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Abstract

Hydrogels are crosslinked polymeric gels of great interest in the field of tissue engineering,
particularly as biocompatible cell or drug carriers. Reagent-free electron irradiated gelatin is
simple to manufacture, inexpensive and biocompatible. Here, the potential to micropattern
gelatin hydrogel surfaces during electron irradiation crosslinking was demonstrated as a
promising microfabrication technique to produce thermally-stable structures on highly relevant
length scales for bioapplications. In the present work, grooves of 3.75 to 170 um width and several
hundred nanometers deep were transferred onto gelatin hydrogels during electron irradiation
and characterized by 3D confocal microscopy after exposure to ambient and physiological
conditions. The survival and influence of these microstructures on cellular growth was further
characterized using NIH 3T3 fibroblasts. Topographical modifications produced surface structures
on which the cultured fibroblasts attached and adjusted their cell morphology. This developed
method allows for simple and effective structuring of gelatin and opens up new possibilities for
irradiation crosslinked hydrogels in biomedical applications in which cell attachment and contact

guidance are favored.

1. Introduction

Tissue engineering research is concerned with the restoration, maintenance and improvement of
tissue functions ((Langer and Vacanti 1993; Ma 2004, 2005, 2008). The therapeutic approach
often consists of the removal of patient cells, subsequent colonization of a carrier with biological
cells and transplantation of the carrier into the patient (El-Sherbiny and Yacoub 2013). For
example, cholecyst-derived scaffolds have been examined by Revi et al. as biomimetic skin grafts
for medical application to patients with extensive burn wounds (Revi et al. 2016). Moreover,
biomimetic grafts for vascular surgery that mimic native blood vessels are employed for patients
which cannot be supplied which autologous blood vessels (Prasad Chennazhy and Krishnan 2005).
Here, hydrogels are potentially suitable as graft materials and cell carriers for regenerating and
repairing soft tissues. Specifically, gelatin is promising biomimetic material, as it stems from
collagen and therefore exhibits similar properties to the extracellular matrix (ECM). Yet, with a

sol-gel transition temperature below 37°C as well as decreasing mechanical stability and elasticity



as a result of swelling effects, the applicability of pure gelatin is limited. However, modifications
and functionalization can increase the potential for applications in physiological environments

(Sefton et al. 2012).

For usage as cellular substrates, hydrogel surfaces are often functionalized with proteins and
polymers to improve and promote cell-surface interactions. Cells perceive and react to various
biochemical and biophysical signals from the microenvironment (Teixeira et al. 2003). In the nano-
and micrometer range, the ECM topography exhibits a variety of structures (Stevens 2005). The
interaction of cells with the topography is mediated by the contact guidance phenomenon (Rgrth
2011) which influences cellular processes such as adhesion, morphology, differentiation and
migration of cells (Dent and Gertler 2003; Wolf 2003; Haga et al. 2005; Friedl 2004; Luca et al.
2015). Grooves of a few um in size are the most widely studied surface structures of hard
materials. Typically, cultured cells align with the major axis along the grooves. Narrower and
deeper grooves generally support the development of increasingly elongated cell morphologies

(Nikkhah et al. 2012).

Microfabrication is a widely used method to achieve such small structures on substrates.
Photolithography was among one of the first fabrication methods applied to cell morphology
studies, used to generate rigid structures in inorganic materials such as silicon and silicon dioxide
(Chou et al. 1995; Dunn and Brown 1986; Wood 1988; Wéjciak-Stothard 1995; Wdjciak-Stothard
et al. 1995; Meyle et al. 1995). However, due to rigidness and resistance to degradation, these
materials are unsuitable for biomedical applications in soft tissues. In recent years, novel
approaches have used soft lithography techniques to pattern elastomeric materials. A master
template is typically fabricated and used to mold, imprint or emboss structures onto soft
materials (Weibel et al. 2007). The mechanically integrity of the patterned material is therefore
of great importance for the structural stability (Billiet et al. 2012). Resultantly, the polymeric
materials must exhibit a specific degree of rigidity, leading to the wide use of materials such as
polydimethysiloxane (PDMS; Uttayarat et al. 2005; Biela et al. 2009; den Braber et al. 1996b; den
Braber et al. 1998). Alternatively, the polymers can be crosslinked during the molding process to
increase stability, however it can be challenging to obtain homogenous crosslinking using

