface morphologies of the coated, crimped and expanded stents
were determined by using scanning electron microscopy (SEM; FEI,
Inspect F50, USA). The surface morphology of the coated stent (Fig. 2a)
was homogeneous. The mean roughness (Ra) was 10.5 nm as measured

by atomic force microscope (AFM; Dimension Icon, Bruker, Germany)
in tapping mode, as demonstrated in Fig. 2b. Moreover, in Fig. 2c and d,
there was no peeling, cracking, or delamination, indicating the stability
of the coating system.

Due to the high cost of the stent processing and the large number of
samples used for the release study, the tube was selected instead of the
stent for subsequent release experiments. Stents were designed by our
laboratory. The structural details of the stent are as follows: the length,
outer diameter, average wall thickness and approximate surface area
were 12mm, 3.5mm, 150 μm and 39.5mm2, respectively. The stent
had a fixed specific surface area of 30% relative to the tubes. The
normalized weight of drug and the release pattern from the coating can
be considered the same. Therefore, the following coatings were pre-
pared on the PLLA tube surfaces using the optimised spray parameters.
The details of the coating formulations used for preparing single-layer
or bilayer coatings are listed in Table 1. The bottom layer contained the
blend of sirolimus and PDLLA for drug delivery. The top layer contained
a drug-free PDLLA layer that prevents drug release from the coating
surface.

2.3. Drug-free PDLLA films in vitro degradation experiment

It has been reported that drug release is related to polymer de-
gradation, prompting us to prepared PDLLA films by solvent casting.
Briefly, PDLLA was dissolved in acetone and stirred continuously until a
homogenous polymer solution was obtained. The solution was poured
into a glass dish and left in a chemical fume hood overnight to eva-
porate. Subsequently, the films were dried under vacuum at 37 °C for 10
days to evaporate the residual acetone until a constant weight was
obtained.

For the in vitro polymer degradation test, films were cut into rec-
tangular strips with dimensions of 20× 20mm, and the thickness was
approximately 150–250 μm. The films were individually immersed in a
25mL brown glass vial containing PBS (pH=7.4) with 0.1% Brij 58
and 0.03% proClin-300. All of the vials were incubated at 37 °C under
while shaking at 120 rpm.

Samples were removed from the degradation medium at pre-
determined time intervals, and were rinsed three times with ultra-pure
water. The water on the film surface was absorbed using water-absor-
bent paper. Next, the samples were vacuum dried at 37 °C for 7 days.
The degree of film degradation was determined using gel permeation
chromatography (GPC; Polymer Laboratory-220, UK). Water uptake
was calculated using eq. (1) [22].

=
−

×
m m

m
Water uptake(%) 100%w d

d (1)

Mass loss can be calculated using eq. (2)

=
−

×
m m

m
Mass loss(%) 100%d0

0 (2)

in which m0 is the initial mass of the PDLLA film, and mw and md are the
mass of the wet and dried polymer samples, respectively.

2.4. In vitro drug release study

For the in vitro drug release study, PBS (pH 7.4) with 0.1% Brij 58
was selected as the release medium. Coated 12-mm-long PLLA tubes
were incubated at 37 °C in 1.5 mL of buffer solution in a glass vial at a
stirring speed of 75 rpm. At predetermined time points, the medium
was completely removed for analysis and replaced with fresh medium
to maintain sink conditions. The drug release medium was analysed 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 in-
jected into the HPLC system (Agilent, 1200). An isocratic mode at a
flow rate of 1.2mL/min was set and the C-18 column was kept at a
temperature of 50 °C throughout the separation. The detector wave-Fig. 1. Schematic of the setup for spray coating.
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length was set to 278 nm using UV spectrophotometry to obtain the best
sirolimus response. Calibration curves were prepared in a concentration
range of 0.3–30 μg/mL.

2.5. Statistical analysis

All of the data were obtained at least in triplicate and are expressed
as the mean ± standard deviation (SD).

3. Results and discussion

3.1. In vitro degradation test of the drug-free PDLLA film

Generally, the drug release profile from a biodegradable matrix can
be divided into the three phases (initial burst release, diffusion-con-
trolled release and degradation-controlled release) and each phase is
affected by the degradation properties of the polymer matrix.
Therefore, the degradability of PDLLA used as a drug carrier is im-
portant for drug release research.

