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Abstract

Living systems such as cells and tissues are extremely sensitive to their surrounding physico-chemical microenvironment. In the field of
regenerative medicine and tissue engineering, the maintenance of culture conditions suitable for the formation of proliferation niches, for
the self-renewal maintenance of stem cells, or for the promotion of a particular differentiation fate is an important issue that has been
addressed by using different strategies. A number of investigations suggests that a particular cell behavior can be in vitro resembled by
mimicking the corresponding in vivo conditions. In this context, several biomimetic environments have been designed in order to control
cell phenotypes and functions. In this review, we will analyze the most recent examples of control of the in vitro physical micro/nano-
environment by exploiting an innovative technique of high resolution 3D photolithography, the two-photon polymerization (2pp). The
biomedical applications of this versatile and disruptive computer assisted design/manufacturing technology are very wide, and range
from the fabrication of biomimetic and nanostructured scaffolds for tissue engineering and regenerative medicine, to the microfabrication

of biomedical devices, like ossicular replacement prosthesis and microneedles.

Introduction: Biomimicry from macro to nano

The biomimicry of an in vivo physiological environment has
been achieved in the biomedical research at different scales,
depending on the specific necessity of the application and as a
consequence of the limitation of the technology adopted, in
terms of resolution and fabrication times."” Living cells have
been proven to be sensitive to the variation of several chemo-
physical features, including surface roughness*’ and fractal
dimension® in the range from nano to micrometers, variation
of the substrate Young's modulus (E)° ranging from kPa to
GPa,’ changes in surface charge' and wettability," efc. In
particular, concerning the substrate E, interesting investigations
underlined as different cell types preferably adhere and grow
on substrates characterized by an £ similar to that of the in vivo
environment.” As an example, it is well known as neuronal,
muscle and bone tissues are characterized by rather different £
(in the order of GPa in the case of bone and KPa for muscle
and neural tissue), and, therefore, neuronal cells preferably
grow on soft substrates,™"” bone cells on hard substrates,"* and
muscle cells on scaffolds characterized by intermediate £
values."” Moreover, the control of the scaffolds roughness and
porosity is known to be of fundamental importance in tissue
engineering, and several works deeply investigated these
phenomena.'® Furthermore, since natural surfaces are
characterized by non-deterministic features organized over
multiple scale ranges, new disordered’ and self-affine
topographies were recently obtained and attracted the interest

of the scientific community: in order to mimic in vitro the
hierarchical organization of the extracellular
microenvironment, fractal substrates have been prepared
through different approaches, such as electrochemical etching,’
traditional microfabrication methods,'® and direct laser writing.”
Among the different available fabrication techniques, two-
photon polymerization is a photolithografic method which
allows the 3D direct laser writing of different resists to be
obtained, through the mechanism of two-photon absorption."
Briefly, the simultaneous absorption of two photons (usually in
the near infrared region, but not necessarily™) allows for the
cross-linking of a dedicated resist’ or of other suitable
materials,” having as a consequence the local polymerization in
the so called "polymerization voxel".” Obviously, the 2pp
resolution is given by the voxel size, which can be maintained
even below 100 nm.** Owing to the transparence of the 2pp
resists at the wavelengths exploited for the writing, just the
region where the laser is focused and, therefore, where the two
photons are simultaneously absorbed, is polymerized, thus
allowing for a real 3D manufacturing. This advantage has
enabled the fabrication of high-resolution 3D biomimetic
structures, such as bio-inspired artificial blood vessels,”
trabeculae-like scaffolds,” filamentous substrates for cardiac
tissue,”’ efc., that could not have been obtained by means of
traditional photolithography approaches. Taking advantage of
these 3D biomimetic structures, it was possible not only to
control cell adhesion, shape and function,” but also to in vitro
recapitulate human disease models, which can be used for high-
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throughput drug screening and for the investigations of
pathological mechanisms.”” Furthermore, the high resolution of
this technique jointly to the speed of the laser writing allows
the obtainment of structures characterized by a size of cm/mm
owing a resolution of pm/nm,” i.e., the resolution of those
topographical cues to which cells are more sensitive.”” The
combination of high resolution and writing speed make 2pp a
disruptive technology in several fields where a quick and
precise micro/nano-fabrication approach represents a key issue
to be addressed.

