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Generating stable and customizable topography on hydrogel surfaces with contact guidance potential is critical
as it can direct/influence cell growth. This necessitates the development of new techniques for surface patterning
of the hydrogels. We report on the design of a square grid template for surface patterning hydrogels. The tem-
plate was 3-D printed and has the diameter of a well in a 24-well plate. Hyaluronic acid methacrylate (HA)
hydrogel precursor solutions were cast on the 3D printed template’s surface, which generated 3D square shape
topographies on the HA hydrogel surface upon demolding. The 3D Laser Microscopy has shown the formation of
a periodic array of 3D topographies on hydrogel surfaces. 3D Laser and Electron Microscopy Imaging have
revealed that this new method has increased the surface area and exposed the underlying pore structure of the
HA hydrogels. To demonstrate the method’s versatility, we have successfully applied this technique to generate
3D topography on two more acrylate hydrogel formulations, gelatin Methacrylate and polyethylene glycol
dimethacrylate. Human neonatal dermal fibroblast cells were used as a model cell line to evaluate the cell
guidance potential of patterned HA hydrogel. Confocal fluorescence microscopy imaging has revealed that the
3D surface topographies on HA hydrogels can guide and align the actin filaments of the fibroblasts presumably
due to the contact guidance mechanism. The newly developed methodology of 3D topography generation in
acrylate hydrogels may influence the cell responses on hydrogel surfaces which can impact biomedical appli-
cations such as tissue engineering, wound healing, and disease modeling.

1. Introduction

Hydrogels are three-dimensional crosslinked networks of polymers
that can retain a large amount of water [1]. They are used for several
biomedical applications such as drug delivery, tissue engineering, and
wound healing [2]. Hydrogels formed from acrylate derivatives of
polymers such as Hyaluronic acid Methacrylate [3], Gelatin Methacry-
late [4], and Polyethylene Glycol Diacrylate [5] have received wide
attention. This is mainly due to the acrylate bonds of natural and syn-
thetic versions that can be crosslinked via photochemical or chemical
strategies [5]. Acrylated hydrogels have wide utility for various
biomedical applications such as bioink materials for 3D bioprinting,
injectable scaffolds for tissue engineering, implantable drug delivery
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devices, and skin patches for wound healing [5,6].

Hydrogel surface properties are critical for guiding cellular re-
sponses [7]. Most often, surface properties of the hydrogels such as
surface roughness, surface area, and surface topography can impact/-
guide the cell responses [8]. Among the different surface cues, topog-
raphy can play a major role in guiding cell responses [7]. This is mainly
accomplished via contact guidance mechanisms. In the contact guidance
process, cells receive active guidance signals from topographic cues such
as grooves, ridges, or nano/micro patterns [9]. This impacts the
different cell functions including proliferation, differentiation, and po-
larization [9].

Generating stable and customizable topography on hydrogel surfaces
with contact guidance potential is very challenging and an area that
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needs active research [7]. Existing approaches for surface modification
on hydrogels include but are not limited to photolithography [10],
nanoimprint lithography [11], casting method [12], and 3D printing
[13]. These methods have advantages and disadvantages. The litho-
graphic technique, a common patterning method, requires a photomask
that is not easily customizable and is not a cost-effective method [7].
Emerging methods like 3D printing show promise as they can print
patterned hydrogels using computer-aided (CAD) software [13]. How-
ever, it is limited to only a few hydrogel formulations that meet the
requirements of 3D printing. The casting method is one of the simplest
and most effective methods to generate topographical patterns on
hydrogel surfaces. Although a simple and effective method, this
approach typically uses silicone molds which are not easily custom-
izable. Also, there is a risk of the collapsing formed patterns due to
excessive strains experienced by the mold material during the demold-
ing process [7]. So a careful review of the literature shows that some of
the existing challenges related to the generation of surface topography
on hydrogel surfaces are (i) lack of customized templates/molds for
generating the topographies, (ii) expensive nature associated with
techniques such as photolithography, (iii) availability of very limited
hydrogel formulations meeting the requirements of 3D printing, (iv) the
stability issues of the patterns generated through simple techniques such
as casting method and (v) finally the lack of scalability associated with
these process. This very clearly suggests the importance of developing
new surface topography generation processes on hydrogels that are
simple, cost-effective, versatile, and scalable.

