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Highly adjustable and precisely controllable drug release from a biodegradable stent coating was achieved
using a unique family of nanostructured hybrid polyurethanes. These polyurethanes are polyhedral
oligosilsesquioxane thermoplastic polyurethanes (POSS TPUs) featuring alternating multiblock structures
formed by nanostructured hard segments of POSS and biodegradable soft segments of a polylactide/
caprolactone copolymer (P(DLLA-co-CL)) incorporating polyethylene glycol (PEG) covalently. POSS
aggregated to form crystals serving as physical crosslinks on the nanometer scale, while the soft segments
were designed carefully to modulate the drug release rate from the POSS TPU stent coatings in PBS buffer
solution, with 90% of the drug releasing from within half a day to about 90 days. In order to interpret the
underlying drug release mechanisms, an approximation model capable of describing the entire drug release
process was developed. This model is based on Fickian diffusional transport, but also takes into account the
polymer degradation and/or swelling of the coating, depending on the dominance of the degradation/
swelling behavior compared to that of the diffusion characteristics. A general methodology was utilized for
statistically fitting the drug release curves from the POSS TPU stent coatings using the model. We observed
that the fitted initial drug release diffusion coefficient covered more than three orders of magnitude,
depending on the polymer glass transition temperature (Tg), according to a modified Williams–Landel–Ferry
(WLF) equation. In addition, two additional rate constants describing the impact of degradation and swelling
on drug elution were determined and found to be consistent with independent measurements. Our results
clearly show that the studied hybrid polyurethane family allows a drug release rate that is effectively
manipulated through variation in polymer Tg, degradation rate, and thickness increment rate.
Published by Elsevier B.V.
1. Introduction

Drug-eluting stents (DES) were widely adopted in percutaneous
coronary intervention treatment shortly after their introduction into
the US market in 2003 [1,2], and have been implanted in almost
3 million Americans [3]. As of the end of 2007, the two primarily used
DES were the polymer-coated Taxus® Paclitaxel-Eluting Stent (Boston
Scientific, Natick, MA, USA) and the polymer-coated Cypher®

Sirolimus-Eluting Stent (Cordis, Johnson and Johnson, Miami Lakes,
FL, USA). Their release of paclitaxel (PTx) or sirolimus, respectively,
has markedly benefited patients based on clinical outcomes, as
compared to bare metal stents [4,5]. An opportunity exists to
determine if a biodegradable polymer would positively impact the
long term safety profile of drug-eluting stents [6–8]. Recently, efforts
, Syracuse University, Syracuse,

B.V.
have beenmade to utilize biodegradable polymer coatings on stents to
achieve coatings that degrade concurrently with controlled drug
delivery [9–13]. The clinical trial by Wessely et al. using a polylactide-
derived polyester as the biodegradable stent coating indicated that the
drug release kinetics of paclitaxel played an important role in the DES
performance [14]. Lao et al. evaluated the influence of the paclitaxel
release kinetics on the smooth muscle cell proliferation in their short-
term in vitro cell studies [15]. In order to adjust the drug release
kinetics, Westedt et al. investigated poly(vinyl alcohol)-graft-poly
(lactide-co-glycolide) (PVA-g-PLGA), using grafted PLGA with differ-
ent chain lengths, as the biodegradable stent coating [16]. Hanefeld et
al. employed poly(d,l-lactide)-poly(ethylene oxide)-poly(d,l-lactide)
triblock copolymers as a stent coating material, but observed burst
release of paclitaxel regardless of the copolymer composition [17].
Apart from drug release behavior, good mechanical properties of the
stent coating are also required in order to maintain coating integrity
on the stent strut during stent expansion and deployment [16]. Very
recent studies have examined arterial deposition of drug released
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from the drug-eluting stents as influenced by release kinetics [18],
thrombus formation [19], and luminal flow patterns [20].

Recently, our group has designed a novel family of biodegradable
nanostructured hybrid polymers to be used as paclitaxel-loaded stent
coatings, called polyhedral oligosilsesquioxane thermoplastic poly-
urethanes (POSS TPUs), with enhancedmechanical properties [21,22].
These polyurethanes feature an alternating multiblock structure
formed by covalent connection of nanostructured hard segments of
POSS, and biodegradable soft segments of poly-d,l-lactide/caprolac-
tone copolymer (P(DLLA-co-CL)) incorporating polyethylene glycol
(PEG). POSS is a uniquely designed cage-like silsesquioxanemonomer
that aggregates to form crystals that act as physical crosslinks in the
POSS TPUs on the nanometer scale, leading to significant improve-
ments in polymermechanical properties [23]. On the other hand, the P
(DLLA-co-CL) soft segment of the POSS TPUs can be conveniently
modified by altering the PEG length and comonomer ratio of LA:CL,
effectively changing various polymer properties, including glass
transition temperature (Tg), hydrophilicity, and degradability. The
controlled variability of this family of polyurethanes facilitated their
use as drug release templates for a systematic drug release kinetics
investigation.

Various mathematical models have been reported in the literature
to elucidate the underlying release mechanisms of drug delivery from
thin films or coatings [24,25]. In the simplest case of purely diffusion-
controlled drug release from a non-biodegradable and non-swellable
polymer matrix, exact solutions exist, but in practice are too complex
for practical use [26]. For the more complex drug delivery systems
involving biodegradation, swelling, and/or bioerosion, a rigorous
analytical solution has remained intractable, and so researchers have
turned to numerical analysis. Such an approach, while allowing
accurate data fitting, is unsatisfying due to an inability to explicitly
explore relationships between the drug release kinetics and physico-
chemical properties of the polymer matrix that would facilitate
polymer design. Consequently, simplified approximation equations
are highly desirable for better understanding of the effects of polymer
variables on the drug release kinetics. To date, most approximation
equations are only applicable to either the early stage or late stage of
drug release profiles [27,28]. Very few approximations have been
derived to illustrate the entire drug release process — the two most
commonly used are the Weibull equation [29,30] and the Etters
approximation equation [31]. Unfortunately, both equations utilize
parameters lacking a physical basis in the drug release context,
hindering them from extensive usage in complicated drug delivery
systems [32–34].

