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Stabilizing light-responsive azobenzene films in an
aqueous environment with thin polymer coatings
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Reproducing cell–cell and cell–extracellular matrix (ECM) interactions remains a challenge when devel-

oping new biomaterials. Especially, the dynamic nature of the ECM is often neglected when cells are

cultured in vitro. Light-responsive materials are promising candidates to mimic the natural behavior of

the ECM. However, their long-term stability under cell culture conditions has not been widely studied.

Here, we explore the impact of thin poly(dimethylsiloxane) (PDMS) and poly(para-chloroxylylene)

(parylene C) coatings on the stability and biocompatibility of azobenzene-based films that can be

photopatterned in response to laser interference irradiation. We study the effect of the polymer coatings

on the formation, erasure, and reconfiguration of surface relief gratings (SRGs) in dry and aqueous

environments. Our results show that parylene C provides significant advantages over PDMS coatings,

including improved stability, biocompatibility, and cell adhesion, opening new possibilities for cell-

culture-compatible azobenzene-based materials in biomedical applications.

1. Introduction

When culturing cells in vitro, it is difficult to mimic the dynamic
nature of the cellular in vivo microenvironment and its effect on
the physiology of the cells.1 Cells perceive mechanical signals
using mechanosensitive molecules and proteins which convert
these signals into biochemical activity in a process called
mechanotransduction.2,3 Different mechanical signals originat-
ing from the extracellular matrix (ECM) and neighboring cells
affect the biological functions of cells, such as growth, migra-
tion, and differentation.4–6 Thus, appropriate cell–material inter-
face composition and its dynamic control are vital to mimic the
native cell–ECM interactions. This demands for cell culture
substrates with good mechanical, chemical, and topographical
properties.7

Smart stimuli-responsive biomaterials capable of responding
to different external stimuli offer new ways to dynamically modify
the material properties and study the cell responses spatio-
temporarly.8–11 Light is a promising stimulus for smart cell-
instructive materials since the properties of light can be precisely
controlled and localized to a specific target.12–15 Arguably, the
most studied molecules for light-responsive smart materials are
azobenzene derivatives. They undergo photoisomerization

between stable trans and metastable cis isomers when illuminated
with specific wavelengths.16,17 Azobenzenes can be incorporated
into e.g. polymers, liquid crystals, and hydrogels, enabling rever-
sible photocontrol of chemical, mechanical and optical proper-
ties. These materials have shown promise as dynamic cell culture
platforms able to guide cell morphology, alignment, and
adhesion.18–27 Thin films of azobenzene-based materials can be
photopatterned when exposed to laser interference irradiation, to
yield macroscopic surface relief gratings (SRGs) on the material
surface.28,29 The formed topographic patterns are reversible and
can be erased thermally or optically.30–32 SRGs have been used as
dynamic cell culture substrates to control the alignment and
growth of, for example, neurons, fibroblasts and endothelial
cells.19,33–36 As previously reported, epithelial cell alignment and
migration can be controlled with SRGs inscribed on a surface of a
Disperse Red 1-based amorphous molecular glass (DR1g).37,38

Inscription and erasure of different surface features has been
done during live cell culture using a laser scanning confocal
microscope.36,39,40

Azobenzene-containing thin films have limitations in terms
of stability in an aqueous environment. For example, formation
of blister-like structures at the interface between the DR1g film
and the glass substrate is observed when the film is immersed in
water.36,41 This occurs when water molecules penetrate through
the hydrophobic film towards more hydrophilic substrates,
causing local delamination of the film. Another potential pro-
blem is the partial dissolution of some azobenzene-based films
in the aqueous environment.42 These issues compromise film
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integrity and functionality over time limiting their use in long-
term cell culture applications. Materials used as cell culture
substrates should be non-toxic, stable under aqueous conditions
to enable light-induced movements, and responsive to cell-safe
wavelengths. Modular materials, in which the polymer backbone
is fixed and the light responsive units can be changed at will to
offer extended sensitivity to light, could be key to obtaining a
library of light-responsive, biocompatible materials for multiple
purposes. Supramolecular chemistry has enabled the design of
such modular biomaterials; however, achieving all required
properties simultaneously can be a complex task.43,44

To overcome these problems, surface functionalization and
protective coatings have been studied to improve the stability of
azobenzene-based materials in the cell culture environment.38,42,45