Inspired by these existing challenges associated with the generation
of surface topographies on hydrogels, here we report a new method to
generate 3D surface topography on hydrogels which is simple, cost-
effective, and versatile. We have designed and 3D printed a 24-well
plate-sized square-shaped Polylactic Acid (PLA) design. Up on casting
with acrylated hydrogels such as HA, GelMA and PEGDA has generated
stable 3D surface topographies using this 3D printed PLA template.

2. Materials and methods

Methacrylated hayluronic acid (HAMA), polyethylene glycol dia-
crylate (PEGDA), gelatin methacrylate (GELMA), 2-hydroxy methacry-
late (HEMA), ammonium persulfate (APS) and ascorbic acid were
purchased from Fischer Scientific. The polylactic acid (PLA) spool used
for the 3D printing process was purchased from Flash Forge, United
States.

2.1. Design of the 3D printed PLA template

Design requirements were formulated using an iterative approach
with development being focused on compatibility with a 24-well plate
design using SolidWorks software. A Flash Forge Creator Max Dual
Extruder 3D Printer was used for all 3D printing processes. 3D printing
was done using 1.75 mm Poly (lactic acid) filaments. The printing
temperature was set to 200° C and the print bed was set at 50° C. A travel
speed of 60 mm/s along with a print speed of 30 mm/s was used.

2.2. Preparation of hydrogel precursor solutions

Initially, 10 mg HAMA was dissolved in 10 ml of dPBS solution
(concentration of 1 mg/ml) to prepare the HAMA precursor solution for
the hydrogel preparation. The initiator for the hydrogel crosslinking
Ammonium Persulfate (0.1 M) was prepared by dissolving 114 mg of
APS in 1 ml dPBS solution (with a PH of 7.4). The catalyst for the
crosslinking reaction Ascorbic Acid (0.1 M) was prepared by dissolving
88 mg of Ascorbic acid in 1 ml dPBS solution.

2.3. Preparation of non-patterned hyaluronic acid (HA) hydrogel

The non-patterned HA hydrogels were prepared on a 24-well plate.
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Briefly, 400 pl of hyaluronic acid methacrylate (HAMA) was added into
a well followed by the addition of 200 ul of 2-hydroxy ethyl methacry-
late (HEMA) as the crosslinker. To initiate the free radical
polymerization-induced crosslinking, 100 ul of APS and Ascorbic acid
were added quickly.

2.4. Preparation of surface patterned hyaluronic acid (HA) hydrogel

To prepare the Surface patterned HA gel, we have placed the 3D-
printed PLA mold inside the well of a 24-well plate. 400 ul of Hyal-
uronic acid methacrylate (HAMA) was added on the top of the template
followed by the addition of 200 pl of 2-hydroxy ethyl methacrylate
(HEMA). To initiate the free radical polymerization-induced cross-
linking, 100 pl of APS and Ascorbic acid were added quickly.

2.5. Preparation of non-patterned and surface patterned gelatin
methacrylate (GelMA) and polyethylene glycol diacrylate (PEGDA)
hydrogels

The non-patterned HA hydrogels were also prepared on a 24-well cell
culture plate. Briefly, 400 pl of GeIMA (1 mg/ml stock solution) and
PEGDA (3 mg/ml stock solution) were added into separate wells fol-
lowed by the addition of 200 pl of 2-hydroxy ethyl methacrylate (HEMA)
as the crosslinker. To initiate the free radical polymerization-induced
crosslinking, 100 ul of APS and Ascorbic acid were added quickly.

The surface patterned GelMA and PEGDA hydrogels were formed
using the same procedure with the difference of casting the solutions
over the 3D printed PLA template to generate surface topography.

