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Abstract
The incorporation of azobenzene chromophores into polymer systems gives rise to a
number of unique effects under UV and visible light irradiation. The light-driven iso-
merization of the azobenzene element acts as a light-to-mechanical energy converter,
translating the nanoscopic structural movement of the isomerization azobenzene into
macroscopic topographic film modulation in the form of surface relief. This review
focuses on the study of reversible changes in shape in various systems incorporat-
ing azobenzene, including large-scale superficial photo-patterned glassy materials,
light-driven reshaping of tridimensional superficial azo-textures and contractions of
stimuli-responsive liquid crystalline networks (LCNs). Further, promising applica-
tions of azo systems are investigated as smart biointerfaces able to mimic time-varying
biological systems.
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1 Introduction

Azobenzene-type materials are constituted by an azo-moiety easily doped or cova-
lently bound to a polymer matrix. The azo molecule was commonly used as dye and
colorant until its unique optical properties were discovered and exploited for a large
variety of applications. More precisely, when illuminated by UV and visible light, the
molecule undergoes a reversible photoisomerization from trans to cis configuration,
which affect local chemical, physical and mechanical properties of the host material.
Illumination of an azomaterial with a linearly polarized light induces dichroism and
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stable bulk birefringence due to molecule dipole transition moment reorientation per-
pendicularly to the light polarization. The anisotropic light induced birefringence can
be optically erased by circularly polarized light or non-polarized light. In amorphous
azopolymers, a continuous trans–cis–trans cycling of the azobenzenemolecules under
light illumination drives a photoinduced surface-pattern formation. In fact, a macro-
scopic mass transport can be observed on the surface of azo-aromatic polymer films
as a consequence of the repeated light induced isomerization of the azo molecule,
even below the glass transition temperature Tg of the polymer [1, 2]. Photo-induced
azopolymer movement involves a reconstruction of the host material, inducing the
modulation of the film thickness and the local stiffness, which results in the formation
of surface relief gratings (SRG) on the polymer surface. The induced surface defor-
mation profile appears dependent on the light intensity and polarization of the applied
interference pattern. However, the mechanism underneath the mass migration process
is still to be fully understood and is currently under investigation of the scientific
community. As today, several models to describe the phenomena have been proposed
[3–8]. Recently, directional light-induced mass migration phenomenon is exploited as
a strategy for the fabrication of controlled tridimensional superficial textures. Indeed,
azopolymer structures, such as an array of imprinted micropillars, can be deformed by
means of the light-driven reconfiguration into complex configuration (e.g., mushroom-
like structure) hardly obtainable by traditional techniques [9–14]. In addition, the azo
compound has also been frequently coupled to liquid crystal systems (LC), where
the light-induced azo molecule photoisomerization causes the isothermally LC-to-
isotropic phase transition of the mixtures, resulting in an order–disorder change of
the system [15]. Photo-deformable liquid crystal polymers enable diverse deforma-
tions of materials along any chosen direction by using linearly polarized light. In
these systems, light can be converted into mechanical work, resulting in large volume
deformations such as contraction, expansion, bending or torsion. Azo LC systems
dramatically increase the potentialities of LC systems combining their alignment-
dependent shape-change with the azo mesogens that enable the remote control and
diverse deformations of materials.

Along with the enormous diffusion of azopolymers in photonics and optical appli-
cations [15–21], a growing interest in cell interfaces research is emerging especially
into the design of bioactive interfaces[22, 23]. Indeed, in the last years the innova-
tive utilization of azopolymer materials in biological field has been widespread, since
their light-responsive properties provide great advantages, including the preservation
of the physiological conditions (pH, temperature) needed for living cells and the highly
spatio-temporal control over several stimuli triggered by the azo molecule photoiso-
merization. Thus, the photopatterned surface of azopolymer films has been commonly
used to provide topographic stimuli to cells in order to examine cell functions such as
adhesion, spreading, alignment, migration and differentiation [24–30]. Furthermore,
in the framework of biological response to physical environment, the cycling pho-
toisomerization of azo molecules and the writing/erasure potentiality of azopolymer
surface reliefs has been exploited in several works in order to provide dynamic signals
to cells [12, 31–36].

In this review, recent advances of topographic filmmodulation in the formof surface
reliefs, are reviewed along with the physical aspects characterizing the azo molecules
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photoisomerization, reorientation and photomechanical effect concerningmassmigra-
tion. In particular, the mechanism and intensity of photo-driven bulk movement and
their dependency on the light source and polymer nature are discussed. An overview
of the large range of applications of these molecules deriving from their inclusion into
host amorphous or LC materials are reported. Finally, the innovative applications of
these systems in the biological field as cell dynamic interfaces are discussed.

2 Azobenzene photoswitches

2.1 Isomerization of azobenzene

The molecular structure of azobenzene is characterized by two phenyl rings held
together by the azo-linkage (–N=N–). Isomerization of the azobenzene between the
thermodynamically stable trans-form and the meta-stable cis-form occurs upon the
absorption of a photon within its absorption band and involves changes in geome-
try and polarity of the molecule, which passes from the planar spatial configuration
in the trans isomer to the non-planar in the cis isomer, thus resulting in a reduction
of the distance between carbon atoms in position 4 in the aromatic rings from 9.9
to 5.5 Å and an increase in the dipolar moment from 0.5 to 3D (Fig. 1a) [37, 38].
Trans azobenzene shows a n–π* band at 440 nm and a strong π–π* transition near
320 nm. Cis azobenzene adopts a bent conformation and has a dipolar moment differ-
ent from zero. It also has a strong n–π* band near 440 nm and shorter wavelengths
bands at 280 nm and 250 nm. The photoisomerization of the azobenzene molecule
from trans to cis isomer upon UV/visible light irradiation is a reversible process in
which the cis isomer can be back-isomerized to the trans form by thermal relaxation
or by a new illumination in the cis-absorption band. These photoisomerization reac-
tions occur on a timescale of picoseconds, while cis-population lifetime in the dark
is typically on the order of hours, minutes and seconds depending on the substitu-
tion configuration [39]. Indeed, Rau [40] distinguished three classes of azobenzene
characterized by the substitution of functional groups in the chemical configuration of
the phenyl rings (Fig. 1b), which defines the different absorption spectra and photo-
physical response: the azobenzene-typemolecules, the aminoazobenzene type, and the
pseudo-stilbenes. Azobenzene-typemolecules are similar to the parent (unsubstituted)
azobenzene molecule with a low-intensity n–π* band in the visible region and a much
stronger π–π* band in the UV and with a cis lifetime of days. The aminoazobenzene
type molecules which are ortho or para substituted with an electron-donating group,
with the n–π* andπ–π* bandsmuch closer, exhibit absorption band in the visible blue
region and are characterized by an intermediate lifetime in the dark. Pseudo stilbenes,
which are substituted at 4 and 4′ positions with an electron-donating group and elec-
tron withdrawing group, have red-shifted absorption band and a very rapid cis-to-trans
reconfiguration since their absorption spectra overlap. Among them, pseudo stilbenes
have the best photoswitching properties, making them the most used azobenzene type
molecules. Their strong π→π* absorption with charge-transfer (CT) character is a
dominant feature in the visible spectrum, and n→π* transition is hidden by this strong
band. Substituents on the phenyl rings may strongly influence the position and shapes
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Fig. 1 a Chemical structure of azobenzene. Trans–cis photoisomerization upon light irradiation and
cis–trans backward reaction by thermal relaxation or optical illumination (Reproduced with permission
from Ref. [41], Copyright © 2013 Wiley Periodicals, Inc.). b The three classes of azobenzene and their
photophysical properties (Reproduced with permission from Ref. [41], Copyright © 2013 Wiley Periodi-
cals, Inc.). c The trans isomer oriented in the direction of light polarization will absorb the incident light and
photo-isomerize assuming a new random orientation. The molecules oriented perpendicularly will remain
inert to the light. Multiple switches will result in the alignment of the trans population in the direction per-
pendicular to light polarization. The initial isotropic condition can be restored by circularly polarized light
(Reproduced with permission from Ref. [66]. © 2018Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim)

of the azobenzene absorption bands and the rate of thermal cis-to trans relaxation [39,
41].

