RESEARCH ARTICLE

'.) Check for updates

ADVANCED
MATERIALS

INTERFACES

www.advmatinterfaces.de

Surface Stability of Azobenzene-Based Thin Films
in Aqueous Environment: Light-Controllable

Underwater Blistering

Biagio Audia, Chiara Fedele, Caterina M. Tone, Gabriella Cipparrone, and Arri Priimagi*

Azobenzene-based light-responsive thin films are emerging as appealing
candidates for smart cell-culture substrates. Their attraction lies in the fact
that they can be reversibly photo-patterned, providing a route for dynamically
mimicking the remodeling of the extracellular matrix. However, since the cells
need to be cultured in aqueous environment, a key parameter in the layout of
any biological application is the stability of the surface underwater. In this work,
the authors perform a detailed investigation on the surface stability of azoben-
zene-based thin films in water and in a biologically relevant aqueous medium
in which surface blistering occurs, as a result of water-material interaction.
The phenomenon arises due to film delamination, and it can be prevented by
changing the underlying substrate, by an additional coating layer, or by photo-
induced control over the film permeability. It is also shown that the blister
orientation can be controlled with polarized light. Furthermore, a simple model
based on osmotic pressure is proposed to explain the blister formation. These
findings provide a comprehensive overview of the interaction between water
and the photo-responsive film surface, pertinent for engineering biomaterials
with enhanced dynamic control over the cell-material interface.

potential in applications such as additive
manufacturing, civil engineering, and
biomedicine.'®! Among them, azoben-
zene-based materials, due to their unique
photo-responsive features, have attracted
great attention for the remote and flex-
ible control of materials properties via
light stimulation.”®! The light response
is triggered by photoisomerization of the
azobenzene units using UV or visible irra-
diation,”! providing the basis for a variety
of photonic applications such as energy
storage, W holographic recording,>14
soft robotics,>1 dynamic control of sur-
face topology in liquid crystalline elasto-
mers!”l and nonlinear optics!™®” where,
in particular, photoinduced reorienta-
tion allows for all-optical poling.? As
one striking example, by controlling the
impinging light configuration, the pho-
toinduced processes in azobenzene-con-

1. Introduction

Smart responsive materials, which undergo significant struc-
tural transformations in response to external stimuli, have
been widely explored in the last two decades due to their vast
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taining thin films invoke material mass

migration that leads to the formation
of topographic surface patterns, a prominent example being
surface-relief grating (SRG) formation upon irradiation with a
light interference pattern.?'-24 SRGs show great promise as dif-
fractive photonic elements,?>2% biosensing substrates,”’) or as
nano-/microfabrication templates.[?8-3%

The micron-scale periodicity of SRGs renders them an excel-
lent fit for biological systems, many of which are composed of
cells that are extremely sensitive to mechanical and topographic
features of the surrounding microenvironment.3%32 Hence,
there is a growing interest in the use of azobenzene-based
materials as smart bio-interfaces for cell culture.’>! The
native extracellular matrix (ECM) of soft tissue is composed
of entangled fibrous proteins,?%¥] as reproduced also in many
synthetic ECM products.*®! Furthermore, ECM is continuously
remodeled by the cells in physiological and pathological condi-
tions.*l Sinusoidal SRGs and embossed pillars in azobenzene
thin films have been used for mimicking the ECM texture and
controlling cellular directional migration in single and multiple
cells,®*1 directing axonal extension,** and determining
stem cell fate.[*’]

The most exciting characteristic provided by azobenzene-
based systems lies in the reversibility of the photoinduced
processes. It is well known that SRGs recorded in thin films
can be erased by heating the sample above the glass transition
temperature (Ty).***! SRGs can be also efficiently erased and
re-inscribed optically by using single-beam irradiation?#4$#1 or

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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spatially shifting the recording interference pattern.?*> Light-
induced erasure, unlike the thermal one, acts locally and is
non-damaging for cells, which must be cultured at 37 °C. In
principle, switching “on-off” topographical features via light
stimulation offers the possibility to dynamically control cell
behavior,’>% opening up a wide range of in vitro bio-applica-
tions where the azobenzene-based materials mimic the ECM
remodeling during different biological processes.>’!

Another important aspect in virtually any biological applica-
tion is the ever-present aqueous environment (buffer solution,
culture medium, etc.) that may affect the stability of the mate-
rial surface, especially during the SRG formation and erasure.
For instance, Rocha et al.1’® observed in a family of azo-polysi-
loxane thin films that long exposure to water leads to the for-
mation of micrometer-sized structures (depending on the spe-
cific chemical composition of the material), which influences
cell adhesion onto the film surface. Additionally, as reported
by Rianna et al., the presence of an aqueous environment
also affects the cellular response during the photo-erasure of
the surface topography.l The authors observed that NIH-3T3
fibroblasts seeded on a Poly (Disperse Red l—methacrylate)
thin film and aligned along the sinusoidal SRGs, drastically
changed their orientation due to the presence of bubble-like
structures that arose on the film surface during underwater
erasure of the microtopographic features. In both works, the
undesired surface structures appeared due to the presence of
the aqueous medium. To the best of our knowledge, no detailed
explanation of the formation mechanism of these structures
has been proposed. Such information would be extremely rel-
evant for engineering biomaterials with enhanced dynamic
control over the cell-material interface for more sophisticated
investigations in cell biology.