In this review, we will report on the recent innovations in 2pp
that enabled an actual "biomimicry" at the nanoscale, focusing
on the most important achievements concerning 2pp
photoresists, on the important biological investigations carried
out by exploiting 2pp structures, and, finally, on the most
exciting advanced applications of 2pp in the field of tissue
engineering and regenerative medicine.

Materials for 2pp: New insights

The variety of different materials available for 2pp are
characterized by a wide range of properties, like different
biodegradability rates, elasticity, biocompatibility, porosity and
cell adhesiveness, thus enabling their exploitation for a number
of different applications. For example, biodegradable
photoresists such as hydrogels can mimic the presence of the
extracellular matrix (ECM),” and can be constitute an ideal
scaffold for cell transplantation and drug delivery purposes.’'
Different investigations have been in fact demonstrated the
possibility to encapsulate cells inside the polymerizing resist,”
such as in the case of human dermal fibroblasts embedded in
collagenase-sensitive poly(ethyleneglycol) hydrogels.” Some
resists have been exploited in the biophysical investigation of
the cell force measurement: as an example, Ormocomp®
elastic beams have been fabricated for the measurement of
cardiomyocyte contraction forces™ (this work will be deeply
discussed in the next section). Several other examples can be
found in the literature addressing the strict correlation
resist/application, and in particular the reader is referred to
reviews that have already deeply discussed the characteristics
of different materials that can be used in 2pp.****** For this
reason, here we will mainly focus on the most recent
approaches, that seem to be directed toward the combination of
different materials to confer peculiar properties to the 3D
structures.

Klein et al. proposed the first example of two-component
scaffold prepared through 2pp. In particular, one of the used
polymer (poly(ethyleneglycol) diacrylate with 4.8% of the
cross-linking agent pentaerythritol tetraacrylate) is cell
repellent, and was exploited for the 3D frameworks fabrication;
the other photoresist (Ormocomp®) promotes instead cell
adhesion, and was cured in a following step on particular sites
of the frameworks. It was demonstrated as cells cultured on

these scaffolds specifically form cell-adhesion sites just on the
Ormocomp® functionalized regions of the structure, so
achieving a complete control of the cell adhesion and shape in a
3D environment.”’

Another interesting strategy of material combination was
adopted to magnetically control the movement of scaffolds
fabricated by 2pp. In this case, Ni/Ti bilayer was deposited on
SU8 polymerized structures through e-beam evaporation of Ni
and subsequent Ti deposition. Thanks to this approach it has
been possible to obtain actual micro-devices, such as 3D cell
culture transportation systems, exploitable even for in vivo
applications.™

Finally, the possibility to obtain nano-composite scaffolds by
combining different nanomaterials with photoresists opens new
perspectives for obtaining a huge variety of active/sensitive
high resolution 3D structures. To date, examples of
nanomaterials embedded in UV-curable materials used for the
3D fabrication by 2pp are represented by single-wall carbon
nanotubes (SWCNTs), which have been aligned in the direction
of the laser scanning,” titanium dioxide nanoparticles,"
magnetic nanoparticles,” and zinc oxide nanowires.” The
resulting composite material could theoretically allow for the
mimicking of some physical features of the natural systems,
such as conductivity and piezoelectricity, and so to contribute
to resemble and/or mimic various physiological phenomena,
including the activity of neuronal networks and of the cochlear
sensory epithelium.

2pp structures for biological investigations

Cell/substrate interaction investigation

The control of the 3D microenvironment and of the surface
topography thanks to 2pp technique allows an intense
investigation of the cell-substrate biophysical interactions to be
performed. The majority of biophysical studies made by taking
advantage of 2pp have been focused on cell adhesion, shape,
migration, proliferation, differentiation and function.

