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28  ABSTRACT:
29  Traumatic peripheral nervous system (PNS) injuries currently lack suitable treatments to regain
30 full functional recovery. Schwann cells (SCs), as the major glial cells of the PNS, play a vital role in
31 promoting PNS regeneration by dedifferentiating into a regenerative cell phenotype following
32  injury. However, the dedifferentiated state of SCs is challenging to maintain through the time-
33 period needed for regeneration and is impacted by changes in the surrounding extracellular
34  matrix (ECM). Therefore, determining the complex interplay between SCs and differing ECM to
35  provide cues of regenerative potential of SCs is essential. To address this, a strategy was created
36 where different ECM proteins were adsorbed onto a tunable polydimethylsiloxane (PDMS)
37  substrate which provided a platform where stiffness and protein composition can be modulated.
38 SCs were seeded onto the tunable substrates and critical cellular functions representing the
39 dynamics of SC phenotype were measured. To illustrate the interplay between SC protein
40  expression and cellular morphology, differing seeding densities of SCs in addition to individual
41  microcontact printed cellular patterns were utilized and characterized by immunofluorescence
42  staining and western blot. Results showed that cells with a smaller spreading area and higher
43  extent of cellular elongation promoted higher levels of SC regenerative phenotypic markers. This
44  methodology not only begins to unravel the significant relationship between the ECM and cellular
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function of SCs, but also provides guidelines for the future optimization of biomaterials in
peripheral nerve repair.

INTRODUCTION:

Peripheral nervous system (PNS) injuries remain a major clinical challenge in healthcare by
compromising the quality of life for patients and creating a significant impact through a multitude
of socioeconomic factors2. Schwann cells (SC), as the major glial cells in the PNS, provide
necessary molecular and physical cues to induce PNS regeneration and aid in functional
recoveries in short gap injuries. This is due to the remarkable ability of SCs to dedifferentiate into
a “repair” cell phenotype from a myelinating or Remak phenotype3. The repair SC is a distinctive
cell phenotype in several ways. Following injury, SCs increase their proliferation rate by re-
entering the cell cycle and begin expression of several transcriptional factors to facilitate
reinnervation. These factors, such as c-Jun and p75 NTR, are upregulated while myelinating SC
markers, such as myelin basic protein (MBP), are downregulated*®. In addition, SCs change
morphology to become elongated and aligned with each other to form Blingner bands across the
injury site®. This provides a physical guidance mechanism for the axons to extend to the correct
distal target’. However, despite the ability that SCs possess to promote nerve regeneration in
short gap injuries, the outcome of functional recovery remains poor in severe injuries. This is due
in part to a loss of extracellular matrix (ECM) guidance cues, as well as the inability of SCs to
maintain the regenerative phenotype over long periods of time2.

The nerve regeneration and recovery process are intimately tied to the state of the basal lamina
following injury. The basal lamina is a layer of ECM around the nerve that facilitates guidance and
provides ECM-bound cues for axons and SCs in cases where it remains intact following injury®.
The state of the ECM and its ability to deliver matrix bound cues to cells is vitally important and
has been previously explored in a variety of different contexts®# For example, it has been
shown that the stiffness of the ECM can guide cell functions such as proliferation and
differentiation'¥*>'¢, Composition of the ECM can also lead to a distinct cellular response and
regulate cell behaviors such as migration and differentiation through intracellular signaling
pathways!”'8, Furthermore, cell morphology, including spreading area and cellular elongation,
play a major role in regulating the function and can be governed by ECM-bound cues®®?°. Many
previous studies have focused on stem cells differentiating into defined lineages, yet SCs possess
a similar ability to alter phenotype from a homeostatic, adult SC within a healthy nerve, to a
repair SC capable of secreting proteins and growth factors while remodeling the ECM following
nerve injury>?l. Therefore, it is especially crucial to identify mechanisms underlying the
relationship between the innate SC regenerative capacity and ECM bound cues for the insight to
ultimately harness this capacity for nerve regeneration.

To address this, we have developed a detailed methodology to produce a cell culture substrate
where mechanical stiffness and ligand type can be easily tuned in physiologically relevant ranges.
Polydimethyl siloxane (PDMS) was chosen as a substrate due to its highly tunable mechanics as
compared to polyacrylamide gel, where the maximum Young’s modulus is around 12 kPa
contrasted to PDMS at around 1000 kPa2%2*. This is beneficial to the work at hand, as recent
studies have shown the Young’s modulus of a rabbit sciatic nerve can exceed 50 kPa during
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development, thereby suggesting that the range of stiffness of nerves within the PNS is wider
than previously examined. Different proteins are capable of adsorption onto PDMS substrates to
analyze the combinatorial regulation of mechanics and ligands on SC behavior. This allows for the
investigation of multiple microenvironmental cues present in the PNS regeneration process and
comparison of a high degree of tunability to the work focusing solely on stiffness of the
substrate®. Further, these engineered cell culture substrates are compatible with a multitude of
guantitative analysis methods such as immunohistochemistry, western blot, and quantitative
polymerase chain reaction (q-PCR).