Herein, we tackle the abovementioned phenomenon that
takes place on the surface of an azobenzene-containing amor-
phous thin film. We coin the phenomenon water-induced
blistering, and study it with a combination of experimental
techniques. By means of digital holographic microscopy (DHM)
and atomic force microscopy (AFM), we investigate in detail the
film stability and its photo-responsive behavior in aqueous envi-
ronment. We demonstrate that the formation of blisters is due
to local delamination of the film from the substrate, triggered
by water permeation toward the support underneath. Further-
more, we show that the choice of the substrate or the presence
of a covering thin layer prevent the occurrence of the phenom-
enon. We also propose a simple blister formation mechanism
based on the osmotic pressure model proposed by Berkelaar
et al.’¥ Finally, we show a light-aided way of controlling the
blistering onset in aqueous environment and the reversible
photocontrol over blisters orientation and shape.

2. Results

2.1. Underwater Surface Stability of the Azobenzene-Based Films

The morphological stability of the azobenzene-based thin film
surface was tested in aqueous environment using Milli-Q water
and in a biologically relevant aqueous medium such as Dul-
becco’s Modified Eagle Medium (DMEM). As material of choice
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for the present study we selected the Disperse Red 1 molecular
glass (DR1-glass) introduced by Lebel et al.,* which we have
already used as smart light-responsive cell support layer.[*04l
First, we inscribed SRGs onto the DR1-glass thin film and
investigated the evolution of the surface in contact with Milli-
Q water by combining DHM and AFM observations. These
techniques provide quantitative information about surface mor-
phology in a complementary fashion. DHM allows fast acqui-
sition (down to 1 ms) of large-area topography, whereas AFM,
even if slower (approximately minutes), enables local investiga-
tion with high lateral resolution.

A DHM quantitative phase image of the DRIl-glass film
surface after the SRG inscription is shown in Figure la. It
presents a characteristic sinusoidal profile with the expected
spatial periodicity (1 um) and a relief depth of about 120 nm.
The same area observed 60 min after adding a Milli-Q water
droplet on the sample showed that the sinusoidal surface
pattern had turned into a bumpy surface with large features
whose height ranged from hundreds of nanometers up to
1 um (Figure 1b). These objects, which appear all over the wet
surface, are blisters that develop at the glass/DR1-glass inter-
face and locally bulge the film that detaches from the substrate.
Image analysis of Figure 1b shows that the distribution of
the blisters’ diameter (evaluated as Feret diameter, Figure 1c)
ranges from few microns up to 16 um, and that they are mostly
circular in shape (Figure 1c,d). The typical blisters’ surface pro-
file, reported in Figure le, shows periodic ridges reminiscent of
the SRG (Figure 1a), indicating that the blisters arise as a result
of local detachment of the film from the substrate.

The water-induced Dblistering phenomenon is not directly
related to the presence of the SRG. As reported in Figure S1,
Supporting Information, AFM topographic acquisition per-
formed on a flat DR1-glass thin film before and 60 min after
adding Milli-Q water into the sample chamber revealed a sur-
face evolution comparable to the one reported in Figure 1b. In
order to understand the processes that lead to the blister forma-
tion, we performed a time lapse imaging with both DHM and
AFM on a flat area of the DR1-glass film surface in contact with
water. The series of DHM intensity images shown in Figure 2
highlights the characteristic phases we identified in the blis-
ters’ formation dynamics: nucleation, coalescence, and growth.
In some cases, their formation seems to be localized around
topographical defects (IDs), that is, small material aggregates
or “impurities” (Figure 2a), which act as nucleation points pin-
ning the blister position. Once formed, the blisters tend to coa-
lesce into larger structures (see Figure 2b,c) and then grow in
height without changing their lateral size (Figure 2d,e). The
experiment was performed using previously degassed Milli-
Q water. Tests carried out with non-degassed water produced
similar results, confirming the nature of the phenomenon as
water-induced blistering as opposed to the formation of gas-
eous domains as happens for microbubbles.’®! The dynamics
of blister formation was influenced by the film wettability,
material type, and thickness (see Figure S2-S4, Supporting
Information).