The purpose of this study was to determine the degree of
controlled PTx release from the POSS TPU family and then interpret
the underlying drug release mechanisms through the use of a simple
approximation model capable of describing the entire drug release
process. Seven POSS TPUs were selected with varying Tg, hydro-
philicity, degradability, and molecular weight, but with the hard-to-
soft segment feed ratio (mol-%) kept constant. The newly developed
model takes into account all three important physical phenomena;
namely, Fickian diffusional transport, polymer degradation, and
swelling of the coating. Each of the parameters was defined with
their own representative rate constant and corresponding repre-
sentative time constant. As we will show, polymer degradation or
swelling only impacted drug release when their associated rate
constant was comparable to the initial diffusion rate constant. The
model was used to fit data from the in vitro drug release from POSS
TPU stent coatings incorporating 5 wt.% paclitaxel. The fitted initial
diffusion coefficient was quantitatively analyzed for its glass transition
temperature dependence, and the other two fitted parameters,
describing degradation and swelling, were compared with their
experimental data. The drug release predictions using this model
were also performed to compare the effect of each phenomenon on
the drug release kinetics.
2. Materials and methods

2.1. Materials

Paclitaxel and Express® Coronary Stents (16 mm length×1.5 mm
diameter) were kindly provided by Boston Scientific Corporation
(Natick, MA, USA). 7-epi-paclitaxel (97%) was purchased from InB:
Hauser Pharmaceuticals Services Inc. (Denver, CO, USA) and used as
received. Tetrahydrofuran (THF) and acetonitrile (HPLC grade) were
purchased from Fisher. Buffer used for the degradation study was
made from phosphate buffered saline (PBS) buffer packets (Sigma)
containing 0.05%w/v Tween-20 surfactant and having a final pH of 7.4
and concentration of 0.01 M when combined with one liter of
deionized water. Sodium azide (0.1 M solution) was purchased from
Fluka, stored in the refrigerator (4 °C), and used as received. Glacial
acetic acid, sodium dodecyl sulfate (SDS) (≥99%) and sodium
phosphate monobasic (NaH2PO4, ≥99%) were purchased from
Sigma-Aldrich and used as received.

2.2. POSS TPU preparation

Synthesis of the POSS TPUs was carried out as described earlier
in a two-step fashion (Scheme 1) [22]. First, a α,ω-polymeric diol of
P(DLLA-co-CL) (hereafter called polyol) was synthesized by the ring-
opening polymerization of cyclic ester monomers in the presence of
a prescribed concentration of initiating diol and small amount of
organometallic catalyst. The purified polyol was then further reacted
with a diisocyanate and POSS diol so that the final molar ratio of
polyol to POSS was kept constant at 1:3. A more detailed synthetic
procedure and methods of characterization can be found in the
Supplementary data. The polymers used for stent coating are des-
cribed in Table 1.

We designed a specific naming system to describe this family of
POSS TPUs. It contains two parts starting with the synthesis infor-
mation of the polyol followed by the information of the polyurethane.
For instance, in the POSS TPU of [P4kLA100CL0]-[LP]3, the first part of
[P4kLA100CL0] indicates that the POSS TPU contains the soft segment of
P(DLLA-co-CL) synthesized using a PEG nM=4 kg/mol initiator and
mole feed ratio of LA to CL repeat units of 100:0. The second part of
[LP]3 shows that the polyurethane synthesis step employed LDI
and utilized a mole feed ratio of POSS to polyol of 3. Note that the first
“P” in [P4kLA100CL0]-[LP]3 represents PEG,while the second “P”denotes
POSS. Similarly, [B_LA97.5CL2.5]-[MP]3 consisted of a P(DLLA-co-CL)
soft segment prepared using a 1,4-butanediol initiator instead of
PEG, and mole feed ratio of LA to CL repeat units of 97.5:2.5. This
POSS TPU utilized MDI with a mole feed ratio of POSS to polyol of 3.
It should be noted that the mole feed ratio of LA monomer (3,6-
dimethyl-1,4-dioxane-2,5-dione) to CL monomer (ε-caprolactone)
was 95:5, instead of 97.5:2.5. This is due to the LA monomer having
two LA repeat units, but the CL monomer having only one CL repeat
unit.

2.3. POSS TPU film preparation and in vitro degradation

Films of all POSS TPUs were cast from THF solutions (10% w/v)
using the following protocol. Dried polymer (1.5 g) was dissolved in
THF (15 mL), then poured into a PTFE casting dish with a diameter of
10.5 cm, partially coveredwith a glass dish, and left in a chemical fume
hood overnight to evaporate. The film (still in the dish) was then dried
in a vacuum oven at 50–60 °C for at least 24 h. This process yielded
clear, flexible films with a thickness of 0.3 mm. In vitro degradation for
the POSS TPUs was performed by immersing cut samples (30–40 mg)
with typical dimensions of 15 mm (length)×5 mm (width)×0.3 mm
(thickness) in 20 mL of PBS buffer containing 0.05% w/v Tween-20
surfactant. The sample in buffer was held at 37 °C while being
constantly agitated at 75 rpm in an incubator shaker (New Brunswick



