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ABSTRACT: This work presents a facile water-based
supramolecular approach for light-induced surface pattern-
ing. The method is based upon azobenzene-functionalized
high-molecular weight triazine dendrimers up to gener-
ation 9, demonstrating that even very large globular
supramolecular complexes can be made to move in
response to light. We also demonstrate light-fuelled
macroscopic movements in native biomolecules, showing
that complexes of apoferritin protein and azobenzene can
effectively form light-induced surface patterns. Fundamen-
tally, the results establish that thin films comprising both
flexible and rigid globular particles of large diameter can be
moved with light, whereas the presented material concepts
offer new possibilities for the yet marginally explored
biological applications of azobenzene surface patterning.

Azobenzenes are versatile photoswitches due to large, rapid,
and reversible structural change upon cis—trans photo-
isomerization, which enables effective control over chemical,
mechanical, and optical properties of azobenzene-containing
systems.' The molecular-level isomerization can actuate motion
on much larger length scale, even macroscopically.2 As first
discovered in 1995, illuminating a glassy azobenzene-containing
polymer film with a light interference pattern results in the
formation of temporally stable, high-modulation-depth surface-
relief gratings (SRGs) on the polymer film.> Upon SRG
formation polymer chains travel hundreds of nanometers across
the substrate using light-fuelled azobenzene motors. The process
is a complicated cascade of events depending on both the
experimental parameters and the material itself. While
researchers still debate the driving mechanism of mass
transport,” the process is commonly acknowledged to originate
from azobenzene photoisomerization. The versatility of
azobenzene-based surface patterning renders it a useful tool,
e.g, in photonic applications,” nanofabrication,® and for
organizing other material systems such as liquid crystals and
block copolymers.”

With their advantageous film-forming and mechanical proper-
ties, polymers oftfer a solid ground for studying structure-
performance relations of SRG formation, both in covalent and
supramolecular systems.® These studies have revealed, for
instance, that the SRG formation process is highly sensitive to
polymer molecular weight as chain entanglements can obstruct
the macroscopic motions, even if some counter-examples exist.”
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Therefore, azobenzene-based molecular glasses have in recent
years emerged as a new class of efficient SRG-forming
materials.'® Studying also other types of materials and the limits
of azobenzene-based mass transport can shed new light on the
surface patterning mechanism and lead to new, unprecedented
uses of the surface patterns. One fundamental question yet to be
answered is: what is the true size limit of molecules that can be
transported with light-fuelled azobenzene motions?

Even if elementary materials-related studies on azobenzene
SRG formation are of great importance, it is equally pertinent to
consider their application potential and new fields where they
could be utilized. As a photoswitch, azobenzene has been widely
employed in functional biomaterials to be used in, e.g., light-
controlled drug delivery, biomimetic nanochannels, and DNA
hybridization.'" However, only few reports have focused on the
biological applications of azobenzene-based surface patterns.'>
While most nano/micropatterning methods rely on laborious
laboratory protocols, azobenzene-containing materials enable
fast and simple patterning of large surface areas with precise
topography control at a length scale well-suited for, e.g,
manipulating cell growth. In some cases the mass transport can
be extremely efficient,'”> which may result in chemically
heterogeneous surfaces that could be further functionalized for
microarrays and sensing applications. Yet, to release the potential
of azobenzene-based surface patterns in bioapplications, new
biocompatible material concepts are still needed.

Dendrimers, highly branched globular macromolecules, are an
advantageous choice for designing light-responsive materials.
Dendritic molecules have a branched yet well-defined and
monodisperse structure that can host functional groups both on
the peripheral units'* and in the core.'® The light-responsive
properties of azobenzene-functionalized dendritic structures
have been studied for a variety of applications from light
harvesting and optical anisotropy to film dewetting and drug
release.’® However, SRG-formin% azo-dendrimers have so far
received only limited attention.'”” Overall, the azo-dendrimer
studies suggest that the structure and rigidity of the dendrimer
dominate over size and generation in determining the optical
response. This finding suggests that even very large dendrimers
could exhibit attractive light-responsive properties when cleverly
designed.