The results of the degradation study on PDLLA films in 37 °C PBS
solutions for 6 months are shown in Fig. 3. The molecular weight de-
creased in two stages: an initial stable stage for 3 months and a sub-
sequent significant decrease (Fig. 3a, Y axis on the right). Indeed, the

molecular weight was 5.95×104 kDa before degradation. After 3
months, 4 months and 6 months, the molecular weights were
5.31×104 kDa, 4.07× 104 kDa, and 0.29× 104 kDa, respectively,
corresponding to loss percentages of 6.9%, 23.5%, and 92.9%. This
indicated that a majority of the ester bonds were cleaved during the
degradation period. Moreover, the mass loss of the samples occurred
rapidly after 4 months (Fig. 3a, Y axis on the left). The patterns of
polymer degradation and polymer mass loss were similar. The mass loss
rate approached only 3% over 120 days, which indicated no degrada-
tion. At 6 months, mass loss rate rapidly reached 62.1%, and the PDLLA
films were not intact.

The molecular weight and mass loss profiles of the PDLLA film are
characteristics of bulk degradation, which means that degradation oc-
curs in the bulk of the polymer sample instead of on the surface layer
[3]. When the sirolimus/PDLLA solution was sprayed onto the surface
of the sample, the sirolimus release profile initially conformed to the
diffusion mechanism, and the coating itself was not degraded.

As shown in Fig. 3b, the water uptake profile showed first an up-
ward trend and then a downward trend. The percentage of water uptake
reached a maximum value of 20.5% after 1 month and then decreased
to 3.05% after 4 months. During this period, the molecular weight also
decreased. We hypothesize that water is involved in the polymer re-
action and that the water is not in a free state that can evaporate. The

Fig. 2. Morphology and roughness of sirolimus/PDLLA coatings on PLLA stents. (a) Coated surface, (b) AFM images (5×5 μm) measured in tapping mode for surface
roughness, (c) crimped morphology, and (d) expanded morphology.

Table 1
Drug-polymer formulations for the coated PLLA tube.

Sample Sirolimus/PDLLA–Bottom layer PDLLA–Top layer PEG additives Total weight (μg) Drug weight (μg) Drug/mm−2 (μg/mm−2)

1–1 1:3 – – 511 ± 6 127 ± 3 0.98 ± 0.2
1–2 1:2 – – 554 ± 17 141 ± 6 1.0 ± 0.05
1–3 1:1 – – 320 ± 11 154 ± 5 1.17 ± 0.04
2–1 1:1 – – 522 ± 11 245 ± 5 2.0 ± 0.07
2–2 1:1 Low (100%) – 593 ± 38 238 ± 19 1.80 ± 0.28
2–3 1:1 Medium (100%) – 666 ± 39 237 ± 17 1.80 ± 0.15
2–4 1:1 High (100%) – 716 ± 29 266 ± 11 2.02 ± 0.1
3–1 1:1 – 10% 523 ± 7 248 ± 9 1.88 ± 0.17
3–2 1:1 Low (90%) 10% 616 ± 2 246 ± 7 1.87 ± 0.06

F. Li et al. Journal of Drug Delivery Science and Technology 48 (2018) 88–95

90



insets of the figure show optical microscopy (OM) images, which agree
well with the water uptake profile, clearly demonstrating that greater
the water uptake results in larger white particles on the surface. After 6
months, the films became cracked, and mass loss reached 62%. At this
time, the water uptake values can be considered as irrelevant according
to the previous formula.

Furthermore, as shown in Fig. 4, the morphologies did not obviously
swell or change due to water absorption during degradation. These
results were consistent with polymer mass loss. The relatively smooth
surface of the PDLLA film following sample preparation is depicted in
Fig. 4a. After submersion in PBS solution (pH=7.4) for 1 month and 3
months, the films shown in Fig. 4b and c, respectively, exhibited
minimal change in surface roughness. However, tiny cracks on the
surface were apparent after 4 months (Fig. 4d). Moreover, a decrease in
the pH of the PBS release media can be seen in Fig. 3b, indicating that
the PDLLA films degraded gradually and that degradation products
were presented in the release media. After 6 months, the films were no
longer in an intact state, and SEM images were not collected.

3.2. In vitro release studies

The release kinetics of a drug from a drug-eluting stent are generally
governed by the coating (ratio of drug/polymer, materials and coating
thickness), drug, release media, and fabrication process parameters,
among other factors. Of all these factors, the drug/polymer radio and
coating materials may be significant factors affecting the in vitro drug
release profile.

In this study, different sirolimus/PDLLA ratios, top-layer coatings
and PEG additives were investigated to analyse the in vitro sirolimus
release profile. Samples were incubated in PBS release media. The drug
release concentration at predetermined times was evaluated using
HPLC.