Scheme 1. General POSS TPU structure and the different polyols ( ) and diisocyanates ( ) used to create a variety of polyurethane compositions with different properties.
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Scientific, Edison, NJ, USA). The buffer for each sample was decanted
and replaced with fresh buffer every seven days. At predetermined
time points, two samples were retrieved from the buffer, rinsed three
times with deionized water, patted dry, and weighed. The samples
were then dried for at least 5 days at room temperature under vacuum
before being weighed again. The water uptake was determined by the
ratio of the mass of the absorbed water to the mass of the degraded
sample after drying under vacuum. The polymer mass remaining was
calculated to be the ratio of the mass of the dried degraded sample to
the mass of the original, non-degraded sample. Dried samples were
also used to obtain the molecular weight by GPC.
2.4. Drug-loaded stent coating preparation and in vitro drug release

Paclitaxel-loaded POSS TPU coatings on Express® Coronary Stents
were prepared for in vitro drug release tests using a proprietary
coating process (micrographs in Supplementary data). The struts
of each Express® Coronary Stent had a thickness of approximately
Table 1
Physicochemical properties of POSS TPUs.

POSS TPU M
―

n

(g/mol)/PDI
POSS ratioa (CL:LA)%a Tg

(°C)
Tm (°C)
(ΔH (J/g))

[P4kLA100CL0]-[LP]3 22,500/1.52 2.1 0 −1.0 131.0 (1.48)
[P1kLA90CL10]-[LP]3 55,700/1.40 3.0 16.0 17.3 129.6 (1.02)
[P1kLA97.5CL2.5]-[LP]3-1 23,400/2.89 2.0 2.7 24.7 115.0 (1.71)
[P1kLA97.5CL2.5]-[LP]3-2 79,100/1.52 2.7 2.7 24.6 110.8 (1.94)
[P1kLA100CL0]-[LP]3 28,100/1.59 1.8 0 31.4 119.2 (0.81)
[P2kLA100CL0]-[LP]3 24,400/1.48 2.1 0 31.8 114.0 (1.31)
[B_LA97.5CL2.5]-[MP]3 61,300/2.03 2.7 2.3 45.5 N/Ab

a Actual ratio as determined by 1H NMR.
b No melting observed by DSC (see Supplementary data for WAXD results).
150 µm and width around 80 µm. Stents were coated in duplicate for
each POSS TPU in Table 1 with a coating mass of 0.40±0.04 mg
consisting of 5 wt.% paclitaxel and 95 wt.% POSS TPU evenly blended
together. Accordingly, the paclitaxel mass loaded in each stent was
20±2 µg. Combining the coating mass with the stent surface area of
105.9 mm2 and the POSS TPU density of 1.2 g/cm3, the coating
thickness was estimated to be 3.1±0.3 µm, which has been verified
to be around 3.5 µm using ion-milling/SEM, as detailed below in
Section 2.6. The estimated coating thickness will be used in the
calculations for drug release analyses.

In vitro drug release from the stent samples was undertaken in
release media of PBS buffer with 0.05% w/v Tween-20 and 0.02% w/v
sodium azide at pH=7.4 kept in a 37 °C incubator shaker and agitated
at 75 rpm. Each stent was placed in a 1.5 mL glass vial containing
1.5 mL of release medium. The release solution sampling time points
were predetermined with the first week sampled at high frequency
and the following weeks at lower frequency. According to the USP
guideline, a sink condition can be maintained if the drug concentra-
tions are kept at or below one third of the saturation solubility. We
determined the solubility of amorphous paclitaxel to be 10±1 µg/mL
in the PBS buffer solution with Tween 20 at 37 °C and pH=7.4. The
sampling frequencies used were sufficiently high to maintain all
the release solutions below the solubility limit and to keep 98% of the
solutions in a sink condition (see Supplementary data for a histogram
of paclitaxel concentrations measured). A preservative solution was
prepared using 99.7% v/v acetonitrile and 0.3% v/v glacial acetic acid.
At each time point, 0.4 mL of the release solution was collected and
mixed with 0.2 mL of preservative solution to lower the pH so that the
structure of paclitaxel could be stabilized [35]. The mixed working
solution was stored at 4 °C until analyzed by high performance liquid
chromatography (HPLC, Perkin Elmer, Waltham, MA, USA). The
remaining release solution was removed, and new release medium
of 1.5 mL was refilled into the same stent incubation vial. For
each polymer coating studied, drug release experiments were run in
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duplicate with near-identical results observed and average values
reported for each elution time point.

2.5. High performance liquid chromatography (HPLC)

The HPLC system (Perkin Elmer Series 200) included a vacuum
degasser, an autosampler, a pump, a chromatography interface, and a
UV/VIS detector set at 227 nm. The analytical column used was
Waters® Symmetry C18 (4.6×75 mm, particle size 3.5 µm, pore size
100 Å). The mobile phase was 50:50 (v/v) HPLC grade water — HPLC
grade acetonitrile with 20 mM SDS and NaH2PO4. The flow rate was
set at 1 mL/min and total run time of the HPLC analysis was 8 min.
Both paclitaxel and 7-epi-paclitaxel were observed in the HPLC
chromatogram of the release solution. 7-epi-paclitaxel is the epimer of
paclitaxel, the major degradation product of paclitaxel in the culture
media at pH=7.4 (Scheme 2) [36,37]. The retention times of
paclitaxel and 7-epi-paclitaxel were 3.7 min and 6.2 min, respectively.
Their calibration curves of the area-under-the-curve (AUC) vs.
concentration were determined using four standard solutions with
concentration of 0.0 µg/mL, 0.2 µg/mL, 1.0 µg/mL and 5.0 µg/mL to
reveal linear relationships (R2=0.9999). The ratio of calibration
slopes for paclitaxel (αp) to that for 7-epi-paclitaxel (αe), αp/αe, was
determined to be 1.098, which is close to the previously reported data
[38]. The epimerization of paclitaxel to 7-epi-paclitaxel increasedwith
the time required for complete drug release (Supplementary data).
For the present study, we assumed no difference of the drug release
kinetics between paclitaxel and 7-epi-paclitaxel and treated both
drugs the same in the drug release calculations, unless otherwise
specified. Thus, the fractional drug release was calculated by normal-
izing the sum of the released mass of both paclitaxel and 7-epi-
paclitaxel by the total released mass of both drugs.