We also followed the evolution of the film surface in contact
with water using AFM (Figure 3). To ease the blisters detection,
we selected for the analysis an area of the film where a TD was
easily identifiable. Figure 3a shows the selected area before
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Figure 1. DHM quantitative phase image of the DR1-glass film surface a) immediately after the SRG recording and b) 60 min after adding a droplet of
Milli-Q water on the sample; for both images, the z-scale is reported on the right, the scale bar is 5 um in (a) and 10 um in (b). The inset in (a) shows
a representative SRG profile in dry environment. c) Color map of the blisters’ Feret diameter obtained from the binarized image of (b); the color-scale is
reported on the right. d) Distribution of the blisters’ Feret diameter (top, blue histogram) and circularity (down, black histogram) evaluated over a popu-
lation of 92 blisters; the grey dotted lines represent the bin size. ) Typical blisters’ surface profile. The grey dotted lines represent the SRG periodicity.

adding Milli-Q water; Figure 3b shows the same area imaged
30 min after the addition of Milli-Q water onto the sample.
Figure 3c presents an overlap of the TD and blisters out-
line profiles obtained from Figure 3a,b. Looking at the blister
indicated as B2, it can be seen that the TD pinched its posi-
tion and the blister developed on the TD’s side. The presented
AFM analysis not only supports the DHM observations on the

(a) t=2 min (b) t =20 min

ucleation

(d) t = 60 min
(Growth)

blister formation dynamics, but also highlights the role of TDs
in the process. We next studied the DR1-glass surface stability
in DMEM. Also in this case, as shown in Figure S5, Supporting
Information, we observed the surface blistering as consequence
of the presence of the medium. The blisters were circular in
shape and reached similar lateral dimensions to those reported
in Milli-Q water.

—— 60 min
~—— 55 min
—— 50 min

—— 40 min
—— 35 min
—— 30 min

(] 3 6 9 12
X [pm]

Figure 2. a—d) DHM intensity images representing the temporal evolution of the DR1-glass film surface in contact with previously degassed Milli-Q
water; the scale bar is 10 pm. The white arrows and the white circles highlight the topographical defects (TDs) present at the interface which act as
nucleation centers by pinning the blisters position. The dashed orange circles highlight the occurrence of coalescence. The dark and bright fringes are
the result of the interference from the light reflection at the continuous curved surface of the blisters. e) Surface profile of the blister indicated as Bl
acquired, from the respective quantitative phase images, at different times.
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Figure 3. AFM topography images of DR1-glass surface in a) dry environment and b) 30 min after the addition of Milli-Q water onto the sample; the
white arrow indicates the topographical defect (TD), the z-scales are reported on the right and the scale bar is 10 um. c) TD (red line and red arrow)
and blisters (black lines) outline profiles obtained from the binarized mask image of (a) and (b); the scale bar is 10 um. The inset shows the surface
profile of the blister B2 imaged along the grey dotted line in (b) at different times (30 min black line, 45 min red line, and 60 min blue line) after the

addition of Milli-Q water.

While the previous analyses show that the blistering of the
surface is induced by the presence of an aqueous environment,
the removal of the latter induce a strong modification on the
film morphology. As shown in Video S1, Supporting Informa-
tion, about 2 min after water removal the blisters were not vis-
ible anymore in the DHM images. More insight on the blister’s
evolution after medium removal, was gained through AFM
analysis (Figure 4), which show that the blisters collapsed. The
blister shown in Figure 4a, which in water had reached a height
of about 750 nm, resulted in a crater of the same lateral dimen-
sion after medium removal, indicating deflation of the structure
(Figure 4b,c). An image acquired over a larger area is shown in
Figure 4d and provides an overview of the dried film surface.
The same behavior has been found also after the removal of the
DMEM (Figure S5, Supporting Information).

(a) t =60 min (In Water) (b) t = After water removal

1 pm

(d) t = After water removal

After Water Removal © |F°
In Water 45 nm

Figure 4. 2.5 D AFM surface topography reconstruction of a single blister
area a) before and b) after the Milli-Q water removal from the DR1-glass
film; the z-scales are reported on the right, the scale bar is 2 um. c) The
grey dotted lines represent the surface profiles shown in graph (black line:
in water, (a); red line: after water removal, (b)). d) Overview of the dry film
topography after the water removal; the z-scale is reported on the right,
the scale bar is 10 um.
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2.2. Photo-Control over Blister Shape and Formation

Azobenzene-containing materials respond to light in many
ways.””l Single azobenzene molecules tend to progressively
orient perpendicularly to the polarization direction,¥! driving
the macroscopic material migration and the formation of the
topographical patterns.*" Microstructured azobenzene mate-
rials, such as microparticles and pillars, are able to deform in
response to polarized light, elongating in the polarization direc-
tion.[°%2 Therefore, we hypothesized that the blister formation
could also be photo-controlled.