Recently, our group demonstrated 2pp fabrication (in
Ormocomp®) of Brownian surfaces characterized by pre-
determined Hurst exponent (H) and investigated the
mesenchymal stem cell (MSC) cytoskeleton response to these
substrates (Figure 1). In order to give a reliable mechanical
support to the surfaces, we developed an innovative
manufacturing strategy based on a line-by-line multilayer laser
writing approach (Figure la). With this method, we obtained
fractal surfaces characterized by 0.01 < H < 1.00, and self-
affine in the range of two spatial frequency decades (from 0.1
to 10 um), a much wider range than that obtained with other
chemical methods.” Figure 1b shows the atomic force
microscopy (AFM) characterization of the surfaces
characterized by different A and the cytoskeleton of MSCs
grown on these substrates. Interestingly, our findings revealed
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significant effects of fractality on stress fiber formation and,
consequently, on cell adhesion and stiffness (in terms of E),
coherently to the mechanical model based on the tensegrity
architecture.”

Concerning the investigation of cell guidance owing to
particular features of the substrate, our group demonstrated as
the presence of sub-micrometric ridges obtained through
single-line 2pp, biomimicking the topographical cues of
pioneer axons, was able to guide and promote the axonal
outgrowth of two different neural models, rat PC12 and human
SH-SYSY. In particular, enhanced effects on neurite alignment
and length were reported by increasing the ridge frequency;
furthermore, the presence of the patterned topographical cues
on the 2pp fabricated substrates significantly enhanced the SH-
SY5Y neural differentiation in terms of #3-tubulin expression.”
Another important study exploited 2pp for promoting NIH-3T3
fibroblast guidance. Interestingly, authors developed a
technique for finely tuning the Ormocomp® ridge height by
adjusting laser power, focus position and writing speed, and
demonstrated that the fibroblast elongation was enhanced by
increasing the ridge height, being the height threshold for
obtaining fibroblast alignment of about 1 um.** The same group
developed a fabrication method for 2pp of self-standing fibers
between two glass plates and, after a fibronectin coating of the
fibers, demonstrated the suitability of this 3D cell guidance
system with NIH-3T3 fibroblasts and MDCK epithelial cell
line.”

Finally, 2pp technique has been adopted not only to investigate
the interactions between substrates and eukaryotic cells, but
also with prokaryotics. In this particular case, 3D structures
have been used to control the bacterial growth (E. coli) and to
investigate their trapping and migration.*

Cell force measurement

2pp fabricated scaffolds are able to physically stimulate the
cells, but, conversely, also cells can exert forces and elastically
deform these structures: in particular, neurites and
cardiomyocyte forces have been measured by exploiting 2pp
structure deformability.”** The biophysical measurement of
these forces is particularly important not only for the
investigation of the cell-cell mechanical communication
systems, but also for the analysis of their consequence on the
mechanical properties and functions of the deriving tissues.”

Concerning the cardiac tissue, cardiomyocytes were grown on a
3D cobweb-like structure based on pillars connected by beams,
and the rhythmic contraction of the cells triggered the
displacement of the elastic beams. The schemes of Figures 2a
and 2b illustrate 2pp of the 3D network-like structure used for
the cardiomyocyte force measurement. Figure 2c shows the
scanning electron microscopy (SEM) image of the obtained 3D
structure. In Figure 2d and 2e the oblique view and top view of
the 3D confocal reconstruction of cardiomyocytes adhering to
the 3D net-like structure are respectively reported. Taking

advantage of AFM measurement, Klein et al. were able to
experimentally determine the displacement-force trend, thus
evaluating the beam displacements triggered by a wide range of
contraction forces.™

Similarly, by fabricating sub-micrometric ridges for
biomimicking the physical guidance of pioneer axons on
developing neurites, our group reported as growing neural
processes were able to bind and bend elastic ridge made with
Ormocomp® with a force of about 3 nN, estimated through
scanning ion conductance microscopy.” It is well known from
the literature as this force intensities can be sustained by
growing neurites, and are essential for the correct axonal
elongation.”

