SU-8 microstructures alter the attachment and
growth of glial cells in vitro
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Abstract: Tailoring the surface topography of neural implants holds great potential for directing the controlled,
healthy evolution of the surrounding cells. Neuronal survival depends on the glial reaction to the implants,
therefore the response of glial cells to the physical properties of the artificial interfaces is under intensive
investigation. In this study, astrocytes were cultured on micropatterned SU-8 surfaces (micropillars,
microstripes, and micromeanders) for 24 and 48 hours and examined the reaction of the cell nuclei. The cell
nuclei were examined in view of cell number, average nucleus area, orientation, and elongation using
fluorescent microscopic images. The created patterns had an apparent influence on the nucleus area.
Microgrooves helped guide cell nuclei and induced higher elongation rates than micropillars. The results
suggest that SU-8 based micropattern has an impact on the size and alignment of astrocyte nuclei even shortly

after of attachment.
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1. Introduction

The diagnostic and therapeutic role of neural implants in the clinical setting is increasing. One of the key
issues in the rapidly evolving field is how we can mitigate the inflammatory response of the surrounding tissue,
which deteriorates the long-term functionality of implants. The most investigated possibility is to imitate the
extracellular matrix (ECM) by modifying the chemical or physical properties of the device. The ECM presents
essential molecular and topographical cues to cells, which regulate adhesion, cell growth, and cellular
connections within the tissue [1]. In neural tissue, the environment of the neurons is defined mostly by the glial
cells. These cells are responsible for the protection of neurons, nutrition, or neurotransmitter balance [2, 3, 4].
Astrocytes play an important role in the evolution of the glial scar, as well. In response to an implant entering
the cell, astrocytes and microglial cells initiate tissue encapsulation, which isolates the recording sites of a neural
probe from the healthy neurons [5], and eventually inhibits long-term measurement or efficient electric

stimulation.



It is under investigation whether micro- and nanofabricated electrode surfaces could reduce this effect.
Biomaterial surfaces can be patterned by photolithography, microcontact printing, microfluidic patterning, or
electrospinning [6]. The most extensively examined parameters are the geometry, roughness, orientation, spatial
resolution of the surfaces because these parameters can be easily engineered. To create highly biocompatible
devices showing long-term stability, the response of nearby glial cells to various materials and topography is
essential [7, 8, 9]. Submicron-scale topography can be created using laser holography [10]. Human astrocytes
can attach to the produced surface relief grating and this pattern affects the elongation of the cells even at a
shallower, 250 nm depth groove. Lee et al. studied C6 glioma cells on nanodot arrays based on tantalum nitride
thin films [11]. Between the range of 10 to 200 nm dot diameter, the presence of 100-200 nm nanodots causes
reduced formation of focal adhesion, decelerated gap junction protein Cx43 transport, and reduced branch point
and mesh numbers. To reduce astrogliosis, nanoporous gold was also suggested by Chapman [12]. The length
scale of the nanoporous gold is tunable. By changing the topography, astrocytic coverage can be reduced, while
maintaining high neuronal coverage. The random topography of the nanoporous gold surface also inhibits the
spreading of astrocytes. The effect of changes in topography was also examined in case of electrospun fibers,
where the diameter dependency was investigated [13]. Researchers found a significant increase in astrocyte
elongation in the presence of 808 nm in diameter fibers. Due to this elongation, the neuroprotective properties

of the glial cells have increased.

Many research groups investigate the effect of surface morphology on cell shape or on the cytoskeleton.
At the same time, investigating nucleus deformation can provide novelty, since the nucleus deformation
regulates gene expression [14]. In astrogliosis research, it is advantageous to examine changes in nucleus size
because “the area of the nucleus is directly proportional to the state of reactivity of the astrocyte” [15]. It has
been reported that the cell nucleus also reacts to microstructured surfaces since it shows viscoelastic properties
[16]. Due to the interconnected network that the cytoskeleton forms around the nucleus, the nucleus shows
deformation caused by cytoskeleton attachment [17]. To control the nucleus by the alteration of topography,
bone marrow stromal cells were seeded onto poly(d,I-lactide-co-glycolide) micropillars [18]. The results show
that the topography determines the nucleus orientation and that strain has a negligible effect. The connection
between cell nucleus deformation and cytoskeleton attachment enables analyzing only the nucleus to study
topographical effects. Nucleus detection is an easier task since the shape of the nuclei is more homogenous than

the cytoskeleton. Therefore, nucleus detection can be automated and data analysis is less time-consuming.