Especially, polymer coatings can enhance the biocompatibility and
functionality of material surfaces.46–48 Poly(dimethylsiloxane)
(PDMS) and poly(para-chloroxylylene) (parylene C) are polymers
which have excellent properties (i.e. biocompatible, chemically
inert, optically transparent, and easily fabricated) for biomedical
applications.49,50 Both polymers have been widely used as cell
culture substrates and coating materials.51–63 In addition, parylene
C is FDA-approved, making it a desirable material for biological
applications, such as neural prostheses, blood contacting implants
and implantable electronic devices.64–68 It has been previously
shown that PDMS coating allows independent control of mechan-
ical and chemical cues when deposited on a DR1g film.38 Although
the PDMS coating improves the material stability, it does not
prevent the aforementioned blister formation completely. Com-
pared to PDMS, parylene C has lower water permeability and

higher solvent compatibility and is mechanically robust. These
properties are associated with the dense crystalline structure,
which is why parylene C is an excellent material for barrier
applications.69,70

Here, we compare PDMS and parylene C coatings for improv-
ing the stability and biocompatibility of azobenzene-based thin
films in an aqueous environment. Our goal is to develop a
polymer coating that acts as a protective layer, preventing blister
formation and dissolution while allowing the inscription of light-
induced topographic patterns. Both coatings fulfil the latter goal;
but compared to PDMS, parylene C offers improved stability of the
azobenzene films against both blister formation and dissolution.
Parylene C also improves biocompatibility and cell adhesion
during cell culture experiments with epithelial cells. Our results
demonstrate that parylene C coating provides an effective barrier
and improves the stability of azobenzene-based materials in an
aqueous environment, which opens possibilities to use a wider
variety of light-responsive materials for cell culture applications.

2. Results and discussion
2.1. SRG formation and erasure under dry conditions

In this study, we used DR1g as a light-responsive substrate
unless otherwise specified. DR1g is a commercially available
photoresponsive molecular glass, consisting of a mexylamino-
triazine precursor (glass-forming component) and a Disperse
Red 1 (DR1, light-responsive component) dye (Fig. 1a).30 The
molecular structure of mexylaminotriazines can be easily tuned

Fig. 1 Chemical structures of (a) light-responsive DR1g, (b) parylene C and (c) cross-linked PDMS. (d) Schematic illustration of the sample fabrication
process. First, azobenzene-based thin films are spin coated on a glass substrate. Subsequently, the PDMS coating is fabricated by spin coating and the
parylene C coating is fabricated by effusion-based CVD.
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and they can be incorporated into other moieties to promote
glass-forming ability and prevent crystallization of the film.71

The DR1 chromophore has shown efficient SRG formation
and its photochemical properties have been widely studied.72

Compared to DR1 polymer counterparts (e.g. poly-disperse red
1-methacrylate), DR1g offers improved glass-forming ability
and more reproducible material properties, and it can be easily
fabricated into high quality thin films. The glass-forming
moiety does not hinder the optical properties of DR1, and
DR1g has shown excellent SRG formation. Due to these proper-
ties, DR1g is an appealing material for light-responsive cell
culture substrates.

Thin DR1g films were fabricated via spin coating (thickness
of 270 � 20 nm) and subsequently coated with parylene C
(Fig. 1b) or PDMS (Fig. 1c). Fig. 1d shows schematic illustration
of the sample fabrication process. The PDMS coatings (65 �
10 nm) were obtained using spin coating as previously
reported.38 Parylene C films are generally prepared via chemical
vapor deposition (CVD), during which a solid parylene C dimer
is vaporized, pyrolyzed into reactive monomers at high tem-
perature in a furnace, and polymerized in a deposition chamber
to form a conformal coating.50,73 To achieve films with thick-
nesses below 100 nm, we used the effusion-based CVD method
described by Liu et al. to produce uniform parylene C films with
a thickness of 55 � 10 nm (Fig. S1).74 Parylene C-coated and
PDMS-coated DR1g films were denoted as DR1gParC and
DR1gPDMS, respectively.

SRGs with 1 mm periodicity were inscribed on the DR1g surface
using interference lithography in Lloyd’s mirror configuration
(488 nm, circular polarized light, 500 mW cm�2).28 The inscrip-
tion (and erasure) was monitored by recording the first-order
diffracted signal of a 633 nm laser (Fig. 2a; see Materials
and Methods for further experimental details). DR1gParC

samples consistently exhibited higher diffraction efficiency (DE)
(18 � 3%, n = 3) compared to non-coated DR1g films (14 � 1%,
n = 3). The higher standard deviation for DR1gParC is likely due to
small variations in the parylene C coating thickness. DR1gPDMS

films reached DE comparable to the non-coated films (13 � 1%,
n = 3, Fig. S2a), in accordance with previous observations.38 With
longer inscription time (430 min, Fig. S3), the DE for DR1g
samples reached approximately 20 � 1%, similar to that for
DR1gParC.