Cell migration

The proper modulation of cell migration is fundamental for
many different physiological and/or pathological processes,
including the correct development of the embryo, the regulation
of the inflammatory response, and the formation of tumor
metastasis.” In particular, the degree of cancer malignancy
depends on the ability of the tumor cells to invade other tissues,
also known as invasiveness.” The cells in the tissue can
migrate in the 3D environment, guided by a multiplicity of
chemical and physical cues, in extremely different conditions
from those of standard 2D in vitro cultures. For this reason, the
interest towards 3D biomimetic systems is enormously
increased, being these models more easily accessible compared
to in vivo models, and allowing high-throughput investigations
on the mechanisms involved on cell migration to be
performed.”

Taking advantage of 2pp technology, 3D matrix structures with
modifiable pore sizes have been independently fabricated by
several groups, and different mechanisms of cell migration
were investigated. Tayalia et al. demonstrated that the 3D
microenvironment promotes the enhancement of the cell speed
compared to a 2D substrate. Furthermore, they were able to
decrease the cell speed by decreasing the pore size of the 3D
grid, so hindering the cell migration.”

Instead, Olsen et al. investigated the dendritic cell migration by
combining architectural and chemotactic components.” Thanks
to a similar approach, Greiner et al. investigated the peculiar
cell-type depending migration in the presence of a combination
of different architectural-chemical-genetic ~ factors.”* 1In
particular, they elegantly demonstrated as the mouse fibroblast
cell invasion through a 3D pentaerythritol tetraacrylate
(PETTA) grid was independent on the presence of chemotactic
signals, but it could be significantly enhanced by reducing the
nucleus stiffness through the knock-out of the lamin A/C gene.
Conversely, epithelial A549 cell migration through little pores
was promoted by chemoattractants, but appeared to be
independent on the knock-out of lamin A/C, which also in this
case induced a significant decrease of the nuclear stiffness.
However, all the cell types were able to migrate more easily

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 3



Nanoscale

Cite this: DOI: 10.1039/c0Oxx00000x

WWW.I'SC.Org/XXXXXX

Nanoscale

MINIREVIEW

through the largest pores with respect to the little ones.

2pp for tissue engineering

The peculiar characteristics offered by 2pp technique (high
resolution, repeatability and writing speed, which can be
further increased by the use of galvanometric mirrors),” allow
the preparation of series of 3D structures and/or extended
patterned surfaces suitable for tissue engineering and
regenerative medicine purposes.’™” In particular, 2pp can be
exploited both for the generation of well-defined topographical
stimuli in vitro for the promotion of a specific tissue formation,
on scaffolds that can be eventually re-implanted in vivo, and for
the functionalization of implant surfaces with 3D architectures,
in order to facilitate the integration of the biomedical devices in
the tissues.

Concerning the in vitro topographical stimulation, it is well
known from the literature as the micro/nanometric surface
properties of a substrate can affect the cell
proliferation/differentiation by acting on various mechanisms
of mechanotransduction, often by altering the cell adhesion, the
cytoskeletal conformation, the shape and the rigidity of the cell
body, and the nucleus morphology.”® Our group recently
demonstrated as trabeculae-like structures bioinspired by u-CT
scans of human trabecular bone, and fabricated with 2pp of
Ormocomp® thanks to a slice-by-slice approach (called
"Osteoprints", Figure 3a) were able to reorganize the actin
cytoskeleton, the cell adhesion, and the cell/nucleus shape,
consequently strongly affecting the SaOS-2 bone-like cell
proliferation and differentiation.” The presence of these 3D
architectures, bioinspired by the shape of the fundamental units
of the human trabecular bones, promoted the exit from the cell
cycle both in presence and in absence of chemical factors, and
strongly enhanced the in vitro osteogenic differentiation in
terms of gene transcription and hydroxyapatite accumulation.
Figure 3b is a pictorial representation obtained through the
diagonal superposition of the u-CT scan of a portion of the
human trabecular bone, of a confocal acquisition of SaOS-2
osteoblast-like cells adhering to the Osteoprint, and of a further
confocal acquisition of green-stained hydroxyapatite nodules
accumulated in the SaOS-2 cultures.

