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ARTICLE INFO ABSTRACT

Keywords: Electrospun nanofibers are promising drug delivery systems for transdermal applications with a release rate of

EleCtrf)SPin“i“g N the drug depending on the host polymer used. However, it is still a challenge to control (i.e., reduce) the release

Eher?lcal vapor deposition process rate for hydrophilic drugs in order to provide long-term sustained release. In this study, we aimed to produce
arylene

controlled release nanofibers to achieve long term drug release for transdermal applications. Pramipexole, which
requires multiple doses per day, was selected as a hydrophilic model drug molecule and was electrospun with
hydrophobic polycaprolactone polymer. To prevent burst release of the drug and provide a long-term release
profile, nanofibers were coated with Parylene C or N using a chemical vapor deposition process. The effective
thickness of nanofibers increased with the amount of Parylene coating. Parylene coating also enhanced the
mechanical properties and hydrophobicity but decreased the bioadhesion values. Drug release and diffusion
studies showed that Parylene coating successfully prevents drug burst release. Uncoated nanofibers completely
released pramipexole within 12 h. A relatively low amount of Parylene N and C coating provided 81% and 52%
drug release over 10 days, while increased Parylene N and C coating resulted in 27% and 12.6% drug release over
a 30-day period, respectively. Parylene coating process offers the possibility of long-term controlled release

Controlled drug release
Transdermal nanofibers
Pramipexole

kinetics including hydrophilic drugs.

1. Introduction

Transdermal drug delivery can be used for either local or systemic
therapy and has some advantages compared to other drug delivery
routes, such as ease of use, non-invasiveness and avoiding the first-pass
effect of the hepatic metabolism and enzymatic degradation by the
gastrointestinal tract. In particular, for elderly individuals who are
under chronic therapy and unable to take oral medications, transdermal
methods are good candidates for drug applications. Drug release kinetics
from transdermal drug delivery systems are designed by considering a
polymer matrix, membrane and drug properties. Other excipients, such
as permeation enhancers or plasticizers, can also be considered in the
formulations. Transdermal drug delivery systems have been prepared by
various methods, including solvent casting, aluminum backed adhesive
film, mercury substrate, and fiber electrospinning [1-4].

Electrospinning is a very attractive fiber production method and has
opened a new era for nano-scaled pharmaceutical applications with
superior mechanical and functional properties of nanofibers [5,6].
Membranes formed from electrospun nanofibers have large surface area,
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high porosity and ability to control the drug release rate [7,8]. In
addition, nanofiber membranes are flexible and robust for site specific
applications, such as face masks [9] and wound dressings [6]. In terms of
transdermal applications, transdermal nanofiber patches have more
flexible characteristics than transdermal patches prepared by solvent
casting method [10].

Pramipexole (PPX) is a good candidate for transdermal drug delivery
because it is very effective even at low concentration in plasma [11].
Various PPX formulations are currently marketed with immediate
release or extended release dosage properties. Extended release dosage
forms provide a constant drug concentration in plasma and prevent
recurrence of symptoms, such as tremor and bradykinesia incurred by
drug elimination. However, there are limited studies on transdermal
PPX delivery to date. Li et al. prepared PPX nanocrystals for transdermal
delivery using a wet milling method. PPX nanocrystals containing
carbomer gel provided higher permeation profile than coarse suspension
gel, improving transdermal delivery of the drug [12]. In another study,
Wang et al. prepared PPX-containing transdermal patches using solution
casting onto the fluoride-coated polyester release liner, which provide a
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sustained drug release for one week. They found that the long-term
delivery of PPX improves the symptoms and prevent the neurodegen-
erative processes by inhibiting oxidative stress and mitochondrial
apoptosis pathway [11].

Poly(para-xylylene), also known as Parylene, forms a protective
barrier film when applied to substrate surfaces. They are classified as
thermoplastic polymers and a thin layer can be formed on substrate
surfaces by chemical vapor deposition (CVD) followed by polymeriza-
tion. There are six types of Parylene: N, C, D, HT, AF-4 and F. Each
Parylene type has different chemical, electrical and physical properties
(Table 1). Parylene N is the basic member of the poly-p-xylylene series,
assuming the form of a completely linear, highly crystalline material
with the repeating unit consisting of a carbon-hydrogen combination.
Parylene C, the most widely used Parylene for conformal coatings, is a
poly-monochloro para-xylene, produced from the same dimer material
with Parylene N, with one chlorine group on its main-chain phenyl ring.
In biomedical applications, Parylene C is frequently used due to its dense
structure with smooth hydrophobic surface [13]. Parylene coating re-
duces surface wettability due to its hydrophobic nature, which provides
the beneficial effect of corrosion resistance of implantable and biode-
gradable magnesium alloys. It also offers numerous advantages over
conventional polymeric materials, such as low water permeability,
durability, and biocompatibility.