Our paper shows the effect of the SU-8 micropattern on astrocyte nuclei shortly after the surface attachment
of the cells. The biocompatibility of SU-8 has been examined in detail by KV Nemani [19] and its
biocompatibility with the central nervous system has also been investigated [20]. Patterning of this polymer is
feasible using traditional microlithography techniques [21, 22], which allows a low-cost fabrication. SU-8 also

suitable to form diverse type of structures [23]. The easy detection of the cell nucleus and its important role in



cell reaction to the topography motivates our current study. We provide insight into the orientation, elongation,
and attachment of glial cell nuclei on a micron-scale pillar, stripe, and meander patterns in vitro with underlying
Si02 (native oxide of bare silicon surfaces) as reference surface. This reference choice allows examining the
case to equip the surface of silicon based neural interfaces with additional SU-8 microstructures to improve and
investigate cell guiding properties.

2. Materials and Methods

2.1. Design of test surfaces

Three different micropattern (micropillars, microstripes, micromeanders) designs were created with similar
size parameters (see Figure 1). Micropillars are columnar structures ~5.7 um high, 2 or 5 um in diameter with

an inter-pillar distance of 3/5/10 um. Microstripes are stripes 2 or 5 um wide, spaced 3/5/10 pum.



Figure 1. Scanning electron microscope images of SU-8 micropatterns for controlled study of glial cell growth.

(a): micropillars; (b): microstripes; (c): micromeander. Y and x represent the orientation axes.

A third pattern, called a micromeander consists of parallel curved stripes where the width is 2 or 5 um and
the spacing of troughs is 5 um. . A representative SEM image about the whole structure is showed in the
supplementary material (Supp. Figure 2). During the manufacturing of the micromeander a group of the
dimensions of the patterns presented earlier has been used. The aim of the micromeander was to investigate the
orientation of the curved line. The examination of the effects of the dimensions in the presence of lines was

performed in the case of microstripes.

These 3 pattern types are organized on chips of 7.1 by 7.1 mm, which also contain smooth, unpatterned
areas of SiO. as control surfaces. Each chip contains one pattern type with all possible parameter combinations.



The used pattern height (~5.7 um) is sufficiently large to have an impact on the cell nuclei. Based on the article
of Pan Z. et al., a structure height over a critical height (5 pm) is beneficial to achieve self-deformation of cell
nuclei [18]. The notation used in the following as 2/5 or 5/10 specify the line width or diameter of the structure
as the first number slash the spacing with the second number. Representative tiled view images are showed in
Supp. Figure 3.

2.2. Material and fabrication

Micropatterned surfaces were created on a 4” 380 pum thick (100) silicon wafer using SU-8 2005, a high
contrast, epoxy based negative photoresist (Kayaku Advanced Materials, USA).

The silicon substrate was cleaned with nitric acid, followed by HF dip and a dehydration step for an hour
at 300 C° to promote the adhesion of SU-8 on the wafer. SU-8 2005 was spin-coated at 2500 RPM for 30 s to
form 5-6 pum thick layers. After a soft bake at 95C° for 2 minutes, the material was relaxed for 20 minutes before
photolithography. Patterns were transferred in an MA6 Mask aligner (Siiss Microtec SE, Germany) using
chrome photomasks and 100 mJ/cm? exposure dose. Post-exposure bake was performed at 95 C° for 10 minutes
and was followed by another relaxation step. After developing the pattern, a hard bake was completed at 150
Ce for 30 minutes in a convection oven. The used temperatures and time parameters are consistent with the
published datasheet of SU-8 2005 [24].

2.3. Cell culture

Primary astrocytes were prepared from 3-day-old mouse CD1 pups according to the method described in
[25]. Cultures were maintained in HDMEM (Merck KGaA, Germany) with 10% FCS (Gibco), 2 mM glutamine
(Merck KGaA, Germany), 40 pug/ml gentamicin (Hungaropharma Ltd, Hungary), and 2.5 pug/ml amphotericin
B (Merck KGaA, Germany). Cells were passaged twice using 0.05% trypsin - 0.02% EDTA (Merck KGaA,
Germany) before being seeded onto the test surfaces. Test surfaces were sterilized at 180°C for 4 hours and
placed in 24-well culture plates under aseptic conditions. No additional surface treatment was applied.
Astrocytes were seeded at starting densities of 21.000 cells/cm?. Cultures were kept at 37°C in a 5% CO,
atmosphere and fixed with 4% PFA (20°, RT).