chemical methods. Hyaluronic acid (Khademhosseini et al. 2006; Yeh et al. 2006) and chitosan-



based (Fukuda et al. 2006) hydrogels have been successfully micromolded and crosslinked by UV
irradiation. However, this method requires photocrosslinkable materials and is limited by the
depth of penetration of the UV radiation. Other hydrogels such as alginate and fibrin require the
addition of gelling agents such as divalent cations, complicating the preparation of a controlled
shape and size (Khademhosseini and Langer 2007). Reagent-free electron irradiation of specific
polymers, such as gelatin, is a physical crosslinking method used to produce covalent crosslinks,
but has not been examined in combination with the micromolding process thus far. In addition to
a large, homogeneous penetration depth profile, the lack of chemical reagents required means
that toxic residues are not left in the material, in contrast to crosslinking with chemical agents.
This crosslinking technique can be used to significantly increase the mechanical strength, heat
stability and swelling stability of gelatin hydrogels. For 10 wt% gelatin, the storage modulus
increased from 7 kPa to 11 kPa after irradiation with 40 kGy (Wisotzki et al. 2014). Furthermore,
doses on this order of magnitude result in sterilization of the samples and have exhibited good

biocompatibility with NIH 3T3 fibroblasts (Wisotzki et al. 2016).

This present work establishes a method of transferring um-sized grooves onto gelatin hydrogels
by micromolding. Since low mechanical strength hinders such microfabrication techniques (Billiet
et al. 2012), crosslinking by electron irradiation was used to tune the mechanical properties and
stabilize the patterned microstructures in ambient and physiological conditions. Through cell
experiments employing NIH 3T3 fibroblasts, the generated topography demonstrated significant

influence over the adhesion and morphology of seeded cells.



2. Materials and methods
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Figure 1 A summary of the fabrication steps used to synthesize the templates (left) and micropatterned gelatin hydrogels (right).
In subfigure g), the enlarged diagram shows how the width (w) and depth (d) profiles were defined for the grooved structures.

2.1. Template fabrication

Templates were manufactured on silicon wafers using photolithography, as summarized by
steps a) to d) in Figure 1. Silicon wafers had a natural silicon dioxide layer, which was coated with
positive AZ MiR 701 photoresist (Micro Chemicals GmbH, Ulm, Germany) and developed with AZ
726 MIF (Micro Chemicals GmbH, Ulm, Germany). Two different templates were fabricated with
ion beam etching. The first template consisted of 3.75 pum-wide grooves of 800 nm depth,
periodically repeating with 3.75 um spaces in between. The second template had 500 nm deep
grooves, with four different repeating widths of 17 um, 50 um, 96 um and 170 um. Resulting

templates were 2 cm by 2 cm.

After fabrication, templates were cleaned using the RCA cleaning process with two cleaning
solutions (first solution: ammonium hydroxide (30 %), hydrogen peroxide (30 %) and deionized

water in the ratio 1:1:5; second solution: hydrochloric acid (37 %), hydrogen peroxide (30 %) and



deionized water in the ratio 1:1:6). Wafers were ultrasonicated in each solution for 30 to 45 min.
In between the cleaning steps, templates were rinsed for 1to 2 min with deionized water.
Samples were dried by spin-coating at 4000 rev/min and subsequently heated to 115 °Cfor 2 to 5

min on a hot plate.