The shape and height of the SRGs were characterized using
atomic force microscopy (AFM; Fig. 2b, e and Fig. S2c and d),
revealing modulation depths of 370 � 25 nm for DR1gParC, 315 �
10 nm for DR1gPDMS, and 275 � 15 nm for non-coated DR1g
films. Both polymer-coated films exhibited higher SRG ampli-
tudes compared to non-coated DR1g films, possibly due to
polymer accumulation on the SRG peaks. Thicker parylene C
coatings (4100 nm) delayed the SRG formation (Fig. S1b), while
thinner coatings (B55 nm) did not. This is consistent with earlier
reports on plasma-polymerized acrylic acid coatings.42 Despite
parylene C’s relatively high Young’s modulus (2.8 GPa) in the
bulk, it seems to enhance the SRG formation, unlike the softer
PDMS (1.2 MPa) or uncoated DR1g (580 MPa as measured via
nanoindentation).64,75 It is known that in thin polymer coatings

the mechanical properties may deviate from bulk ones due to the
nanoconfinement of polymer chains.76 For instance, the Young’s
modulus of PDMS has been reported to increase with decreasing
thickness.77 AFM nanoindentation measurements revealed that
the thin DR1gParC film exhibits a similar Young’s modulus
(2.4 GPa) to that of the bulk material. However, flexural rigidity
(materials ability to resist bending) is sensitive to thickness
changes and it decreases in proportion to the cube of the film
thickness.78,79 This is why thin films made of materials typically
regarded as stiff can still be flexible. In addition, SRG inscription
subjects the polymer coating to complex force fields, which differ
from the uniaxial stress in standard tensile testing, complicating
the actual response of such multilayered materials even further.

Fig. 2 (a) Diffraction efficiency (DE) measured during SRG inscription
(488 nm, 500 mW cm�2) and (b) corresponding AFM images of the
inscribed SRG topographies on non-coated DR1g and DR1gParC films.
(c) DE measured during SRG erasure (488 nm, 500 mW cm�2) and
(d) corresponding AFM images of the erased surface. (e) 1D surface profiles
of SRG and erased topographies for non-coated DR1g and DR1gParC films.
The thick lines in the DE and surface profile graphs present the average
value, and the lighter colored area represents the standard deviation over
three independent measurements.
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The inscribed SRGs can be erased with a uniform circularly
polarized laser beam. The parylene C and PDMS coatings did
not hinder the erasure process, as shown in Fig. 2c and
Fig. S2b. The rate of erasure was almost equal for DR1g and
DR1gParC films, as confirmed by comparing the curve slopes of
the erasure, k, at the steepest regime (k = �0.07 for DR1g and
DR1gParC). In line with previous observations, the PDMS

coating accelerates the SRG erasure (k = �0.15 for DR1gPDMS).38

Despite the vanishing of the diffracted signal, small remnant
SRGs with modulation depths of 45 � 15 nm (DR1gParC), 50 �
20 nm (DR1gPDMS) and 35 � 10 nm (non-coated DR1g)
were observed on all films (Fig. 2d, e and Fig. S2c, d). DR1gPDMS

and DR1gParC also showed secondary grating structures,
resembling spontaneous surface topographies reported on

Fig. 3 (a) Surface of DR1g, DR1gParC and DR1gPDMS films after immersion in water. Blisters can be seen forming on non-coated DR1g films and DR1gPDMS

films but not on DR1gParC films. Images are taken with DHM with a scale bar of 20 mm. (b) DHM images of inscribed and erased SRG topography in water
for non-coated DR1g, DR1gParC and DR1gPDMS. Surface profiles show the flat surface at the beginning and the SRG height after inscription and erasure.
The scale bar is 20 mm. (c) DHM images and surface profiles of the inscribed and erased SRG topographies during multiple inscription/erasure cycles in
the aqueous environment for DR1gParC films. The scale bar is 10 mm.
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azobenzene-based films.80–82 This can be due to plastic deforma-
tion of the polymer coatings during the erasure process. Similar
wavy patterns have been reported on parylene C-coated elastomer
substrates when the film is first stretched and then compressed.83

2.2. SRG formation and erasure in the aqueous environment

A key requirement for dynamic, reconfigurable cell-instructive
surfaces is achieving multiple inscription–erasure cycles in the
aqueous environment. Rianna et al. previously demonstrated
rewriting of the surface patterns with live cells, but the topography
was erased and rewritten only after removal of the cell culture
medium.39 A drawback of DR1g in the aqueous environment is
the formation of blister-like structures, caused by local film
delamination. Mauro et al. have shown that silane functionaliza-
tion stabilizes the glass–azopolymer interface, enabling dynamic
modulation of the azopolymer surface in the presence of aqueous
solution.45 Here, the effect of polymer coatings during inscrip-
tion–erasure cycles in water was investigated using a digital
holographic microscope (DHM) equipped with a custom-built
interference lithography system, enabling real-time monitoring
of surface topography across multiple cycles.84,85