As first test we investigated the underwater photo-respon-
sive behavior of the blistered DR1-glass film surface with SRG,
shown in Figure 1. After 60 min in Milli-Q water (Figure 1b)
the area was irradiated for 300 s with horizontally polarized (P)
continuous-wave laser source (488 nm, 10 mW mm™) coupled
to DHM. The dynamics of the process was followed with DHM,
and already from the first seconds of irradiation, reshaping of
the blisters occurred. A comparison between the blistered sur-
face before (Figure 5a) and after (Figure 5b) exposure shows
how the blisters deviate from their initial almost circular shape
to an elliptical shape oriented along the polarization direc-
tion. As shown in Figure 5c, parallel to the deformation, a
good degree of photo-erasure of the SRG is also obtained: the
amplitude of the grating was reduced by 80% from =100 to
=20 nm, demonstrating that the presence of water does not
seem to limit the optical erasure. In Figure 5d, quantitative
analysis of the deformation is performed by fitting the shape of
the blisters with an ellipse (red outlines in Figure 5a,b) and eval-
uating at different times the roundness R of the objects. During
the exposure <R> varies from its initial value of 0.85 + 0.09 to
0.51 % 0.1, confirming the observed light-induced reshaping. In
addition to reconfiguring the shape of the blisters, irradiation
also stabilizes them on the surface, providing a water-assisted
route to photo-pattern the azobenzene films. Figure 5e reports
the optical microscope (OM) image of the exposed area after
the medium removal and leaving the sample overnight in the
oven at 60 °C in order to achieve complete water evaporation.

Within the irradiated area the blisters remain fixed on the
surface, preserving the photo-induced orientation and the
elliptical shape, instead of collapsing upon water removal, as
could be expected based on the Video S1, Supporting Information

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. DHM intensity images of the blistered DR1-glass SRG in Milli-Q water a) before and b) after 300 s irradiation with horizontally polarized (P)
laser beam; the scale bar is 10 um. c) Representative SRG profile before (black dots) and after (red dots) irradiation; the profiles are superimposed
with a sine function (black and red lines) to better highlight the photo-erasure process. d) Roundness versus irradiation time, evaluated over a popula-
tion of 58 blisters (blue squares: mean values, error bar: standard deviation). The statistical analysis has been performed including only the blisters
observable before the irradiation. e) Optical microscope bright field image of the irradiated area after the Milli-Q water removal; the scale bar is 20 pm.

and Figure 4 (no light irradiation). By changing the polari-
zation of the incident laser to vertical (the direction along
the grating grooves), the blisters align accordingly, while the
dynamics of the blister photo-elongation remains unchanged
(Figure S6a,b, Supporting Information). Also in this case, the
blisters are stabilized on the film surface (Figure S6c, Sup-
porting Information) and SRG photo-erasure takes place with
an amplitude decrease of around 85% (Figure S6d, Supporting
Information).

Furthermore, as displayed in Figure 6, the underwater
photo-control over the blister’s orientation was reversible. The
figure reports the analysis of the images acquired by DHM in
a blistered area of the sample before (Figure 6a) and after two
consecutive laser irradiations with orthogonally polarized laser
beams (Figure 6b,c, 488 nm, 40 s, 10 mW mm~™2).

<AR>=1,86+0,29

<AR>=1,19+0,11
<R> = 0,85+0,07

<R>=0,51%0,11
<0> = 91°+04°

It can be seen how blisters already oriented along the ver-
tical axis (<6> = 91 * 4°) following the first exposure to vertical
polarization, changed their orientation along the horizontal one
(<6> =5 £ 3°) upon second exposure with orthogonal polari-
zation. The manual 90° switch between the two polarization
states provokes a corresponding variation of the blister’s orien-
tation (A6 = 86°), while the aspect ratio (AR) and the round-
ness (R) of the ellipsoidal objects remain practically unchanged,
suggesting that the re-orientation occurs simply through rota-
tion of the blisters in the xy-plane. However, we also observed
that, as the blister size increases, this re-orientation effect may
involve the separation of bigger blisters into smaller ones.

We also studied the underwater irradiation of the SRG with
blisters using a LED. As reported in Figure S7, Supporting
Information, also LED exposure induces reshaping of the

<AR> = 1,85+0,20
<R>=0,53+0,08
<0> = 05°+03°

Figure 6. DHM intensity images acquired, in Milli-Q water, on a blistered area of the DR1-glass film surface a) before and b) after two consecutive 40 s
irradiation with laser beam linearly polarized first along the vertical axis and c) after along the horizontal axis. For each image the scale bar is 10 um.
The red lines represent the outline profiles of the blisters obtained fitting their shape with an ellipse, whereas the dotted lines are the major and minor
axes of such ellipses. In the text boxes the average values of aspect ratio (AR), roundness (R), and orientation (6) of the ellipsoidal objects recognized
by the software are reported.