2.4. Imaging cell nuclei

Fixed cells were permeabilized using 0.1% Triton-x-100 in PBS for 5’ at RT, followed by blocking with
2% bovine serum albumine in PBS. Nuclei of the cultured cells were stained with DAPI (4',6-diamidino-2-
phenylindole) and images were taken at 24 and 48 hours after seeding using a fluorescence microscope (Zeiss
Axio Observer.Z1).

The microfabricated chip surfaces were analyzed with scanning electron microscopy (SEM) using a Zeiss
LEO 1540 XB microscope. Samples were rinsed with 0.1 M cacodylate buffer (pH 7.4) and fixed with 2.5%



glutaraldehyde and 5% sucrose in 0.1 M cacodylate buffer for 48 hours. Rinsing with 0.1 M cacodylate buffer
was repeated three times, followed by 20- 20 minutes rinses with 50 %, 60 %, 75%, 90 % and 100% ethanol.
Samples were then immersed in amil-acetate, which was left to evaporate in ambient air. Finally, samples were
coated with a thin layer of gold by vacuum evaporation or cathodic sputtering. The gold coating was applied
for samples investigated through microscopy and were not used anymore for cell culturing purposes. Th sample
pictures are shown in Figure 2.

2.5. Image processing, data analysis

The fluorescence images were analyzed by a custom made, Matlab-based code with a graphical user
interface (GUI). The program core was introduced in the supplementary material in [8]. The analysis began with
the manual selection of the region of interest (ROI). For the statistical data analysis, selection of a control ROI
over the smooth, SiO; surface was required. Each pattern combination had a specific control ROI. The specific

control ROI was selected between two patterned areas with the same pattern size (Figure 2).

Figure 2. ROI selection on fluorescence image and a magnified portion of the chip. One topography feature

combination (in this case 5 pm wide stripes with 3 um spacing; 5/3) has two ROIs and one control ROI. With



this method the control ROI area and the combined patterned ROI area are the same. The bottom image
represents a part of the microstriped sample.

It was necessary due to the highly different cell numbers across one chip. This manual selection was based
on the visual borders of the topography, represented in Figure 2. One chip contained two parts with the same
pattern type, pattern width, and spacing. These areas had visible borders which helped to define the border of
the ROIs (Figure 2 ROI 1 and ROI 2). Between these ROIs was the control area with a lighter shade on the
fluorescent image. This selection protocol helps the user to create similar size patterned ROIs and control ROls.
After the manual region selection, the image was processed, starting with segmentation. The detailed

segmentation steps are shown in thesupplementary (Supp. Figure 1.)

The segmentation started with an adaptive thresholding step that separates the background from the
foreground and gave a binary matrix as output. After the binarization, some non-cellular objects remained in
the mask, mostly parts from the pattern or the borders between different surfaces. These elements formed the
“bad mask”, which is bigger than a cell nucleus, so it can be removed from the binary image based on the area
and skeleton area. The next steps refined the segmentation more precisely. Morphological opening and small
object removal removed cell debris and other contamination from the mask. The last step of the segmentation

was the Watershed algorithm, that separates objects in close contact.

Orientation and eccentricity are the two main parameters used to evaluate the outline of the nuclei. The
calculation of these parameters is based on the measurement of the Matlab built-in “regionprops” function. The
orientation is the angle between the nucleus main axis and the pattern direction, as it is used in a previous study
[26]. The lines of the microstripes unambiguously define the direction, the x-axis (Fig.1. panel (b)). In the case
of micropillars, the horizontal line (x-axis) was defined as the reference line of the orientation (Fig. 1. panel
(@)). The curved micromeander lines require circle ROI selection that gives the data for the orientation
calculation. Based on the center points and the radii of the circles, the program calculates the angle of the tangent
line in the center point of the detected object. The calculated orientation is the difference between the nuclei
main axis angle and the previously calculated tangent line angle. The eccentricity is derived from the major axis

length (Major AL) and minor axis length (Minor AL), as in [27]. The calculation method is:

5. \/ (Maj%r AL )2 ~ (Mingr AL)2
Major AL

1)

Eccentricity =

This way, eccentricity of 0 indicates a perfect circle, and eccentricity of 1 indicates a line. Based on this
definition the elements with an eccentricity greater than 0.5 were determined as elongated cells. The data were
grouped by the feature sizes and paired with the related control data to normalize the data and enable the

comparison of different featured surface effects. The normalized cell numbers were derived as the ratio of the



cell number of ROIs with pattern and the cell numbers of the corresponding control ROIs. This normalization
was also applied to the area data.