Blisters appeared on non-coated DR1g and DR1gPDMS sam-
ples but were largely absent on DR1gParC as shown in Fig. 3a. The
difference between PDMS and parylene C coatings most likely
stems from their distinct material properties. PDMS is a soft,
porous elastomer, whereas parylene C is semicrystalline and has
higher Young’s modulus, resulting in significantly lower water
permeability.50,86 Also, the fabrication methods differ: PDMS is
applied via spin coating, which is user-dependent and prone to
surface defects, whereas parylene C is deposited through
vacuum CVD, yielding uniform, conformal, and defect-free coat-
ings. Since blistering tends to occur around surface defects, the
higher defect density in PDMS-coated films likely promotes
blister formation.41

SRGs could be inscribed and erased efficiently in water, yet
blistering occurred on non-coated DR1g and DR1gPDMS films
(Fig. 3b). On DR1gParC, no blisters were formed even during

inscription and erasure. The process was cycled five times for
DR1g and DR1gParC films (Fig. 3c and Fig. S4). For DR1gParC, the
SRG height decreased after four cycles, though remaining
visible even after the fifth cycle. However, erasure efficiency
dropped already during the third cycle. In comparison, non-
coated DR1g films showed no notable degradation across
cycles. We attribute the reduced performance of DR1gParC to
partial delamination of the parylene C layer, likely due to
mechanical fatigue and weakened adhesion to the DR1g film,
hindering topography transfer from the photoresponsive film
to the passive coating.87 Parylene C’s low adhesion is a known
limitation for example in MEMS systems.63 Various strategies,
including high-temperature annealing, have been proposed to
improve parylene C adhesion, and will be the subject for further
study.88–91

2.3. Barrier properties of the polymer coatings in aqueous
environment

To further study the barrier properties of the coatings, their
ability to protect an underneath light-responsive material that
is unstable in the aqueous environment was tested. Supramo-
lecular materials have been used to design modular materials,
whose properties can be tuned for specific purposes.44 Using
the same backbone polymer, the optical properties can be
changed using different chromophore sidechains. With mod-
ular design, a library of different azobenzene-based materials
for cell culture studies could be made. However, supramolecu-
lar side-chain polymers, including light-responsive ones, are
more prone to phase separate, crystallize, or dissolve in the
aqueous environment. To expand the range of cell culture-
compatible light-responsive materials, protective polymer coat-
ings may offer a particularly promising strategy.

To test this, a thin film (310 � 20 nm) of hydrogen-bonded
supramolecular complex consisting of a poly(4-vinyl pyridine)
(P4VP) backbone and a 4-hydroxy-40-dimethylaminoazobenzene
(OH-DMA) chromophore was used as the substrate.92,93 The
complex is referred here as P4VP(OH-DMA) and its structure is

Fig. 4 (a) Chemical structure of P4VP(OH-DMA). (b) Optical micrographs of P4VP(OH-DMA) (top), P4VP(OH-DMA)ParC (middle) and P4VP(OH-
DMA)PDMS (bottom) films before, after 3 days, 5 days and 7 days of incubation in a cell medium droplet. (c) Absorbance of P4VP(OH-DMA) at 415 nm
for P4VP(OH-DMA), P4VP(OH-DMA)PDMS and P4VP(OH-DMA)ParC during the 7-day incubation in the cell medium droplet. Error bars present the standard
deviation over two measurements.
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shown in Fig. 4a. The optical properties of P4VP(OH-DMA) can
be controlled by changing the molecular weight of P4VP and
the complexation degree (the number of chromophores per
repeating polymer unit). This material exhibits efficient SRG
formation, but is not suitable as cell culture substrates due to
the hydrophilic nature of P4VP, making the films unstable in
the aqueous environment (Fig. S5).94 Non-coated P4VP(OH-
DMA) and coated P4VP(OH-DMA)ParC and P4VP(OH-DMA)PDMS

were tested by placing a droplet of cell culture medium on their
surface and incubating at 37 1C in a humidified atmosphere
with 5% CO2. Film stability was monitored over seven days
using optical microscopy and UV-vis spectroscopy.