In another work, rat MSCs were shown to in vitro invading and
proliferating inside 3D cages prepared with the SZ2080
photoresist, mimicking the presence of stem cell niches (Figure
3¢).” Differently from the observation carried out on our
Osteoprints, rat MSCs populating 3D engineered niches were
characterized by an increased percentage of Ki-67" nuclei
(Figure 3d), so demonstrating that the niche was able to
maintain the stem cells in active proliferative conditions. The
two different studies are not easily to compare because of the
different material and of the different cell models adopted;
however, it is possible to argue as the different 3D geometries
play a key role in the control of proliferation vs. differentiation.

Indeed, while the stem cell niche architecture promotes a
rounded morphology of the cell nucleus,” and thus a higher
chromatin unfolding and a wider gene expression,” the
Osteoprints were conversely able to deform and compress the
nuclei, thus promoting the exit from the cell cycle and
enhancing the osteogenic differentiation.”

Concerning the in vitro reconstruction of a particular
tissue/system, endogenous vessel of different tissues, such as
heart, cerebral cortex and retina, were 3D patterned by
combining the architectural information of natural vessels,
revealed through confocal microscopy, with the slice-by-slice
2pp of metalloproteinase-sensitive and fluorescently labeled
poly(ethyleneglycol) hydrogels containing human umbilical
vein endothelial cells (HUVECs) and 10T1/2 mesenchymal
progenitors.”” Embedded cells were organized in tubular
structures inside the hydrogel, thus obtaining a faithful
biomimetic vessel network just after 24 h of culture. Possible
applications of this method are not limited to the regenerative
medicine and to the field of biomaterials, but can also be
considered for the in vitro modeling of pathological conditions,
such as vascularization in presence of cancer and stroke.
Another interesting work reported on a bioinspired and high-
quality reconstruction of a "compound eye", envisaging optical
applications. The obtained hexagonal-shape '"eye
characterized by large numerical aperture (N4 = 0.4), high fill
factor (FF = 100%), aspherical profile, and it was able to
reduce imaging distortion by two/three times with respect to a
single lens.”

As previously mentioned, 2pp can be exploited for the surface
modification with 3D structures for the promotion of the
implant integration in the tissue. In the context of dental
implant surface optimization, square patterns characterized by
posts of 13 um height and 5 pm diameter interconnected by
rods were prepared.” More specifically, different distances (in
the range 10 - 50 pm) between posts were tested. Interestingly,
authors demonstrated as a post distance of 10 um inhibits
proliferation, while a 25 um spacing is able to promote the
grown of osteoblast-like cells, thus suggesting a possible
improved tissue/implant integration.

Other important approaches, exploiting both a multi-component
polymer / protein combination™ and the mineralization of the
3D structures through the “scaffold on scaffold” technique,”
could allow for a more precise modulation of materials and
architectures for an optimal implant surface modification.
Finally, medical devices of larger sizes can be fabricated
through 2pp by using a combination of high laser power and
low numerical aperture objectives, so increasing the size of the
polymerization voxels. Thanks to this approach, large scale
polymer scaffolds were fabricated for cardiovascular tissue
engineering, and their biocompatibility was confirmed in vivo.”
This technique could be also implemented with a multi-foci
system based on hologram pattern technology, which allows the
fabrication time to be strongly reduced.” Examples of

" was
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millimetric-sized  microstructured  biomedical  devices
fabricated by 2pp are represented by microneedles,™* ossicular
replacement prostheses,” and many other typologies of
scaffolds.”"”