Adv. Mater. Interfaces 2022, 9, 2102125 2102125 (5 of 11) © 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

(a) SRG Erasure

INTERFACES

www.advmatinterfaces.de

(b) Asymmetric Cap

Figure 7. SEM images, after the Milli-Q water removal, of the blistered SRG areas irradiated with laser light. a) Image of an entire irradiated area
(vertical polarization) which clearly highlights the SRG photo-erasure and the blisters orientation. b) Detail of the blister morphology after the irradia-
tion (horizontal polarization) which evidence the asymmetric cap. For both images the scale bar is 10 um.

blisters (which orient along its main polarization direction),
their stabilization on the film surface, and a degree of grating
erasure comparable with the results obtained for laser light
(Figures 5c¢,6d). In Figure 7, scanning electron microscopy
(SEM) images of the different irradiated zones are reported
after the removal of the aqueous medium and leaving the sam-
ples overnight in the oven at 60°. The high spatial resolution
offered by the instrument provides further details regarding the
blisters” morphology after stabilization with light. Typical SEM
images of the blistered surface after exposure to linearly polar-
ized laser light are shown in Figure 7b. It can be noted how the
photo-induced deformation acted not only on the bearing struc-
ture of the blisters, orienting it along the polarization direction,
but even on the upper part, giving rise to an asymmetric cap
oriented along the same axis. Similar asymmetric photo-defor-
mation was observed also after the LED irradiation (Figure S7e,
Supporting Information).

Blisters stabilization and orientation are not the only
means of controlling the surface topography provided by light.

(a) t = 60 min

(b) After Water Removal
In Water - ZRES i

Initially SRR
Irradiated Area & - R
R ‘ g

Through irradiation, it was possible to directly modify the inter-
facial properties of the film, avoiding the blister formation. We
followed the evolution of the film surface in contact with Milli-
Q water observing a region of the sample that, immediately
after the addition of liquid, was exposed to LED (4 mW mm~2,
1 min). Figure 8a shows the boundary of this initially irradiated
area after 60 min. It can be seen that the blisters developed only
outside the light-treated zone, while in the irradiated area a dif-
ferent pattern, featuring smaller bumps (0.3-0.7 um width),
was formed. This additional pattern is formed during the initial
irradiation phase and does not undergo any further morpholog-
ical change during the remaining observation time. Following
water removal, the developed blisters outside the exposed zone
collapsed (Video S1, Supporting Information), while the smaller
bump pattern remained stably on the film surface and clearly
observable with OM (Figure 8b). The AFM topography of the
initially irradiated area, shown in Figure 8c, revealed an inho-
mogeneous structuration of the film surface. The peaks of
the height pattern, characterized by a cylindrical shape with a

414

350
300
250
200
15.0
10.0

00

Figure 8. a) DHM intensity image of DR1-glass film surface 60 min after Milli-Q water addition. The image shows the boundary between the initially
irradiated area (right side) and the adjacent unexposed zone (left side); the scale bar is 10 um. b) Optical microscopy images of the entire irradiated
area after water removal; the scale bar is 50 um. c) AFM topography image of the irradiated area after the water removal; the z-scale is reported on
the right, the scale bar is T um.
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height of about 30 nm, constitute distinct micro-domains well
delineated from valleys.

However, the presence of water resulted a necessary condi-
tion for this pattern to occur, as it did not form when the same
irradiation was performed in dry environment. The experiment
was repeated using the laser source instead of LED, producing
a similar pattern (Figure S8, Supporting Information).

3. Discussion

3.1. Blister Formation

The interactions at the interface between water and the materi-
al's surface have been widely investigated. Over the past decade,
particular attention has been devoted to the study of thin films of
polystyrene (PS) that, owing to the relative ease in the preparation
and to the well-documented material properties, provide a good
reference for studying such interactions. As a result of the con-
tact between water and PS films, different surface phenomena
such as nano-/microbubbles formation/®*-%?! and dewetting!®’~"l
have been reported and discussed by several research groups.
Water-induced surface blistering is also included in the family
of these phenomena and, despite the different chemical struc-
ture between PS and DRI-glass, several articles reported experi-
mental results similar to those observed herein, both in terms
of dimensions reached by the blisters and of the time scale in
which they form (Figure S3, Supporting Information).>47274
In addition, different theoretical models and mechanisms of
formation have been suggested to explain the surface blis-
tering.”*”>”1 Among them, the quantitative model proposed
by Berkelaar et al.> based on the onset of an osmotic pressure
gradient, well fits our experimental results. The authors ascribe
the blister growth to delamination of the film from the substrate
due to an osmotic flow of water beneath the film. They also
observed a similar formation dynamics characterized by nuclea-
tion and growth, topological defects acting as nucleation sites,
coalescence of blisters, and their deflation upon water removal.