In this work, we show that surface patterns can be inscribed in
thin films of high-molecular weight triazine dendrimers,
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synthesized and reported in 2013 by Lim et al.'® and now
functionalized with azobenzene via a facile supramolecular route.
We also demonstrate that SRG inscription can be extended to
native biomolecules, by utilizing azo-functionalized apoferritin
protein films. To the best of our knowledge, light-induced surface
patterns in a protein-based material have not been reported
before. While the presented material concepts are of interest
from a fundamental point-of-view for the study of azobenzene-
based mass transport, they also hold promise for bioapplications
of SRGs due to advantageous inherent properties of native
biomolecules such as biocompatibility and ease of functionaliza-
tion.

Triazine dendrimers of generations 3, 5, 7, and 9 were
functionalized with a commercial azo dye, Ethyl Orange (EO).
Complexation was carried out in dilute aqueous solution by the
electrostatic attraction between the positively charged amine
surface groups of the dendrimers and the negative sulfonic acid
group of the chromophores. Complexation was confirmed by
FTIR and UV—vis spectroscopy (see SI). A schematic structure
of the generation 3 complex (G3-EQ) is shown in Figure la
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Figure 1. (a) The chemical structure of the G3-EO complex and (b) the
theoretical M,, and experimentally determined diameters of the
dendrimers, the respective amount of end groups per dendrimer, and
the M,, of nominally stoichiometric dendrimer—EO complexes.

(complete chemical structure in SI), with Figure 1b presenting
the dendrimer sizes'® and the weight-average molecular weights
(M,,) of nominally stoichiometric complexes, containing ~40
weight % of EO. Water-based sample preparation is an important
advantage for the use of the patterned surfaces in biological
applications.

Dynamic light scattering (DLS) measurements were per-
formed to characterize the supramolecular complex formation in
dilute aqueous solution. Figure 2 shows the scattering intensity
and particle mode size (the maximum of the size distribution)
evolution as a function of EO/dendrimer ratio. Similar results
were obtained for all generations (see SI). The DLS results
indicate strong interaction between the azobenzene dyes and the
dendrimers, as illustrated schematically in Figure 2 above the
graph. Before adding EO, the dendrimers remain isolated in the
solution. Above the stoichiometric EO amount of 0.5, the
scattering intensity starts to increase strongly, indicating the
formation of dense dendrimer—EO complexes, and peaks when
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Figure 2. DLS scattering intensity and particle size evolution as a
function of the EO/G7 ratio. At low EO concentrations the dendrimers
remain isolated in the water solution (1), but increasing the amount of
EO results in ionic complexation and aggregation of the complexes (2),
which then swell at excess amount of EO (3).

the solution contains 1.5 EO molecules per dendrimer end
group. At the same concentration, particle size increases rapidly,
which we account for the formation of large swollen complex
aggregates (Dy, ~ 1.7 um), supported by the concurrent decrease
in the scattering intensity. Atomic force microscopy (AFM)
images of samples with varying stoichiometric amounts of EO
(see SI) supported the DLS data.

For the surface patterning experiments, thin films with
thicknesses ranging from 300 to 600 nm were prepared by spin
coating the dendrimer—EO solutions on glass substrates. The
samples were prepared from solutions with EO/dendrimer mass
ratio of 1.5, and the thin films appeared homogeneous and of
high optical quality. The UV—vis absorption spectra of the films
(see the SI) are rather similar for all complexes, indicating that
the local environment of the EO molecules is not very sensitive to
dendrimer generation. Horizontally polarized laser light with
wavelength of 488 nm and intensity of about 300 mW/cm” in a
Lloyd’s mirror setup was used for surface patterning (details in
SI). Grating formation was monitored by recording diffraction
from a nonisomerizing red laser beam, and the formed gratings
were imaged with AFM.