2.2 Azobenzene photo orientation and birefringence

When azobenzene chromophores are incorporated within a polymer matrix, continu-
ous photoisomerization between the two isomeric states by polarized light can lead to
a series of motion occurring at molecular, nanoscale and micrometer (macroscopic)
levels [2]. This molecular motion is a statistical process, in which only azobenzene
molecules with a transition dipole axis along light polarization direction will absorb
the incident light and then photo-isomerize (Fig. 1c) [66]. More precisely, the prob-
ability of photon absorption varies as cos2φ, where φ is the angle between the light
polarization and the azo dipole axis [39]. Therefore, azo molecules with dipole axis
parallel to the electrical field will absorb and reorient in a new random direction,
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whereas those oriented perpendicularly will not move. After many cycles of photoi-
somerization, the azo chromophore will be stochastically oriented orthogonal to light
polarization, resulting in a net reduction of the population of trans isomers aligned in
the direction of polarization, with a concomitant increase of trans molecules oriented
orthogonally. This process is referred to as orientation hole-burning [9]. However,
the photo-orientation is reversible and the initial condition can be restored by using
circularly polarized light [2]. This statistical reorientation gives rise to very strong
birefringence (anisotropy in refractive index) and dichroism (anisotropy in absorption
spectrum) [39].

The photoinduced birefringence is related to the structure of the azo chromophore,
the type of the polymer backbone, and the interaction between azo dipoles [42]. Brown
et al. observed to what extent the dipolar interaction between neighboring azo groups
affect the level of photoinduced birefringence [43]. In poly(DR1A-co-MMA) and
poly(DR1M-co-MMA) copolymers, the local electric field of neighboring dipoles
raises or lowers the absorption energy of an azo group [43]. In more details, parallel
dipoles decrease the absorption energy while antiparallel dipoles increase the absorp-
tion energy. At high azo contents, the dipoles prefer to align in an antiparallel fashion,
which lowers the mobility of azo groups and, therefore, the induced birefringence
value. In the lower azo content copolymers, the antiparallel pairing is not prevalent
since the azo dipoles are isolated by MMA units, so that the induced birefringence
per dipole becomes higher [43]. Further, the induced birefringence level can be higher
for some semicrystalline polymers than amorphous polymers with comparable azo
contents. It is due to cooperative motion of some photo inactive groups present and to
the formation of semicrystalline domains [43].

Examples of cooperative motion have also been reported in side chain liquid crys-
talline copolymers. In this case, the effect of birefringence is amplifying over the limits
given by the azo groups concentration, if a mixture of mesogens and non-photoactive
mesogens was present in the side chains, these latter undergo a reorientation together
with the azo mesogens, thus increasing the effect [42]. This phenomenon was known
for side-chain polymers where the "inert" rigid groups had a similar shape and position
in the molecule as the photochemical azobenzene group. Based on these properties,
azobenzene-containing materials have been proposed as a platform for reversible data
storage and holographic recording [43–46].

Further, azobenzene derivatives show strong photochromism i.e., photomodifica-
tion of color [47]. This phenomenon is known as photoinduced optical anisotropy
(POA) and can be detected in dichroism and birefringence measurements. Neporent
and Stolbova [48] described POA in viscous solutions of azo dyes, then Todorov
and co-workers [45] disclosed the same phenomenon in azo dye-polymer blends. The
anisotropy induced in these systems is rather unstable, but the stability can be improved
in azopolymers [49]. It turned out that stable anisotropy can be induced in both amor-
phous and liquid crystalline (LC) azopolymers [50–54]. Moreover, Nikolova et al.
reported for the first time the possibility to induce a large circular anisotropy-circular
dichroism and optical activity, in previously unoriented films of a liquid crystalline
side-chain azobenzene polyester on illumination with circularly polarized light [55].
They stated that the photoinduced circular anisotropy was due to a new chiral phase,
initiated by light-induced reorientation of the azobenzene chromophores as well as
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by the transfer of circular momentum from CPL to the azobenzenes, which adopt a
cholesteric-like structure [56]. In addition, chiroptical properties photomodulation can
be induced in polymers bearing azoaromatic chromophore linked to the side-chain or
main-chain of the polymer backbone showing chiral conformations. Angiolini et al.
investigated the photoinduced optical properties of a new class of methacrylic poly-
mers bearing in the side-chain an optically active (S)-pyrrolidinyl ring directly linked
through the nitrogen atom to a trans azo aromatic system substituted in the 4 position
by an electron withdrawing group, such as cyano or nitro. These polymers exhibit
reversible linear dichroism and birefringence when irradiated with linearly polarized
(LP) light, but when illuminated with left circularly polarized (CP-L) light at 488 nm,
the circular dichroism (CD) spectra of the films show a net sign inversion that persists
for at least several months at room temperature. The effect is reversible and the origi-
nal shape can be restored by pumping with right circularly polarized (CP-R) radiation
[57]. Also, Barberà et al. observed the same phenomenon in a chiral liquid-crystalline
polymers containing the l-lactic residue of one absolute configuration in the side-chain
[58]. It is worth to underline that these systems are chiroptical switches showing inter-
conversion between enantiomeric chiral organizations in a reversible manner using
orthogonal CPL suitable for applications in optical storage or chiral sensors [56].

2.3 Azopolymer photomechanics

The microscopic movements of the polymer chain, as a consequence of azo molecule
photoisomerization, promote a macroscopic mass transport at the surface of polymer
thin film at temperatures far below the polymers glass transition temperatures Tg.
The origin of macroscopic mass transport of the azopolymer matrix remains unclear.
Nevertheless, several theories have emerged in order to shed light on this intriguing
mechanism [59–61].

In polymers containing pseudo-stilbene azobenzene-type as side chains, the cyclic
isomerization of azobenzenes involving the polymer chains induces a massive move-
ment of the polymer material. The photo-isomerization of azobenzene molecules from
a stable trans-state to a meta-stable cis-state during UV irradiation is an indispensable
prerequisite for the polymer film deformation, but meanwhile, the mechanism of light
induced polymer deformation is still debated [62–64].

Saphiannikova and coworker proposed a re-orientation model, assuming that the
light-induced re-orientation of the azobenzene side chains induces a re-organization of
polymer backbone caused by the appearance of a mechanical stress which in turn gen-
erate a mass migration [62]. This theory assumes that the material remains in the solid
state during photoirradiation, and it is described with the term “moving” or “mass
transport”. The Karageorgiev’s group, instead, supports an isothermal directional
photo-fluidization model claiming that the cyclic isomerization of azobenzenes may
cause an isothermal from an isotropic solid to an anisotropic liquid [63]. They findings
support the viscoelastic model in which the light makes the molecules mobile in gen-
eral and allows small forces to generate material flow. Another possible mechanism,
which explains photoinduced liquefaction, is that trans–cis–trans cycles decrease Tg
of azopolymers and drive azopolymers to ‘flow’ [65, 66]. However, light-reduced Tg
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does not have direct experimental proof. Pellerin and co-workers mentioned the local-
ized photoplasticization, which can be associated with a free volume gradient, helps to
understand photoinduced macroscopic flow far below Tg [67]. However, there are still
contradictions about the mechanism and there is no overall theory which can describe
all the findings.

Furthermore, also in azobenzene with a long lifetime in the cis form, it is reported a
photoinduced liquefaction of azopolymers defined as photoinduced reversible solid-to-
liquid transitions [66]. This photoinduced solid-to-liquid transition based on trans-to-
cis isomerization is different from photoinduced liquefaction based on trans–cis–trans
cycling. In this case, the photoinduced flow is non-directional and associated to a
cyclic isomerization, but the mechanism for photoinduced solid-to-liquid transition
of azopolymers is due to different Tg values of trans and cis azopolymers. In fact, it
is reported that light can switch Tg of azopolymers and convert a trans azopolymer,
that is solid, into a cis azopolymer (liquid), and further, the cis azopolymer stands in
the liquid state even when UV light is switched off [66, 68]. The light-induced mass
migration phenomenon translates into the appearance of topographic surface reliefs,
whose structural features depend on the intensity and polarization distributions of the
irradiating light.