Parylene coating can provide controlled release of encapsulated
materials by acting as a barrier in drug delivery systems, which has been
used in conjunction with doxorubicin, dexamethasone and amiodarone
for providing sustained drug release [14-16]. Parylene has also been
used to coat drug eluting stents [17]. Only a few reports have been
published regarding Parylene coated nanofibers, for example on the use
of Parylene C for coating cellulose nanofibers to provide improved ox-
ygen barrier and water resistance in food packaging [18]. In our studies,
two types of Parylenes (C and N) were used in coating studies of PPX-
loaded PCL nanofiber patches for controlled transdermal drug de-
livery. In addition, the impact of the amount of Parylene used in the
coating process was also evaluated on drug release kinetics. Detailed
material characterization studies, such as XRD, DSC, and NMR, on
nanofibers were performed. The effect of Parylene coating on the me-
chanical, bioadhesion and wettability properties of nanofibers was
investigated.

2. Materials and methods
2.1. Materials

Parylene C and N dimers were obtained from Specialty Coating
Systems (Indianapolis, IN). Polycaprolactone (PCL, Mw 80 kDa) and
cellulose membranes for dialysis (with 12 kDa cut off) were purchased
from MilliporeSigma (Burlington, MA). PPX drug, glacial acetic acid,
and formic acid solvents were purchased from Fisher Scientific (Wal-
tham, MA).

Table 1
Specifications and properties of Parylene N and C [38].
Properties Parylene N Parylene C
Chemical formula cl
Hy Ho H H.
c @C ¢ ¢
n n
Dielectric constant (60 Hz) 2.65 3.15
Moisture vapor transmission rate 0.59 0.08
(g - mm)/(m? - day)
Melting point (°C) 420 290
Tensile strength (MPa) 51.72 68.97
Elongation at break (%) Up to 250 Up to 200
Oxygen permeability 15.4 2.8

(cc - mm)/(m? -day - atm)
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2.2. Electrospinning solutions

Different formulations were used for investigating the nanofiber
based transdermal drug delivery system, as shown in Table 2. All elec-
trospinning solutions were prepared in glacial acetic acid (GAA) and
formic acid (FA) mixture with a 3:1 volume ratio. For this purpose,
accurately weighted PPX was dissolved in FA, then GAA was added to
this solution. PCL was added to PPX containing GAA-FA mixture and
stirred until a clear solution is obtained at room temperature. Before the
electrospinning process, rheological properties of PCL solutions without
and with PPX were investigated to evaluate the effect of PPX in solution.
For this purpose, a cone-plate viscosimeter (Brookfield rheometer DV-
3DV) was used at different shear rates with spindle number 52. Pre-
pared solutions were electrospun with the following conditions: 17 kV
applied voltage, 0.3 mL/h flow rate and needle-to-collector distance of
17 cm.

2.3. Coating of PCL nanofibers

PPX-loaded PCL nanofibers were coated with Parylene using CVD.
CVD provides a pinhole-free uniform coating of Parylene [17] whereas
alternative methods (e.g. dip coating, spray deposition) have some dis-
advantages, such as air bubbles, bridging and sloughing. The CVD thin
film deposition of Parylene consists of three steps: sublimation, pyrolysis
and polymerization. Briefly, solid granular Parylene (“dimer”) is heated
(T>100 °C) to produce dimeric gas, which is then pyrolyzed to form
gaseous monomers (T > 500 °C) that are adsorbed on surfaces. In the
final step, polymerization of the monomers forming a conformal film on
the target surface. In our studies, two types of Parylene (C and N) were
used with two different granular amounts (50 and 300 mg) using a
Parylene-specific CVD system (Specialty Coating Systems PDS 2010).