We propose a simple mechanism for blisters formation,
sketched in Figure 9, centered on the experimental results
shown in Section 2.1 and based on the osmotic pressure model
introduced above. As an initial step, water, which is a non-
solvent for the DR1-glass, comes to contact with the film sur-
face and starts permeating through the hydrophobic thin film
toward the substrate.

Permeation could be driven by a higher affinity of water to
the hydrophilic glass substrate (Figure S9, Supporting Infor-
mation). Once permeated, water condenses around the TDs.
Here, solute particles present at the glass interface begin to dif-
fuse into the water pockets, increasing the osmotic pressure.
The ensuing pressure gradient forces an increasing amount
of water to flow through the DR1-glass toward the underneath
support (Figure 9a). These solutes could be contaminants
present in the DR1-glass and/or impurities at the glass—film
interface. For instance, it has been shown that trace amount of
solvent can remain stuck in polymer films and at the substrate
interface after spin-coating.”%-1

In response to the water flow, the film starts to bulge, trig-
gering the growth step of the blisters. Once the osmotic pressure

Adv. Mater. Interfaces 2022, 9, 2102125 2102125 (7 Of11)
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Figure 9. Sketch of the proposed mechanism for the blisters’ formation.
a) Penetration of water through the DR1-glass film surface, nucleation
around the TD, and osmotic flow of water through the film driven by
the osmotic pressure gradient. b) The blister’s growth is allowed by the
delamination of the film from the substrate. This condition occurs at the
equilibrium between osmotic pressure and fracture pressure.

inside the blisters (Ppy) equalizes the fracture pressure (Pg),
which is the minimum pressure needed for the delamination
of the film to occur,”! the blister starts to grow radially and in
amplitude (Figure 9b). During this phase, the film is stretched
and probably plastically deformed, causing the blisters to coa-
lesce (Figure 2c), and eventually to collapse (Figure 4) upon
water removal.

The delamination mechanism might account for the key
role that TDs seem to play in the blister formation process. To
allow propagation of the delamination, the film has to crack at
the edges of the blister.””) Based on Griffiths' theory, the crit-
ical stress needed to propagate the delamination is inversely
proportional to the crack length at the interface between the
layers.? The presence of TDs might cause a critical increase
in the crack length, translating into a lower critical stress, and
thus allowing the growth of the blisters, pinched by topological
defects (Figures 2,3c).

3.2. Photo-Controlled Blister Shape and Formation

The light-induced deformation of the blisters reported in
Section 2.2 resembles in many aspects the deformation
dynamics of azobenzene-containing soft matter, for example,
azobenzene-containing microspheres and micropillars.[6233-87]
Also in those cases, an elongation of the particles and pillars
in the light polarization direction occurs, leading to the for-
mation of highly anisotropic and asymmetric structures. The
deformation of bulk microspheres, for instance, has been
studied both in air and water, and differences in the deforma-
tion were observed.®"8 In particular, the higher the refractive
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index of the immersion medium, the more prominent the mass
transport parallel to the substrate. Furthermore, in bulk micro-
spheres and pillars the deformation took place only at the top
surface due to the high absorbance of the material and the con-
sequent rapid light attenuation inside the particle, leading to
mushroom-shaped structures.®”! As reported by Loebner et al.,
light-induced deformation of azopolymer microspheres gener-
ated forces as high as 37 MPa when embedded in an elasto-
meric medium.®3 These observations may help explaining the
results reported herein even further. In our case, the blisters
may act as “microparticles,” whose aspect ratio increases in the
light polarization direction. However, our “particles,” that is,
the blisters, are not bulk and therefore they deform throughout
the whole blister and not only on the upper surface. Studies on
hollow microspheres have also shown the formation of tapered
ends after long (=30 min) light exposure times.”" The results
proposed in this work could open a new path for the develop-
ment of reconfigurable water-assisted techniques for surface
photo-patterning (Figure 6).

The reported observations show also how an initial under-
water irradiation phase of the film surface (when the blisters
were not developed yet) prevents the formation of blisters
(which developed only outside the initially irradiated area)
due to the formation of an additional pattern characterized by
smaller features (Figure 8). The spontaneous formation of small
periodic surface structures upon irradiation with a uniform
light beam has been observed by different research groups, but
a universal explanation of such intriguing effect has not been
agreed upon yet.’I4 It is thought to be associated with inter-
ference phenomena resulting from the interaction between the
primary irradiation beam and secondary waves arising from
the surface or related to scattering by surface defects. Besides
the mechanistic aspects of this process, all the proposed theories
are compatible with the observation of spontaneous periodic
structures that optimize the diffraction of the irradiating beam
and whose morphology and periodicity can be tuned by irradia-
tion conditions and layer thickness.[""9%%I