3 Light-drivenmotion of azobenzene-containingmaterials

The incorporation of azo chromophores in a large variety of materials represents an
uncomplicated and versatile tool to offer them efficient photo-responsive properties
[39]. Indeed, azo molecule photoisomerization upon light illumination leads to large
movement occurring at microscopic scale, which generate macroscopic variations in
the chemical and physical properties of the surrounding. These macroscopic phenom-
ena have numerous implications in the technological area for the development of new
materials characterized by light-matter interaction. Moreover, the possibility to mod-
ify the photochemical properties of azobenzenes through various synthetical routes
allows to design materials with specific and tunable chemical, physical and mechani-
cal characteristics. Recently, also supramolecular interactions (hydrogen, halogen and
ionic bonds) between the azo molecule and the host material, were reported to have
advantageous properties in terms of photoinduced anisotropy and surface patterning
[70].

In 1984, Todorov et al.[71] first reported an optical anisotropy related to the photoi-
somerization of an azo dye dispersed into a polymer matrix when exposed to linearly
polarized light (LPL). Later on, the same phenomenon was reported in LC [72] and
amorphous [73] side-chain azopolymers, demonstrating the potential application of
these materials. In 1995, Natansohn’s [1] and Trypathy’s [74] groups independently
reported for the first time the formation of stable and highly efficient surface grat-
ings optically induced on azopolymer film using interference irradiation of two laser
beams. Periodic surface corrugation pattern called surface relief grating (SRG), was
reported in various azobenzene functionalized polymers such as amorphous polymers
[75–77], side chain liquid crystalline polymers [78, 79], supramolecular systems [80],
amorphous molecular materials [81].
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3.1 Photo-patterned azomaterial surfaces

The patterning process of azomaterial surfaces in response to light can be achieved by
several techniques aiming at applying specific light intensity and polarization distri-
butions depending on the application. Although the most common method to create
surface relief gratings is the interference lithography in Lloyd’s mirror configuration,
other systems can be employed to induce the light-driven mass movement. Here, it
is reviewed several scenarios in which regular surface reliefs or randomly-distributed
surface reliefs were generated by different irradiation types, e.g., holographic light
irradiation, 1D Gaussian laser beam and one-beam irradiation.

3.1.1 Regular surface reliefs by holographic light irradiation

As introduced, the first observation of spontaneous surface deformations on azopoly-
mer film after light irradiation through an interference pattern occurred in 1995 by
Natansohn’s [1] and Trypathy’s [74] groups. Azobenzene containing polymer films
irradiated with optical interference patterns deforms into a wave-like, sinusoidal man-
ner to form a surface relief grating. These sinusoidal surface patterning, known as
SRG replicate the intensity or polarization distribution of the incident light. Kim et al.
reported, for the first time, about the large scale periodic modulations of the free
surface of a thin amorphous azobenzene-containing polymer film. It was irradiated
with the sinusoidal intensity light pattern produced by the interference of two mutu-
ally coherent p-polarized laser beams [74] by a Lloyd mirror. It is the set-up used by
original investigation in this area and it generates an interference pattern caused by
intersecting two coherent laser beams with a wavelength in the azo absorption band.
Figure 2a, b shows a representative set-up example of SRG formation and a typical
grating profile of a film surface after exposure to the laser. The surface grating depth
can be controlled by adjusting the light exposure time, the polarization state of the
beam and the angle of inscription (θ) [69] obtaining grating depths from few hundred
nanometers to micron-deep gratings [3, 69]. In amorphous azopolymers (as opposed
to LC azopolymers), efficient photoinduced surface-pattern formation is thought to be
driven by continuous trans–cis–trans cycling of the azo benzenemolecules[82], which
align perpendicularly to the light polarization, inducing mass transport well below the
material glass transition temperature (Tg). Hurduc et al. directly observed the fluid
state formation by optical microscopy during the SRG formation. They highlighted
the importance of polymer chemical structure in the softening/fluidization [83] and
divided the SRG formation in three different processes that can take place simultane-
ously: the polymer photo-fluidization in illuminated regions; the mass displacement
from illuminated to dark regions and the inverse mass displacement from dark to
illuminated regions (Fig. 2c).

The inscribed SRG topography is stable over years at room temperature and can
be erased, recovering the primary flat surface, only by further intense treatment such
as either irradiation with a circularly polarized beam or by heating the polymer sam-
ple above the glass transition temperature [2]. After the erasing, the azo films show
no evidence of degradation or charring of the polymer films, concluding that light
induced reversible structuring of photosensitive polymer films. The reversible nature
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Fig. 2 aOptical setup for grating inscription. (Reprinted from Ref. [69] with the permission of AIP). bAFM
surface profile of an optically inscribed grating in a pDR1M film (Reprinted from Ref. [69] with the
permission of AIP). c The proposed mechanism for SRG formation during laser irradiation, involving at
least three processes: (II) the polymer photo-fluidization in illuminated regions, (III) the mass displacement
from illuminated to dark regions and (IV) the inverse mass displacement from dark to illuminated regions.
(Republished with permission of Royal Society of Chemistry from Ref. [83]; permission conveyed through
Copyright Clearance Center, Inc.). d Fabrication of organic solar cells using azopolymer SRGs. Creation
of a PDMS stamp with the help of an SRG mold. The obtained PDMS stamp. The steps of fabrication of a
solar cell using the created stamp (Reprinted from Ref. [103]. with the permission of AIP)

and its easily tunable making the SRGs attractive micro-texture pattern for numerous
applications, such as optics [61, 84], photonics [82, 85] as Bragg reflectors used as
light couplers and spectral filter [86–90], optoelectronic devices [91, 92], recorder
holograms [93] and biological optics [94]. The patterned SRGs can be also used as
an easy and cost-effective fabrication framework of large-scale periodic patterned
with controlled anisotropic wettability [95, 96]. The degree of wetting anisotropy
can be easily controlled through the irradiation parameters in the light-induced SRG
inscription process. The texture depends explicitly on the modulation depth and on
the periodicity of the rough surface [96]. Especially related to the design of optical
devices, the structured azomaterial films are used directly as obtained after the light
structuring exposure. For other applications, the direct use of a layer of photosensitive
azomaterial can deteriorate structural stability as a consequence of undesired mass
migration effects. In these cases, the SRGs can be used as molding templates and
lithographic masks for the transfer of the superficial texture on other materials [97,
98] by a replica molding process [97, 99, 100]. These elastomeric stamps, made of
poly(dimetylsiloxane) (PDMS), allow the reproduction of the complementary super-
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ficial SRG texture with high fidelity. Obviously, the pattern formation and quality
depend on the factors such as the solution concentration, contacting time in the print-
ing process, and printing pressure [97]. The easiness of master preparation of SRGs
templates and the versatility of soft fabrication processes can be applied to the fab-
rications of optical functional surfaces, sensors, and photonic devices, organic solar
cells [101–104] and organic light-emitting diodes (OLEDs) [105] (Fig. 2d) [16]. Fur-
thermore, in recent years, azopolymer-based patterns have also been increasingly used
as lithographic masks for fabricating periodic arrays of, e.g., titanium dioxide [106],
indium tin oxide [98], and metallic [107] nanostructures.