2.4. SEM observations

Detailed images of nanofiber membranes were obtained with SEM
(Quanta 400F Field Emission SEM) at an acceleration voltage of 20 kV to
observe the morphology of nanofibers. All samples were sputter-coated
with gold/palladium to make them conductive for preventing sample
charging effect during SEM observation. The mean fiber diameter was
measured from 50 different nanofibers for each sample by using ImageJ
software (National Institutes of Health, USA).

2.5. DSC studies

Differential scanning calorimetry (DSC) thermograms were obtained
to observe possible interactions between drug, host polymer and Par-
ylene coatings. Accurately weighed (~2 mg) samples of PPX, PCL,
Parylene or nanofiber membranes were placed in an aluminum pan and
sealed immediately. DSC measurements were performed under nitrogen
atmosphere at a heating rate of 10 °C/min.

2.6. NMR and XRD studies

NMR and XRD studies provide information about the chemical
changes and molecular structure of materials after the electrospinning

Table 2
Composition of different electrospinning solutions and membrane coating
materials.

Formulation code PPX PCL Parylene C Parylene N
(%) (%) (mg) (mg)

PCL 0.5 10 - -

PPC50 0.5 10 50 -

PPN50 0.5 10 - 50

PPC300 0.5 10 300 -

PPN300 0.5 10 - 300
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process. 'H NMR spectra were recorded on a Varian Mercury 400 MHz
High Performance Digital FT-NMR spectrometer (Agilent Technologies,
Santa Clara, CA, USA) using tetramethyl silane as the internal standard
and DMSO as solvent. Chemical shifts are given in § (ppm). All coupling
constants are reported as Hertz. XRD analyses were performed on a
Rigaku Miniflex X-Ray diffractometer (Rigaku Corporation, Tokyo,
Japan) using Cu Ka radiation, 30 kV voltage, 15 mA current in 26 ranges
of 3-40°.

2.7. Wettability and porosity of nanofibers

To characterize the surface wettability of nanofiber membranes,
water contact angles (WCA) on nanofiber membranes were measured
with an optical tensiometer (First Ten Angstroms, 1000 B Drop Shape
Instrument). 5 pL distilled water droplets were placed on different
nanofiber membranes and the contact angle between the surface and the
water droplet was measured. For comparison, PCL films were prepared
by solvent casting method. PCL pellets were dissolved in chloroform and
placed in a Petri dish. Petri dishes were placed overnight in a fume hood
to evaporate the solvent. An average WCA was calculated from three
measurements. The porosities of nanofiber membranes before and after
Parylene coating were calculated based on the following equations
without and with PPXs [19]. For this purpose, the following equations
were used:

membrane apparent density = mass/(area x thickness) @

membrane porosity = 1 — (membrane apparent density /bulk density) 2)

2.8. Mechanical properties

Mechanical tensile strength and elongation at break values of coated
and uncoated nanofibers were evaluated using a tensile testing machine
(Instron Universal Testing Systems 5948). To measure the mechanical
properties, nanofiber membranes were cut with dimensions of 23.5 mm
length by 10 mm width. The elongation test rate was 5 mm/min. Ulti-
mate tensile stress (MPa) and tensile strain (%) values were measured in
triplicate samples.

2.9. Bioadhesion studies

Bioadhesion of a transdermal formulation is required in order to
transfer the drug to the skin surface. To determine the bioadhesive
performance of transdermal patches on skin, work of bioadhesion values
were obtained using a texture analyzer (TA.XT.plus Texture Analyzer,
Stable Micro Systems, UK). The outer part of rat skin was shaved and
used in bioadhesion studies. The transdermal patches were attached
with double-sided tape to the lower end of the probe. The probe was
placed in contact with the skin for 120 s. The adhesion was tested with
an applied force of 0.2 N and a pulling rate of 1 mm/s. The area under
the force — distance (N x mm) curve was calculated using the software of
the instrument and the work of bioadhesion was measured. The mea-
surements were performed in triplicate.

2.10. In-vitro drug release and diffusion studies

To investigate the effect of Parylene coating, drug release studies
were performed for 30 days in pH 5.5 phosphate buffer at 32 °C,
simulating conditions on the skin surface. Optical absorption spectra
were taken at predetermined time intervals and the amount of PPX was
measured spectrophotometrically at 264 nm using a micro volume
spectrophotometer (Nanodrop One, Thermo Fisher Scientific). In vitro
release data were analyzed to fit to certain kinetic models, such as first
order, Higuchi, and Korsmeyer-Peppas, using the DDSolver add-in pro-
gram with the following equations:
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First order : [n(100 — Q) = In100 — kt 3)
Higuchi’s equation : Q = ky'/ 4)
Korsmeyer — Peppas : M\ /My, = kgpt" 5)

where Q is the amount of drug release in time t per unit area, k is the 1st
order rate constant, ky is the Higuchi dissolution constant, M/M,, is the
fraction of drug released at time t, and n is the release exponent.