2.6. Characterization of the hydrogels

The viscoelastic behavior of the hydrogels was measured using a TA
Instruments Discovery HR-2 Rheometer. The surface features of surface
patterned& non-patterned HA gels were studied using 3D Laser Scan-
ning Confocal Microscope VK-X1000. The surface areas of the surface
patterned, and non-patterned hydrogels were measured using VK-X3000
3D Surface Profiler feature of the Keyence Microscope. The surface
topography of the hydrogels were performed using a Phenom XL
Benchtop Scanning Electron Microscope.

2.7. Plasma surface modification of the hydrogels

The surface-patterned and non-patterned hydrogels were surface-
modified using a Harrick Plasma chamber. More specifically, hydro-
gels were placed inside the chamber with an airflow rate of 20 sccm and
subsequently, plasma was ignited after applying a radiofrequency of
13.56 MHz and 45 W for 5 minutes.

2.8. Cell culture

Human neonatal dermal fibroblast was purchased from Lonza(CC-
2509). The fibroblast grew in FGM™-2 Fibroblast Growth Medium-2
BulletKit™(Lonza, CC-3132) under 37°C, 95 % humidity, and 5 %
CO2 conditions. All the cells were used in passages 3-5 and the media
was replaced every other day.

2.8.1. Cell adhesion experiment on HA gels

Physical collagen coating on the hydrogels was conducted before
seeding the fibroblasts. Fully swollen HA gels were sterilized by emitting
UV light for 15 minutes each on both sides. The sterile hydrogels were
placed into 24 well plates and soaked overnight at 4° C in 200 pg/ml
collagen type 1 solution (Corning, 356236) diluted with DI water. The
hydrogels were washed with PBS 3 times right before seeding the fi-
broblasts. When the fibroblasts reached around 80 % confluency, the
cells were washed with PBS and enzymatically detached (0.05 %
trypsin/EDTA). 2x10* cells for low density and 1 x 10° cells for high
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density were seeded in each well plate with 1 ml of media. For actin
staining and imaging, the hydrogels were fixed with 4 % para-
formaldehyde (Electron Microscopy Sciences, 15710) for 30 min at
specific time points after seeding(3,6,24,48 h). After blocking with 2 %
BSA in PBS for 1 h at room temperature, Alexa Fluor™ Plus 555 Phal-
loidin (Thermofisher Scientific, A30106, 1:1000), and DAPI (Sigma,
D9542, 1:1000) were incubated for 2 h at room temperature. The
samples were washed with PBS between each step. Confocal and 3D
images were acquired with a Leica HC FLUOTAR L 10x and 40x water-
immersion objective on an upright TCS SP8 multiphoton microscope
(Leica)

2.8.2. Quantification of actin images by ImageJ

We quantified cell area, orientation coherency, and orientation dis-
tribution by using the “measure”, “directionality” and “OrientationJ”
plug-in in ImageJ as described previously [14]. Mean intensity and cell
area were simply measured by the “measure” function after setting the
scale for 40x image (n=20). For coherency and distribution analysis, all
the actin images were rotated to match the most aligned actin filament
to 0 degrees using the horizontal alignment function in Orientation J.
Then, the “dominant direction” function in Orientation J was utilized to
calculate orientation coherency from 0 (no alignment) to 1 (perfect
alignment) (n=6). The orientation distribution data of actin can be ob-
tained by the "directional" function with the Fourier component method.
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2.9. Statistical analysis

One-way ANOVA was conducted to analyze the differences between
patterned and no pattern groups. For the group analysis over time, two-
way ANOVA was employed to compare the mean values. From *P <
0.05, it is considered to have statistical significance. (n.s., not signifi-
cant, *P < 0.05, **P < 0.01, ***P <0.001, ****P<0.0001.) Statistical
analyses were performed using GraphPad prism. All data points on the
graphs represent average values, and error bars depict the SEM.