3.2.1. Effects of the sirolimus/PDLLA ratio on the drug release profile
Three cumulative release curves of coatings with sirolimus/PDLLA

ratios of 1:3, 1:2 and 1:1 are obtained by connecting discrete experi-
mental data points with smooth curves and are depicted in Fig. 5.

The whole release profiles exhibited two-phase release with an in-
itial burst release followed by a slower sustained release period for 28

days. However, the release rates of the three ratios were dramatically
different. Fig. 5 shows that after 1 day, the percentage of cumulative
sirolimus released into the release media reached almost 43.2% with
the 1:1 coating ratio compared to 33.2% with the 1:2 ratio and 12.9%
with the 1:3 ratio. Since drug release was fast in the early stage, the
sampling points were densely packed (3 h, 8 h and 1 day) to meet sink
conditions. The saturated solubility we tested was approximately
45 μg/mL. The sampling concentrations were within the solubility
range, thus ensuring the accuracy of the experimental data. After 7
days, the cumulative release percentages for the 1:1, 1:2 and 1:3 ratios
were up to 49.3%, 37.4% and 13.6%, respectively. Regarding the 1:3
ratio coating, we can see that the release percentage is far below those
of the other two coatings. It is widely accepted that the amount of
sirolimus is significant in preventing vascular intimal hyperplasia and
thrombosis in the initial stage after stent implantation [23]. Therefore,

Fig. 3. The change profiles of drug-free PDLLA
film over 6 months of degradation time. (a)
Percentage of mass loss and molecular weight,
(b) percentage of water uptake and pH value of
degradation media. Insets show of optical mi-
croscopy images revealing the surface mor-
phology at low, medium, and high percentages
of water uptake. (n=3, mean ± SD).

Fig. 4. SEM images of PDLLA films morphology following degradation time (a) before degradation, (b) after 1 month, (c) after 3 months, and (d) after 4 months.

Fig. 5. Cumulative release profiles of sirolimus from biodegradable single-layer
coatings on PLLA tubes with three different drug/polymer ratios in PBS solution
at 37 °C (n= 3, mean ± SD).
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the release amount with the 1:3 sirolimus/PDLLA ratio coating is too
low to meet DES requirements. In the initial stage, the release profiles of
the 1:1 and 1:2 ratio coatings were similar and acceptable.

After 7 days, the three coatings with different drug/polymer ratios
clearly exhibited extremely slow release. The release rates were all less
than 2% in the following three weeks. The release profile of the drug
from the polymer coating is controlled by both drug diffusion and
polymer degradation. The molecular weight and mass loss data in-
dicated that the PDLLA degradation took a long time. Within 1 month,
the sirolimus released from the coating surface into the media was only
due to the diffusion-controlled release mechanism.

Fig. 6 illustrates the observed differences and changes in the mor-
phology of the coatings with sirolimus/PDLLA ratios of 1:3, 1:2 and 1:1
after incubation in PBS solution for 0 days and 28 days. The hydrophilic
property of the coatings was evaluated by water contact angle mea-
surement as shown in Fig. 6(a1), Fig. 6(b1) and Fig. 6(c1). The mean
value of each of the three coatings was approximately 80°, indicating
their similar hydrophilicity.

SEM images showed that the coatings did not swell after drug re-
lease; however, different surface morphologies were observed. As
shown in Fig. 6(a3), white drug particles appeared on the surface of the
coating, and the morphology was uniform and smooth. This indicated
that the drug on the surface was only partially released and that the
coating had slightly eroded. The coating with the sirolimus/PDLLA
ratio of 1:3 featured a large proportion of the PDLLA polymer and
strong adhesive force, leading to moderate inhibition of drug release
from the coating.

Fig. 6(b3) indicates that the surface of the coating with the sir-
olimus/PDLLA ratio of 1:2 was not very smooth. Some pores and tiny
white drug particles were present on the coating surface, indicating that
most of the drug loaded on the surface was released from the coating.

The coating morphology after release shown in Fig. 6(c3) is quite dif-
ferent from those shown in Fig. 6(a3) and Fig. 6(b3). The uniform and
flat coating surface had been eroded into a stack of small blocks, and no
drug particles were found. Furthermore, there were obvious pores left
behind by drug release. The sirolimus enriched on the coating surface
was completely released, and the cumulative release percentage reach
almost 50% (Fig. 5). Further, pores provided a route for the release of
the inner layer sirolimus.