In vitro diffusion studies were carried out using all-glass Franz
diffusion cells in pH 7.4 phosphate buffer at 37 °C with cellulose
membrane to simulate the epithelium layer of the skin. Nanofiber
membrane samples were placed in the donor phase of Franz diffusion
cells to which 0.5 ml buffer was dispensed to simulate hydration. At
predetermined timepoints, sample solutions were taken from the re-
ceptor phase and replenished with fresh buffer solution. The amount of
PPX in the sample solution was measured spectrophotometrically.

3. Results and discussion
3.1. Rheological studies

Viscosity is a critical parameter for the electrospinning process.
Viscosity that is too low or too high causes problems during electro-
spinning, such as beaded fibers, electrosprayed particles, or limited
whipping action. The use of pure PCL with molecular weight of 80 kDa
at a concentration of >10% provides sufficient elasticity of solution for
electrospinnability [20]. Both PCL and PPX loaded PCL solutions
showed lower viscosity as shear rate increases (Fig. S1). Addition of PPX
to the PCL polymer solution decreased the viscosity due to the hydro-
chloride salt groups of PPX. The viscosity of PCL-PPX solution was suf-
ficient for the electrospinning process [21].

3.2. Fiber morphologies

Electrospinning of PCL solutions with GAA:FA solvent mixture (3:1)
resulted in a continuous process with no clogging at the nozzle tip. The
acetic acid - formic acid mixture is considered a benign (non-toxic)
solvent. The addition of formic acid to acetic acid decreased the nano-
fiber diameter, due to its higher dielectric constant compared to that of
acetic acid [22]. PPX-loaded PCL nanofibers have a fairly uniform
diameter and form a bead-less morphology (Fig. 1a). The thickness of
Parylene coating is directly related to the amount of starting dimer
material used. Coating of Parylene at low amounts (50 mg) affected the
nanofiber diameter slightly from 132 + 25 nm for uncoated fibers (PCL)
to 147 + 34 nm for PPN50 (Fig. 1¢) and 156 + 27 nm for PPC50 (Fig. 1b)
(p > 0.05). In contrast, high Parylene starting amount (300 mg)
increased the nanofiber diameter significantly (p < 0.05) (Table 3). This
increment was significant especially for Parylene C (Fig. 1d), with the
average fiber diameter increasing from ~132 to ~466 nm. Our results
are similar to those of Zeng et al. [23], who reported that 100 mg of
parylene dimer resulted in a coating thickness of ~100 nm on nano-
fibers, while 500 mg parylene dimer resulted in a coating thickness on
the nanofibers of ~300 nm.

3.3. DSC studies

DSC scans were performed to determine if there is an interaction
between PPX, PCL host polymer and Parylene coatings. Both Parylene C
and N did not exhibit DSC peak up to 200 °C. PCL has an endothermic
peak at ~60 °C due to its melting point. This peak was observed in all
nanofiber thermograms (Fig. 2) as expected. The endothermic peak of
pure PCL pellets slightly shifted from 59 to 62 °C. Similar peak shifts
were reported for PCL nanofibers. Solvent evaporation during electro-
spinning process affected the rearrangement and crystallization
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Fig. 1. SEM images of fiber membranes formed by several formulations: (a) PCL; (b) Parylene C, 50 mg (PPC50); (c) Parylene N, 50 mg (PPN50); (d) Parylene C, 300

mg (PPC300); (e) Parylene N, 300 mg (PPN300).