This engineered cell culture platform is highly suitable for analyzing mechanistic pathways due
to the high level of individual tunability of each ECM-bound signal. In addition, popular methods
for cell micropatterning, including microcontact printing, can be achieved on the substrates to
allow for controlled cellular adhesion to analyze cell shape in relation to other ECM bound cues?*.
This is critical because line patterned substrates, which promote elongation in cell populations,
provide a tool to mimic and study elongated and regenerative SCs within Blingner bands during
nerve regeneration. Further, cellular morphology is a potent regulator of multiple cell functions
and can potentially introduce confounding experimental results if not controlled?®?’, Significant
attention is now being provided to the mechanisms governing the SC regenerative phenotype as
regulated by ECM cues?®-3, This is essential to provide insight into the design of biomaterials that
can be applied as nerve guidance conduits for aid in PNS nerve regeneration. These detailed
protocols can ultimately be applied as a potential tool to decipher the mechanisms of SC and
other cell type function as regulated by ECM bound cues.

PROTOCOL:

1. Tunable cell culture substrate preparation and characterization

1.1. Substrate preparation

1.1.1. Mix the PDMS base elastomer and curing agents using a pipette tip vigorously at a ratio
between 10:1 and 60:1 until bubbles are homogeneously dispersed within the mixture. Remove
bubbles using vacuum desiccation until bubbles are dissipated.

NOTE: During PDMS polymerization, curing agent crosslinks with the base elastomer to provide
final polymer desired mechanical properties. Crosslink ratios can be adjusted to alter PDMS

stiffness.

1.1.2. Place a drop (~0.2 mL) of desiccated PDMS mixture on a square or circular coverslip (e.g.,
22 mm x 22 mm) and rotate the coverslip on a spin coater at 2500 rpm for 30 s.

1.1.3. Incubate the coverslip in either an oven at 60 °C for 1-2 h or room temperature overnight
for PDMS to solidify.

1.1.4. Treat the coverslip using UV-Ozone cleaner for 7 min (UV wavelength: 185 nm and 254 nm)
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to increase the surface hydrophilicity. Place it into a sterilized 6-well plate.
1.1.5. Before using for cell culture, incubate substrates in 70% ethanol for at least 30 min.

CAUTION: UV-Ozone cleaner can generate Ozone that is harmful to humans. Work in a chemical
fume hood or with some form of ventilation.

1.1.6. Immerse coverslips in the protein solution (10 pg/mL collagen |, fibronectin, or laminin) for
60 min in a sterile incubator at 37 °C.

NOTE: Following UV-Ozone treatment, the PDMS surface may still be hydrophobic. Rotate the
well plate to ensure each coverslip is covered with the protein solution.

1.1.7. Aspirate the protein solution and wash the coverslip with phosphate buffered saline (PBS)
3x.

1.1.8. Re-suspend RT4-D6P2T Schwann cell line (SCs) from passaging dish using commercially
available EDTA solution (1x) with 2.5% trypsin and count cells with hemocytometer. Seed SCs on
the tunable PDMS surface at the desired cell density. SC seeding densities may vary for each
different application.

1.1.9. Maintain cells in the desired cell culture parameters (90% humidity, 5% CO,, 37 °C, etc.)
for the length of experiment. Use Dulbecco's Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin as the cell culture medium.

1.2. Micropatterned substrate preparation

1.2.1. Draw the desired geometry and cell adhesive areas (900 um?, 1,600 um? and 2,500 um?)
using computer-aided design (CAD) software. Create a chrome photomask based on those
patterns from a commercial supplier.

1.2.2. In a clean room or dust free environment, use standard photolithography techniques to
fabricate silicon wafers (protocols are detailed elsewhere3!). Critical parameters for this
particular application are as follows: Photoresist: SU-8 2010; Spin profile to disperse the
photoresist: 500 rpm for 10 s with an acceleration of 100 rpm/s, then 3500 rpm for 30 s with an
acceleration of 300 rpm/s; Exposure energy of UV light: 130 mJ/cm?.

NOTE: The height of patterns on the silicon wafers is approximately 10 um following these
parameters. Potential cracks around the edge outside of the rectangular or triangular patterns
can be seen using a light microscope after step 1.2.2. Baking the silicon wafer at 190 °C for 30
min helps to eliminate the cracks.