2.2. Hydrogel synthesis

Type A porcine skin gelatin (Bloom 300, Sigma Aldrich, G2500) was used to synthesize 10 wt%
hydrogels. Gelatin powder was swollen in deionized water for approximately 1 h before heating
to 60 °C until complete dissolution. The molding process is illustrated by steps e) to h) in Figure 1.
The structured templates were placed at the bottom of 2 cm by 2 cm silicone molds on top of
aluminum plates for stabilization. Templates were preheated to 70 °C to improve the flow of
gelatin into the grooves. Subsequently 0.8 mL of gelatin solution was pipetted into the templates.
The molds were sealed and stored for 24 h at 10 °C. Afterwards, samples were transferred to air-
tight plastic bags with the template still attached, in preparation for irradiation. Samples were
irradiated with a 10 MeV linear accelerator (Mevex, Ontario, Canada) on a moving stage with a
180 Hz repetition rate and 8 ps electron pulse length, using a scanning horn (width 620 mm,
scanning frequency 3 Hz). A predetermined dose of 40 kGy was used, measured by a graphite
dosimeter with 5 % uncertainty. Prior to surface analysis and cell experiments, the irradiated
gelatin was gently detached from the template so that the template pattern remained inverted

on the gelatin surface.

To determine the influence of electron irradiation on the pattern transfer, unirradiated and
40 kGy irradiated gelatin hydrogels were prepared from each template. Irradiated samples were
analyzed after 1 d and 5 d exposure to physiological conditions, i.e. at 37 °C in Hank’s Balanced
Salt Solution (HBSS; Sigma Aldrich, H8264) with 1 % penicillin-streptomycin (A & E Scientific (PAA),
P11-010) to protect against bacterial contamination. Before surface analysis, residual HBSS was

removed from the hydrogel surface with a N2 stream.

For cell tests, samples with the 3.75 um grooved template were used. For comparison,
unstructured samples were prepared in direct contact with smooth aluminum plates. The

detached gelatin films were washed with phosphate-buffered saline (PBS). Gels were punched to



fit tightly into 12 well plates for cell culture. Before seeding cells on the structured surfaces, the

gelatin hydrogels were incubated overnight at 37 °C.

2.3. Surface analysis

The patterned hydrogel and template surfaces were analyzed with a 3D confocal microscope
usurf explorer (NanoFocus AG, Oberhausen, Germany) using psoft metrology software version
7.4.0. Samples were placed with the structured side upwards and measured at 20x magnification.
Since the maximal measurement range was 800 um by 800 um, several areas were analyzed on
each sample for statistical purposes. For visual comparison, 3D maps were collected from each
sample. Using the psoft software, the depth and width of the grooves were determined from the
profiles of the gelatin surfaces, as illustrated in subfigure 7) of Figure 1. According to the analysis
software, the side walls of the trenches were not parallel but tapered. Hence, the values for the
widths were measured at half height.

For easier comparison with the template profiles, the resulting data from the hydrogels was
inverted and smoothed by an 8™ degree polynomial. For the silicon templates, only the width of
the grooves could be determined by this optical technique because of limitations caused by the
transparency of the silicon dioxide layer. Therefore, the groove depths were characterized by

atomic force microscopy (Veeco Dimension Icon, Veeco Instruments Inc., New York, USA).

2.4. NIH 3T3 cell tests

NIH 3T3 fibroblast cells (ATCC, CRL-1658) were cultured at 37 °C and 5 % CO2 atmosphere in
Dulbecco's Modified Eagle's Medium (DMEM, PAA Laboratories GmbH, E15-810) supplemented
with 10 % calf serum (PAA, B15-004) and 1 % penicillin-streptomycin (A & E Scientific (PAA), P11-
010). The culture medium was renewed every 2 to 3 days and fibroblasts were subcultured at
max. 80 % confluence. For the gelatin experiments, the fibroblasts were detached by adding 0.25
% Trypsin-EDTA (PAA, L11-004) and seeded in the wells onto the prepared hydrogels. Cultivation
was carried out for 1 day (4000 cells/cm?) and 4 days (400 cells/cm?).

For analysis of the cell morphology 1 day and 4 days after seeding, the fibroblasts were fixed with
4 % paraformaldehyde (Sigma-Aldrich, P6148) for 15 to 20 min. Subsequently, cells were washed
twice with PBS. Cells were permeabilized with 0.1 % Triton X-100 (v/v, Sigma-Aldrich, X100) for 5

min, then washed twice with PBS. The actin filaments were stained using a solution of 1.5 pul/ml
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rhodamine phalloidin (Sigma-Aldrich, P1951) in PBS for 30 min. Subsequently cells were washed
in three longer washing steps of 5 to 10 minutes each and covered with PBS. The morphology of

the stained cells was imaged at 10x magnification with a Zeiss Axio Scope A1 microscope.