2.6. Scanning electron microscopy (SEM)

The morphologies of the stent coatings were examined using
scanning electronmicroscopy (SEM,Model xT Nova Nanolab 200 with
a dual focused ion beam (FIB) system, FEI, Hillsboro, OR, USA) at an
accelerating voltage of 5 kV after being coated with a 10 nm layer of
Pd. Stent coating thicknesses were measured using ion-milling/SEM.
Scheme 2. Chemical structures of (A) paclitaxel, and (B) 7-epi-paclitaxel with an arrow
pointing out the epimerized hydroxyl group.
Specifically, a layer of Pt of 15 µm×3 µm×1 µm on the coated stent
was first deposited to protect the coating surface. Then a hole of
10 µm×10 µm×10 µm in the stent coating was milled using a low-
energy Ga ion beamwith the ion current of 30 pA and examined by the
SEM.

3. Modeling

3.1. Drug release approximation equation and its simplified versions

Here, we formulate a simple approximation model for unidirec-
tional (through-thickness, into buffer) drug release from biodegrad-
able and swellable polymeric stent coatings based on Fick's second
law (see Supplementary data for the equation derivation). Due to the
degradation and swelling characteristics of the polymer matrix, the
cumulative fractional drug release, f(t), must incorporate a time-
dependent diffusion coefficient, D(t), and time-dependent thickness,
δ(t),

f tð Þu mt

m∞
= 1− exp −2

D tð Þ·t
πδ tð Þ2

� �0:5� �
: ð1Þ

Here, we assume the following time-dependency forms:

D tð Þ = D0 exp ktð Þ ð2Þ

δ tð Þ = δ0 1 + λtð Þ; ð3Þ

where f(t) is defined as the ratio of the absolute cumulative mass of
drug released at time t, mt, to that at infinite time, m∞. D0 is the
diffusion coefficient at t=0, δ0 is the coating thickness at t=0, k
denotes the polymer degradation rate constant, and λ represents the
thickness increment rate constant. We consider “degradation” to
include either plasticization, chain scission, or both, without differ-
entiating the two. If we disregard the time-dependences of the dif-
fusion coefficient and thickness, Eq. (1) approaches the well-accepted
early-time approximation equation for drug release from a thin
coating when f(t)b0.4 [39]. Eq. (3) assumes the coating thickness
increases linearly with time during the drug release process, as
we observed in the family of POSS TPUs; however, other time-
dependences could also be incorporated into the equation.

The time dependence of the diffusion coefficient in Eq. (2), as
proposed by Charlier et al. [40], was based on two assumptions. First,
we assume the polymer degradation follows first-order polymer chain
cleavage kinetics as described by,

Mn tð Þ = Mn 0ð Þ · exp −ktð Þ ð4Þ

and, second, that the diffusion coefficient is proportional to the
reciprocal of the polymer molecular weight,

D tð Þ = D0 ×
Mn 0ð Þ
Mn tð Þ

 !
ð5Þ

where M
―

n(t) is the number-average molecular weight of the polymer
at time t, andM

―
n(0) is the initial number-averagemolecular weight of

the polymer. It should be noted that, during polymer degradation, the
diffusion coefficient may also be influenced by other factors, especially
water absorption into polymer matrix and concomitant lowering of
the polymer glass transition temperature. This could lead to a change
of the magnitude of k in Eq. (2), compared to the k in Eq. (4).

Combining Eqs. (1)–(3) gives,

f tð Þ = 1− exp −2
D0 exp ktð Þ·t
πδ20 1 + λtð Þ2
 !0:5" #

ð6Þ
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or more compactly,

f tð Þ = 1− exp − βtð Þ· exp ktð Þ½ �0:5
1 + λtð Þ

( )
ð7Þ

where β is the initial diffusion rate constant defined as,

βu
4D0

πδ20
ð8Þ

The three time constants corresponding to β, k and λ are defined as,

τβuβ−1
; τkuk−1

; τλuλ−1

where τβ, τk and τλ represent the initial diffusion time constant,
degradation time constant and thickness increment time constant,
respectively. Their independent measurement will require sufficient
separation of their magnitudes.

Eq. (7) clearly incorporates the effects of degradation and swelling
on drug release kinetics. It can be conveniently simplified to different
drug release systems based on the relevance of each physical
phenomenon. If the polymer carrier is hydrophobic and biodegrad-
able, but does not swell significantly during the drug release process,
i.e. τλNNτβ and τλNNτk, then λ can be set to 0. Eq. (7) then gives,

f tð Þ = 1− exp − βtð Þ· exp ktð Þ½ �0:5
n o

ð9Þ

If the polymer swells greatly, but does not degrade or degrades very
slowly, i.e. τKNNτβ and τKNNτλ, then k can be set to 0 and Eq. (7)
becomes,

f tð Þ = 1− exp − βtð Þ0:5
1 + λtð Þ

" #
ð10Þ

Finally, if the drug release rate is large relative to insignificant swelling
or degradation events; i.e., τβbbτk and τβbbτλ, then both λ and k can
be set to 0 and Eq. (7) is written as,

f tð Þ = 1− exp − βtð Þ0:5
h i

ð11Þ

For our purposes, Eq. (7), together with the simplified equations
Eqs. (9)–(11), will be utilized to fit the drug release curves from the
POSS TPU stent coatings.