Table 3
Different characterization results of uncoated and parylene-coated formulations.
Formulation Mean Work of bioadhesion Porosity ~ Water contact Tensile test Franz diffusion test
d di t 2 % le (°
code (l;::)le e (mJ/m’) %) angle () UTS Strain Young’s Flux Permeability
(MPa) (%) modulus (ug/cm?/ coefficient
(MPa) h) (cm/h)
PCL 132 + 25 115.9 80.3 112.5 + 1.1 1.3+ 28.4 + 4.9+0.2 285.7 + 0.336 + 0.09
0.1 1.8 75.4
PPC50 156 + 27 60.1 86.5 123.6 + 0.9 23+ 28.5 + 10.0 £ 0.9 25.2 + 0.008 + 0.004
0.2 2.3 12.6
PPN50 147 + 34 213.2 80.6 124.8 + 9.7 1.6 + 25.8 + 7.3+0.3 36.6 £ 2.4  0.036 + 0.002
0.2 3.7
PPC300 466 + 91 31.3 86.0 1343 £ 3.2 5.1+ 69.8 + 67.1 +£7.2 - -
0.1 8.2
PPN300 218 + 50 111.8 80.0 129.4 + 3.0 1.4+ 24.0 = 9.7 £2.6 - -
0.2 3.5
e thermograms, possibly because the electrospinning process causes the
HOLR conversion of PPX from crystalline to amorphous structure. Another
1 — Pure PPX possibility is that since PCL has a very low melting point compared to
i Pure PCL PPX the latter can dissolve in melted PCL, hence the absence of its
endothermic peak in the nanofiber formulations [25]. Clearly, incor-
] —_— Parylene C porated PPX is well dissolved into the host PCL nanofiber materials for
s Parylene N all cases.
©
> _\/\ PCL
o .
i 3.4. NMR and XRD studies
= \/‘\ PPC50
[
T - gggg’go In Fig. 3, NMR results showed the confirmation of the presence of the
PPX in the PCL nanofibers. The peaks at ~9.5 ppm corresponding to the
PPN300 —NH; protons and ~ 0.9 ppm corresponding to the -CHg protons are due

T T T

T T T T T T
40 60 80 100 120 140 160 180 200
Temperature (°C)

Fig. 2. DSC thermograms of PCL polymer, PPX and nanofiber formulations.
behavior of PCL polymer chains [24]. PPX has crystalline water in its

structure, which causes a broad endothermic peak at ~100-140 °C. This
endothermic peak was not observed in the nanofiber membrane

to PPX. The more significant PPX peak at 0.9 ppm is evident in all
nanofiber NMR spectra, with intensity dependent on the ratio of PPX
drug to polymer.

In XRD spectra (Fig. 4), pure PPX exhibited characteristic peaks at
21.34° and 24.76° indicating the crystalline form of the drug and pure
PCL exhibited two characteristic peaks at 22.66° and 25.06° due to the
(110) and (200) reflections [26]. While all nanofiber formulations
showed the characteristic peaks of PCL, no characteristic peaks of PPX
were detected in nanofiber formulations indicating a transformation of
PPX state from crystalline to amorphous form in nanofibers. The loss of
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Fig. 3. NMR results for (a) pure PPX powder; (b) PCL pellets; (c) PCL nano-
fibers; (d) PPN50 nanofibers; (e) PPC50 nanofibers; (f) PPN300 nanofibers; (g)
PPC300 nanofibers. All nanofiber formulations include a PPX drug.
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Fig. 4. XRD diffractograms of PCL, PPX, Parylenes and their nanofiber
formulations.
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crystallinity was consistent with the DSC results.

3.5. Wettability, porosity, bioadhesion and mechanical properties of
nanofibers

Fig. 5 shows the effect of Parylene coating on the wettability and
bioadhesion of the resulting fiber membranes. PCL is a hydrophobic
polymer and its nanofiber membrane form showed a water contact angle
(WCA) of ~125-130° [27,28]. The loading of hydrophilic drug PPX
decreased the contact angle. In our study, the WCA of PPX-containing
PCL fiber membranes was found to be ~112°, as shown in Fig. 5a.
The addition of hydrophilic materials has been reported to decrease
WCA. For example incorporating gelatin into PCL fibers results in a WCA
change from 130° for PCL fibers to 37° for PCL/gelatin blended fibers
[29]. In addition, the WCA of PCL cast film was found to be 93°, which
indicates a smoother surface compared to nanofibers. Gharaei et al.
reported that porous microstructure plays a significant role on wetta-
bility [30]. On the other hand, coating with Parylene (that has hydro-
phobic characteristics) has resulted in an overall increase in WCA
(Fig. 5a). The use of 50 mg Parylene C and N increased the WCA by
~10°, while the use of 300 mg Parylene C and N increased the WCA by
22° and 17°, respectively. Parylene C is known to have superior water
and gas barrier properties compared to Parylene N [17]. WCAs of Par-
ylene N, C and D have been reported as 79°, 87° and 97°, respectively
[31]. Parylene C coated micro-structured surfaces have been reported to
have a WCA of ~130°, while flat homogeneous Parylene films have a
contact angle of ~90° [32]. Our porous nanofiber surfaces provide
micro-roughness on the surface, leading to the increased water contact
angle compared to homogenous Parylene films [33].