2.5. Cellular image analysis

Images were analyzed with a self-written MATLAB routine for edge detection. Only objects with
a higher brightness than the manually set threshold and an area above 350 pm? were recognized
as cells. Holes in the objects were filled automatically and touching objects were separated. From

the determined area A and the circumference p, the dimensionless shape factor o was calculated.

A
O'=47T;7 (1)

The shape factor describes the shape of the object and provides information about the cell
morphology. A value of 1 describes a perfect circular shape, whereas values tending to 0
correspond to a completely irregular shape. 150 to 400 cells were analyzed per treatment
method.

2.6. Statistics
Values that differed by p<0.05 were regarded as statistically significant, as evaluated using

independent, two-sample t-tests for unequal sample sizes.

3. Results

3.1. Surface patterning
3.1.1. Pattern analysis

The transfer quality and pattern stability under physiological conditions were evaluated by
measuring the groove width and depth of unirradiated and irradiated gelatin samples in
comparison with the templates. Shown in Figure 2, the surfaces flatness of the freshly prepared
unirradiated (b) and irradiated gelatin (c) were similar to the template (a). The storage in
physiological conditions resulted in increasing surface waviness with conical indentations (Figure

2 (d) and (e)).
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Figure 2 3D spectral illustration of 798.4 um x 798.4 um surface area of the template and the gelatin samples with 3.5 um wide
grooves. The profile of the gelatin is inverted. The irradiated gelatin was measured over a period of 5 days with storage in HBSS

solution with 1% penicillin-streptomycin at 37 °C.

In Figure 3, the groove widths of the freshly produced samples were nearly identical to those of
the template, differing less than 10 %. However, this percent difference generally decreased to
less than 0.5 % as the template width increased, suggesting improved pattern transfer of the
wider structures. Statistically significant differences in the widths are indicated in Figure 3 with
an asterisk. The grooves of the irradiated and unirradiated gels were generally equivalent directly

after fabrication, with the unirradiated grooves slightly thinner in one instance.



A time-independent decline of the average groove width in physiological conditions was visible
for most grooves in comparison with the 40 kGy gels directly after synthesis, with the exception
of the 17 um structures. Generally, wider grooves had the greatest absolute decline, with
respective declines from 0.63 um up to 12.2 um for the narrowest to widest grooves. The declines
amounted to less than 10 % the original widths, excluding the larger decline of 16 % initially
observed in the smallest 3.75 um structures and the outlying increase in the width of the 17 um

structures after 5 days in physiological conditions.

Furthermore, the storage in physiological conditions affected the overall hydrogel shape and
correspondingly led to a significant increase in the standard deviation of the groove widths.
Changes to the overall sample surfaces were quantified by the waviness, which increased from
0.2 um for the template up to a maximum of 0.9 um for the gelatin hydrogels after 5 days in

physiological conditions. See supplementary Figure S7 for details.
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Figure 3 Groove widths for the templates (gray), unirradiated gelatin samples (blue) and irradiated samples (orange) for template
groove widths of (a) 3.75 um, (b) 17 um, (c) 50 um, (d) 96 um and (e) 170 um. The values of the gelatin samples were determined
from inverted and polynomial fitted raw data. Widths were compared for the template, 0 kGy and 40 kGy structures directly after
fabrication, while comparisons were also made on the 40 kGy samples after fabrication and up to 5 days storage in physiological

conditions. Significant differences (p<0.05) in the widths are indicated with an *. Error bars represent the standard deviation.
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Most of the above observed phenomena also occurred for the groove heights, as shown in Figure
4, however the general reproducibility of the overall template depth was much lower. Given that
one template consisted of a mix of repeating 17 to 170 um structures, the height of these mixed
grooves could not be quantified individually with respect to the individual widths. Therefore,
comparisons are made between the structures obtained from the smallest 3.75 um grooves or

the mixed-grooves template.

