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Wrinkle formation in a polymeric drug coating
deposited via initiated chemical vapor depositionf

Paul Christian,® Heike M. A. Enmann,®® Oliver Werzer®® and Anna Maria Coclite*®©

Polymer encapsulation of drugs is conventionally used as a strategy for controlled delivery and enhanced
stability. In this work, a novel encapsulation approach is demonstrated, in which the organic molecule
clotrimazole is enclosed into wrinkles of defined sizes. Having defined wrinkles at the drug/encapsulant
interface, the contact between the encapsulating polymer and the drug can be improved. In addition, this
can also allow for some control on the drug delivery as the available surface area changes with the
wrinkle size. For this purpose, thin films of clotrimazole were deposited onto silica substrates and were
then encapsulated by crosslinked poly(2-hydroxyethyl methacrylate) (P HEMA) via initiated chemical vapor
deposition (ICVD). The thickness and the solid state (crystalline or amorphous) of the clotrimazole layer
were varied so that the conditions under which surface wrinkles emerge can be determined. A (critical)
clotrimazole thickness of 76.6 nm was found necessary to induce wrinkles, whereby the wrinkle size is
directly proportional to the thickness of the amorphous clotrimazole. When the pHEMA was deposited on
top of crystalline clotrimazole instead, wrinkling was absent. The wrinkling effect can be understood in
terms of elastic mismatch between the relatively rigid pHEMA film and the drug layer. In the case of
amorphous clotrimazole, the relatively soft drug layer causes a large mismatch resulting in a sufficient
driving force for wrinkle formation. Instead, the increased elastic modulus of crystalline clotrimazole

www.rsc.org/softmatter

Introduction

Encapsulating drugs with synthetic polymers has several important
roles: it creates a diffusion membrane around medications for
release in adjustable time-scales;" it protects the drug during the
administration (e.g. from acidic environment in the oral route); it
enhances the drug stability on storage. This is generally achieved by
biocompatible polymer/drug composite layers or by dispersing the
drug itself within a soluble or insoluble polymer matrix, thus
forming a solid-state dispersion or solution.**

The recently developed initiated chemical vapor deposition
(icvD) allows the preparation of thin polymer coatings on
nearly any surface, including delicate substrates such as liquid
layers,” paper,® organic films’ or drug molecular layers.® iCVD
polymerization works in a wide range of environmental conditions,
among them mild vacuum and low substrate temperatures, allowing
even the direct deposition onto delicate drug formulations
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reduces the elastic mismatch between drug and polymer, so that wrinkles do not form.

which are easily altered by solution-based polymer coating
processes.” The iCVD process follows the mechanisms of con-
ventional radical polymerization.'®'" Radicals are created in
the vapor phase upon thermal decomposition of an initiator
molecule, often a peroxide, by selectively breaking the labile
oxygen—oxygen bond at temperatures in the range 250-350 °C.
The monomer remains unaffected by these temperatures and
gets adsorbed on a substrate held at moderate temperatures
(ambient to 60 °C). There, radicals can react with the vinyl
bonds of the monomer molecules from the vapor phase,
resulting in the formation of heavier initiator-monomer fragments.
Subsequently, growth proceeds by attaching additional monomer
units to the chain until it is terminated by another radical or
unsaturated chain.'” Further details on this iCVD polymerization
mechanism can be found in recent reviews.”"*

It has been demonstrated that engineered three-dimensional
wrinkles bind the coating intimately to its substrate."* When a
solid thin film is deposited onto a liquid and forms wrinkles,
the liquid seeks to keep the solid-liquid contact by flowing
into the wrinkles."® In the current study, the encapsulation of
a drug molecular layer into a wrinkled, hydrogel-forming layer is
investigated. This approach can be applicable for morphology-
controlled drug-release, as well as for other practical purposes,
including tunability of adhesion,'®'” wettability'®"® for micro-
fluidics®® or optical coatings (anti-reflection layers). In particular,
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keeping the surface chemistry unchanged while varying the
morphology in a controlled manner can be beneficial for studies
of properties like wettability or crystal growth as a function of the
interface morphology. Among three-dimensional surface morpho-
logies, wrinkled surfaces have recently attracted a great deal of
attention. Since Bowden’s experiments in 1998,>" many groups
have investigated different routes to prepare defined surface
wrinkles, both from the experimental and the theoretical point
of view. Most often, wrinkles on a surface are obtained when a
compressive stress is generated between a coating layer and a
substrate due to the expansion mismatch of the two materials.*”