3.1.2 Regular surface reliefs by 1D Gaussian laser beam

Although interference pattern configuration is commonly used to produce surface
relief gratings on azopolymer films, a single focused laser beam can also be used to
emboss surface gratings. Bian et al. reported a single Gaussian beam-induced defor-
mation on different azopolymer materials [108]. They demonstrated that the presence
of an intensity gradient by itself does not lead to surface deformation unless there is
an optical field component present in that direction [108, 109]. This leads to a highly
directional mass movement, with the polarization direction constituting a preferential
direction along which the material transport mainly occurs [9]. The focused beam is
able to make a hole in correspondence to the center of the laser spot and the resulting
surface deformation is influenced by the polarization and intensity of the laser beam.
A dip is formed in the center while the polymer chains move out from the central
region and pile up at the wings where the intensity is small, when the surface defor-
mation is induced by a linearly polarized Gaussian beam focused on an azopolymer
film (Fig. 3a) [109]. In contrast, the polymer surface deformation results completely
differently when induced by a higher-intensity linearly polarized Gaussian laser beam.
In this case, a peak in the surface profile appeared in the center of the exposed spot
(Fig. 3b) [108, 109]. This behavior at higher intensities can be explained by some
photochemical reactions in addition to photothermal and photobleaching effects that
can occur in polymeric matrix [109]. When the surface deformation is induced by a
circular polarization Gaussian beam, the polymer moves from the center to the outside
of the focused laser spot, thus forming a doughnut-shaped pattern (Fig. 3c). Moreover,
a cylindrical Gaussian along the direction of the light intensity gradient (Fig. 3d) beam
can induce the formation of a symmetric groove with the central bottom of the groove
corresponding to the position of maximum light intensity. On the other hand, no appre-
ciable deformationwas observedwhen the laser beam had a polarization perpendicular
to the direction of the light intensity gradient [109]. Therefore, the direction of the
intensity gradient should match the direction of the linear light polarization in order to
achieve a highly efficient surface structuration [9]. A direct observation of the direc-
tional azomaterial movement in the light polarization of a linearly polarized single
focused beam was performed by Yadavalli et al., where they mechanically scratched
the surface of a flat azopolymer film creating rectangular pieces, which were illumi-
nated with a linear polarized single focused beam. As a consequence of the irradiation,
the grooves orthogonal to the light polarization were closed, while the parallel grooves
became larger (Fig. 3e) [64]. For all kinds of polarization of the Gaussian beam, the
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Fig. 3 a Surface deformation induced by Linear polarization Gaussian beams with low intensity and b with
high intensity. c Surface deformation induced by circular polarization Gaussian beams with low intensity.
d Surface deformation induced by a one-dimensional Gaussian beam (Reprinted fromRefs. [108, 109], with
the permission of AIP Publishing). e Polarization dependent mass-transport of Azo-PSI and AFM cross-
sectional analysis of the rectangular width, before and after irradiation. The direction of the polarization is
marked by the white arrow (Republished with permission of Royal Society of Chemistry from Ref. [64];
permission conveyed through Copyright Clearance Center, Inc.). f Line plots of the surface deformation
and schematics of the relationship between the Z-position of the focus and the film surface at Z� + 500 nm,
Z � 0 nm, and � − 500 nm (Reprinted with permission from Ref. [110] © The Optical Society). g Line
plots of the surface deformations and schematics of the relationship between the Z position of the focus
and the film surface at Z � + 2 μm and Z � − 2 μm. (Reprinted with permission from Ref [111]. © The
Optical Society)

polymer migrates in the direction of the polarization of the light from high to low light
intensity regions. Effectively, the resultant polymer deformation is strongly dependent
on many parameters. Ishitobi et al. discussed the effect of the incident light polariza-
tion and the position of the laser focus on the deformation pattern [110]. In particular,
they found that the deformation pattern was strongly dependent on the z-position of
the focused laser spot.When the z-positionwas exactly on the film surface the polymer
moved along the polarization direction from the center to the outside of the focused
spot, thus producing two side lobes along the polarization direction and a pit at the
center (Fig. 3f). If the z-position was above the film surface in air, the polymer formed
a protrusion coming out towards the center of the laser focus (Fig. 3f). The polymer
movement was blocked by the substrate and so the protrusion was not formed, when
the laser was focused into the glass substrate (Fig. 3f) [110].

123



610 S. De Martino et al.

Recently, different kinds of sources have been used to induce an azopolymer mass
migration. Ishitobi et al. presented the first report of two-photon induced plastic surface
deformation in azopolymer films [111]. In their work, they reported on the deformation
induced by a gradient of light intensity depended by the wavelength, polarization
direction of the incident laser light and z-position of the focused spot with respect to
the plane of the polymer film. In this last case, divergent results respect one-photon
absorption have been reported [111]. When the z position of the focus was below
the film surface, the polymer always moved from the outside to the center of the
focused laser spot along the direction of the polarization of the excitation light and
formed a protrusion at the center and two dips, one at each side of the protrusion
along the polarization direction (Fig. 3g). However, no deformation was induced due
to the intensity of the light spot at the film being not large enough to induce two
photon isomerization and polymer movement, when the distance between the focus
and sample surface was larger than 5 μm [111].

The use of a confocal microscope to impress photopattern on the surface of azo-
material has been widely examined [112, 113]. Ambrosio et al. realized different
topographies i.e. trenches and bumps by changing the laser scanning parameters,
in particular the mutual orientation of the light polarization direction with respect
to the sample scanning direction. Precisely, they observed the formation of grooves
whenmoving the sample perpendicularly to the light polarization direction, while they
obtained ridges when the sample was moved along the polarization direction [113].
In Netti’s groups, photopattern were embossed on the surface of poly(disperse red
1 methacrylate) (pDR1M) polymer by confocal microscope in order to realize novel
platforms for cellular investigation [33, 35, 114, 115]. Localized light was activated
into specific region of interest (ROIs), in which azobenzene photoisomerization was
selectively irradiated, allowing to emboss pattern with different shape and sizes e.g.
concentric squares, triangles, sphere-like geometries by simply changing the geometry
of the irradiated regions (Fig. 4a). Always in Netti’s group, Rossano et. al employed
this versatile method to emboss circular patterns on azo polymeric scaffolds for reg-
ulating fibroblast shape and mechanics (Fig. 4b) [35], while De Martino et al. used
it to imprint nanopatterns on pDR1M to obtain dynamic photo-switchable platforms
capable of controlling cell fate. More specifically, switching the topographical signals
at a specific cell culturing time, they were able to induce a change in the cytoskeleton
organization and to reverte the stem cells final commitment (Fig. 4c) [115].

3.1.3 Randomly-distributed surface reliefs by one-beam irradiation

The surface deformation of azopolymer films can be induced also by the irradiation of
a single collimated beam under uniform light intensity and polarization distributions
[116–132]. The periodic textures obtained over the illuminated area are not generated
by the application of an interference pattern, thus some self-organization mechanism
is involved. Leblond et al. tried to explain this spontaneous process by Fick’s Law
diffusion model as a phenomenological description of molecular motion [121]. Since
these periodic modulations present structural analogies with the large-scale sinusoidal
deformations of SRGs, they are typically referred to as spontaneous surface relief grat-
ings (SSRG). Hubert et al. reported for the first time a spontaneous self-organization
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Fig. 4 a SEM images of several patterns realized on pDR1m films by using a confocal microscope, drawing
several ROIs and irradiating the sample with 514 nm Argon laser wavelength on obtaining concentric
squares, triangles, and sphere-like geometries realized by simply changing the features of the irradiated
regions. (Adapted with permission from Ref. [112], © 2016 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim). b Circular patterns inscribed on pDR1m with the laser confocal method. AFM images of
patterned surfaces of the azo films irradiated with an Argon laser at 514 nm for 58 s (Adapted with
permission from Ref. [35], © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). c (left side)
AFM images of (1) Flat surface, (2) linear pattern realized by illuminating the sample with Argon laser at
514 nm for 42 s and (3) grid pattern obtained by two-steps illumination, overlapping the same initially linear
pattern subsequently rotated of 90°. (Right side) Confocal images of hMSCs staining the cytoskeleton with
Phalloidin (red) and the nucleus with DAPI (blue) on respectively flat, linear and grid surfaces (Adapted
with permission from Ref. [115], © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)

of the flat surface of a thin azo film into ordered quasi hexagonal bumps by a one-beam
irradiation (Fig. 5a) [133]. In the case of linear vertical or horizontal polarization of the
incident laser, each elementary hexagon is observed to elongate in the same direction
of the light polarization. In contrast, circular polarization or non-polarized light does
not lead to any preferential direction of the structures (Fig. 5a) [133]. Furthermore, by
tuning the illumination parameters, different pattern morphologies (parallel stripes,
squared or turbulent structures) can be generated in azobenzene-based materials. For
example, linearly polarized beams produce unidimensional periodic grooves, whose
orientation depends on the light polarization direction. It is shown that the periodicity
of the structure obtained with the one-beam approach can be controlled by chang-
ing the thickness of the polymer layer and the inscription temperature, in addition
to the wavelength of the inscribing light (Fig. 5b) [132]. Several attempts have been
carried out to understand the underlying physics that controls these various forms of
pattern formation. The dependence of photoactivated pattern formation on both the
light’s intensity and polarization has been extensively investigated, but its physical
explanation is still incomplete. Galinski and co-workers, for examples, explained the
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Fig. 5 aA.F.M. images of hexagonal structures for different incident laser polarisations: vertical, horizontal,
circular (Reproduced with permission from Ref. [133], © (2003) COPYRIGHT Society of Photo-Optical
Instrumentation Engineers (SPIE). b The atomic force microscopy scans with profiles of the surface topog-
raphy of a thin film of P4VP(OH-DMA) prior to irradiation and after irradiation with a linearly polarized
and a circularly polarized (Reproduced with permission from Ref. [132], © 2016 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim)

pattern formation entirely based on principle of phase separation in the polymer [128].
Using experiments and simulations, they showed that phase separation is enhanced
by polarized light on azopolymer and it is caused by an instability created by the
photoactivated transitions between two immiscible states of the polymer. These two
phases tend to separate leading to a spatial reorganization of the system [128].