The microscopy images (Fig. 4b) show that the P4VP(OH-DMA)
film detached from the substrate during the 7-day incubation. The
P4VP(OH-DMA)PDMS film also degraded, as evident from color
fading. In contrast, no significant color fading was observed for
P4VP(OH-DMA)ParC, indicating more effective protection. Absor-
bance measurements (Fig. 4c) confirmed this observation: for the
uncoated film, the absorbance of OH-DMA vanished by day five,
while the P4VP(OH-DMA)PDMS film showed a gradual absorbance
decline. Both also exhibited the broadened and red-shifted OH-
DMA absorption band (Fig. S6), suggesting molecular aggregation
or phase separation. The P4VP(OH-DMA)ParC film largely retained
its absorbance and spectral shape, confirming improved barrier
performance. This difference can be attributed to lower gas (O2)
and water permeability of parylene (2.8 cm3 mm m�2 day atm and
1.68 g mm m�2 day) compared to PDMS (52 000 cm3 mm m�2 day
atm and 125 g mm m�2 day), highlighting its suitability as a
protective coating as thin as 50 nm.95,96 However, ultrathin
parylene coatings may contain occasional pinholes, which likely

account for the slight absorbance decrease after five days of
incubation due to minor liquid penetration.97 In addition, soak-
ing parylene C films in liquid for extended periods may lead to
water vapor infiltration.90 Importantly, the protection is effective
for time scales relevant for cell culturing, ensuring the durability
and reliability needed for dynamic surface patterning in biological
applications.

2.4. Biocompatibility of polymer-coated DR1g and P4VP(OH-
DMA) films

The polymer coating is also aimed at improving material
biocompatibility in cell culture studies. Both formation of
blisters on DR1g and dissolution of P4VP(OH-DMA) in the
aqueous environment can negatively affect the cell growth.
We hypothesized that P4VP(OH-DMA), due to its poor stability,
would not be a suitable substrate for cell culture studies. In
contrast, DR1g films have not shown cytotoxic effects in short-
term cell culture studies, but the long-term biocompatibility
has not been widely analyzed. Here, we applied epithelial
Madin-Darby canine kidney type II (MDCK II) cells, which were
seeded on collagen I-coated P4VP(OH-DMA), P4VP(OH-
DMA)PDMS, P4VP(OH-DMA)ParC, DR1g, DR1gPDMS, and DR1gParC

films and cultured for seven days. The collagen coating was
used to improve cell adhesion of epithelial cells on the material
surface.37 Microscopy imaging and immunostaining were used
to investigate the effects of PDMS and parylene C coatings on
the cellular behavior by observing epithelial cell growth and
monolayer formation as well as the surface adhesion and
monolayer maturation.

Fig. 5 Light microscopy images of Madin-Darby canine kidney type II (MDCK II) epithelial cells cultured on (a) P4VP(OH-DMA), P4VP(OH-DMA)ParC and
P4VP(OH-DMA)PDMS films, and (b) DR1g, DR1gParC and DR1gPDMS films for seven days. The scale bar is 200 mm.
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Cell debris and non-attached cells were observed on non-
coated P4VP(OH-DMA) after seven days of culture, indicating
cytotoxicity or poor biocompatibility (Fig. 5a). In contrast,
P4VP(OH-DMA)ParC films supported uniform monolayer for-
mation. On P4VP(OH-DMA)PDMS films, some attached and
dividing cells were observed, but the films lacked a uniform
epithelium layer, indicating reduced cell attachment or prolif-
eration. These findings suggest that polymer coatings improve
the biocompatibility of P4VP(OH-DMA), with parylene C offer-
ing improved support for cell growth and monolayer formation
compared to PDMS. On DR1g films, all samples supported
epithelium formation by day seven, with no visible differences
(Fig. 5b). The presence of cellular domes, a sign of mature
epithelium, further confirmed epithelial integrity.98–100 Thus,
the long-term cell growth was continued with weekly monitor-
ing. A previous work of Ristola et al. demonstrated culturing of
neuronal cells on DR1g films for up to six weeks, prompting us
to extend the culture period to 10 weeks.35 During this period,
small holes were observed in the cell monolayer on DR1gPDMS

films after four weeks, indicating localized cell detachment
(Fig. S7a). Floating cells were also observed on the well surface
of non-coated DR1g films by week seven (Fig. S7b). In contrast,

DR1gParC films maintained a uniform, tight epithelium layer
throughout the 10-week culturing period.