3. Results and discussion

The major interest of this work was to develop a simple, cost-
effective, and versatile method to generate 3D surface patterning
method on hydrogel surfaces. 3D printing thermoplastic polymers like
Polylactic Acid is one of the most cost-effective methods in additive
manufacturing. Inspired by this, we decided to use a 3D-printed PLA
template design to guide the generation of topographies on hydrogel
surfaces. We hypothesized that the usage of a custom 3D printed mold
for casting the hydrogel solutions would generate negative impressions
of the positive mold material. To test this hypothesis, we have manu-
factured a 3D-printed square grid using a fused deposition modeling
technique using PLA. The dimensions of the 3D design iterations were
based on 24-well polystyrene plates used for cell culture. We first
measured the dimensions of a 24-well plate and used that as a baseline to
design the PLA template. The printed PLA construct has a diameter of
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15 mm with each square in the grid pattern measuring 1 mm fitting well
within a 24-well plate (Fig. 1a). The rationale behind printing a 24-well
plate size design was to generate surface-patterned hydrogels which can
easily facilitate in vitro cell studies. Usually, to perform in vitro testing
using biomaterials, researchers often need to cut or manipulate their
material constructs to be used for cell culture well plates to allow for the
proximity of the material to the cell monolayer [15]. Other groups grow
their cell model on their respective materials and then are required to
detach the cells for analysis in separate dishes [16] or well plates [16,
17]. This is inconvenient and can be an issue related to time and material
waste concerning critical cell-based assays for analysis of biocompati-
bility. Hence, designing surface patterned hydrogel that exactly fits the
size of a cell culture well plates will be an efficient method to generate
more reliable and consistent results with cell studies.

The confocal laser surface scanning microscopy showed a clear
transfer of the mold pattern from the design to the printed structure
(Fig. 1b). The square grid-type pattern was observed from the images
with closed cavities which can hold hydrogel solutions while casting
(Fig. 1c,d). Subsequently, we have used Methacrylated Hyaluronic Acid
(HA) as the precursor for HA hydrogel formation. The experimental plan
for generating the surface-patterned HA hydrogel using the casting
method on the template/mold was shown schematically (Fig. 1e). More
specifically, hydrogel solution along with crosslinkers and initiator will
be cast on the PLA template which forms a hydrogel and upon
demolding would generate negative impressions of the positive mold
material.

The hydrogel-forming solutions were poured on the mold and placed
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inside a 24-well plate. We have observed that with time there was a
development of turbidity inside the wells which is an indication of the
crosslinking process (Fig. 2a). The mechanism of hydrogel formation
was based on a free radical-initiated chemical crosslinking process.
(Fig. 2b). Specifically, the unsaturated double bonds of the methacry-
lated hyaluronic acid were crosslinked using another unsaturated vinyl
monomer 2-Hydroxy ethyl methacrylate (HEMA) using a radical initi-
ator Ammonium Persulfate. The rationale behind using the free radical-
initiated chemical crosslinking process was to generate hydrogels with
strong mechanical properties. Conventionally in the surface patterning
process, researchers use photo crosslinking of methacrylated polymers
such as HA, GelMA, and PEGDA which is found to provide weaker me-
chanical properties to the resultant hydrogels [18]. So, we anticipated
that the strong chemical crosslinking process will provide the necessary
strength to our hydrogels which can withstand the stress associated with
the demolding process without collapsing the patterns.

After the crosslinking process, we carefully demolded/removed the
hydrogel from the PLA mold resulting in the production of HA hydrogels
with stable surface patterns which are the negative impressions from the
positive mold material (Fig. 2c). The scalability of the 3D printing was
demonstrated by printing 9 designs together with consistency (Fig. 2d).
This is another advantage of this process compared to PDMS-based
molds in photolithography which are not easily customizable and scal-
able for surface patterning [19].