We also observed spontaneous formation of small features
upon irradiation with LED or a single laser beam. In our
working conditions, water is replacing air as the interfacial
medium, and its presence plays a key role in the processes,
since the film structuring was not observed in dry environ-
ment. Furthermore, this sub-micrometer pattern was not
observed during the “normal” blister growth (aqueous environ-
ment, Figure 2), suggesting that the phenomenon is due to a
coupled light-water effect in the beginning of the process. We
may speculate that the rise of the spontaneous pattern might
be connected to a photo-induced phase separation between
the azobenzene isomers (cis and trans), similarly to what was
reported by Galinski et al.l® promoted here by the aqueous
environment. In this work the authors proposed a theoretical
model to describe how the phase separation alters the local
evolution of the two isomers’ concentration, which is directly
connected to the material surface structuration through the
different physical and chemical characteristics of the two iso-
mers. After light irradiation, a film topography resembling
that reported in Figure 8c was observed, characterized by cylin-
drical peaks and valleys. Within our experimental framework,
the presence of water, which is readily penetrating beneath
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the glassy thin film, could promote the photo-induced phase
separation, and the consequent spontaneous surface pattern
formation, shifting the cis/trans equilibrium toward the cis
isomer.””) This photo-induced structural change in the mate-
rial, may reflect on the permeability properties of the film, as
already reported in the case of gas permeation,®®° blocking
the subsequent establishment of the water osmotic flow and
thus preventing the blisters growth. A similar kind of result
was obtained by Huang et al.”%l where a dynamic control over
on/off porosity, in layer-by-layer azobenzene-based thin films
was achieved combing light irradiation and water environment.
The findings discussed above, although they certainly need
additional study, outline DR1-glass as a promising candidate for
the development of new light-responsive membrane.[%!

3.3. Blisters Prevention

On the one hand, the water-induced blistering of azobenzene-
based thin films represents a fascinating phenomenon worthy
of further investigation and of potential utility. On the other
hand, for specific applications, the occurrence of blistering may
be an undesired effect and hence it is worth to investigate how
to prevent it.

A simple route to prevent surface blistering is evident by
the proposed osmotic model (Section 3.1). Since the first step
of the mechanism requires a higher affinity of water toward
the hydrophilic substrate than the hydrophobic film surface to
trigger water permeation, we followed the surface evolution in
aqueous environment while modifying the underneath glass
hydrophilicity by a 12 nm-thick gold-sputtered layer (Figure S9,
Supporting Information). In this case, as reported in Figure
S10a,b, Supporting Information, the formation of blisters was
completely prevented. Similar results were obtained also for
DMEM (Figure S10c,d, Supporting Information). These obser-
vations, in addition to providing a simple way to prevent surface
blistering underwater, contextually confirm the applicability of
the model to the obtained experimental results. Another simple
way to avoid the blisters formation, as shown in Figure S10e,f,
Supporting Information, is to cover the DR1-glass film with a
thin layer of polydimethylsiloxane (PDMS; =60 nm). The latter
acts as an additional “barrier,” retarding contact between water
and the material’s surface and changing the conditions at the
interface. PDMS is widely used in many biological applica-
tions.l'2 Therefore, an additional advantage of this blistering
prevention approach lays in its compatibility with well-known
protein deposition techniques. Furthermore, PDMS coating
does not impair SRG formation and erasure, reducing the blis-
ters formation upon light irradiation.%*]

4, Conclusions

The stability of a material surface underwater is a crucial para-
meter especially in applications related to cell culture, which
necessarily requires the presence of an aqueous environment.
In this work we tested the surface stability and the photo-
responsive behavior of an azobenzene-based thin film in Milli-
Q water and in a biologically relevant water-based medium,
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DMEM. As principal result of the interaction with the aqueous
environment, surface blistering occurred. Such blisters were
almost circular in shape, reaching heights from hundreds of
nanometers up to 1.5 um, and characterized by a lateral size
in the range 1-15 um. This local film bulging originates from
the film delamination from the substrate because of an osmotic
flow that leads to water permeation through the surface toward
the hydrophilic glass support. We demonstrate that the stability
of the material surface can be easily preserved, avoiding blis-
tering, by using a more hydrophobic substrate or covering the
film with a thin layer of PDMS.

The results described in this study can also be interpreted
from a different perspective. The surface blistering process
could be exploited as a new water-assisted photo-patterning
technique of azobenzene-based thin films. By irradiation with
a suitable wavelength, it is possible to stabilize such structures
on the material surface and additionally change their orienta-
tion and shape according with light polarization. Moreover,
light irradiation enables control over the blister formation by
directly acting on the film interface properties, changing its
water permeability.

We are confident that our findings are relevant for microfab-
rication of light-responsive materials with enhanced dynamic
control over the cell-material interface and may inspire future
more sophisticated investigations in cell biology.