3.2 Directional photofluidization lithography (DPL)

If azomaterials properties are coupled with other fabrication techniques, micro/nano
structures of different shape and size can be realized [11, 134, 135] e.g. parallel groves
[32, 107, 112, 136], array of microporous [137–141] and hemispherical caps [142,
143], whose geometry can be successively modified. Indeed, this technique allows to
produce very sophisticatedmicro/nanoarchitecture thatwould be difficult to attainwith
other methods [12, 107, 144, 145]. The morphology of these prefabricated structures
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can be reshaped by a light irradiation step according to the general polarization-
dependent directionality of the mass migration phenomenon. This process, known as
directional photofluidization lithography (DPL), allows for the reconfiguration of the
initial 3D structure after the irradiation of a linearly polarized light, where azopoly-
meric structures became fluidized at room temperature, and their directional flow
follows the direction of the light polarization [146]. It is a light-induced athermal
fluidization of azobenzene molecule-containing materials under light irradiation. The
term “photofluidization” indicates the photo-softening of azomaterials by repeated
photoisomerization of azobenzene molecules. The advantages of using pre-structured
architectures on azopolymer surfaces include the feasibility of the optical setup for light
irradiation with respect to the conventional photolithography, the possibility to induce
a uniform photo-fluidization over a large-area under illumination and the tunability of
the geometry of the superficial pattern, which can be changed several times [9, 146].
Eventually, 3D complex structures, not easily producible by traditional methods, can
be obtained e.g., domes, mushrooms, lemons, canoes from a regular array [144]. There
are several examples in literature of azopolymer patterns which are subsequently mod-
ified by light irradiation [107, 145]. Lee et al. fabricated a linear azopolymer array
by soft lithography and successively photo-reconfigured it by holographic photoflu-
idization, tuning the polarization of the interference patterns [136] (Fig. 6a). They
reported also the formation of ellipsoidal hole array as a consequence of the recon-
figuration of a line array upon irradiation of two interfering beams perpendicularly to
the array [107, 136]. Moreover, Lee and co-workers produced for the first time a set
of pillars containing-azobenzene using a PDMS negative master [144]. However, an
excessive photofluidization could result in a material flow outside the initial volume
impairing the reversibility of shape modification. In order to avoid this phenomenon,
Pirani et al. increased the mechanical response to light of pillars using a polymer
blend, polymethylmethacrylate (PMMA) within a PAZO-PMMAmixture. This blend
formulation allows a reversible and controlled deformation of the micro-pillars by
periodically tuning the laser polarization in time reducing also the degradation of
the structure morphology over several cycles (Fig. 6b) [13]. Additionally, if an array
of cylindrical azopolymer micro-posts is irradiated with circularly polarized light, it
reshapes in an array of 3D microstructures having a re-entrant geometry similar to a
mushroom (Fig. 6c), showing a strong repellence to the wetting of almost any liquid
[14]. Conversely, irradiation of a cylindrical micropillar array by linearly polarized
results in the asymmetric structureswithwetting anisotropies along different directions
of the film [11, 13, 147].

Asmentioned previously, the initial pillar array is usually fabricated by soft lithogra-
phy. A more innovative approach uses the photo fluidization properties of azobenzene
to fabricate nanostructures and not only for modifying already existing arrays. Choi
et al. reported the possibility to obtain directly patterned superficies from micrometer
to sub-100 nm range by vertical-directional photofluidization of azobenzene mate-
rials [10]. They showed the advantage of obtaining structures into a range which is
typically not feasible by soft lithography technique. In particular, they focused on ver-
tical directional movement of azobenzene materials instead of, largely investigated,
lateral directional movement of azobenzene materials. To do this, the azobenzene
materials film was put in contact with patterned elastomeric molds (i.e., PDMS). Suc-
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Fig. 6 a Schematic diagram of directional photo fluidization (right) and SEM images of photo-reconfigured
arrays of different shapes upon linearly polarized light irradiation (left) (Reproduced with permission from
Ref. [136], Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). b SEM pictures of
individual pillars: before light irradiation, after a single laser exposure with linear polarization (elongated,
elliptical cross section) and after two laser exposures with two orthogonal polarizations (restored circular
cross section) (upper part). Time-resolved roundness values for pillars during laser irradiation with time-
varying polarization states (black dots: roundness of individual pillars, blue circles: mean value over pillars
in each frame) and binarized optical images ofmicro-pillars at relevant times during pillar light-modification
(lower part) (Reproducedwith permission fromRef. [13], Copyright © 2016, Springer Nature). c Schematic
illustration showing fabrication procedures for the mushroom-shaped micropillar array: soft-molding of
azopolymer to form the micropillar array and illumination with circularly polarized light to reconfigure
the micropillars to have mushroom-like heads (Adapted with permission from ACS Nano 2017, 11, 8,
7821–7828. Copyright © 2017 American Chemical Society [14])
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cessively, submicrometric structures were fabricated by two-step illumination, first a
slantwise circularly polarized light was directed onto azomaterial film in contact with
the PDMS, followed by a perpendicular irradiation. Under illumination, the polymer
drifted upward along the cavities of the molds resulting in pattern formation. This
light-induced fabrication was defined directional photofluidization imprint lithogra-
phy (DPIL) and provided also a facile way to fabricate complex hierarchical multiscale
structures [10].