3.2. Statistical fitting

All statistical fittings were carried out using SigmaPlot 10.0
software. Specifically, the drug release profiles were fitted to Eq. (7)
and simpler versions (Eqs. (9)–(11)), with the aim of identifying the
simplest model that fits our data well. For this purpose, we used
nonlinear regression with iterations of 100, step size of 100 and
tolerance of 0.0001. As shown in Section 3.1, the new approximation
equation (Eq. (7)) contained three fitting parameters (rate constants),
while its derivative equations of Eqs. (9)–(11) had 2, 2, and 1 fitting
parameters, respectively. Each equation under consideration was
disregarded if unrealistic fitting parameters were reported, e.g. λb0,
or gave a relative standard deviation higher than 100%. Equations
were fit with the least amount of parameters that yielded the largest
coefficient of determination, R2. In this way the most suitable fitting
equation was found for each drug release profile. In addition, linear
regression was utilized to analyze the polymer molecular weight
decrease with time, Tg effect on the initial diffusion coefficient, and
swelling-induced thickening of the POSS TPU coatings on a stainless
steel wire.
4. Results and discussion

4.1. POSS TPU selection criteria

Gaining quantitative understanding of drug release kinetics for our
polymer family is inherently complicated due to the large combina-
tion of physical and chemical factors affecting the final results. In order
to approach this problem systematically, we carefully designed a
group of seven POSS TPUs comprising several variables which may
play important roles in drug release kinetics (Table 1). These variables
include Tg, hydrophilicity, and molecular weight. Specifically, we
adjusted the PEG length and the comonomer ratio of LA:CL in the
polyol soft segment of the polyurethane to modulate the POSS TPU Tg
and hydrophilicity, but kept the POSS:polyol feed mole ratio constant
to maintain the coating durability on the stents. All of the polyol
segments used had a total molecular weight (including initiator) of
12 kg/mol, but the fraction of PEG incorporated through polyol
initiation varied from zero for [B_LA97.5CL2.5]-[MP]3, to 7 wt.% for
[P1kLA100CL0]-[LP]3, [P1kLA97.5CL2.5]-[LP]3 and [P1kLA90CL10]-[LP]3, to
14 wt.% for [P2kLA100CL0]-[LP]3, to finally 28 wt.% for [P4kLA100CL0]-
[LP]3. Increasing the PEG content in the polyols resulted in higher
hydrophilicity of the POSS TPUs, as observed by an increase in
equilibrium water-swelling. Specifically, the water uptake after one
week of degradation was 2% for [B_LA97.5CL2.5]-[MP]3, 4% for
[P1kLA100CL0]-[LP]3, 21% for [P2kLA100CL0]-[LP]3, and 265% for
[P4kLA100CL0]-[LP]3. On the other hand, both the PEG length and CL
content strongly decreased the Tg of the POSS TPUs. As shown in
Table 1, the Tg was lowered down from 46 °C for [B_LA97.5CL2.5]-[MP]3,
which contains no PEG, to −1 °C for [P4kLA100CL0]-[LP]3 with PEG
M
―

n=4 kg/mol. Increasing CL content from 0% to 10% decreased Tg
from 31 °C for [P1kLA100CL0]-[LP]3 to 17 °C for [P1kLA90CL10]-[LP]3. The
large range of Tgs covered by this family of polymers allowed
investigation into the Tg effect on drug release kinetics. In addition,
two [P1kLA97.5CL2.5]-[LP]3 were synthesized to examine how the initial
polymer molecular weight affected the drug release kinetics. Regard-
less of the varying compositions in POSS TPUs, we observed that the
paclitaxel is amorphous and completely dissolved in the POSS TPU
stent coatings. Therefore, the boundary conditions for the Fickian
diffusion can be maintained during the drug release process from the
paclitaxel-loaded POSS TPU stent coatings.

4.2. Model fitting

4.2.1. Drug release and glass transition temperature
In vitro drug release from POSS TPU stent coatings incorporating

5 wt.% paclitaxel was performed in PBS buffer solution containing
Tween-20 and sodium azide and incubated at T=37 °C. The coatings
of the drug-loaded, polymer covered stents as prepared were smooth.
After complete drug release, the coating morphology of these stents
was still smooth and no pores were observed (Supplementary data for
SEM images).

The drug release profiles of six POSS TPUs, as shown in Fig. 1,
exhibited excellent reproducibility and were highly adjustable. The
time required for 90% drug release, called t90, was varied from half a
day to about 90 days (Table 2). The drug release profile of
[P1kLA97.5CL2.5]-[LP]3-2 is not shown in Fig. 1 due to near-perfect
overlap with [P1kLA97.5CL2.5]-[LP]3-1. Using the fitting strategy men-
tioned in the statistical fitting section, all drug release profiles were
well fitted by Eqs. (7), (9) or (11) (Fig. 1). Although valid in principle,
Eq. (10) was not used for this polymer family, as will be explained
below.