Ordered wrinkling has already been demonstrated by the
deposition of a cross-linked poly(2-hydroxyethyl methacrylate)
(pPHEMA) layer onto PDMS substrates by iCVD.*® This resulted
in the formation of two-dimensional herringbone patterns by
the sequential release of the biaxially stretched PDMS. In this
current work, another approach is demonstrated to fabricate
wrinkles of various sizes. For this, clotrimazole was encapsulated
by crosslinked pHEMA via iCVD. Clotrimazole is commonly used
in the treatment of fungal disease,>* but is also evaluated for
therapies of malaria.”® In this study, clotrimazole is used as a
model substance as it is stable under mild vacuum conditions
(required in our iCVD process) and remains amorphous at a
solid substrate for a prolonged period prior and after fabrica-
tions, in contrast to other molecules which rapidly transit to
a more stable crystalline form.*® Furthermore, its excellent
solubility in organic solvents allows simple but defined film
preparation by spin coating. Various films of different thick-
nesses were prepared, functioning effectively as a spacing layer
between the iCVD pHEMA coatings and the rigid silicon sub-
strate, as depicted in Scheme 1. The pHEMA polymer belongs to
the category of hydrogels, as it shows a fast response to wet
environments. The presence of absorbed water in the polymer
network induces a reversible change in thickness from unswollen
to the swollen state and vice versa. Encapsulating clotrimazole in a
PHEMA hydrogel presumably enables the polymer coating to act
as diffusion barrier in the dry, unswollen state while allowing for a
drug delivery when swollen. For this, also the biocompatibility of
pHEMA, which was demonstrated already in several cases, plays
an important role.””*® In this work, the impact of the drug layer
thickness and of its solid state (i.e. crystalline vs. amorphous) on
the wrinkling process was studied. Many studies on wrinkles
are based on depositing a hard skin layer on soft substrate and
varying the thickness of the skin layer.>*' When the skin layer
is thick enough, wrinkles form as a result of the elastic

iCVD pHEMA h =200 nm
: variable thickness H
e I variable solid state
Substrate

Scheme 1 Schematic of the sample structure, indicating the variables
(thickness and solid state of the clotrimazole layer) whose impact on the
wrinkling process is evaluated.

9502 | Soft Matter, 2016, 12, 9501-9508

View Article Online

Soft Matter

mismatch between the rigid film and the soft substrate.** In
this work, a different approach was chosen: the thickness and
the solid state of the clotrimazole layer were varied in order to
control wrinkle formation (Scheme 1).

Materials and methods

Pharmaceutical grade clotrimazole was purchase from Gatt-Koller
GmbH (Austria) and used without further treatment. Tetrahydro-
furan (THF) of spectrophotometric grade was purchased from
Sigma-Aldrich (Germany). Solutions of clotrimazole in THF
were prepared in various solute concentrations, ranging from
1.7 mg g ' to 66.6 mg g ', and stirred prior usage. Silicon
wafers with defined thermally grown oxide of 150 nm (Siegert
Wafers, Germany) were used as substrates. Prior usage, the
substrates were cleaned by ten minutes sonication each in
acetone and ethanol solution, respectively, rinsed with MilliQ
water and finally dried under a nitrogen stream.