3.3 Stimuli-responsive LCEs containing azobenzene

Photo-induced motions in azobenzene-based systems range from chromophore reori-
entations to material displacement, resulting in anisotropic optical properties e.g.,
birefringence, surface patterning, or even inmacroscopic shape changes [2]. Similarly,
we can attribute each of these phenomena to different classes of materials. Above, we
have introduced the photo-induced mass transport that occurs in amorphous materials,
while here, we focus on reorientational chromophore motions at the domain level that
take place in liquid crystalline or semicrystalline materials. Azobenzenes are robust
and anisotropic molecules that with suitable substitutions can show liquid crystalline
behavior [65]. The azo chromophores act as mesogens, and their photoalignment
becomes transferred to the LC host [65]. A very small azo content can lead to orien-
tational control of LC domains [148] so that the azo molecular motion is amplificated
in LC systems. The combination of LCs (order) and polymeric materials leads to
liquid-crystalline polymers (LCPs) characterized by high-performance and typically
uncrosslinked macromolecules. When LCPs contain densely crosslinked architec-
ture, they are commonly referred as liquid-crystalline networks (LCNs). Furthermore,
liquid-crystalline elastomers (LCEs) are LCNs with flexible polymer backbones, typ-
ically polysiloxane, and low crosslink density. In particular, the weak crosslinking
provide them with fascinating mechano-optical properties, making them promising
materials for artificial muscles [61, 149]. Moreover, liquid–crystal elastomers (LCEs)
are characterized by an ordered organization as normal LCs, in which the molecular
constituents of the material are preferentially aligned in a liquid crystalline phase.
Depending on the mode of alignment of mesogens in LCEs, they are classificated as
nematic LCEs, smectic LCEs, cholesteric LCEs [149]. In addition, the design of an
LCE architecture involves the inclusion of slightly dense crosslinks, which confer spe-
cific structural and elastic properties to the polymeric network. The azobenzenemoiety
typically acts both as a cross-linker and deformation triggermolecule [150]. In order to
obtain photo deformable cross linked LCPs, high-quality systems are obtained when
azobenzene moiety is covalently bound to the polymer networks. Accordingly, LCPs
can be cross-linked by either non-mesogenic or mesogenic molecules and form mod-
erately to densely cross-linked network architectures (LCNs) or lightly cross-linked
elastomers with flexible backbones (LCEs) [151]. By incorporating azobenzene into
LCEs, it is observed a contraction of LCE film upon exposure to UV light to cause
a photo-isomerization of the photochromic moiety. It can induce a reduction in the
nematic order and causes a contraction of the films upon exposure to UV light as
a result of a photoisomerization which therefore can induce a phase transformation
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from the nematic to the isotropic state [152–154]. In fact, in an azobenzene-containing
LCN, photochemical LC-I phase transition will make the polymer backbone lose its
anisotropic nature and adopt into an isotropic chain conformation, resulting in the
whole system changing its shape (Fig. 7a) [155, 190]. This is due to the UV-induced
cis trans isomerisation of the azo-(N=N) bond, whereby the photo-sensitive meso-
genic molecules change from a rod-like shape that stabilise the liquid crystal phase,
to a kinked shape that destabilising the nematic phase, reducing its order parame-
ter. The principle consequence of such photo-isomerisation is the destabilisation of
the nematic phase, whose order parameter depends on temperature in a near-critical
fashion [156]. Ikeda et al. reported the first example of a photochemical phase tran-
sition in LC polymers doped with low-molecular-weight azobenzene molecules due
to azobenzene isomerization that induce a nematic-isotropic phase transition [148,
157]. The phase separation is observed in doped systems when the concentration of
the azo molecules is high, thus LC copolymers appeared on the scene as better candi-
dates [153]. Among the earliest examples, such mechanical photo-induced actuation
in nematic elastomers was reported by Finkelmann et al. [158]. They reported a pio-
neering work on large contractions of LCNs containing azobenzene moieties by light
[158]. Monodomain nematic LCEs containing polysiloxane main chain and azoben-
zene chromophores at the crosslinkers, showed a contraction of 20% upon exposure to
UV [158]. Moreover, Keller et al. synthesized monodomain nematic azobenzene side-
on elastomers that showed fast photochemical contraction up to 18%byUV irradiation
[159]. Other than one-dimensional and two-dimensional (contraction or expansion),
also three-dimensional movements (bending and unbending) of LCE film have been
demonstrated. Such bending behavior is determined by the large absorption extinction
coefficient of the trans-azo molecule in the UV optical range, which generates a gra-
dient in the photoisomerization efficiency for the azo molecules located at different
positions along the direction of the film thickness. Indeed, most of the incident light
is absorbed in the proximity of the irradiated surface, while the trans-azo molecules
in the bulk of the film and at the bottom surface remain almost unaffected [9, 154].
This isomerization gradient causes the contraction only of the exposed surface of the
film, which finally bends toward the incoming light direction. Ikeda et al. reported
an anisotropic bending and unbending induced by light of cross-linked liquid crys-
talline polymer films containing an azo-benzene moiety and a diacrylate-azobenzene
moiety. The absorption of photons occurs only in the surface of the film due to the
high absorption coefficient of azobenzene so the volume contraction is induced only
in the surface region of the cross-linked LC polymer film upon irradiation [160]. Fur-
thermore, Yin et al. proposed an interesting crosslinked liquid crystalline polymers
containing azotolane moieties in side chains which show a photoinduced bending
and unbending behavior upon irradiation with sunlight, according to the trans–cis
photoisomerization of the azotolane moieties [161]. LCPs can be classificated from
the alignment of the mesogens as monodomain or polydomain. Monodomains LCPs
feature global alignment and show large anisotropy in various macroscopic proper-
ties, while in polydomain LCPs, the mesogens align in the same direction only in
local domains and the direction of each domain is random [162]. They prepared mon-
odomain and polydomain polyacrylate films containing azobenzene moieties in the
side chains and crosslinks. When the monodomain film was irradiated with UV light,
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the film bent toward an actinic light source, while it returned to the initial flat state
when irradiated with visible light (>540 nm). The bending and unbending behaviour
was reversible just by changing the wavelengths of the incident light. Furthermore,
they observed that the bending can be anisotropically induced only along the rub-
bing direction of the alignment layers. In fact, also if the film was rotated by 90°, the
bending is always observed along the rubbing direction. Polydomain films showed
more fascinating behaviour when irradiated with linearly polarized light. The bend-
ing axis could be tuned by the polarization state of the light. This selective direction
bending cannot be obtained through thermal processes [162]. The bending exten-
sion of the film depends on the cross-linking density, higher density holds a higher
order parameter and a larger volume contraction along the rubbing direction [163].
Furthermore, the bending angle differs with different azo concentration. In a system
with high azobenzene concentration, photons are absorbed by a very thin surface
layer; high crosslinking density enhances the interaction between the surface layer
and the bottom layer, thus making it easier for the surface layer to drive the bottom
layer, and causing larger deformation. On the contrary, in a system containing a small
amount of azobenzenes, light can penetrate deep enough in the sample, so the bend-
ing angle is dominated by the modulus of the film. Larger modulus generated from
higher cross-linking density makes it hard to bend the film, leading to decrease of the
bending angle [155]. For example, Yu et al. prepared a series of monodomain cross-
kinked LCP filmswith different cross-linking densities usingmonomers all containing
azobenzene [163]. It was observed that the films with different cross-linking densities
exhibited different bending extents and speeds. Furthermore the birefringence of the
films measured at room temperature was found to increase with the increment of the
cross-linking density due to the effect of the different order parameters in the films
[163]. Ikeda et al. showed that a single film of a liquid–crystal network containing
an azobenzene chromophore can be repeatedly and precisely bent along any chosen
direction by using linearly polarized light. A reversible and directional photo-selective
film bending is achieved only in the direction of the linearly polarized light due to the
orientation-dependent efficiency of the light absorption for the trans-azo molecules
aligned with the light polarization direction that drives an efficient order–disorder
transition (Fig. 7b) [160, 190]. This striking photomechanical effect results from a
photoselective volume contraction and may be useful in the development of high-
speed actuators formicroscale or nanoscale applications, for example inmicrorobots in
medicine or optical micro tweezers [164–169]. Spacer length of LCmonomers proved
to play an important role in determining the mesomorphic properties of cross-linked
LCPs, so it will influence their deformation. Azobenzene-containing cross-linked LCP
films with the long spacer of undecylene with different crosslinking densities demon-
strated different bending behavior. When LCP film with the low crosslinking density
was exposed to UV light and heated above 90 °C, the film bent directly towards the
irradiation direction of the actinic light, whereas the bending towards the irradiation
direction was preceded by the bending away from the light source when the temper-
ature was below 90 °C. This distinct bending phenomenon was not observed in the
CLCP films with higher crosslinking densities, all of which bent directly towards the
light source (Fig. 7c) [170]. Over that bending, others three-dimensional movement
such as oscillating, twisting and swimming of LCE films containing azobenzene can
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Fig. 7 a Photoinduced deformations of cross-linked liquid crystal polymers based on photochemical phase
transition (Reproduced with permission of Chinese Physical Society from Ref. [155]). b Photographs of
the polydomain film in response to irradiation by linearly polarised light at different angles of polarisation
(white arrows) at λ � 366 nm; the bent films are flatted by irradiation with visible light at λ>540 nm
(Reproduced with permission from Ref. [160] copyright © 2003, Nature Publishing Group). c A schematic
illustration of a plausible mechanism of the different bending modes of F9010 at different temperatures
(Republishedwith permission of Royal Society of Chemistry fromRef. [170]; permission conveyed through
Copyright Clearance Center, Inc.)

be observed by irradiation with light [171]. Broer et al. fabricated LCE film with
diacrylate dopants containing azobenzene moieties blended with liquid crystalline
diacrylate hosts and photopolymerized in a twisted configuration. Exposure to UV
radiation induced anisotropic expansion/contraction, and simple variations in geome-
try were used to generate uniaxial bending or helical coiling deformationmodes [172].
Systemswith a splayed or twisted nematic (TN) director profile drive greater amplitude
and faster bending than uniaxial planar systems with the same chemical composition
[173]. Furthermore, by varying the orientation of the molecular director through the
thickness of the film actuator can be obtained large performance in light-driven liq-
uid–crystal network (LCN) actuators [173]. Similarly, Fletcher and Katsonis et al.
reported a similar complex motion of twisted aligned LCN materials made by adding
chiral dopants into nematic LCNs. The films had different geometry according to the
cutting direction, in which the orientation of the liquid–crystal direction changes 90°
from the bottom surface to the top surface. Under irradiationwithUV light, the ribbons
displayed different motion, such as winding, unwinding, and helix inversion [174].
Ikeda and Shishido et al. proved that the location of azobenzene moieties also affected
the films’ bending behaviours. They prepared two azobenzene-containing LCN films
with the same cross-linking density and azobenzene concentration, but with different
binding positions of azobenzenes to the polymer network. Under similar irradiation
conditions, a sample bearing the azobenzenes as cross-links bends toward the light
source, whereas a sample containing the azobenzenes as side chains bends away from
it [175].
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3.3.1 Light-induced permanent surface topographies in azo cross-linked network
coatings