2.6. Performance of the detection program

Since the image analysis is based on a custom evaluation code, error measurement was performed to prove
the reliability of the analysis. The detection was examined at 10 randomly selected ROI. The performance is
calculated from the number of correctly detected objects (true positive; TP) —including the separated overlapped
nuclei — the number of erroneously detected objects (false positive; FP) — mostly not deleted larger fragments,
or background residual pieces — and the number of non-detected, false negative (FN) objects. The 10 test ROIs
was analyzed manually to quantify the error of the program. The 10 samples had overall 438 detected cell nuclei
and the error measurement gave a 0.8541 precision and a 0.9305 recall based on the following, commonly used

equations:

TP

P . . - - 2

recision = T FP 2
TP

- 3

Recall TP T FN 3)

3. Results and Discussion

Figure 3 shows representative images of cultured astrocytes on various SU-8 micropatterns after 24 hours.
Panels (a)-(c) are SEM images of the cells on the three different micropatterns. The right-hand panels (e)-(g)
show fluorescence images of the three micropatterns with stained nuclei. On the fluorescence images, the cell

nuclei can be well-identified thereby these images can be used for analysis.

3.1. Adhesion and spreading of astrocyte nuclei on SU-8 micropatterns

The diameter of the primary mouse astrocyte nucleus is within a 10-um range. Former studies investigated
the effects of smaller, 3 um wide micropillars [18], and 30 um parallel lines [28]. In the present study, we
created patterns with 3, 5, and 10 um spacing which are closer to the nucleus size range. Therefore, we expected
to see actual effects on the chosen astrocyte nuclei. To investigate how astrocytes can attach to the surface, the
cell number was counted and normalized to the smooth SiO- control surface belonging to the specific parameter
size pattern. The results are represented in Figure 4. (a-b) panels. The bars represent the cell number rate between
the control surface and the patterned surface. With this method, we compensate the different cell density

between samples.



Figure 3. Representative scanning electron microscope images (a-c) and fluorescence images (d-f) of the
astrocytes on different micropatterns. 2 um wide microstripes with 3 um spacing (2/3) (a), (d); 2 um in diameter
micropillars with 3 um spacing (2/3) (b), (€); micromeanders with 5 um wide stripes with 5 um spacing (5/5)

©). (.

Since the area of the nuclei reflects the spreading of cells on a given surface and nucleus detection is more
precise and can be easily automated, the average nucleus area was measured and normalized to the previously

presented control surface. The results are shown in the panel (c) and (d) of Figure 4.
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Figure 4. Cell numbers and average nuclei area data normalized to the control surface. The bars represent
the ratio of the cell number on the patterned surface and the corresponding control surface. One panel
shows one pattern type (microstripes or micropillars) with all topography sizes. Along the x-axis, columns
are labeled in the following way: the first number indicates microstripes or micropillar width while spacing
is represented by the second number (all in um). Based on this, microstripes bar 2/5 means 2 um wide
microstripes with 5 um spacing.24h or 48h fixation times are represented in different colors. (a):
normalized cell number by microstripes with different stripe width and spacing; (b): normalized cell
number by micropillars with different diameter and spacing; (c): normalized average nucleus area by
microstripes; (d): normalized average nucleus area micropillars. By the normalization, the results can be
compared since the cell density is different on the different parts of the sample chip. The normalization by

the control areas allows the comparison between the different feature sized areas.

The cell numbers compared to the control show that after 48 hours more cells can attach to any patterned
SU-8 surface than to the flat SiO, surface. The average nucleus area in the presence of microstripes and

micropillars is smaller than on a smooth SiO, surface. If we examine the cell numbers together with the average



nucleus size, we can conclude that the cells adhered to the patterned surface to a greater extent than to the flat

control surface, but the patterns caused a smaller nucleus size.

The cell numbers and average nuclei area were also examined in the presence of micromeander. The results
are represented in the supplementary material (Supp. Fig. 4.). Compare the cell nuclei on micromeander and on

the microstripes we found no major difference in the trends.