Immunostaining and confocal imaging were used to evaluate
epithelial cell adhesion and growth on the different substrates.
Epithelial integrity and attachment were assessed with phosphory-
lated focal adhesion kinase (pFAK)-associated focal adhesions and
strong zonula occludens 1 (ZO-1)-associated tight junctions,
while DAPI staining was used to detect nuclei and distinguish
individual cells.3,101–103 On non-coated P4VP(OH-DMA) films, cells
were poorly attached and mostly dead, with only few deformed
cells found attached to the surface (Fig. 6a). Cells cultured on
P4VP(OH-DMA)ParC and P4VP(OH-DMA)PDMS formed mature
epithelia, with ZO-1 localized between the cell–cell contacts
and pFAK strongly expressed on the basal side of the cells
(Fig. 6a). Parylene C-coated substrates supported epithelial cells
with typical polygonal morphology, while PDMS-coated films
showed variable, deformed cell shapes, differing from the nor-
mal morphology seen on control glass (Fig. S8a). These observa-
tions align with the one-week incubation results (Fig. 4). The
dissolution of P4VP(OH-DMA) in non-coated and PDMS-coated
films likely contributed to cytotoxicity and poor cell viability. In
contrast, parylene C coatings minimized dissolution, supporting

Fig. 6 (a) MDCK II epithelial cells seeded on P4VP(OH-DMA), P4VP(OH-DMA)PDMS and P4VP(OH-DMA)ParC samples and cultured for seven days.
(b) MDCK II epithelial cells seeded on DR1g, DR1gPDMS and DR1gParC samples and cultured for 10 weeks. Labels used were chromatin (DAPI, blue), tight
junctions (ZO-1, green) and mature focal adhesions (pFAK, red). The scale bar is 20 mm.
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healthy cell growth and underscoring its protective and biocom-
patible properties.

Immunostained DR1g samples showed no significant differ-
ences in monolayer formation between the substrates (Fig. 6b). ZO-
1 localization at cell–cell contacts and basal pFAK expression
indicated the formation of tight, intact epithelium and strong cell
adhesion. Non-coated DR1g films exhibited no cytotoxic effects,
suggesting good stability under extended cell culture conditions.
However, DR1gPDMS films displayed cell-free holes in the epithe-
lium, surrounded by enlarged cells (Fig. S8b). Although cells
initially grew uniformly across the surface, they later began avoid-
ing these regions and formed multilayers instead. These defects
may result from hydrophobic recovery of PDMS or the unsuccess-
fully bound protein matrix, both of which can impair cell adhesion
and promote aggregation.53,104,105 Strategies like oxygen plasma,
ozone treatment, and chemical surface modification may help in
preventing this.106–108 In contrast, parylene C showed no such
limitations, making it more suitable for longer culture periods.

3. Conclusions

This study investigated the protective and biocompatible prop-
erties of PDMS and parylene C coatings on light-responsive thin
films. Both coatings maintained the ability of the DR1g layer to
form and erase SRGs. Parylene C effectively prevented blistering
of DR1g films in water, unlike PDMS, which offered only partial
protection. This feature is critical for enabling controlled cell
alignment on dynamic topographies. Reversible SRG inscrip-
tion and erasure ability was maintained under aqueous condi-
tions. However, partial delamination of parylene C limited
repeated inscription–erasure cycles to five.

Parylene C stabilized supramolecular P4VP(OH-DMA) films
under water, highlighting its excellent barrier properties and
enabling broader material use in cell culture. It also enhanced
biocompatibility of P4VP(OH-DMA) and supported uniform,
mature epithelial layers even after seven days of culturing. Cell
culturing periods of up to 10 weeks were obtained with parylene
C-coated DR1g films, while PDMS coatings experienced hydro-
phobic recovery over time, compromising long-term cell cul-
tures. Overall, parylene C turned out superior for stabilizing
azobenzene films and supporting cell culture. Its FDA-approved
biocompatibility and ability to withstand aqueous environ-
ments make it ideal for advanced, dynamic in vitro platforms.
Future work should aim to improve SRG reconfigurability and
to further explore the parylene C’s role in dynamic topographi-
cal changes during cell growth.

4. Materials and methods
4.1. Preparation of Disperse Red 1 glass thin films

Thin films of azobenzene-based Disperse Red 1 molecular glass
(DR1g, Solaris Chem Inc.) were prepared according to the
protocol described in Bachelor thesis by Lotta Kääriäinen.109

Shortly, 6 wt% solution of DR1g was prepared in a mixture
containing a chloroform–1,2-dichloroethane mixture with a

ratio of 80 : 20 (v/v). Solution was ultrasonicated and filtered
to improve material dissolution, after which it was spin-coated
(Laurell Technologies Corporation) on cleaned glass 22 �
22 mm2 coverslips. Solvents were left to evaporate in a vacuum
chamber at 65 1C for 1 h.

4.2. Preparation of azobenzene-based supramolecular
thin films

Azobenzene-based supramolecular (P4VP(OH-DMA)) films were
prepared by spin coating (Laurell Technologies Corporation).
4-Hydroxy-40-dimethylaminoazobenzene (OH-DMA, TCI Chemi-
cals) and poly 4-vinyl pyridine (P4VP, Mw: 1200, Polymer Source
Inc.) were mixed in a 1 : 3 molar ratio, with one part azobenzene
to three parts pyridine. 5 wt% solution was prepared by dissol-
ving the solid components in tetrahydrofuran (THF). 35 mL of
the solution was spin coated on cleaned 22 � 22 mm2 glass
coverslips at 3000 rpm for 35 s.