Defined clotrimazole layers were prepared by spin coating
from the different concentrations using a standard spin coating
device (Ingenieurbiiro Reinmuth, Germany). The spin time was
set to 30 seconds at a rotation speed of 25 rounds per second.
The clotrimazole layer thicknesses were determined by variable
angle spectroscopic ellipsometry using a M-2000 ellipsometer
(J. A. Woollam, USA). For the layer thickness extraction, the data
was modeled as a system consisting of three-layers including
bulk silicon, silicon oxide (150 nm) and clotrimazole, using the
CompleteEASE software. The optical constants of the silicon
crystal and the surface oxide were taken from literature,* while
the refractive index of the clotrimazole layer were modeled by a
Cauchy function.

iCVD layers were deposited using a custom build setup.
The samples were housed in a cylindrical vacuum chamber
equipped with a throttle valve, controlling the operating pressure
to 350 mTorr. The substrate temperature was kept at 30 + 3 °C
by a chiller/heater system (Thermo Scientific Accel 500 LC). The
thermal decomposition of the initiator was induced by a
filament array of nickel-chromium wires (Goodfellow, UK),
heated to 320 £ 5 °C. The hydrophilic monomer 2-hydroxy-
ethyl methacrylate (HEMA, 97%, Aldrich, Germany), the cross-
linking agent ethylene glycol dimethacrylate (EGDMA, 98%,
Aldrich, Germany) and the initiator tert-butyl peroxide (TBPO,
98%, Aldrich, Germany) were used without further treatment.
The two monomers were kept at 75 and 80 °C, respectively, and
flown into the reactor through a heated mixing line. The flow
rates were adjusted via needle valves. The initiator was kept at
ambient temperature and was introduced separately into the
chamber. The various samples were coated at constant flow
rates: TPBO 0.80 4 0.02 sccm, HEMA 0.75 + 0.05 sccm, EGDMA
0.04 £ 0.01 sccm and N, 3.0 + 0.1 sccm. The N, was used as
patch flow. A nominal layer thickness of 200 nm was deposited
on all the samples, monitored in situ by laser interferometry
(He-Ne Laser with . = 633 nm, Thorlabs, USA). Simultaneous
to the deposition of clotrimazole layers, also pristine silicon
substrates were coated with cross-linked pHEMA to allow for an
easier characterization of the polymer properties.

This journal is © The Royal Society of Chemistry 2016
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The chemical composition and structure of the pHEMA layer
were evaluated by Fourier transform infrared (FT-IR) spectroscopy
(Bruker IFS 66 v/S) in transmission. The atomic composition of the
compound (clotrimazole and polymer) and the pristine polymers
were determined by X-ray photoelectron spectroscopy (XPS). The
spectra were acquired using non-monochromatic Mg K-alpha
radiation (1253 eV). The pass energy was 50 eV for survey scans
and 20 eV for high resolution scans. The take-off angle was 55°.
The analysis of the data were performed using Casa XPS.
Morphological studies were conducted by a FlexAFM (Nanosurf,
Switzerland) using an EasyScan 2 AFM controller and a Tap190
cantilever (BudgetSensors, Bulgaria). The measurements were
performed in non-contact mode so that the amplitude of the
cantilever, exited at 190 kHz, was used as the feedback loop
parameter. The individual images were corrected for sample
flatness and artefacts with the software package Gwyddion.>*

Results and discussion
Amorphous clotrimazole layers on silicon oxide

The deposition of clotrimazole from THF solutions resulted in
homogenous films for solute concentrations (c) ranging from
1.7 mg g ' to 66.6 mg g '. Atomic force microscopy measure-
ments of such films featured little to no surface structures, which
is also reflected by a surface roughness (root mean squared, RMS)
below 0.4 nm (data not shown). As a previous study has shown,
this preparation route generally results in (initially) amorphous
clotrimazole films, which is also indicated by the absence of a
significant surface roughness.*

At solute concentrations lower than 1.7 mg ml ™', holes
started to appear in the spin coated clotrimazole layers as the
system had not enough time to form a coherent film or the
amount of material is not sufficient for covering the entire
sample. Exceeding ¢ = 66.6 mg ml*, the film quality decreased
quickly due to comet structure formation by residual particles
of un-dissolved clotrimazole in solution, making the surface
inhomogeneous. Therefore, only samples in the concentration
range of 1.7-66.6 mg ml ' were studied further. Using a
different solvent and/or spin coating conditions, crucial para-
meters such as solubility and evaporation speed can likely be
altered, probably pushing the limits for high quality films to
thinner but also to thicker ones.