5. Experimental Section

Preparation of Photosensitive Thin Films and SRG Inscription:
The azobenzene-containing glass-forming material (Disperse Red
1 molecular glass, DR1-glass, Solaris Chem Inc., Figure S11a, Supporting
Information) was dissolved in chloroform (7% w/v) and filtered
through a nylon filter with 0.45 um pore size (Corning Incorporated).
The solution was dispensed over two different substrates (conventional
microscope glass slide and gold-deposited slide) by spin coating (Laurell
Technologies Corporation) at 1500 rpm for 30 s, yielding uniform, high-
quality thin films with thickness of 490 £ 10 nm measured by a Veeco
Dektak-8 profilometer. The microscope slides (Thermo Fisher) were
washed with distilled water and isopropanol and then ultrasonicated
twice in acetone for 10 min. The gold layer was deposited at room
temperature by DC Sputtering on a precleaned glass substrate using
a Vacuum Lab Coater (HHV Auto 306). The resulting thickness was
measured by using an ellipsometer (M2000 Woolam) and it turned out
to be =12 nm. PDMS covering layer was obtained by dissolving a 1 wt%
solution of PDMS precursors (1:10 ratio) in n-hexane, followed by spin
coating onto DR1-glass films at 6000 rpm for 2 min 30 s. The film was
then cured in the oven at 60 °C for 2 h.

The SRGs were inscribed using a Lloyd’s mirror interferometer.
The inscription was performed with a 488 nm continuous-wave
laser (Coherent Genesis CX488-2000), irradiating the sample for
10 min with an intensity of 300 m\W cm~2 over an area of 0.25 cm?. To
ensure efficient SRG formation, a circularly polarized recording beam
was used.% The grating period A is given by A = 1/2sin®, where 4
is the laser wavelength and ¢ is the angle between the laser beam
and the sample normal. The interferometer set-up was set to obtain
A=1um.

Digital Holographic Microscopy: Digital holographic microscope
(DHM R-2100, Lyncee tec.) was used as a quantitative phase imaging
technique to monitor the surface evolution and the photo-responsive
behavior of the DR1-glass thin films underwater (=1 mL droplet size). By
measuring both the amplitude and the phase of the light reflected from
the sample, DHM quantitatively reconstructed the surface modulation
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from the sample hologram.l%l The microscope was equipped with a
40x water-immersion objective (0.8 NA, Olympus LUMPLFLN40XW).
The instrument was coupled to a 488 nm optically pumped
semiconductor laser (Coherent Genesis CX-488 2000) via a one-to-two
beam-splitting, polarization-maintaining, single-mode optical fiber
(Thorlabs PN480R5F1). Furthermore, a 470 nm LED source (Thorlabs
M470L3 Mounted LED) was coupled to the instrument via a fiber patch
cable (Thorlabs M28L01). Both wavelengths of the used external sources
fall into the absorption band of the DR1-glass (Figure S11b, Supporting
Information).

Atomic Force Microscopy: The topographic images of DR1-glass thin
films were acquired using the Bruker Multimode 8 AFM equipped
with a Nanoscope V controller. The measurements were carried out at
room temperature, in tapping mode, using silicon cantilevers (model
TAP150, Burker). To study and monitor the blister formation in the
fluid environment, the Fluid CellMMTMEC Bruker device was used.
Topographic images of the same region of the sample at different
times, as well as after drying, were acquired. Milli-Q water (Millipore
Corporation), and DMEM (Sigma Aldrich) were used as fluid media. For
each image acquired using the fluid cell a volume of =20 uL was utilized.
All the topographic images were analyzed using the Nanoscope Analysis
software (Bruker) and the WSxM software.'®®! The image reported
in Figure 8 was taken with a Park XE-100 AFM (Park Systems) in non-
contact mode in air with an Al-coated Si ACTA probe (AppNano) with
200-400 kHz nominal frequency and 13-77 N m~! spring constant.

Scanning Electron Microscopy: The SEM imaging was performed with
a focused ion beam SEM (Zeiss Crossbeam 540, Carl Zeiss AG). Images
were taken both in top and tilted view (36°). Before SEM analysis, the
samples were sputter-coated with a thin layer of silver.

Optical Microscopy: Bright-field imaging was performed with the OM
Zeiss Axio Scope Al (Carl Zeiss AG).

Image Analysis: The image analysis was performed using Image)
softwarel'”l with the “Analyze Particles” plugin. Before performing
a pattern recognition, the raw images acquired with DHM were
thresholded and binarized. As a result, a set of generally elliptical
individual objects was recognized from each image. An array of
geometrical parameters including: Feret diameter, area, perimeter, major
axis, minor axis, orientation, and circularity (47 X area/perimeter?) were
extracted for all individual objects in the images and used for further
analysis. Mean values and standard deviation were calculated in order
to analyze the statistical significance of the geometrical parameters
involving a large population of blisters.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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