The FTIR spectra comparison has shown a decrease in the C=C
stretching peak (1645 cm ™) intensity for the final crosslinked hydrogel
in comparison with the HA and HEMA, this suggested the chemical
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Fig. 2. The images showing the comparison of the hydrogel formation on the plain 24-well plate and the top of the 3D template at different time points (a), the
chemical crosslinking process of the Hyaluronic Methacrylate and 2-Hydroxy Ethyl Methacrylate forming the HA hydrogel (b), the photographs of the non-patterned
and patterned hydrogels after the crosslinking process (c), image of the nine 3D printed PLA template structures (d).
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crosslinking process of double bonds during hydrogel formation
(Figure S1). Next, we have performed rheology measurements to iden-
tify important parameters such as the stiffness and the gelation time of
the hydrogels. Time sweep experiments have shown that at 375 seconds
the gelation process starts occurring which was evident by the increase
in complex viscosity and cross-over between the storage and loss
modulus of the hydrogels (Fig. 3a). The frequency sweep experiments of
the HA hydrogels were conducted to measure the storage modulus of the
hydrogels. The results of the frequency seep experiment have demon-
strated a higher storage modulus value of 1000 kPa for the HA hydrogel
(Fig. 3b). Generally, the Hyaluronic Acid Methacrylate is photo-
crosslinked using initiators like Irgacure to produce HA hydrogels.
However, the storage modulus of these photo-crosslinked HA hydrogels
is relatively weak in the range of 10-100 Pa [20]. However, our present
chemically crosslinked HA hydrogel displayed a very high storage
modulus value which was several folds higher than the conventional
photo-crosslinked HA hydrogel formulations. This observed significant
increase in the strength of the prepared HA hydrogel can be attributed to
the strong chemical crosslinking process. This high stiffness of the HA
hydrogels supports the generated topographies and provides stability to
the formed patterns without collapsing after the demolding process from
the PLA template.

Images from the 3D laser confocal microscopy showed the periodic
3D array of square-shaped topographical patterns formed on the
hydrogel surface (Fig. 3c). More specifically, the surface of the hydrogel
was composed of square-shaped pillars with periodic interspacing be-
tween the pillars throughout the entire surface of the HA hydrogel. The
average surface area of the HA hydrogel was measured using the surface
profiling feature of the 3D laser confocal scanning microscopy by
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selecting 17 different spots on the patterned hydrogel (Figure S2). The
average surface area of the patterned hydrogel was found to be
0.760 mm?. In the case of un-patterned hydrogel surface, a completely
flat surface topography was observed with an average surface area of
0.007 mm?. Thus, it was clear that the 3D printed patterned molds
introduced surface patterning and increased the overall surface area of
the HA hydrogel. The 3D surface profiling of the hydrogels showed the
average height and width of the square pillars to be 311 and 870 um
(Fig. 3d). The actual 24-well plate PLA template/mold has a depth of
500 ym and a pore width of 1000 um. Hence, the expected height and
width of the square patterns formed on the hydrogel surface should be
around 500 and 1000 um. However, the observed height and width of
the square patterns (311 and 870 um) were lower than these values. This
difference may be attributed to the printing resolution issues with the 3D
printer. Improving the printing resolution may create a closer alignment
in the height and width of the square patterns in the design and hydrogel
constructs. The reported observations corroborated our initial hypoth-
esis by printing 2 more additional PLA templates with pore widths of
2000 and 3000 pm. Casted HA hydrogels were poured on its surface and
subsequently demolded. As the pore width of the template increased the
uniformity of the square shape generated on the hydrogel surface
significantly improved (Figure S4). This observation suggested that
printing low pore width templates is challenging and needs more sys-
tematic optimization of printing parameters such as print speed, nozzle
diameter and nozzle temperature. As low size and higher number of
surface patterns are critical for governing the cell response such as those
that arise from increased surface area, we have chosen the 1000 pm
template mold patterned hydrogels for further studies.

Subsequently, we have taken the Scanning Electron Microscopy
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images of the patterned vs non-patterned HA hydrogels. Interestingly, it
was seen that the hydrogels with the 3D surface topography exposed the
underlying porosity than the non-patterned ones (Fig. 4). This difference
in the pore structure could be attributed to the square cavity structures
of the PLA mold. More specifically, on the flat 24-well plate surface, the
hydrogel precursor solutions (the polymer, crosslinker, initiator, and
catalyst solutions) form a continuous film whereas inside the mold there
is a non-continuous and confined distribution of hydrogel precursors are
present which can impact the formation of hydrogels on the template.