Membrane porosity values of certain nanofiber formulations were
affected by Parylene coating. Parylene N coating did not affect the
porosity values, whereas Parylene C coating increased slightly the
porosity values of PPC50 and PPC300 formulations from 80.3% to
86.5% and 86.0%, respectively. While the increased porosity does not
present the significant effect on the hydrophobicity of membranes, the
hydrophobic nature of Parylene coating diminishes the effect of hy-
drophilic PPX addition, leading to the increased hydrophobicity of
Parylene coated membranes.

As expected, higher hydrophobicity (lower wettability) of Parylene
coated membranes generally resulted in lower bioadhesion (Fig. 5b).
Although some studies used PCL nanofibers for transdermal delivery of
drugs [4,34], bioadhesion of the Parylene coated PCL membranes can be
improved by adding an adhesive backing layer.

The mechanical properties (ultimate tensile stress (UTS), strain at
breakdown, and Young’s modulus) of Parylene-coated PCL fiber mem-
branes were investigated as shown in Fig. 6. Parylene C has higher
tensile strength (Fig. 6a) and elongation at break (Fig. 6b) values
compared to Parylene N. At lower Parylene coating amounts (50 mg),
tensile stress and strain values did not change significantly compared to
non-coated PCL nanofibers due to the thin coating thickness. The highest
tensile stress and strain values were achieved with the higher amount
(300 mg) of Parylene C coating. Similarly, Cieslik et al. reported that, for
Parylene C coatings the critical load for initial cracks is ~5x higher than
Parylene N [35]. They also reported that Parylene N coatings are tough
and brittle because of higher crystallinity, while Parylene C exhibits
higher elasticity. The ultimate tensile stress and tensile strain values
were suitable for use the formulations as a transdermal patch on the skin
[36].

3.6. Drug release and diffusion studies

Sustained release of hydrophilic drugs, such as PPX, is problematic
compared to hydrophobic drugs. Eskitoros-Togay et al. prepared PCL
nanofibers containing hydrophilic doxycycline drug, with a drug to
polymer ratio of 3.5:12 and reported that the entire drug content was
released within 8 h [37]. In our study, PCL formulation without Parylene
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@) S ®) ¥

s 70
© ~ 60
o o
S 4 <
- £ 50
@ o
23 &» 40
0 @
g 2 2 30
c @
7} = 20
o
10
0 0
PCL PPC50 PPN50 PPC300 PPN300 PCL PPC50 PPN50 PPC300 PPN300

Fig. 6. Mechanical properties of different formulations: (a) ultimate tensile strength; (b) tensile strain.

100 ——— 100 ——3pc’
(@) PoL (b) O * PCL
PPN50 ¢
. i - [ b |
Q PPCS0 | % __'_3__'_3..'.‘15-9-«
S el L % ------------------- 1 X 60fF | 8
x eop AL — I S e
o I o '
2 8
S 4 1 8 4oF
2 ! 3
ha i S— P PN300 L
off 4t - 20
:.i' R S S R S—— ! i
B ] e
5 10 15 20 25 30 0
Time (day) Time (day)

Fig. 7. PPX release profiles of the various formulations over periods of: (a) 30 days; (b) 3 days.