As shown in Table 2, the POSS TPUs could be divided into three
subgroups depending on the suitable fitting equation used. The first
subgroup contains four fast-releasing polymers, including
[P4kLA100CL0]-[LP]3, [P1kLA90CL10]-[LP]3, [P1kLA97.5CL2.5]-[LP]3-1 and
[P1kLA97.5CL2.5]-[LP]3-2, each fitted well by Eq. (11) with a single rate



Fig. 1. Cumulative fractional drug release profiles and fit curves from POSS TPU stent
coatings incorporated with 5 wt.% paclitaxel. Each point is the average of two
experiments. (A) Full time period; (B) first week of drug release to reveal more detail at
early times. The open symbols indicate several drug release solutions with concentra-
tion higher than the sink condition.
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constant for diffusion, β. The second subgroup consists of two slow-
releasing coatings of [P1kLA100CL0]-[LP]3 and [B_LA97.5CL2.5]-[MP]3
fitted well by Eq. (9) with two rate constants, β and k. The third
subgroup contains only [P2kLA100CL0]-[LP]3 requiring all three rate
constants of Eq. (7), β, k and λ, for a good fit. This is due to its
degradation and swelling behavior. In general, when the POSS TPU
initial diffusion time constant was much smaller than the degradation
and thickness increment time constants, i.e. τβbbτk and τβbbτλ,
diffusional transport dominated the drug release, and thus Eq. (11)
was applied for the first POSS TPU subgroup. Similarly, the degrada-
tion or thickness increment time constant was required in the fitting
equation only when they were fast enough to affect the drug release
kinetics, compared to the initial diffusion time constant. The fact that
Eq. (10) was not suitable for any of the drug release profiles indicates
that degradation plays a more important role in the drug release from
POSS TPUs than swelling.
Table 2
Drug release characteristic parameters of fitting results for paclitaxel-loaded POSS TPU sten

POSS TPU t90(d) β (d−1) k (d−1) λ (d−1)

[P4kLA100CL0]-[LP]3 0.5 13.7859 0 0
[P1kLA90CL10]-[LP]3 2.3 2.7791 0 0
[P1kLA97.5CL2.5]-[LP]3-1 7.4 0.8581 0 0
[P1kLA97.5CL2.5]-[LP]3-2 10.4 0.5677 0 0
[P1kLA100CL0]-[LP]3 18.6 0.2103 0.0213 0
[P2kLA100CL0]-[LP]3 37.2 0.1131 0.1062 0.1513
[B_LA97.5CL2.5]-[MP]3 88.2 0.0089 0.0223 0

a See Supplementary data for the relative standard deviations (RSDs) of the fitting param
The initial drug release diffusion coefficients, D0, were calculated
using Eq. (8) from the fitting parameter β. They covered more than
three orders of magnitudes from the highest value of 1.2×10−15 m2/s
found for [P4kLA100CL0]-[LP]3 to the lowest value of 8.0×10−19 m2/s
for [B_LA97.5CL2.5]-[MP]3, and clearly showed inverse dependence on
the Tg values as measured from dried samples before degradation
(Table 2). This trend of the initial drug release diffusion coefficient
with polymer Tg was consistent with previous studies [41,42].
However, those studies modulated Tg by changing the polymer
molecular weight, another factor capable of affecting the drug release
kinetics. In this work, the Tg effect was separated from that of the
polymermolecular weight effect on the initial diffusion coefficients by
manipulating the glass transition temperature through the PEG length
and CL content of the POSS TPUs while keeping the molecular weight
approximately the same.

The relationship between the initial diffusion coefficient and the
POSS TPU Tg before degradation could be described by a modified
Williams–Landel–Ferry (WLF) equation as [43–45],

log
D0 Tð Þ
D0 Tg
� �

2
4

3
5=

nC1g T − Tg
� �

C2g + T − Tg
ð12Þ

where T is the drug release temperature (kept constant at 37 °C in this
work), and Tg was varied by polymer composition. C1g and C2g are the
WLF parameters of the polymer matrix, and ξ represents a coupling
parameter that characterizes the ratio of the critical molecular volume
of the drug “jumping unit” to that of the polymer matrix “jumping
unit”, within the context of diffusion modeling in polymer media. The
jumping units can be interpreted on the basis of Vrentas–Duda free-
volume theory [46–48] as the discrete steps required for a single drug
or polymer segments to achieve their diffusive motion. The Tg values
of pure POSS TPUs were employed in this study because their Tgs did
not change significantly upon the incorporation of 5 wt.% paclitaxel.
The modified WLF equation is now well established in describing the
diffusion of small rigid molecules in polymers above their glass
transition temperature at low concentration. Typically, this equation
has been used to investigate the temperature dependence of the
diffusion coefficient for a certain polymer by adjusting the experi-
mental diffusion temperature. To our knowledge, this is for the first
extension of the modified WLF equation used for drug release where
the polymer Tg varies, but where the drug release temperature is held
constant at 37 °C, though in principle the two variations are the same.
Assuming D0(Tg), C1g and C2g to be a constant for the POSS TPU family,
though with variable Tg, Eq. (12) can be written as,

log D0 Tð Þ½ � = log D0 Tg
� �h i

+ nC1g ×
T − Tg
� �

C2g + T − Tg
; ð13Þ

suggesting a simple plotting scheme to test the equation and our
assumptions, as we next describe.

As shown in Fig. 2, a linear relationship was observed for log
[D0(T)] vs. T − Tg

C2g + T − Tg
when using the universal WLF parameter
t coatingsa.