Ellipsometric measurements of the clotrimazole layers show
a variation in layer thickness, ranging from 19 nm to 531 nm as
the solute concentration is varied from 1.7 to 66.6 mg g~ " in the
spin coating process (see Fig. 1). The thicknesses in between
those two extremes increase linearly with the clotrimazole
concentration. A linear regression fit shows that the layer
thickness (H) can be described by H [nm] ~ 12.6 + 7.9-c.

When stored under ambient conditions after film fabrica-
tion, the appearance and thus the solid state of such films
remained unaffected for several hours. This stability allows the
subsequent deposition and characterization of polymeric iCVD
coatings on top of the amorphous clotrimazole films without
the need for other process steps, like heat treatment.

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Layer thicknesses (H) of the clotrimazole films deposited via spin
coating from various THF solutions. The thickness has been obtained from
ellipsometric measurements.

Characterization of the pristine iCVD pHEMA layer

A crosslinked pHEMA hydrogel was deposited onto a silicon
oxide surface by iCVD to analyze the layer properties in the
absence of clotrimazole. The ratio of monomer to saturation
vapor pressure at the substrate surface can be calculated from
the deposition parameters, which yields a HEMA to EGDMA
ratio of 2:1. The film thickness is determined to 206 nm from
the ellipsometry data, with the AFM height image showing a
homogenous surface with a roughness of 1.2 nm (see Fig. 2, top
left). Even if this value is larger than the one of bare silicon
oxide surfaces (below 0.3 nm), it is comparable to the typical
roughness of solution cast polymer films. This demonstrates
that the iCVD process can be utilized to alter the chemical
composition of a rigid surface while leaving the roughness
(almost) unchanged.

FT-IR measurements were performed to determine the
chemical composition of the hydrogel. The FT-IR spectra (ESL
Fig. S1) show peaks characteristic for both EGDMA and HEMA
monomers: the carbonyl ester absorption (1705-1740 ¢cm ™),
the methyl and methylene absorption at 2950-2800 cm ™" and
1200-1000 cm™ " and C-O absorption (1050-1150 cm™'). The
characteristic OH band, attributable to the HEMA monomer, is
also visible at 3500-3000 cm™". A detailed analysis of the line
profile suggests a crosslinker content, i.e. EGDMA content, of
(15 £ 1)%, which is in good agreement with the XPS data of the
film. The atomic ratio of carbon-to-oxygen calculated from the
XPS spectrum was 2.09:1, while a ratio of 2.08:1 would be
expected from the FTIR data. As the sampling depth in XPS
experiments is just about 10 nm and the FT-IR samples instead
the whole thickness, the good agreement of the C/O ratios
determined by these two techniques hints at a very similar bulk
and surface composition. Often, a preferential orientation of
apolar groups (e.g. methyl groups) at the polymer-air interface
or some surface contamination will result in a carbon-enriched
surface composition relative to the bulk. In addition, both
techniques, i.e. FT-IR and XPS analysis, confirm the retention
of the monomeric units of HEMA and EGDMA after the
deposition as well as a defined copolymer composition.