In contrast to the widths, the depths of the structures differed strongly from the templates. As
shown in Figure 4 (a), the average depth of the 3.75 um grooves on the unirradiated samples was
only 31 % of the original template depth, while an irradiation dose of 40 kGy improved the
template transfer to 43 % the original depth. In Figure 4 (b), the mixed groove template produced
structures that were 47 % of the original depth for the unirradiated gels, which increased to 57 %
for the irradiated samples. Overall, the depth of the transferred structures compared to the

templates was improved for the larger, mixed-groove template and 40 kGy irradiated samples.

Similar to the widths in physiological conditions, the depth of the irradiated samples generally
decreased, while the standard deviation increased. This decrease in groove depth was not clearly
associated with the length of time spent in physiological conditions, as the smaller grooves only
displayed significant differences after 5 days, while the larger mixed-grooves were reduced after

1 day and then remained constant after 5 days incubation.

12
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Figure 4 Average grooves depths on the unirradiated gelatin samples (blue) and irradiated samples (orange), prepared from
templates with (a) 3.75 um grooves and (b) the larger, mixed grooves. For comparison, the depths of the template grooves (gray)
were determined by atomic force microscopy. The hydrogel samples were analyzed by 3D confocal microscopy from inverted and
polynomial fitted data. Depths were compared for the template, 0 kGy and 40 kGy structures directly after fabrication, while
comparisons were also made on the 40 kGy samples after fabrication and up to 5 days storage in physiological conditions.

Significant differences (p<0.05) in the widths are indicated with an *. Error bars represent the standard deviation.

3.1.2. Cell morphology related to surface topography

A detailed analysis of the cell morphology in response to the surface topography was performed
using immunostaining of NIH 3T3 fibroblast cells together with fluorescence microscopy followed
by image evaluation. On samples prepared in contact with the smooth, unstructured aluminum
plate, cells adhered undirected and mainly exhibited a three-pointed star shape, as shown in the
left column of Figure 5. This shape led to a larger cell area (on average 1094 um?; 1 d) and smaller
shape factor (on average 0.12; 1d), as given in Figure 6. The cells on the 3.75 um template-
structured gels orientated primarily along the grooves and exhibited a more elongated shape
(Figure 5, right column). The average shape factor was 0.15 (1 d) with an average cell area of 879
um? (1 d). These trends were consistently observed after 1 and 4 days of culture, as can be seen

in Figure 6.
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Figure 5 10x magnified images of fibroblasts on irradiated 10 wt% gelatin samples with inverted topography of (left column) an

unstructured, smooth aluminum plate and (right column) a template with 3.75 um grooves, with images taken after 1 and 4 days

of culture.
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Figure 6 (a) Average cell area and (b) average shape factor of cultured fibroblasts on irradiated 10 wt% gelatin samples with

unstructured and 3.75 um grooved topographies after one and four days cultivation. The error bars represent the standard error

of the mean. Statistical significance (*) indicates p<0.05.
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4. Discussion

In exploring the functionalization of hydrogels for applications in tissue engineering and
biomedicine, topographical modification can have a significant influence on cellular morphology,
adhesion and proliferation. Using irradiation-induced crosslinking, a simple and effective

micropatterning method to produce structured gelatin hydrogels was developed.

Once the templates were fabricated, electron irradiation crosslinking lead to easily reproducible,
structured hydrogels that were stable in ambient and physiological conditions. In comparison
with the preparation of unstructured radiation-crosslinked gelatin, only one additional step of
preheating the template was performed. This technique therefore has a significant advantage
over time-consuming techniques such as 3D cell assembling (Billiet et al. 2012), rapid prototyping
robotic dispensing (Ang et al. 2002), two photon-polymerization (Liska et al. 2007) or direct ink
writing (Geng et al. 2005), which all require precise control over the material properties during
synthesis. In the present method, sample detachment from the template after irradiation was
fast and led to no major deformation of the surface structure. Larger-scale sample deformations
that were observed under physiological conditions could be explained by the swelling in HBSS
solution, potentially resulting in random denting of the sample surface. Wisotzki et al. (2014)
showed that a temperature increase causes a loss of liquid and therefore a change in the hydrogel
volume. It is also possible that shape deviations and indentations were caused by the N; stream

when removing the HBSS residues.