τβ (d) τk (d) τλ (d) D0 (×10−16 m2/s) R2 (%)

0.07 N/A N/A 12.4283 99.0
0.36 N/A N/A 2.5054 99.1
1.17 N/A N/A 0.7736 99.6
1.76 N/A N/A 0.5118 99.6
4.76 46.95 N/A 0.1896 99.7
8.84 9.42 6.61 0.1020 99.9

112.36 44.84 N/A 0.0080 99.9

eters.
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value of C2g as 51.6 °C [49], thus proving the validity of utilizing
Eq. (12) in this work. In addition, ξC1g was fitted to be 5.27 and ξ
is calculated to be 0.30 when C1g is set to the universal WLF
parameter value of 17.44. The POSS TPU initial diffusion coefficient
at Tg, D0(Tg), was determined to be 6.3×10−18 m2/s, which is
within the range reported previously for polymer glasses [43,44].
In other words, the POSS TPU diffusion coefficient at Tg before
degradation is constant, despite the fact that these polymers fea-
ture different Tg, hydrophilicity, comonomer ratio, and molecular
weight. Yet, if we look into the two [P1kLA97.5CL2.5]-[LP]3 chosen in
Table 1, the initial diffusion coefficient of [P1kLA97.5CL2.5]-[LP]3-1
was slightly higher than that of [P1kLA97.5CL2.5]-[LP]3-2 probably
due to its lower molecular weight. Nevertheless, the influence of
molecular weight on initial diffusion coefficient at 37 °C was much
smaller than that of the POSS TPU Tg. This indicates Tg plays a do-
minant role in the initial drug diffusion coefficient (i.e. D0(37 °C)).
In addition, although Eq. (12) typically applies to TgbT (=37 °C), the
[B_LA97.5CL2.5]-[MP]3 with Tg of 46 °C still demonstrates a good
linearity in Fig. 2 probably because its Tg was still in the vicinity of
body temperature.
Fig. 3. (A) Cumulative fractional drug release profile of [B_LA97.5CL2.5]-[MP]3 stent
coating incorporated with 5 wt.% paclitaxel fitted using Eq. (9) with R2 of 99.91%, and
(B) water uptake (left) and polymer mass remaining (right) evolution with time of the
[B_LA97.5CL2.5]-[MP]3 film during in vitro degradation.
4.2.2. Impact of polymer degradation on drug release
One of the distinct physical phenomena embodied in our

approximation model is polymer degradation. Comparison of each
POSS TPU's degradation time constant, τk, with the time required for
90% drug release from the same polymer, t90, allows discernment of
the significance of the degradation in influencing the drug release
kinetics. As shown in Table 2, both [P2kLA100CL0]-[LP]3 and
[B_LA97.5CL2.5]-[MP]3 exhibit τk values significantly smaller than
their t90 values, indicating that the degradation of these POSS TPUs
impacts their drug release kinetics at an early stage of the drug release
process. Interestingly, the t90 of [B_LA97.5CL2.5]-[MP]3 is even smaller
than the initial diffusion time constant of this polymer, τβ. The t90
value is much larger than the τβ for polymers without degradation
involved in the drug release process, which will be discussed later.
Therefore, the ordering of time constants τkb t90bτβ of [B_LA97.5CL2.5]-
[MP]3 indicates that the degradation of this POSS TPU significantly
increases its drug release rate.

We further examined the relationship of the drug release and the
degradation of [B_LA97.5CL2.5]-[MP]3. As shown in Fig. 3A, the drug
release profile of [B_LA97.5CL2.5]-[MP]3 was best fitted using Eq. (9),
comprising the two time constants of τk and τβ but setting the
thickness increment time constant, τλ, to be infinity (λ=0). This can
be explained by the insignificant water uptake of [B_LA97.5CL2.5]-[MP]3
during almost the entire drug release process, as demonstrated in
Fig. 3B. On the other hand, a slight fitting deviation was observed in
Fig. 3A at the very late stage of the drug release process, which is due
Fig. 2. POSS TPU initial diffusion coefficient D0 vs. (37−Tg(°C))/(51.6+37−Tg(°C)).
Note that the y-axis is a logarithmic scale.
to the transitions of both mass loss and water uptake shown in Fig. 3B.
Although Fig. 3B exhibits the incubation time of this POSS TPU was as
long as 112 days with no significant mass loss, its molecular weight
begins to decrease instantaneously after incubation in buffer solution.
Indeed, we observed thatM

―
n(t)/M

―
n(0) decreased exponentially with

time, confirming the first-order polymer chain cleavage assumption in
Eq. (4) (see Supplementary data for the molecular weight evolution).
The degradation rate constant of kGPC was determined to be 0.026 d−1,
very close to that fitted from the drug release profile, k=0.022 d−1.
This proves the feasibility of utilizing the degradation-controlled dif-
fusion coefficient in the new approximation model.

4.2.3. Impact of swelling on drug release
Another physical phenomenon considered in the new approxima-

tion model is the time-dependent thickness. As discussed above, the
drug release profile of [P2kLA100CL0]-[LP]3 was best fitted using Eq. (7),
consisting of both a time-dependent diffusion coefficient and time-
dependent thickness. For this polymer, all three time constants were
comparable, with the thickness increment time constant being the
lowest (Table 2). This indicates significance of the swelling process of
[P2kLA100CL0]-[LP]3 in its drug release kinetics. As shown in Fig. 4B,
both water uptake and mass loss of [P2kLA100CL0]-[LP]3 changed
almost linearly with time during the entire drug release process, the
water uptake occurring faster than the mass loss, implying the linear
swelling of this polymer, as adopted in Eq. (3). To further confirm this
implication, we used a coated stainless steel wire to measure the
thickness increment rate, λdirect, of a [P2kLA100CL0]-[LP]3 coating over a
two-week incubation in PBS buffer at 37 °C and pH=7.4. λdirect was
determined to be 0.10 d−1, close to λ fitted from Eq. (7) (0.15 d−1)



Fig. 5. Drug release predictions. (A) Tg effect prediction of purely diffusion-controlled
drug release without time-dependent polymer degradation or swelling, predicted using
Eq. (11). The initial diffusion coefficient is predicted from Fig. 2. (B) Degradation effect
prediction using the same fitting equation of [B_LA97.5CL2.5]-[MP]3 in Fig. 3A, but with
changes in degradation rate. (C) Thickness-increment effect prediction using the same
equation of [P2kLA100CL0]-[LP]3 in Fig. 4A but with changes in thickness increment rate.
The legends in (A), (B) and (C) were labeled from fastest to slowest drug release rates.