Conclusions

Two-photon polymerization represents an innovative and
flexible technology which allows the rapid prototyping of 3D
structures for a wide range of biomedical applications, from
millimetric-sized biomedical devices to nano-structured
micrometric-sized  surfaces for the investigation of
cell/substrate interactions and for tissue engineering
applications (Figure 4a). In Figure 4b, the histogram shows the
temporal distribution of the publications on 2pp (blue bars) and
on biological applications of 2pp (red bars). The rapid
development of new photoresists and the combination of
photocurable with other (nanostructured) materials could allow
the generation of 3D structures characterized by a variety of
active/sensitive and smart properties.

In the context of the biomimiking, taking advantage from
ECM-like photoresists and owing to the 3D topographical
reconstruction of in vivo tissue it is possible to recreate in vitro
a natural-like micro/nano-environment for fostering different
cell behaviors, including selective proliferation or
differentiation, for the cell force and migration measurements,
and for disease modeling. However, in order to move from in
vitro models to the in vivo assessment of the developed
scaffolds, the main issue is the production of large-enough 3D
structures characterized, at the same time, by a high resolution.
The enormous increase in terms of laser writing speed that can
be achieved through the use of galvanometric mirrors™ makes
possible to dramatically improve the size of the structures,
maintaining at the same time an optimal fabrication resolution.
However, new technological up-grading are still necessary for a
further increment of the technique performances, and, in
particular, the high cost of 2pp systems is still a major obstacle
for its the wide-spread dissemination among the scientific
community. Despite these drawbacks, we are fully confident
that the tremendous potentialities of 2pp will soon make this
technique a "golden standard" concerning micro- and
nanofabrication, in particular in the biomedical field.

Figure captions

Figure 1. (a) The schematization illustrates the line-by-line
multilayer fabrication method used for 2pp of fractal surfaces
characterized by a pre-determined Hurst exponent (/). (b) In
the first column, the 3D AFM rendering of surfaces
characterized by H = 1.00, H = 0.54, H = 0.01; in the second
column, immunofluorescence staining of mesenchymal stem
cells (MSCs) grown on the different-H surfaces: f-actin in red,
vinculin in green, nuclei in blue; in the third column, 3D

confocal reconstructions of MSCs on the different-H surfaces:
f-actin in red, g-actin in green, nuclei in blue. Reproduced from
[7] with permission by ACS.

Figure 2. (a) 2pp of a 3D network-like structure, obtained by
exposing Ormocomp® photoresist to the laser. Model (b) and
SEM image (c) of the obtained 3D structure. Tilted (d) and top
(e) view of a 3D confocal reconstruction of cardiomyocytes
adhering to the 3D structure, used for the cardiomyocyte
contraction force measurements. Reproduced from [34] with
permission by Wiley.

Figure 3. (a, b) The Osteoprint, a 3D bioinspired trabeculae-like
structure fabricated by 2pp: (a) SEM scan of the Osteoprint; (b)
diagonal superposition of three images representing,
respectively, from top left to bottom right, the x-CT 3D
rendering of a portion of the human trabecular bone, the
confocal acquisition of osteoblast-like cells adhering to the
Osteoprint through focal adhesions (vinculin in green, f-actin in
red, nuclei in blue), and the hydroxyapatite production during
osteogenesis progression (hydroxyapatite in green and
Osteoprint structure in red). (c, d) /n vitro biomimicking of the
stem cell niche. (c) SEM tilted image of the 2pp-engineered
niche promoting stem cell homing: cells migrate into the niche
and colonize its internal volume; (d) mesenchymal stem cells
(MSCs) expressing the Ki-67 proliferation marker are mainly
localized in the engineered niches. Reproduced from [26] and
[59] with permission by Elsevier.

Figure 4. (a) Properties and applications of 2pp technology; in
the center, a pictorial representation of the cytoskeleton of a
cell adhering on a surface fabricated by 2pp (focal adhesions in
green, f-actin in red and nucleus in blue). (b) Histogram
showing the temporal progress of the number of publications
on 2pp (blue bars) and on biological applications of 2pp (red
bars).
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