We speculate that the formation of hydrogel on the template will be
impacted by the hydrostatic pressure caused by the square-shaped
cavities of the mold. This is because each square cavity of the PLA
mold has an average depth of 650 um (Figure S3). This may contribute
towards the generation of hydrostatic pressure on the hydrogel precur-
sor solutions proportional to the depth. Non-patterned hydrogels are
formed by casting the hydrogel solution on a plain surface of the 24-
well. More in-depth quantitative experiments are needed to validate
this speculation and our future studies will attempt to address it. Hence,
we believe that these factors of confined non-continuous distribution of
the hydrogel-forming solutions and the possibility of experiencing hy-
drostatic pressure on the templates could have impacted the pore
structure of the hydrogels in comparison with hydrogels formed on the
flat 24-well plate surface. This shows the positive impact of the template
material on exposing the pore structure of the hydrogel.

Method versatility was shown by applying the same 3D printed mold
to other methacrylate hydrogel-forming materials Gelatin Methacrylate
(GelMA) and Polyethylene Glycol Diacrylate (Figure S5). The SEM im-
ages of the patterned hydrogels of both GelMA and PEGDA showed the
clear formation of a square pattern with more exposed pores compared
to non-patterned ones. This observation supports the role of hydrostatic
pressure on the pore structure of the hydrogel regardless of its compo-
sition. To assess the capability of the 3D topographies generated on the
hydrogel surfaces, we have conducted cell attachment studies on HA
hydrogels.

For the cell studies, HA hydrogels were fabricated using the square
grid pattern and demolded to get the surface-patterned hydrogels. The
PLA template used to generate the patterns was discarded immediately
after the generation of the surface patterns and only surface-patterned
HA hydrogel samples were used to conduct cell attachment studies.
Prior to the cell attachment studies, hydrogels were subjected to plasma
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treatment [21] and collagen coating [22]. This was to provide sterili-
zation and facilitate better fibroblast attachment. Initially, we used a
low fibroblast seeding density to study the effect of topography on cell
attachment. Fluorescence microscopy images of fibroblasts on
surface-patterned hydrogels at the 2-hour time point showed increased
F-actin intensity and alignment compared to control non-patterned
hydrogels (Fig. 5a&b). To get more quantitative insight into the align-
ment process, we have measured the fluorescence intensity and orien-
tation coherency of the F-Actin filaments at a single-cell level on
patterned and non-patterned hydrogels (Fig. 5c&d). We have observed a
higher orientation coherency at the initial time point for patterned
hydrogels which was indicative of the alignment of F-Actin filaments on
patterned hydrogel surface. It was seen that the F-Actin filaments and
the nuclei of the cells were aligned in a vertical/horizontal direction. It is
important to note that the hydrogels are patterned using a template
having a grid pattern that has each individual square arranged identi-
cally in both vertical and horizontal directions with similar dimensions
and spacing (Fig. la&b). The SEM image of the patterned hydrogel
shows the 2 adjacent square topographies formed in the horizontal di-
rection showing the position and spacing of the topographies consistent
with the grid template (Fig. 4). The low cell seeding density fluorescent
images of the patterned surfaces showed an orientation of the F-Actin
and nuclei of cells in a vertical/horizontal direction consistent with the
directionality of the grid patterns of the template. As the squares are
identical in both vertical and horizontal directions in the template, we
believe that there will be an equal probability for orientation in verti-
cal/horizontal directions.

The surface-patterned hydrogel has a significantly higher surface
area (0.760 mm?) compared to the control non-patterned hydrogel
(0.007 mm?) in 3D topography imaging (Fig S2), this result suggested
hydrogel with a large surface area facilitates initial cell attachment. This
effect is likely due to the larger surface area providing a higher density of
functional groups that cells can recognize and bind to and facilitating
mechanical interlocking between cells and substrate [23]. This enhances
physical anchoring and stability, thereby improving cell-topography
interactions through contact guidance.