Surface patterns were successfully inscribed in thin films of all
complexes, irrespective of the dendrimer generation. An example
diffraction curve is presented in Figure 3a for GS-EO.
Importantly, gratings could only be inscribed with horizontally
polarized light, while vertically polarized light yielded no
diffraction. The polarization dependence is an unambiguous
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Figure 3. (a) Diffraction efficiency as a function of time for the GS-EO
complex; (b) a photograph of a GS-EO sample film with two
perpendicularly inscribed SRGs; and (c) the corresponding AFM
images from (1) a flat (unilluminated) film, (2) a single grating, and (3)
from the intersection of the two gratings.

dx.doi.org/10.1021/ja502623m | J. Am. Chem. Soc. 2014, 136, 6850—6853


http://pubs.acs.org/action/showImage?doi=10.1021/ja502623m&iName=master.img-000.jpg&w=220&h=205
http://pubs.acs.org/action/showImage?doi=10.1021/ja502623m&iName=master.img-001.jpg&w=234&h=138
http://pubs.acs.org/action/showImage?doi=10.1021/ja502623m&iName=master.img-002.jpg&w=229&h=101

Journal of the American Chemical Society

Communication

proof that the SRG formation is driven by light, not by
irreversible effects such as ablation or photodegradation, which
are polarization independent. A photograph of a GS-EO film with
two perpendicularly inscribed SRGs with corresponding AFM
images of the gratings (10 X 10 pm) are presented in Figure 3b,c,
respectively. Figure 4a shows the grating cross-section profiles
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Figure 4. (a) SRG line profiles for all dendrimer—EO complexes; (b)
AFM height images the SRGs (S X 5 ym); and (c) 3D AFM height
image (left) and phase image (right) of the G9-EO grating surface.

900 kDa. We attribute this to the structure of the complex. The
studied dendrimers are flexible, consisting of long hydrophilic
chains connected with triazine rings. In contrast, EO is a rigid
bulky molecule. When tightly bound to the dendrimer ionically,
intermolecular interactions between EO molecules are not
strong enough to form microphase-separated structure that may
hinder mass transport.'’* We believe that the dynamic nature of
noncovalent bonding between the azo chromophores and the
dendrimers plays an important role in the mass transport of the
complexes. Bonding dynamics most likely also contributes to the
aggregate formation on the fringes of the gratings.

To further push the limits of light-induced mass transport
toward biological applications, we chose to study SRG formation
in an azobenzene-containing protein material. In this case, the
EO chromophores were mixed with ferritin, a ubiquitous
intracellular iron-storage protein, which is a hollow globular
shell (apoferritin, aFT) with diameter of 12 nm and M,, of 450
kDa. Ferritins and other protein cages are an interesting class of
nanoparticles due to their well-defined hollow structure and
ability to encapsulate various synthetic and biological materials.*’
The M, of aFT falls into the range between G7 and G9
dendrimers, but its structure and rigidity are significantly
different. aFT behaves as a rigid sphere consisting of tightly
arranged protein subunits, while the dendrimers have more
freedom in terms of shape. On the other hand, binding between
EO and the protein is not as well-defined as with the dendrimers.

In order to electrostatically bind the negatively charged EO to
aFT, we measured DLS from aFT solution where pH < pI and
the protein carries a net positive charge. The results are shown in
Figure Sab, indicating that when EO is added, the scattering