In terms of pattern transfer, the effectiveness of this preparation method was demonstrated by
the similarity in the groove widths (within 10 %) obtained from the samples directly after
crosslinking in comparison with the original templates. The widths of the unirradiated hydrogels
were comparable to or slightly smaller than the irradiated, indicating that some of the
unirradiated gelatin potentially remained on the template after detaching from the substrate.
Alternatively, the process of filling the template could be hindered by the viscosity of the gelatin,
resulting in reduced groove dimensions. The irradiated samples were stiffer and typically
exhibited improved detachment and pattern transfer, potentially as a result of the increased

stability of the crosslinked structure. Previously, macroscopic shrinking of the hydrogels during

15



irradiation of over 15 % the original sample weight and dimensions was observed at this dose and
concentration (Wisotzki et al. 2014). Interestingly, this shrinking effect did not appear to influence
the pattern transfer on a microscopic level, given the similarity in the widths obtained from the
templates and irradiated structures. Perhaps surface tension between the template and hydrogel

interface played a role in maintaining the size of the structures during crosslinking.

In physiological conditions, the grooves exhibited a high level of stability. While a general
reduction in the groove widths was observed for the samples after exposure physiological
conditions, the standard deviation also increased. Significant changes to the groove widths were
typically observed after one day, but remained consistent after 5 days in physiological conditions.
It is possible that temperature-dependent fluid loss and aging could reduce the hydrogel volume
and thus the groove widths, as water sorption of gelatin is reduced at higher temperatures.
However, a macroscopic reduction in the swelling ratio of around 30 % obtained in physiological
versus ambient conditions (Wisotzki et al. 2014) was not observed to this extent in the
microstructures. Water loss could also lead to increased brittleness and fragility of the
microstructures, potentially explaining the proportionately larger deviation observed in the
structure dimensions. In two instances, the groove width increased in physiological conditions.
This irregular increase could have been caused by local swelling, as competing swelling and
thermal degradation processes occur simultaneously. Nevertheless, the structures remained
highly stable after crosslinking over the 5 day experimental period. This high resolution down to
several micrometers is comparable to or better than many laser-based, nozzle-based and printer-

based microfabrication techniques (Billiet et al. 2012).

The large differences between the groove depths on the hydrogels and templates were probably
related to the high depth-to-width ratio of the grooves. The 3.75 um grooves were particularly
deep and narrow, thus the poured gelatin could have solidified before it reached the bottom of
the template when preparing the samples. As previously mentioned, the influence of the viscosity
and flow of the gel solution could have also hindered filling the templates completely. Pattern
transfer could be investigated using a range of gelatin concentrations to study this possible effect.
A further problem could have arisen upon detachment. The resulting structures were fragile and

subjected to high frictional forces, which could lead to a portion of the gelatin sticking to the
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template during the detachment process. This effect would explain the large standard deviations,
which were proportionately twice as large as those obtained for the widths. The irradiated
samples had deeper grooves on average than those on the unirradiated gels, again suggesting
that increased stiffness from irradiation crosslinking improved the removal of the template and

subsequent pattern transfer, particular when considering the depth profiles.