LCNsare created from reactiveLCmonomericmixtures that canbe alignedby avariety
of techniques. Once achieving the desired alignment, the monomeric mixture can be
photopolymerized leading to cross-linked liquid crystal polymer networks. The ability
to design and fabricate the anisotropic coating to respond to specific commands leads
to the creation of many different directed topographies. Most interestingly, UV expo-
sure of prealigned azo-containing LCN coatings induces the creation of topographies
without the need of optical set-up [150]. Liu et al. induced changes in the topology of
the coating surface of a cross-linked polymer network i.e., p-methoxyphenol modified
chiral-nematic film bymeans of light. The photoinduced isomerization of an integrated
azobenzene compound initiates a change of the order of the liquid crystal molecular
units in the network. By exposing the film locally by a line mask, the volume increase
forms a protrusion at the exposed area. The deformation can only be observed under
the condition of continuous irradiation with UV light, and while it recovers its initial
state and the structures disappear when the UV light is switched off. While, when
the polymer networks have been formed in the presence of a chain transfer agent, the
protrusions that are formed remain after removal of the light source (Fig. 8a) [176].
Furthermore, they observed also that if the surface deformation is predominantly pho-
toinduced, there is also a thermal contribution due to local heating of the sample by
the absorption of light. Instead, when using a coating polymerized in the isotropic
phase, there is nearly no expression of topographies upon selective UV exposure. The
topography formed in the isotropic cross-linked coating results solely from thermal
effects. Interestingly, when the azobenzene is swapped for a simple UV absorber such
as Tinuvin 328, with an absorption spectrum that coincide with that of azobenzene
but with short geometrical changes upon UV absorption, the topographies formed by
selective illumination are lower in height than those generated using the azobenzene
moiety (Fig. 8a) [176]. Stable topographies require the presence of scavengers during
polymerization of the LC coating. Reversible surface topographies in contrast with the
permanent surface topographies, are prepared in the absence of any radical scavenger
[150]. We have largery mentioned the azobenzene-containing linear polymers that
form surface reliefs based on light-driven material transport. Liu et al. also use light
for the dynamic actuation of a surface relief. They advance obtained photo-switchable
surface topologies through integration of azobenzene-containing crosslinkers into a
structured chiral nematic network. The liquid-crystal network contained striped pat-
terns of alternating areas with chiral nematic order and homeotropic orientation. With
this alignment setup, the coating contains areas that expand and contract in thickness
adjacent to one another, resulting in larger differential topographical features (Fig. 8b,
c) [177].

4 Dynamic azopolymer surfaces in cell biology

The necessity to control and guide cell functions has led to the development of dynamic
bio-interfaces for applications in tissue engineering, tissue repair and cell biology
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Fig. 8 a Surface profiles in cross-section and in 3D view of protrusions made by exposing the p-
methoxyphenol modified chiral-nematic film through a line mask with a periodic pitch of 500 μm and
an opening of 100 μm. The pictures were made by interference microscopy and show the profiles of the
chiral nematic film with azobenzene (black line in (1)), Tinuvin (blue line and (2)), and the film with
azobenzene polymerized in the isotropic state (red line and (3)) (Adapted with permission from Macro-
molecules 2012, 45, 19, 8005–8012. Copyright © 2012 American Chemical Society [176]). b Upper part,
3D images of surface topologies at the original state (left) and during illumination with UV light (right).
Lower part, surface profiles of the initial profile (blue), during UV illumination (red), and after removal of
the illumination (green) (Reproduced with permission from Ref. [177], Copyright © 2012 WILEY-VCH
Verlag GmbH&Co. KGaA,Weinheim). c Liquid-crystal network containing striped patterns of alternating
areas with chiral nematic order and homeotropic orientation (Reproduced with permission from Ref. [177],
Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)

[178]. These smart surfaces are engineered in order to provide in space and in time
precise instructive cues to cells, thus enhancing specific biological events. Indeed,
biochemical and biophysical signals are known to affect cellular functions such as
adhesion spreading, migration, proliferation and differentiation [179]. The transmis-
sion of physical cues to cells occurs upon cell-material interactions at the interface, e.g.
through a communication between the external environment and the inner cytoskeleton
mediated by cells membrane receptors. In addition, the native extracellular environ-
ment (ECM) has been demonstrated to be a dynamic entity, continuously undergoing
remodeling, assembly and degradation processes during growth and in disease pro-
gression [180]. Thus, materials with tunable properties have obtained great attention
for providing dynamic and reversible cell culture platforms recapitulating the original
cellular microenvironment. Azobenzene-type materials are commonly employed for
the development of dynamic bio-interfaces because of their ability to change the shape
of surface topography in response to light. This property allows to create interfaces,
whose properties can be reversibly modulated on-demand through the application of
a light field. Moreover, light-controlled systems are mostly preferred in biological
applications because, among all external stimuli used to trigger responsive materials,
light provides high spatial/temporal controllability and is not dangerous for cells, thus
giving the possibility for in-situ studies of cellular behavior. In addition, the forma-
tion of surface protrusions on azopolymer materials upon light irradiation provides a
physical nano/micro pattern, which can be exploited as guidance structures to orient
and align cells along preferential directions.
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4.1 Recent advances in azopolymer patterning for cell culture

Baac et al. were the first to use SRGs on submicron-scale produced on the surface
of azobenzene material by holographic light in order to control cell orientation and
alignment. They cultured human astrocytes (HA) on the patterned surface, which after
a few days of proliferation appeared to be oriented and elongated along the SRG direc-
tion.[24] Azopolymer patterns appeared soon suitable systems to direct cell adhesion
and orientation, as well as platforms suited to create dynamic interfaces that can impart
specific biomechanical cues to cells with a high space and time control. Thus, Rianna
et al. investigated NIH-3T3 murine fibroblasts response to reversible SRGs imprinted
and erased on a glassy azopolymer surface by an interference pattern projected by a
Lloyd’s mirror configuration and an incoherent light, respectively (Fig. 9a) [32]. Also
Barillé et al. investigated thewriting and erasure effect in presence of cells immersed in
a buffer solution of phosphate buffered saline (PBS), reporting the formation of irregu-
larities in the grating pattern due to the diffusion anddivergence of the light propagating
in the PBS solution [25]. In more details, they examined PC12 cells orientation and
alignment on stripe-patterned (groove/ridge patterns) bio polymer surfaces generated
either by the projection of an interference pattern or by themolecular self-organization
as a result of one-single laser beam illumination. Furthermore, the implementation of
a confocal set-up to emboss photo-patterns on azopolymeric materials with differ-
ent shapes has revealed to provide high versatility and the possibility to observe cell
response in real-time. In fact, Rianna et al. performed topographic changes in-situ pre-
senting dynamic signals to cells by “erasing” and “re-writing” the imprinted pattern
with a different geometry [33]. The same method was employed also by Rossano et al.
in order to realize micrometer-scale circular patterns on azopolymer having concentric
circular rings with pattern periodicity of 5 μm, 10 μm, or 15 μm affecting NIH-3T3
cell morphology and mechanical properties [35]. In addition, Fedele et al. exploited
the versatility of this technique to study the effect of changes in topographical cues
during early-stage angiogenesis through real-time photopatterning of an azobenzene-
containing polymer (pDR1m). They employed a 3D angiogenesis assay based on the
use of spheroids derived from human umbilical vein endothelial cells and investigated
the effect of dynamic topographic signal presentation on sprout formation, confirming
the influence of the underlying photo-inscribed pattern on sprout directionality [114].
Furthermore, several works reported the possibility to affect cell differentiation by tun-
ing dynamically topographical cues, revealing the potential to control and guide cell
fate [181–183]. In particular,DeMartino et al. induced topography changes actuated by
light at specific times to reverse the fate of otherwise committed human mesenchymal
stem cells (hMSC) toward osteoblastic lineage [115]. More specifically, they switched
from linear parallel stripes patterned to flat or grid surfaces of azopolymer material
(pDR1m) realized by means of confocal laser beam illumination, inducing cellular
and nuclear stretches, thus proving that modifications of cytoskeleton organization
can affect gene expression and then cell fate.