for all generations, while the AFM height images are shown in
Figure 4b. Interestingly, the modulation depth of the SRGs
increases with the dendrimer generation up to G7 and is equal for
G7 and G9. This trend shows that the dendrimer size itself does
not compromise the SRG inscription process but rather the
opposite: larger dendrimer—EO complexes pile up as higher
modulation-depth structures. These results indicate that
increasing dendrimer generation poses no steric constraints on
photoisomerization—a prerequisite for efficient SRG forma-
tion—as has also been observed by Archut et al.'”® Also
Gharagozloo et al. described comparable photo-orientation and
SRG formation in star-branched polymers with different amount
of branches but otherwise similar properties.'”” Therefore, it
seems that as long as the EO molecules form no microphase-
separated domains,'’® there is no apparent upper limit on
dendrimer generation in the SRG formation process. To the best
of our knowledge, light-induced movements in azo-dendrimers
with generations exceeding 5 have not been studied previously.
The AFM images (Figure 4) also reveal rough surface textures
on the SRGs of all complex generations, which likely originate
from the complex aggregates present in the solution state (DLS
results, Figure 2). It seems that the light-induced mass transport
enhances the aggregation of the dendrimer—EO complexes, as
the SRGs are rough only at the crests, whereas they appear as
smooth at the troughs. This is further demonstrated in Figure 4c.
Such aggregates are not found on the unilluminated areas of the
sample films. This difference in surface roughness could be
exploited, e.g., in applications in directed cell growth as cells can
sense and react even to very small topographical differences."
It is noteworthy that even the largest complex, G9-EO, is
capable of forming SRGs in spite of its very large M,, of almost
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Figure S. (a) DLS data from aFT-EO in aqueous solution. Scattering
intensity and particle size evolution as a function of the EO/aFT ratio,
with b) a zoom-in of the 0—80 nm range of particle mode size. (c) a 10 X
10 um AFM height image of an SRG on the aFT-EO film, with the
corresponding phase image and a 3D presentation.

intensity increases slowly until the mass ratio of 1.5, after which it
rises much more rapidly, while the average particle size increases
from 12 to ~70 nm. We interpret this as the formation of
protein—azo complexes. With an excess amount of EO, at mass
ratio of 2.5, also the average size grows rapidly while intensity
levels off, indicating that the complexes start to aggregate.

Thin films of aFT-EO were prepared by spin-coating from
aqueous solution with EO/aFT mass ratio of 1. Small-angle X-ray
scattering measurument (SI) proved the films to be amorphous.
Surface patterning was performed in the same way as with the
dendrimer—EO samples, with the exception that the illumination
was stopped at 40 min after the diffraction efliciency had leveled
off (note that for the dendrimer—EO complexes it takes >2 h for
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the SRG inscription process to saturate). AFM confirmed the
formation of an SRG with an average modulation depth of
approximately S0 nm, as presented in Figure Sc. Unlike in the
dendrimer—EO films, the SRG inscribed in aFT-EO does not
show up in the AFM phase image, and the material appears
similar throughout the grating area. Judging by the faster
saturation of diffraction efficiency, the smaller modulation depth,
and the different surface texture, the dynamics of SRG formation
differ quite drastically between the protein and the dendrimer
complexes due to their structural differences. Importantly, these
results demonstrate that a solid film comprising large and rigid
spherical particles can be structured with azobenzene and light.
The azo-based topographical patterning could be combined with
the intrinsic capability of aFT to host other material inside the
protein cage, e.g., to produce surfaces for guided cell growth with
both chemical and physical cues.

In conclusion, we have shown that very large complexes of
triazine dendrimers and azobenzene chromophores are able to
undergo mass transport and form topographical surface patterns
under illumination. This result establishes the feasibility of high-
generation dendritic structures as host material in photo-
responsive systems, highlighting that the globular molecular
architecture enables even very large molecules to move in
response to light. Furthermore, the concept has been applied, for
the first time, to induce surface patterns in a film of an
azobenzene-functionalized native protein. Essentially, the results
extend the limits of azobenzene-induced surface patterning,
showing that thin films of both flexible and hard spheres with
relatively large diameter can be moved with light. The results are
important from both fundamental and applied perspectives,
where the use of unconventional material choices provides new
insights in the surface patterning phenomenon itself. Also, we
envision a realm of new opportunities for creating patterned
surfaces of other type of azo-functionalized native biomolecules
and spherical particles such as synthetic metal nanoparticles.
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