Soft Matter, 2016, 12, 9501-9508 | 9503
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Fig. 2 AFM height images of pHEMA films (h = 206 nm) coated on top of
clotrimazole spacing layers of varying thicknesses H, as reported in the
labels. For comparison, a pHEMA film on the bare silicon oxide substrate is
also shown (label "0 nm”). Note that the color scale and the resolution are
different for the individual images, as the feature height varies from a few
nanometers to microns.

iCVD coatings on amorphous clotrimazole

The deposition of a crosslinked pHEMA layer onto a rigid bare
substrate by the iCVD process resulted in a smooth surface,
with the film adhering to the morphology of the substrate.
However, when the crosslinked pHEMA is deposited on a
relatively soft layer, ie. on top of amorphous clotrimazole
(which acts then as a spacing layer from the actual silicon
substrate), the morphology drastically changes (see Fig. 2 for
selected examples, the complete AFM data are provide in the
ESI,T Fig. S2 and S3).

Already at a clotrimazole layer thickness of 19 nm, the
deposition of pHEMA resulted in a significant increase in
surface roughness (o,m,s = 7 nm) when compared to either the
bare silicon substrate (23 times), the amorphous clotrimazole
(18 times) or the pristine pHEMA film on the silicon wafer
(6 times). This means that the growth of the pHEMA layer is
affected by the presence of the drug spacing layer underneath
even when it is just 19 nm thick.

Increasing the thickness of the clotrimazole spacer slightly
did not change the film morphology significantly, indeed the
roughness of the iCVD surface on top of a 63 nm thick

9504 | Soft Matter, 2016, 12, 9501-9508
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clotrimazole layer was only 6,,s = 9 nm, slightly higher than
that of thinner spacers. At a spacer thickness of 85 nm, some
dots, bigger than other surface areas, are visible. The number of
these dots increases with the thickness of the spacing layer (see
ESIt) and reaches a maximum at 85 nm.

At spacer thickness of 114 nm, a transition from the relatively
smooth surface morphologies (except for some dots) to surface
wrinkles occurs. Many structures appear dot-like but the structure
size being significantly larger when compared to the samples
containing thinner drug layers. Besides this, structures with
elongated shape but of same width and height as the dot-like
structures are observed. The length of these can, however, extend
several tens of micrometers. In Fig. 2, it can be seen that a
further increase in spacer thickness results in much larger
structures with mostly fibrillar shape instead of the dot-like
one. The thickest sample tested, i.e. with a spacer thickness of
531 nm, contains only fibrillar structures, which form a
labyrinth-like pattern (Fig. 2). A preferred orientation of the
wrinkles is not observed which is expected as neither the under-
lying isotropic silicon oxide layer nor the amorphous clotrima-
zole layer introduces any directional surface properties.

To gain further information, the surface root mean square
roughnesses (o,ms) of the various samples were extracted from
the AFM height images and the results are summarized in
Fig. 3. The root mean square roughness values represent the
deviation from an average (calculated) surface. This means that
Orms 1S @ good approximation for the peak-to-peak amplitude,
i.e. the total variation in structure height. For a spacer thickness
below 85 nm, the roughness is nearly independent from the
thickness of the clotrimazole layer and consequently, the slope
of a linear regression fit is close to zero in this region. For
spacer thicknesses larger than 85 nm, the roughness drastically
changes with the thickness. The increase in roughness is
directly proportional to the spacer thickness, with a slope of
1.18. A critical thickness (H.) can be identified at 79 nm, where
the extrapolations of the two linear regressions intercept, i.e.
for values below H,, the surface roughness is not (or only little)
dependent on the spacer thickness while above, the roughness
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Fig. 3 Root-mean-square roughness of the crosslinked pHEMA surfaces
deposited on top of amorphous clotrimazole layers of different thicknesses.
The values are calculated from the AFM data presented in Fig. S2 (ESI+).
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6sm01919f

Open Access Article. Published on 07 November 2016. Downloaded on 11/13/2025 8:23:53 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

is a function of the distance between the supporting substrate
surface and the pHEMA layer. Huang et al. reported such a
behavior in a similar study.’® They observed that there is a
critical thickness at which interfacial forces and surface stresses
assume a dominant role in the appearance of the surface
morphology. Below the critical thickness of the spacing layer,
the rigidity of the solid film stabilizes the flat morphology
against the wrinkled one. Above the critical thickness, the
compressive stress acts on the solid film, inducing wrinkling.