6



S. Tort et al.

coating showed a rapid PPX release profile even at drug to polymer ratio
of 1:20. The goal of the Parylene coating is to prevent the burst release of
the hydrophilic drug by adding a hydrophobic sheath layer. The
advantage of Parylene vapor deposition is producing a conformal
coating that is imperforated over the entire surface. This has successfully
prevented the burst release of the drug from the fiber surfaces (Fig. 7).
While PCL-only nanofiber membranes entirely released their PPX con-
tent in ~12 h, membranes coated with Parylene provided an excellent
barrier extending the PPX release significantly. In particular, the mem-
branes coated with 300 mg of Parylene displayed continued slow release
over a period of several weeks, consistent with their decreased wetta-
bility and thicker effective fiber diameter. Over a period of 30 days, the
PPC300 and PPN300 formulations released ~10% and ~ 20% drug,
respectively. Drug release from the thicker Parylene coating occurred
very slowly. Parylene C decreased the drug release significantly more
than Parylene N due to its chemical structure (a chlorine atom on the
benzene ring) and coating thickness. Although Parylene C and N both
have very low water absorption values (<0.1% in 24 h), Parylene C has
lower water vapor transmission rate of 0.08 (g-mm)/ (mz-day) compared
to 0.59 (g-mm)/(mz-day) for Parylene N, which may contribute to the
slower drug release [31]. This clearly indicates that increasingly long-
term release can be achieved with by increasing the Parylene coating
thickness. Similarly, the decreased release of BSA from PVA nanofibers
was reported with increased Parylene C coating thickness [23]. The
lower amount (50 mg) of Parylene coating also resulted in the preven-
tion of PPX burst release, albeit at a faster rate than the thicker coating.
PPC50 formulation released ~60% drug in 30 days, while PPN50
formulation released ~80% drug in 30 days. The lower amount of
Parylene provided faster release profiles and is more practical for
transdermal drug delivery. As seen in Table 4, while the release kinetics
showed a good fit to the First order model without Parylene coating, all
data showed good fit in the Korsmeyer-Peppas model (r> = 0.908 to
0.962) after Parylene coating. The release exponent values were found
to be between 0.173 and 0.465, which indicates pseudo-Fickian (partial
diffusion) (n < 0.5) diffusion mechanism. As expected, based on n values
of <0.5, the release from non-degradable Parylene occurs primarily by
diffusion rather than by erosion.

Long term exposure to transdermal patches (more than a month)
could result in skin irritation. Therefore, in vitro drug diffusion studies
were carried out with PPN50 and PPC50 formulations. Franz diffusion
experiments were used to evaluate the in vitro drug permeation for the
prediction of the performance of transdermal administration. Similar to
the drug release study, PPX in uncoated PCL fibers permeated rapidly
compared to PPN50 and PPC50 formulations at pH of 7.4 (Fig. 8). The
flux value of uncoated PCL decreased ~10x compared to Parylene-
coated formulations through dialysis membrane (Table 3). Fast release
of PPX from uncoated PCL nanofibers resulted in high concentration
gradient and provided rapid permeation through the skin-mimicking
cellulose membrane between donor and receptor phases. Parylene
coating created a barrier outside of nanofibers and decreased the
released drug. With this reduction, both flux and permeability coeffi-
cient values decreased accordingly. The similarity between drug release
and diffusion profiles indicates that released drugs are easily diffused
through the membrane because of the small molecular weight of PPX
(~302.3 Da).

4. Conclusion

Nanofibers represent a new platform for drug delivery systems in the
pharmaceutical world due to their unique properties. In this study, PPX-
loaded nanofibers were successfully coated with different Parylene types
and amounts using chemical vapor deposition method. The initial burst
release of PPX from PCL nanofibers was successfully prevented with
parylene coating, enabling long-term release kinetics. Pinhole-free
conformal coating enables the sustained release from the hydrophilic
drug incorporated nanofiber patches. Parylene C coating layer provided
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Table 4
Kinetics of drug release from nanofiber formulations.

First order Higuchi Korsmeyer-Peppas

I k I ku ? n kxp
PCL 0.982 1.51 0.799 57.9 0.967 0.259 71.3
PPC50 0.771 0.0669 0.929 14.14 0.908 0.465 17.75
PPN50 0.331 0.134 0.466 21.29 0.925 0.173 47.98

PPC300 0.429
PPN300 0.657

0.00679 0.848 3.13 0.937 0.374 4.68
0.0148 0.934 6.18 0.962 0.436 7.17
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Fig. 8. PPX diffusion profiles measured from Franz diffusion cell up to 72 h.

more retarded release kinetics compared to that of Parylene N. This
study demonstrated a versatile approach that combines the prevention
of burst release of a hydrophilic drug with the ability to adjust release
profiles with coating thickness, thus providing a suitable release profile
for long term transdermal drug delivery as well as wound dressing and
drug loaded stent applications.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.surfcoat.2021.126831.
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Figure S1 Rheological properties of PCL and PCL/PPX polymer solutions.
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