Fig. 4. (A) Cumulative fractional drug release profile of the [P2kLA100CL0]-[LP]3 stent
coating incorporated with 5 wt.% paclitaxel fitted using Eq. (7) with R2 of 99.93%, and
(B) water uptake (left) and polymer mass remaining (right) evolution with time of the
[P2kLA100CL0]-[LP]3 film during in vitro degradation.
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(Supplementary data gives thickness increment rate determination).
Therefore, the time-dependent thickness assumption also proves to be
applicable to the new approximation model.

Interestingly, although [P4kLA100CL0]-[LP]3 was more hydrophilic
and swelled more quickly than [P2kLA100CL0]-[LP]3, this polymer did
not require the thickness increment time constant in its drug release
fitting equation. This is most likely because [P4kLA100CL0]-[LP]3 took
only half a day for 90% drug release, too short to be influenced by the
swelling process. In contrast to [P4kLA100CL0]-[LP]3, [P2kLA100CL0]-
[LP]3 required as long as 37 days for 90% drug release, leading to the
overlapping of the swelling process with its drug release process. In
addition, the mass loss witnessed for [P2kLA100CL0]-[LP]3 in Fig. 4B is
apparently well accounted for by the rate constant of k by virtue of the
high fitting quality of Fig. 4A.

4.2.4. Drug release predictions
Given the successful fitting of our drug elution data for the POSS

TPU family with widely varying physical properties, we seek here to
parametrically examine predictions for the effects of the glass
transition, polymer degradation, and swelling on the drug release
kinetics for polymers not yet synthesized. We recognize that the
measurements of such physical parameters are simple compared to
drug elution measurements, and so predictions along these lines are
valuable. Fig. 5A shows predictions for Tg effect on the purely
diffusion-controlled drug release without time-dependent polymer
degradation or swelling. As such, it uses Eq. (11) with only one fitting
parameter, β, calculated based on the fitting curve in Fig. 2 for the Tg
values indicated. As expected, the drug release rate strongly depends
on Tg, especially when Tg approaches or is higher than physiological
temperature. In Fig. 5B, the polymer degradation effect is predicted
using the same fitting equation found for [B_LA97.5CL2.5]-[MP]3
(Fig. 3A), but with systematic variation in degradation rate. As
shown, the degradation efficiently alters the drug release rate,
especially beyond the point of cumulative drug release higher than
20%. For instance, the time required for 90% drug release for
[B_LA97.5CL2.5]-[MP]3 was measured to be 88 days, but it would be
extended to more than one and a half years (i.e. 596 days) if
[B_LA97.5CL2.5]-[MP]3 were non-degradable. Finally, Fig. 5C shows
predictions for the swelling effect using the same fitting equation for
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[P2kLA100CL0]-[LP]3 in Fig. 4A, but with systematic adjustment in
thickness increment rate. Clearly, the swelling of the coating not only
retards drug release for cumulative drug releases higher than 20%, but
also changes the shape of the drug release curve. When the thickness
increment rate constant is as high as 0.40 d−1, the drug release rate is
greatly slowed down at the cumulative drug release around 30%,
leading to a period of drug release lag time of about ten days. This
might explain why a drug release lag time sometimes happens after
initial release burst in the biodegradable drug release systems
reported previously [13]. Clearly, the drug release rate can be
effectively lowered by increasing polymer Tg, reducing degradation
rate, or enhancing the thickness increment rate.

5. Conclusions

Highly adjustable and precisely controllable drug release from
paclitaxel-loaded stent coatings using seven biodegradable POSS TPUs
with varying properties was achieved. A simple yet flexible approx-
imationmodel was developed to fit and predict the entire drug release
process from these POSS TPU coatings. Three distinct physical
phenomena, i.e. Fickian diffusional transport, polymer degradation,
and coating swelling, were all integrated in the model. Time constants
characterizing each of the phenomena could be measured, revealing
the extent of overlap in time among phenomena. Polymer degradation
or coating swelling only influenced drug release kinetics when their
time constants were close to or smaller than the initial diffusion time
constant. Therefore, evenwithin the same family of biodegradable and
swellable polymers, drug release behavior could be divided by the
model into purely diffusion-controlled drug release system, degrada-
tion-dominated drug release system, swelling-dominated release
system, and degradation and swelling-governed drug release system,
depending on the relative importance of each physical phenomenon.
Yet, this model is not limited to biodegradable and swellable polymer
system, but also applicable to non-degradable and/or non-swellable
polymer. Although the approximation equation of Eq. (6) was derived
assuming first-order polymer chain cleavage and linear polymer
coating swelling, the time-dependences of the polymer degradation
and coating thickness may be able to be modified to adapt to a
polymer matrix with other degradation and swelling modes.
Furthermore, all of the three fitting parameters were validated by
the polymer characteristics, including polymer Tg, degradation rate
constant, and the thickness increment rate constant. Generally, the
newmodel applies for the drug release from polymer coatings with Tg
in the vicinity of the drug release temperature, e.g. body temperature
of 37 °C in this work. Applicability of themodel beyond this range may
be possible, but will certainly require experimental validation.
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