Subsequently, we have also analyzed cellular growth at different
time intervals such as 3, 6, 24, and 48 h with high cell density
(Fig. 6a&b). Previously, we observed differences in initial cell attach-
ment based on surface patterns. Further, this study was conducted to

Non-Patterned HA
Hydrogel

Patterned HA
Hydrogel

Fig. 4. The Scanning Electron Microscopy Images showing the topography and pore structure of Hyaluronic Acid Methacrylate Hydrogels formed on the flat 24 well

plate versus 3D printed PLA template surface.
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and nuclei (blue) stained human dermal fibroblast at 2 hours. (scale bars represent 50 pm for 40x). Analysis of F-actin intensity and orientation coherency of single
cells measured with ImageJ. (c, d) 0 means no alignment and 1 is perfectly aligned Measurement and comparison of the change in cell (*P < 0.05, **P < 0.01, ***P <

0.001, ****P<0.0001).

evaluate the long-term impact of cellular growth on the tissue-level
orientation capabilities of the patterned hydrogels. The multiphoton
confocal fluorescence images of the cytoskeleton and nuclei arrange-
ment of the dermal fibroblasts (F-actin in red and cell nuclei in blue)
cultured in the patterned and non-patterned hydrogels were qualita-
tively and quantitatively analyzed after 3h, 6 h, 24 h, and 48 h. The
patterned HA hydrogel surface consists of repeating square pillars with
periodic interspacing. Notably, fibroblasts were confined to the flat
grooves between the pillars. Confocal fluorescence imaging at 10x
magnification showed fibroblasts forming a cross-like pattern within
these grooves (Fig. 6a). In contrast, fibroblast attachment on the control
un-patterned hydrogel was random without any confinement. Hence, it
was clear that the topography formed on the hydrogels provided a
confined/closed growth pattern to hydrogels. This showed the impact of
the topographies on fibroblast response. It was already reported that
small-scale microtopography and patterning could impact the growth
pattern of the cells [23,24]. However, these low-magnification images

do not show any orientation/alignment of the cells in the patterned
hydrogels at 3 and 6 h.

The higher magnification confocal fluorescence microscopy images
(40X) were taken and compared for both patterned and non-patterned
hydrogels to examine the F-Actin orientation of fibroblasts grown on
patterned and non-patterned hydrogels (Fig. 6b). The quantitative
orientation coherency calculation shows that the orientation of cells was
not significant for both types of patterned and non-patterned hydrogels
at early time points 3,6 and 24 h (Fig. 6a&b). However, after 48 h, there
were significant disparities in the shape, morphology, and orientation of
cultured cells within the patterned hydrogel was observed (Fig. 6a&b).

More specifically, over time progression, there was an augmentation
in the cell area up to 24 h, attributed to cellular spreading and stable
adhesion to the substrate. The cytoskeletal organization of cells on
patterned hydrogel exhibited pronounced orientation coherency,
particularly evident at the 48-hour time point in contrast to the non-
patterned counterpart (Fig. 7a). However, a reduction in cell area was
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Fig. 6. Fluorescent visualization of fibroblast of high density on collagen-coated HA gel with and without a surface pattern: Fluorescence images of F-actin (red) and
nuclei (blue) stained human dermal fibroblast over time (1,2,3,6,24,48 h) at 10 and 40X magnifications with and without a pattern (a, b).

observed specifically in the patterned hydrogel at 48 h which cell
alignment was actively observed (Fig. 7b). Additionally, the frequency
distribution graph illustrated a distinct alignment pattern of actin fila-
ments exclusively on the patterned hydrogel at 48 h (Fig. 7c, d).