Besides the wrinkling amplitude represented by the rough-
ness parameter, the wavelength is a key parameter of such
surface wrinkles. Due to the unordered nature of the wrinkling,
the radial power spectral density (RPSD) of the AFM micro-
graphs was used in the determination of the characteristic
wrinkle wavelengths. The RPSD is the Fourier transform of
the radial autocorrelation function, which represents the power
of the spatial frequencies and can thus be utilized to reveal
periodic structures on a surface. This evaluation provides only
reasonable numbers for samples exhibiting some periodicity
(i.e. wrinkles), so only data with a spacer thickness of 114 nm
and above are considered. At clotrimazole thickness of 114 nm,
the wrinkle wavelength is approximately 1100 nm, showing a
steady increase up to a maximum of ~3000 nm as the spacing
layer thickness reaches 531 nm.

There are many studies describing and modeling the appearance
of wrinkles and relating their characteristics (e.g. amplitude, wave-
length) to some physically meaningful parameters. Having a multi-
layer system, a strain relaxation causes wrinkle formation when the
individual layers differ in their elastic response (elastic modulus or
Young’s modulus), whereby most often systems containing a soft
substrate (E) and a thin, rigid top layer (Ey) are studied.*

Then the wrinkle wavelength A can be related to

13
A =2mnh (i) , (1)
3E,

S

whereby # denotes the thickness of the clotrimazole film. For
the validity of this model, the thickness of the substrate has to
be significantly larger than that of the film so that small
variations of the substrate thickness (i.e. the clotrimazole
spacer here) do not influence the forces at the substrate/film
interface. However, in the present case, the resulting morphology of
the pHEMA thin film is the consequence of the force balance at the
polymer-air and the clotrimazole-polymer interface, with the forces
at the latter changing with the clotrimazole thickness H. Therefore,
assumptions made for the model in eqn (1) are not fulfilled.
A model whose assumptions are more similar to our experimental
setup regards the case of a stiff film on a compliant substrate of
similar thickness.”” For an incompressible substrate, an analytic
expression can be derived:

p \/ﬁ E
RGN G i — . 2
2mh h (18Es> )
The wrinkle wavelength is hereby also a function of the square-

root of the substrate to film thickness ratio H/A. This means that
from a double logarithmic, normalized plot of the experimental
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Fig. 4 Wrinkle wavelength represented in a double logarithmic plot, with

normalization for the iCVD polymer thickness h. The solid line represents a
linear fit of the data, with the corresponding equations given in the inset.

data (i.e. A/h over H/h) the ratio of elastic moduli can be calculated.
Eqn (2) represents then a linear function (see Fig. 4) where the

= 11/6
intercept with the y-axis corresponds to log, <2n4 {187?} )
S
From this, the elastic modulus ratio of polymer to spacer is
derived to 73.

As it is evident from eqn (1) and (2), the wrinkle wavelength
is independent of any pre-straining of the substrate before the
deposition. Nevertheless, the formation of wrinkles, in general,
requires the presence of a compressive stress prior a relaxation
step. In most cases, this is achieved by thermal pre-straining of
the sample, which results in the wrinkling after stress release/
relaxation. In the present case, thermal pre-strain is inherently
present as the substrate temperature is above room tempera-
ture during deposition. Further, the clotrimazole layer itself has
a strong tendency to de-wet the surface, as observed for thinner
films. Having thicker films, the de-wetting is balanced by
adjacent molecules resulting in a metastable state. A slight
disruption of this state might facilitate de-wetting and thus also
wrinkle formation.