Though the depth of the hydrogel structures differed significantly from the template, the grooves
were sufficiently pronounced enough to induce an elongated shape in the seeded fibroblasts
along the direction of the structures. This cell behavior was expected since it is well established
that many cell lines display contact guidance on grooved substrates (Clark et al. 1991; den Braber
et al. 1995; den Braber et al. 1996b; den Braber et al. 1996a, 1998; Flemming et al. 1999;
Matsuzaka et al. 2000; van Kooten et al. 1998; Walboomers et al. 1999; Walboomers et al. 2001;
Wojciak-Stothard 1995; Wdjciak-Stothard et al. 1995). On the gelatin hydrogels imprinted by
smooth aluminum plates, the fibroblasts did not display a preferred orientation because of the
unstructured topography (Teixeira et al. 2003, Wisotzki et al. 2016). In contrast, an elongated cell
shape was observed on the structured samples. This cell shape corresponded to a smaller average
cell area and larger shape factor when compared to the cells grown on unstructured gelatin. Since
contact guidance promotes growth along the axis of the grooves, it is logical that the average cell
area could be reduced with respect to unrestricted cells. Similarly, the overall branching of the
cells could decrease from this restriction, as elongation was promoted in only one dimension. As
a result, a larger shape factor was observed. Interestingly, these trends were still observed after
4 days in physiological conditions, providing further indication that the patterned structures
survived and continued to influence cell growth during the experimental period. Since the grooves
were much smaller than the cell diameter, the cells must have spanned several grooves, as
already demonstrated by other studies in which micrometer grooved substrates were employed
(den Braber et al. 1996b; Clark et al. 1990; Karuri et al. 2008; Oakley et al. 1997; Uttayarat et al.
2005; Walboomers et al. 1999). Teixeira et al. (2003) also showed that cells were able to adhere
to the bottom of the grooves of 2.1 um width and 150 nm depth, which results in a depth-to-

width ratio comparable to the employed gelatin grooves.
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These results are significant considering that many studies have shown that the adhesion of
various cell types increases for a certain range of surface roughness and may even require a
minimum degree of roughness for adhesion (Deligianni et al. 2000; Hallab et al. 2001; Eisenbarth
et al. 1996; Ranella et al. 2010). On the microscopic scale, such structures serve as potential
adhesion points for the cells and could be tuned for specific applications. Overall, pre-synthesized
templates were successfully used to pattern gelatin hydrogels in combination with high energy
radiation crosslinking in order to create stable hydrogels that promoted and directed cellular
growth. Furthermore, the impressive resolution of several to hundreds of micrometers introduces
the possibility to pattern a wide range of structures on scales that are highly relevant to cellular

growth.

5. Conclusion and outlook

The patterning of a substrate surface is a common method to influence cell morphology. Often
incorporated patterns consist of groove structures on which the cells form elongated
morphologies by contact guidance. This developed method allowed for quick and easy patterning
of hydrogels with a range of structures from 3.75 to 170 um. Electron Irradiation led to additional
crosslinking of the structures, exhibiting relatively stable groove widths during the detachment
process as well as under physiological conditions. In particular, the widths of 3.75 um grooves,
which are highly interesting for cellular applications, varied by less than 1 um. The pattern transfer
of the groove depths was less accurate, probably limited by the depth to width ratio and flow
effects from the gelatin viscosity during the filling of the template. Deeper grooves could be
achieved by increased preheating of the template, a lower concentration of gelatin corresponding
to a reduced viscosity or even a higher irradiation dose to improve detachment. An anti-adhesive
biocompatible layer on the template could also potentially reduce the gelatin losses during the

detachment process.

Cell experiments confirmed that the hydrogel structures survived in physiological conditions,
while the topography had an essential influence on cell morphology and adhesion. Fibroblasts

displayed an elongated morphology on the grooved samples consistently after 1 and 4 days, in
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comparison with the larger cell areas and random morphologies observed on the unstructured

gels.

Overall, this easy-to-reproduce method demonstrated comprehensive microstructuring of gelatin
hydrogel surfaces and exhibited a direct influence on cellular processes. Due to the simple
methodology, a large number of different patterns could potentially be produced and utilized to
influence cellular growth. By controlling the roughness of the template, adhesion could be further
tuned and adapted, which is a crucial factor in the development of an anti-adhesive cell carrier.
As a result, electron irradiated gelatin in combination with prestructured templates is a promising
and versatile technique to synthesis patterned hydrogels with a wide range of biomedical
applications. This methodology could be transferred to other biopolymers that are responsive to
reagent-free high energy irradiation crosslinking, such as collagen, to further increase the impact
of this process in the synthesis of biomedical materials for application in the field of tissue

engineering.
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