The observed alignment of the fibroblasts on the patterned hydrogel
at a longer time of 48 h could be attributed to the increased cell-
topography interaction and cell-cell interactions. More specifically, the
observed confined growth of the cells through the grooves of the square
patterns is expected to increase with time which can result in a more
confined/narrow arrangement of cells. This was evident by the low
magnification fluorescence image comparison of patterned and non-
patterned hydrogels at 3,6,24 and 48 h (Fig. 6a). It was seen that the
confined/narrow cell arrangement progressively increased with time
and reached the maximum at 48 h as evidenced by the most confined F-
Actin and nuclei arrangement. Based on this observation, we believe
that there is an increased topography-cell interaction at 48 h. Also, it is
very important to account for the high cell-cell interactions that may be
present at a longer time point of 48 h which can also contribute to the

observed alignment process. Hence, we believe that there is a combi-
natory effect of topography-guided confined growth and increased cell-
cell interactions which results in the observed alignment of the cells at
48 h. More detailed investigations should be conducted to fully explore
the exact mechanism behind this phenomenon and our future studies
will aim to explore this.

Z stack confocal imaging was used to examine the three-dimensional
distribution of cells on patterned hydrogels. At 48 hours, It was seen that
cells displayed oriented intracellular actin filaments and aligned along
the grooves of the patterned hydrogel-forming a cross-like pattern
whereas for the non-patterned hydrogel, there was no observation of
confined growth or alignment (Fig. 8).

These results indicate that a higher fibroblast density on patterned
hydrogels facilitates a more rapid orientation of F-Actin filaments at the
tissue level. Cellular alignment at the tissue level was not observed
during the initial stages, likely due to the combined effects of intercel-
lular and cell-substrate interactions under high-density conditions.
However, as fibroblasts enter the proliferation stage over time, cellular
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Fig. 7. Analysis of orientation coherency calculated by directionality plug-in in ImageJ. 0 means no alignment and 1 is perfectly aligned (a), Measurement and
comparison of the change in cell area over time for no pattern and patterned HA gel (b), Orientation distribution of stained F-actin on (c) no pattern and (d) pattered
gels over time (n.s., not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P<0.0001).

No Pattern

Fig. 8. Z stack 3D Confocal Fluorescent images of the collagen-coated HA gel with and without a surface pattern. The images show F-actin (red) and nuclei (blue)
stained human dermal fibroblast at 48 h time points taken at different magnifications, 10X(a,c) and 40X (b,d).
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alignment at the tissue level becomes clearly observable at 48 hours. It
was previously reported that cells on substrates with porous and larger
surface areas demonstrated increased migration velocity [25], and are
more conducive to cell proliferation compared to flattened substrates
[26], a phenomenon observable at 48 h [27]. It is inferred that the
increased surface area allows for stable cellular adhesion, which is a
prerequisite for cell cycle progression and proliferation [28]. Further-
more, micropatterns also affected cellular growth and alignment when
fibroblasts are confluent, thereby showing faster cellular alignment at
the tissue level by synergistically interplaying with surface topography.
Therefore, the highly aligned morphology at the tissue level observed in
patterned hydrogels may be attributed to contact guidance-mediated
interaction of the fibroblasts with the topographies. Thus, taken
together the confocal fluorescence imaging and analysis of orientation
results have revealed that the fibroblasts undergo contact guidance
mediated alignment and growth process on the surface of the patterned
hydrogels.

4. Conclusion

Here, we report a new cost-effective, and versatile method based on
3D printing that generates custom-made topographies on different
acrylate hydrogels. The results demonstrated the ability of this novel 3D
printed 24 well plate-sized PLA mold to efficiently engineer square to-
pographies on different acrylated hydrogel surfaces such as HAMA,
GelMA and PEGDA. Dermal fibroblast cell attachment studies showed
the contact guidance potential of the patterned Hyaluronic acid hydro-
gel. The development of this type of new 3D PLA template with size
compatibility of tissue culture plates can generate many stable surface
patterned hydrogel samples with consistency and low cost. Guiding
dermal fibroblasts on hydrogel surfaces holds significant promise for
biomedical applications, particularly in wound healing research which
includes the study of fibroblast recruitment to wound sites, extracellular
matrix (ECM) molecule production, and the transition of fibroblasts to
myofibroblasts in future studies. These characteristics may impact
different fields of application in biomedical engineering such as tissue
engineering, wound healing, mechanobiology, and disease modeling.
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