4.3. PDMS deposition

Polydimethylsiloxane (PDMS, SYLGARD 184 Silicone Elasto-
mer, Dow) thin films were fabricated using the same protocol
described by Isomäki et al. Shortly, 1 wt% PDMS solution was
prepared by mixing a polymer elastomer base and a curing
agent in a 10 : 1 ratio (w/w) and diluting the uncured PDMS in
n-hexane. 50 mL of the solution was spin-coated on the top of
the DR1g film (or P4VP(OH-DMA) film) at 6000 rpm for 150 s.
PDMS films were cured at 55 1C for 1 h.

4.4. Parylene C deposition and thickness measurements

Effusion based chemical vapor deposition of parylene C was
used to coat DR1g and P4VP(OH-DMA) films. Here, the samples
were placed inside secondary deposition chambers with
1000 mm square holes on the lids to control the pressure of
the deposition and therefore the thickness of the prepared
parylene C films. More detailed description of the optimization
process can be found in the SI. Parylene deposition machines
(Para Tech Coating Inc. and SCS Labcoater 2) were used for the
coating process. The secondary chambers were placed inside
the principal machine deposition chamber and the powder type
dichloro-p-cyclophane dimer (Galentis Ltd) was loaded into the
deposition serving system. The final thickness of the films was
measured with a stylus profilometer (Veeco Dektak 150). All
measured thickness values are presented as mean � SD.

4.5. Surface relief grating inscription and erasure under dry
conditions

Inscription of surface relief gratings (SRGs) (1 mm microtopo-
graphy period) on DR1g films was done using Lloyd’s mirror
configuration and a 488 nm continuous-wave laser (Coherent
Genesis CX488-2000) with circular polarization and an intensity
of 500 mW cm�2. More detail description of the set-up is
described by Isomäki et al.28 For SRG erasure, samples were
removed from Lloyd’s mirror configuration and placed
perpendicular to the laser beam to get a uniform laser beam.
An intensity of 500 mW cm�2 was used. A low-power (1 mW)
633 nm He–Ne laser was used to monitor the inscription and
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erasure process, during which the power of the first order
diffracted beam was measured. Diffraction efficiency (DE) was
calculated by dividing the power of the first order diffracted
beam with the incident power of the probe beam. The rate of
the erasure process was calculated from the slope of the line
formed at the steepest point of the curve. The equation of the
slope was calculated with OriginLab software.

4.6. SRG characterization with AFM

AFM images were acquired with a Bruker Dimension Icon atomic
force microscope in the Peak Force Tapping mode. Silicon nitride
ScanAsyst-Air probes (Bruker) were used in the imaging (nominal
spring constant: 0.4 N m�1). The imaging area was 10 mm by 10 mm,
the resolution was 512 by 512 pixels, and the scan rate was from 0.1
Hz to 0.3 Hz depending on the sample. The scan direction was
perpendicular to the direction of the grating. Captured images were
analyzed using Gwyddion (2.65) software. All measured topography
heights are presented as mean � SD.

4.7. Mechanical characterization with AFM

The Young’s moduli of the DR1g sample and polymer coatings
were measured using AFM Peak Force Quantitative Nanome-
chanical Mapping (PF-QNM) with a ScanAsyst AIR silicon tip on
nitride lever (Bruker). Deflection sensitivity was calibrated
using fused silica as a reference sample (FSILICA-12M). The
average value from three force curves was calculated as
34.25 nm V�1. The tip radius was measured using a titanium
reference sample (RS-12M). The Young’s modulus was then
measured as the area average using Nanoscope software (Bruker).

4.8. Surface topography inscription and erasure in the
aqueous environment

A digital holographic microscope (DHM R-2100, LyncéeTec)
was used to monitor the surface topography formation and
erasure in an aqueous environment. A custom integrated
interference lithography system coupled to the DHM was used
to inscribe and erase SRGs on sample surfaces multiple times
in a row. The detailed description of the setup was provided by
Rekola et al.72 Samples were immersed in deionized water and
irradiated with the laser (Coherent Genesis CX-488 2000)
coupled to the DHM. Circularly polarized light with a 488 nm
wavelength and a 5.90 W cm�2 intensity was used to create a
sinusoidal interference pattern with 1 mm periodicity. A 40�
water-immersion objective (0.8 NA, Olympus LUMPLFLN40XW)
was used for imaging. The erasure of the topography was done
by blocking one of the laser beams to create a uniform light
beam with 2.95 W cm�2 intensity.