3.2. Nuclei orientation

The orientation of the cells is one of the most important parameters in case of the research of engineered
culturing surfaces. There are a number of studies on the cytoskeleton alignment [29, 30, 31], but the alignment
of the cell nucleus is a rarely addressed question. Although it gives less information about the cell, the
automation of nuclei detection is an easier task than to automate the detection of the cytoskeleton, because of
their more uniform shape. Figures 5 and 6 show the cumulative histogram of the orientation in the different
parameter spaces and after the two different fixation times. The x-axis shows the angle between the main axis
of the detected object and the microstripes direction (Figure 5) and the main axis and the x-axis (horizontal line)
in case of the micropillars (Figure 6). Microstripes force more than 50 % of the cells to accommodate the pattern
at an angle less than 15° with respect to pattern direction in case of all topographical parameters both after 24
and 48 hours. Based on a previous study [32], we considered these cells with less than 15° orientation angle as
aligned cells. In the presence of micropillars, this angle distribution is even, so there is no favored topography

that would alter the direction of the nuclei growth.
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Figure 5. Orientation data on microstripes. The cumulative histogram of the angle between the nuclei main
axis and the stripe direction in case of (a): 2 um microstripes with different spacing and 24 hours fixation time;
(b): 5 um microstripes with different spacing and 24 hours fixation time; (c): 2 um microstripes with different
spacing and 48 hours fixation time; (d): 5 um microstripes with different spacing and 48 hours fixation time.
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Figure 6. Orientation data on micropillar. The cumulative histogram of the angle between the nuclei main axis
and the stripe direction in case of (a): 2 um in diameter micropillars with different spacing and 24 hours fixation
time; (b): 5 um in diameter micropillars with different spacing and 24 hours fixation time; (c): 2 um in diameter
micropillars with different spacing and 48 hours fixation time; (d): 5 um in diameter micropillars with different

spacing and 48 hours fixation time.

We found that both 2 um and 5 pm wide microstripes align the cell nucleus already after 24 hours. The 2
pm wide microstripes with 10 um spacing have the greatest effect on orientation after the cell adhesion. This
difference between the pattern effects ceases by the second day. Patterns with micropillars have no major effect

on astrocyte nuclei compared to a smooth control surface.
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Figure 7. Orientation data on micromeander and microstripes. The cumulative histogram of the angle between
the nuclei main axis and the stripe direction in case of (a): different pattern dimensions (2/5, 5/5) after 24 hours
fixation time; (b): different pattern dimensions (2/5, 5/5) after 24 hours fixation time. The letters M and S in the

legends indicate microMeander and microStripes.

Comparing the orientation between microstripes and micromeander with the same pattern dimensions,
similar trends are visible. The curvation of the micromeander has no main effects on the orientation of the cell

nuclei.3.3. Nuclei elongation

The cell reacts to the environment even in a smaller unit as the nucleus. Table 1. shows the nuclei
elongation rate after 2 days. We defined the elongated elements as the nuclei that have at least 0.5 eccentricity
value, defined in section 2.5. We compare the elongation rate between the 2 um wide microstripes, 2 um
diameter micropillars and 2 um wide micromeander data with 5 um spacing (2/5) and also the different pattern
types with 5 um pattern width (and diameter in case of micropillars) and 5 um spacing (5/5). These two

parameter combinations were created with all three pattern types.

Table 1. Ratio of elongated nuclei in the presence of different microstructures.
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As we expected, the micromeander stripes have a great elongation effect on the nuclei. The microstripes resulted
in a high rate of elongated nuclei. The results show that the linear surfaces, the microstripes, and the
micromeanders cause large-scale elongation on astrocytes while the micropillars have a smaller impact on the

nuclei elongation.

4. Conclusion

In this work, we investigated the effect of SU-8 micropatterns on parameters of astrocyte nuclei shortly
after attachment in vitro. We showed that the surface effects can be studied due to the cell nuclei that allows a
simple detection of fluorescent microscope images. The cell numbers and average nuclei sizes indicate that
astrocytes can attach to the patterned SU-8 surfaces better than to the flat SiO; surface and the patterns affect
the nucleus sizes. The results suggest that the microgrooves orient the nuclei of the astrocytes even in an early
stage of cell attachment, while micropillars do not influence the elongation of the attached cells’ nuclei. The
elongation rate was examined with grooves, pillars and meander pattern and we found that the surfaces with
linear elements as the microstripes, and micromeander elongate astrocyte nuclei by both 2 and 5 um pattern
width and 5 um spacing. Although the presented SEM images suggests that the cells are suspended and spanning
this article did not investigated this question. These phenomena cannot be examined based on the fluorescent
images. To equip the surface of silicon based neural interfaces with additional SU-8 microstructures, one can
improve the cell guiding properties and enhance the number of attached astrocytes. Orientating astrocyte nuclei
maybe efficient with microstripes with 10 pm spacing. This study shows the pattern surface effects can be
investigated due to the cell nucleus and astrocytes can attach differently to a patterned SU-8 surface and to a
flat SiO-.
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