There are also some examples of 3D azobenzene patterns subsequently illumi-
nated by light used as dynamic cell culture platforms. Puliafito et al. presented an
approach to spatio-temporally control substrate topographies starting from a pre-
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Fig. 9 a Confocal images of NIH-3T3 cells cultivated on (left) flat pDR1m substrate, (middle) SRG grat-
ing, and (right) pattern erased with circularly polarized light and plots with cell elongation and orientation
(Adapted with permission from ACS Appl. Mater. Interfaces 2015, 7, 31, 16984–16991. Copyright © 2015
American Chemical Society [32]). b In the upper part, images of stained cancer cells on deformed sub-
strates. In the lower part, sketch of the conventional directions used in the figure [36]. c Brightfield and
fluorescence images of U2OS cells transfected with Lifeact-RFP on azo structures, before (upper part) and
after (lower part) deformation. Lifeact-RFP appears as a ring around nanopillars and preferentially accumu-
lates to the ends of azo bars (Adapted with permission from Nano Lett. 2020, 20, 1, 577–584. Copyright ©
2019 American Chemical Society [12]). d Graphical representation of the gelatin platform (Adapted with
permission from ACS Appl. Mater. Interfaces 2018, 10, 1, 91–97. Copyright © 2017 American Chemi-
cal Society [187]). e MP images of NIH-3T3 living cells before light irradiation and after 10 min of MP
stimulation (Adapted with permission from ACS Appl. Mater. Interfaces 2018, 10, 1, 91–97. Copyright ©
2017 American Chemical Society [187]). f Immunostaining for αSMA (green), f-actin (red), and nuclei
(blue) in 4 wt% PEG, 38% non-degradable linker after 5 days of culture (Adapted with permission from
Biomacromolecules 2015, 16, 3, 798–806. Copyright © 2015 American Chemical Society [188])
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patterned azopolymeric structure on a glass-bottom Petri dish. In detail, they modified
the topographywith a single exposure of the target area with living cells attached to the
substrate. Specifically, depending on the local polarization orientation and intensity of
the laser, micropillars get elongated along a direction parallel to the laser polarization,
thus resulting in a generally both anisotropic and inhomogeneous microtextured sur-
face. They showed that both cancer cells and kidney epithelial cells are able to sense
the local deformation direction and orient and migrate accordingly (Fig. 9b) [36]. De
Martino et al. also examined the possibility to dynamically manipulate cell membrane
curvature by reshaping 3D azobenzene structures. In particular, they fabricate three
dimensional azobenzene-based polymer structures that change from a vertical pillar to
an elongated vertical bar shape upon green light illumination. They demonstrated that
the dynamic pillar reshaping induced a change of local membrane curvature of U2OS
cells, thus affecting actin fibers re-organization (Fig. 9c) [12]. As introduced, incor-
porating azobenzene into LCEs, macroscopic mechanical motions of azo systems can
be observed. Further, the potentiality of these interesting motions can be employed to
create dynamic light-controlled scaffolds in the biological field.

Koçer et al. designed azobenzene based LCN systems to form hybrid surfaces
presenting micrometer scale topographical cues and changes in nanoscale roughness
at the same time to direct cell migration [184]. A mixture of (meth)acrylate func-
tionalized azobenzene and liquid crystalline monomers were used to create a chiral
nematic phase that is subsequently aligned in plane by shear forces and then pho-
topolymerized. Mask illumination of the films lead to local trans to cis isomerization
of azobenzene molecules, resulting in a local formation of protrusions (volume gener-
ation) in the illuminated areas yielding (microscale) topographical cues for cells. This
study showed that the cell speed and migration patterns were strongly dependent on
the height of the (light-responsive) micrometer scale topographies and differences in
surface nano-roughness. More precisely, cell motility patterns could be switched from
static to highly mobile by increasing the height of the pillars or from dynamic to mod-
erately static by increasing the nanoscale roughness or to highly static on a selective
topographic pattern. Hendrikx et al. also performed preliminary studies of cells adhe-
sion and survival on visible light responsive liquid crystalline polymer material doped
with fluorinated azobenzene that reversibly changes its surface topography upon light
illumination. Specifically, a mask illumination with green light of the films leads to
local trans →cis isomerization of fluorinated azobenzene molecules, producing local
protrusions in the illuminated areas that can be rapidly erased by blue light. NIH 3T3
fibroblast cells were cultured on the patterned surface, showing good biocompatibility,
and subsequent green light illumination revealed cell shape retraction [185].

Also, with the necessity to recreate a dynamic 3D microenvironment, photo-
actuating hydrogels have received significant consideration. Among the photoactive
groups that can be incorporated with an hydrogel matrix, the azobenzene moiety
is the most known compound used to induce changes of different material prop-
erties such as the mesh size and/or its swelling behavior and shape deformations
as a consequence of its photoisomerization [186]. Pennacchio et al. developed an
advanced gelatin based hydrogel containing azobenzene cross-linker stimulated by
light irradiation. The mixture was made of acrylamide-modified gelatin and an
azobenzene-based bis-acrylamide cross-linker, which gives the photo deformable
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property to the microstructured material. In fact, they induced nuclear deformations
of confined NIH-3T3 cells by light-triggered expansion of gelatin microstructures
(Fig. 9d, e).[187] Rosales et al. also presented a poly(ethylene glycol)-based hydrogel
with tunable stiffness due to the presence of an azobenzene-containing cross-linker,
which allows to reversibly stiffening and softening the matrix upon light illumination.
More in detail, upon irradiation with cytocompatible doses of 365 nm light, isomer-
ization to the azobenzene cis configuration leads to a softening of the hydrogel up
to 100–200 Pa (shear storage modulus, G′) that is maintained over a time scale of
several hours due to the long half-life of the cis isomer. The initial modulus of the
gel can be recovered upon irradiation with similar doses of visible light. In these
conditions, they showed high levels of survival, as well as a spread morphology of
porcine aortic valvular interstitial cells trapped inside the hydrogel (Fig. 9f) [188].
Another example of hydrogel photo-actuated is reported by Lee et al., where they
realized a polyacrylamide (PA)-based hydrogels with the incorporation of photoactive
azobenzene cross-linker for the investigation of bone-marrow-derived mesenchymal
stem cells (MSCs) morphology in response to variations of the hydrogel stiffness upon
blue-light illumination [189].

5 Conclusion

The intense research activity on optical properties of azobenzene compounds has
revealed the valuable applications of azobenzene based materials in a large variety of
fields. Although photo-birefringence and optical dichroism are well-known phenom-
ena induced by light, more effort is required to understand the complex mechanism
of SRG formation, and thus mass transport, occurring on the surface of azo molecule
based materials. Nevertheless, structured azopolymeric surfaces have been exploited
for different purposes, involving photonic and biological applications. In this review,
we have described the general aspects regarding photo-responsive properties of azo-
molecules embedded in amorphous polymers or LC systems, with a particular focus
on the photomechanical phenomena. These phenomena are responsible for macro-
scopic material movement which can be directed to form specific pattern or surface
protrusions. Most attention has been given to the various systems employed to gen-
erate regular or randomly-distributed surface reliefs. These include holographic light
irradiation, 1D Gaussian laser beam and one-single beam illumination. Additionally,
directional photofluidization lithography (DPL) has been reviewed as an emerging
technique used tomodify subsequently preconfigured structures, overcoming the com-
plexities of conventional photolithographymethods. In these applications, azobenzene
molecules are even more frequently used as photo-active chromophores for induc-
ing re-shaping of prefabricated structures upon light irradiation. We also described in
detail themacroscopic shape deformations occurring in LC elastomers, in which phase
transition is induced by azo molecule photoisomerization, highlighting the interest-
ing outcomes as smart photo-actuators in the field of robotics in medicine and optical
devices.Moreover, exciting applications of azobenzene-typematerials as dynamic bio-
interfaces to control cell functions have been described, emphasizing the promising
engagement of azopolymers as photo-responsive materials for dynamic cell culturing.
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