Encapsulation performance

To obtain an estimate of the encapsulation quality of the
PHEMA polymer regarding the ability to protect the clotrima-
zole layer from the environment, XPS investigations were
performed after storing the samples for one month under
ambient conditions. In all these measurements, signals from
the chlorine unit of the clotrimazole were absent, indepen-
dently on the spacer thickness. Furthermore, no nitrogen was
detected (data not shown). This suggests that the clotrimazole
is fully buried below the polymeric layer. From all these
measurements it can be concluded that the crosslinked pHEMA
layer deposited by iCVD performed well in terms of encapsulat-
ing the clotrimazole against ambient.

The results shown here demonstrate also the advantage of
using such deposition technique when compared, for instance,
with a solution cast technique.” In such solution cast films, the

Soft Matter, 2016, 12, 9501-9508 | 9505
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matrix material and the clotrimazole layers formed a solid state
solution but the XPS results revealed that a significant amount was
hosted at the sample surface. While this may be interesting for a
ready drug delivery, the drug molecules are not as well-protected
against the environment as in the case of the iCVD encapsulation.

iCVD on partial crystalline film

There are many ways clotrimazole can be transferred into the
crystalline state. The method that works fastest without strong
de-wetting of the clotrimazole from the substrate is water
solvent vapor annealing.>® Within a couple of days, an initial
amorphous film is fully crystallized. In this work, a thick
clotrimazole film of 530 nm thickness was stored in water
vapor for two days, resulting in the film being partly transferred
into a crystalline state. When the iCVD coating was deposited
on top of such a partially crystalline film, interesting behaviors
were observed in optical and atomic force microscopy images.
Firstly, the amorphous fraction of the film contains wrinkles
(see Fig. 5a and b). In the vicinity of the crystal, which appears
bright in the polarized optical microscopy image, a depletion
zone formed, ie. clotrimazole molecules diffuse out of the
intermediate region, typically addressed as Ostwald ripening.
This depletion region shows a steady increase in thickness, as
the distance to either crystalline or amorphous regions is
getting smaller (interference due to the layer thickness varia-
tion results in the visible color gradient). As a result, also the
wrinkling structure deviates in size: the structures are less

Fig. 5 (a) Optical microscope image of a partial crystalline clotrimazole
film coated with a 200 nm pHEMA layer without (lower left triangle) or with
(upper right triangle) the usage of a polarizer. AFM height images of areas
containing the spacer either in an amorphous (b) or crystalline (c) state.
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Fig. 6 Scheme of the sample geometry prior iCVD coating and the
assembly after deposition on thin or thick amorphous spacer (middle)
and on crystalline clotrimazole (bottom).

pronounced for areas containing lower amounts of clotrima-
zole, in accordance with the findings above.

Having crystalline clotrimazole on the silica surface results in the
surface morphology being dominated by the crystal morphology,
despite having a pHEMA layer on top. Surface wrinkling does
not occur on these surfaces. In the framework of the wrinkling
theory described above, this suggests that the elastic response of
clotrimazole and polymer are now nearly identical. Such a behavior
might be expected as the crystalline state reduces the degrees of
freedom, making the system more rigid. As shown elsewhere,*®
wrinkle formation results also for the samples when the crystalline
clotrimazole is heated above its melting temperature (T, ~ 150 °C)
and subsequently cooled to ambient, since this treatment yields
again the amorphous clotrimazole state.

Conclusion

The combination of solution processed drug layers and encapsula-
tion by iCVD polymer depositions promises a highly adaptable and
reproducible fabrication process whereby the surface morphology
tuning might be of interest to fields beyond the pharmaceutical
application. While many methods facilitate different sample com-
positions and preparation methods, the present approach does not
require mechanical pre-stressing or heat treatments. In fact, three
different responses in the surface were identified to correlate
with the clotrimazole properties being present prior deposition
(¢f Fig. 6). When the thickness of the clotrimazole/spacer film is
below a critical thickness, the iCVD polymer covers the clotrimazole
surface with rather conformal layers. Above the critical spacer
thickness, the elastic modulus mismatch between the polymer and
the drug layer results in strong surface wrinkling. For crystalline
spacers, wrinkling is absent and the resulting morphology remains
alike the bare crystal surface.
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