4.9. Stability of the polymer-coated azobenzene-based
supramolecular films

Non-coated and polymer-coated P4VP(OH-DMA) films were
sterilized under UV for 30 min. 200 mL drops of MEM without
Phenol red (Gibco) were inserted on top of the samples and the
samples were incubated at 37 1C, under a humidified atmo-
sphere with 5% CO2. After 24 h of incubation, the drops were
aspirated and the samples were fully dried. Absorbances were

measured between 180 and 1100 nm wavelengths with a UV/vis
spectrophotometer (Ocean Optics DH-2000-BAL deuterium and
tungsten halogen lamp combination as a light source and
Avantes Starline AvaSpec-2048L as a photodetector). A polarized
optical microscope (Zeiss Axio Scope. A1, NAchroplan air-
immersion 5�/0.13 Pol N/0 objective) was used to image
sample surfaces. After measurements, new drops of MEM were
inserted, and the samples were moved back to the incubator
(37 1C, 5% CO2). Removal of the drops, absorbance measure-
ments and optical imaging as well as insertion of new drops
followed by incubation were repeated daily for 7 days. Absor-
bance curves were analyzed with OriginLab (version 10.0.5.157)
and the scattering effect was removed by vertical translation of
the curves. The absorbance value was shifted to 0 at the lowest
absorbance value between 300 and 800 nm.

4.10. Cell culture

Madin-Darby canine kidney type II wild type epithelial cells
(MDCK II) were cultured in MEM GlutaMax (Gibco) supplemen-
ted with 10% fetal bovine serum (Gibco) and 1% penicillin/
streptomycin (Gibco) at 37 1C under a humidified atmosphere
with 5% CO2. Prior to cell seeding, the samples were treated with
oxygen plasma (Pico, Diener electronic GmbH), coated with
0.1 mg mL�1 collagen I (Gibco) in 0.02 N acetic acid, and
sterilized under UV for 40 min. For testing the protectiveness
of the layers, MDCK II cells were cultured on non-coated (n = 4),
PDMS-coated (n = 2) and parylene C-coated (n = 4) P4VP(OH-
DMA) films. The samples were imaged with a light-microscope
(Zeiss Vert. A1 microscope, Zeiss AxioCam MRc5, Zeiss N-
ACHROPLAN 5�/0.15 Ph1) and the media was changed after
24 h and 72 h. After 7 d of culture, the samples were fixed and
immunostained. For long-term cell culture, MDCK II cells were
cultured on non-coated (n = 4), PDMS-coated (n = 4) and parylene
C-coated (n = 4) DR1g films. The samples were imaged with a
light-microscope (Zeiss Vert. A1 microscope, Zeiss AxioCam
MRc5, Zeiss N-ACHROPLAN 5�/0.15 Ph1) after 24 h, 72 h,
1 week and weekly from there on until ten weeks. The MEM was
changed weekly by removing the old media, washing the samples
with DPBS (Gibco) and adding new media to the samples. After ten
weeks, the samples were fixed and immunostained.

4.11. Fixing and immunostaining

Cells were fixed with 4% PFA solution (Electron Microscopy
Sciences) for 10 min at RT, washed twice with DPBS (Gibco),
permeabilized with permeabilization buffer containing 0.5%
bovine serum albumin (BSA, PAN Biotech) and 0.5% Triton-X
100 (Sigma Aldrich) and blocked with 3% BSA in DPBS at RT for
1 h. Labels used were mouse ZO-1 monoclonal antibody (ZO1-
1A12) (1 : 50, Invitrogen, #33-9100) and rabbit anti-pFAK
(1 : 200, Abcam, #ab81298). The secondary antibodies used were
Alexa FluorTM 488 goat anti-mouse IgG (1 : 200, Invitrogen,
#A11029) and Alexa FluorTM 568 goat anti-rabbit IgG (1 : 200,
Invitrogen, #A11011). Nuclei were labeled with 4’,6’diamidino-
2-phenylindole (DAPI, 1 : 1000). Samples were mounted with a
prolong diamond antifade mountant with 4’,6’diamidino-2-
phenylindole (DAPI) (Invitrogen) and dried covered from light
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at room temperature. Confocal imaging (Nikon A1R laser
scanning confocal microscope, Nikon Instruments Europe
BV) was used to image the immunostained samples with
405 nm, 488 nm, and 568 nm laser lines. The laser intensity
and detector sensitivity were adjusted for each image to obtain
optimal image brightness and to avoid photobleaching.
A 60�/1.4 Plan-Apochromat oil immersion DIC N2 objective
was used to capture 1024 � 1024-pixel snapshots and z-stack
with a 150–250 nm interval. Images were processed with ImageJ
software.
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