In terms of clinical results, the rate and dose of drug delivery to the
vascular tissue were important determinants of the arterial response
[16,24]. The release results of coatings with different drug/polymer
ratios are illustrated in detail by their release profiles (Fig. 5) and SEM
images (Fig. 6). According to this study, we can see that the sirolimus/
PDLLA coating with a 1:1 ratio is better suited for drug release. In terms
of subsequent release, rough coating surfaces achieve better hydro-
philicity and produce faster polymer degradation, accelerating the drug
release from the inner layer.

Although the coating with the 1:1 ratio has a high cumulative re-
lease rate, the initial release was too rapid. Therefore, some strategies
should be employed to improve drug burst release.

3.2.2. Effects of the top-layer thickness on the drug release profile
The thickness of a coating is a key attribute affecting the drug re-

lease rate. It determines the distance that the drug has to transfer or
diffuse to reach the release medium. In general, a drug in a thicker layer
is released more slowly than a drug in a thinner layer [25]. Therefore,
three kinds of bilayer coatings were investigated. The bilayer coatings
consisted of the same sirolimus/PDLLA bottom layer coating (1:1 ratio)
and drug-free top-layer PDLLA coatings of low, medium or high
thickness.

The in vitro cumulative release results are shown in Fig. 7a. The

Fig. 6. SEM images of sirolimus/PDLLA coatings on PLLA tubes exposed to the release medium (PBS solutions with 0.1% Brij 58, pH=7.4) after 0 days and 28 days,
as well as their water contact angles at 0 days. (a) 1:3 ratio, (b) 1:2 ratio, and (c) 1:1 ratio.
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release rate was clearly affected by the thickness of the top-layer
coatings. The single-layer coating without a top layer exhibited rapid
release after 7 days followed by slower release. However, the cumula-
tive release profiles of the bilayer coatings with medium and high
thickness revealed that the burst release phenomenon was decreased to
26.7% and 14.4% respectively, compared with that of the single-layer
coating (33.8%) after 1 day. After 7 days, the cumulative release per-
centage changed from 42.2% for the single-layer coating to 40% for the
medium-thickness bilayer coating and to 35% for the high-thickness
bilayer coating. Furthermore, Fig. 7b shows the cumulative release
amount at predetermined intervals. Interestingly, the low-thickness top-
layer coating barely affected drug release compared to the medium- and
high-thickness top layers. Subsequently, as the coating thickness in-
creased, the initial amount of released drug decreased. Different top-
layer coatings affected the controlled release behaviour, suggesting that
the top PDLLA layer effectively acted as a diffusion barrier and thus
hindered contact between the sirolimus-containing layer and the re-
lease medium [26]. As shown in Fig. 9b below, the bilayer coating
surface morphology seemed to be relatively flat. The phenomenon in-
directly suggested that the top PDLLA layers with medium and high
thicknesses hindered sirolimus release from the bottom layer.

3.2.3. Effect of PEG additives on the drug release profile
PEG was used in the coatings to modify the drug release behaviour,

which was expected to improve the hydrophilicity of the sirolimus/
PDLLA coating and promote further drug release by accelerated hy-
drolysis.

The cumulative drug release curves from single-layer sirolimus/
PDLLA coatings with or without PEG additives are shown in Fig. 8a. We
see that the release rate of the coating with PEG was greater than that of
the same coating without PEG. The burst release of sirolimus was more
severe, up to 35.4% after 1 day, than that from coatings without PEG
(32.7%). The inset of Fig. 8a also shows that the drug release amount
from the coating with PEG was higher than others. The initial burst
release rate should be controlled within a certain range to meet clinical
need. Consequently, drug-free top-layer coatings with or without PEG
were assessed. As shown in Fig. 8b, the cumulative release rates of
sirolimus decreased from 35.4% to 28.7% and from 46.3% to 40.3% at
1 and 7 days, respectively. The amount released at intervals was also
more stable and continuous. We inferred that PEG acted as a plastici-
zation and slightly inhibited the initial drug release. At a later stage,
PEG as a pore-forming agent promoted the formation of pores to im-
prove sirolimus release.

Fig. 7. (a) Cumulative sirolimus release profiles from coatings sprayed with 1:1
ratio drug-carried bottom layer and different thickness top layers on PLLA tubes
in PBS solution at 37 °C. (b) Sirolimus release amount at predetermined inter-
vals (n= 3, mean ± SD). Fig. 8. Cumulative sirolimus release percentages in PBS solution at 37 °C over

28 days. (a) From single-layer 1:1 sirolimus/PDLLA coatings without and with
PEG. (b) From bilayer coatings comprising a drug-containing bottom layer
coating (1:1 ratio) and a drug-free PDLLA top layer without and with PEG. The
bar chart insets show the amount of sirolimus released at different intervals
over 7 days (n=3, mean ± SD).
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To analyse the influence of PEG additive, SEM images of coating
morphology after release are shown in Fig. 9. There were more pores
observed in the single-layer coating with PEG (Fig. 9(a1)) than in same
base coating without PEG (Fig. 6(c3)), which is consistent with trends
in the release curve.

The water contact angles of the single-layer coating with PEG and
bilayer coatings without and with PEG were 60.3°, 80.9° and 70.8°,
respectively, as shown in the insets of Fig. 9. The results indicated that
the hydrophilicity of coatings was influenced by PEG additives.

This observation may be explained by the fact that adding PEG to
the top layer improved its plastic deformation capability and made the
surface of the drug-free layer more compact. Hence, the addition of PEG
to the drug-free PDLLA layer was considered suitable for reducing the
thickness of the top layer without compromising its ability to reduce
burst release. Subsequently, the release medium further diffused rapidly
into the coating through the pores that were formed, which in turn
accelerated the dissolution and diffusion of sirolimus particles. The
coating morphology results also appear to be consistent, as shown in
Fig. 9(a2) and Fig. 9(a3).

3.2.4. Drug release mechanism
The previous study examined three factors affecting the drug release

profile in vitro, including ratios, top-layer presence and PEG. The re-
lease profile shows the drug release pattern. The potential drug release
mechanism can be uncovered using existing mathematical models.

Drug release kinetics often dictate the ultimate biological response
[27]. The in vitro release of sirolimus was analysed using the Kors-
meyer-Peppas model [28], which is suitable for drug release from
biodegradable matrices. The n value is used to distinguish between
different release mechanisms. If the n value is 0.5 or less, the release
mechanism follows Fickian diffusion; when the n value is between 0.5
and 1, the drug release mechanism is anomalous transport (non-Fickian
diffusion).

As shown in Table 2, the obtained n values were all less than 0.5,
suggesting that the predominant release mechanism for the coatings
over 28 days was Fickian diffusion. Moreover, the molecular weight
and mass loss of PDLLA were almost unchanged (Fig. 3), indicating that
no obvious PDLLA degradation occurred and further confirming that
the sirolimus release was dominated by a diffusion mechanism.

The k value increased as the drug ratio increased, such as for the
single-layer coating series in Table 2. In addition, as the thickness of the
top layers increased, the k value decreased, as seen in the bilayer
coating series in Table 2. The results are highly consistent with the
sirolimus release rates of the coatings presented earlier.

4. Conclusion

In this study, the in vitro release profiles of sirolimus were in-
vestigated. The single/bi-layer coatings co-loaded with sirolimus were
successfully prepared. The main focus was on the drug/polymer ratio
and top-layer coating thickness. The release of sirolimus exhibits a two-
phase profile with initial burst release followed by a slower sustained
release period. The drug release rate is an important standard for

Fig. 9. SEM images of sirolimus/PDLLA coatings
with or without PEG additives on PLLA tubes
submerged in release medium (PBS solution
with 0.1% Brij 58, pH=7.4) after 0 and 28
days. (a) Single-layer coating of the 1:1 drug/
polymer ratio with 10% PEG, (b) bilayer coating
consisting of a 1:1 ratio drug-carried bottom
layer and a drug-free PDLLA top layer without
PEG, and (c) bilayer coating consisting of the
same bottom and a PDLLA top layer with PEG.
The insets of water contact angles on the SEM
images show the hydrophilic properties of the
coatings.

Table 2
Fitting results of the sirolimus release data by the Korsmeyer-Peppas model.

Sample n k r2

1–1 0.036 0.127 0.999
1–2 0.100 0.299 0.927
1–3 0.080 0.411 0.945
2–1 0.127 0.314 0.935
2–2 0.125 0.302 0.908
2–3 0.212 0.252 0.896
2–4 0.269 0.187 0.880
3–1 0.122 0.346 0.927
3–2 0.176 0.261 0.936
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evaluating DESs because high initial burst release exerts adverse effects,
such as arterial aneurysms and delayed endothelialization. Integrating
top-layer PDLLA coatings and PEG additive with a sirolimus-loaded
coating alleviates the initial burst release. All of the results show that
different sirolimus doses in the PDLLA coating do not change release
profile trends, although they do alter the initial burst release amount.
Using these strategies, the in vitro release profile was optimised for a
better release performance.
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