1.2.3. Place the patterned silicon wafer inside a circular 150 mm diameter x 15 mm height Petri
dish and pour de-gassed PDMS (mixing ratio 10:1) as prepared in step 1.1.1 onto the silicon wafer.
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NOTE: Ensure the thickness of PDMS is at least 5 mm for ease of handling during microcontact
printing steps.

1.2.4. Solidify PDMS on silicon wafer in an oven at 60 °C overnight. Allow PDMS to cool to room
temperature. Precisely cut stamps of 30 mm x 30 mm squares containing the correct patterns
from the silicon wafer using a surgical scalpel. Do not damage the silicon wafer.

NOTE: Silicon wafers can be reused many times at this point to produce more stamps following
cleaning with isopropanol.

1.2.5. Sterilize PDMS stamps and the tunable coverslips (prepared in step 1.1.1 to 1.1.3) by
immersing them into 70% ethanol for 30 min.

1.2.6. To confirm the efficacy of micropattern by PDMS stamps after microcontact printing, dry
the surface of PDMS stamps using a filtered air stream and pipette 50 pg/mL BSA (Texas Red
conjugated) solution to cover the entire patterned side of the PDMS stamp.

1.2.7. Incubate PDMS stamps with BSA solution for 1 h at room temperature to allow for
protein adsorption.

1.2.8. Dry the surface of tunable coverslips using a filtered air stream, increase surface
hydrophilicity as described in step 1.1.5.

1.2.9. Air dry the PDMS stamps to remove the remaining BSA solution.

NOTE: Take care that BSA solution is completely removed from the stamp because any
remaining solution will cause stamps to slide on the coverslip during microcontact printing.

1.2.10. Bring the patterned side of the stamp into conformal contact with the tunable coverslip
for BSA adsorption on the coverslip surface. Gently press the stamp against the coverslip for 5
min.

NOTE: Do not apply excessive force on the stamp since it will bend and cause non-specific
contact between stamp and coverslip. The appropriate amount of force applied on the stamp is

essential for successful microcontact printing.

1.2.11. Examine the micropattern using fluorescence microscope with a FITC (Fluorescein
isothiocyanate) filter.

1.2.12. To print cell adhesive areas rather than fluorescent patterns, substitute laminin for BSA
protein and repeat step 1.2.5 to 1.2.10.
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1.2.13. Remove stamps from coverslips, transfer coverslips into a sterilized 6-well plate. Add 2
mL of 0.2% w/v Pluronic F-127 solution into each well to cover the surface of the coverslip and
incubate for 1 h at room temperature.

NOTE: Pluronic F-127 can be adsorbed to PDMS surface increasing the hydrophobicity of PDMS
surface to block cells from adhesion.

1.2.14. Aspirate Pluronic F-127 solution and wash 5x with PBS and 1x with the cell culture
medium before seeding cells. A typical seeding density for SCs is 1,000 cells/cm?.

1.2.15. 45 min following cell seeding, remove the cell culture medium and wash coverslips with
PBS 2x to prevent multiple SCs from adhering to the same pattern. Maintain cells in desired cell
culture environment for 48 h before quantification.

1.2.16. To create line-patterned cell culture substrates to examine aligned cells, follow step 1.2.1
to 1.2.4 to create stamps for microcontact printing.

NOTE: The dimensions of the groove/ridge of the lined patterns on stamp is 50 um x 50 um for
the cells outlined. The total dimensions of the stamp are 10 mm x 10 mm.

1.2.17. Cut stamps into dimensions containing only desired line patterns.

NOTE: When creating stamps in CAD, the unpatterned area of the stamp around the line patterns
will correspond to cell adhesive area following microcontact printing. Thus, it is necessary to
eliminate unpatterned areas when cutting out the stamp to ensure every SC seeded on the
surface follows the patterns.

1.2.18. Follow step 1.1.1 to 1.1.3 to prepare tunable PDMS surface coating two Petri dishes.

NOTE: This will be PDMS covering the Petri dish surface itself and not on a coverslip.

1.2.19. Follow step 1.2.5 to 1.2.10 to perform microcontact printing to print line-patterned cell
adhesive areas on one of the PDMS coated Petri dishes.

NOTE: The surface area of a 60 mm x 15 mm Petri dish can contain line-patterned areas from 6
PDMS stamps.

1.2.20. Remove stamps and fill the Petri dish with 4 mL of 0.2% w/v Pluronic F-127 solution and
incubate for 1 h.

1.2.21. After microcontact printing, rinse each side of the PDMS stamps with 70% ethanol 3x and
dry with air. Rotate PDMS stamps and follow step 1.2.5 to 1.2.10 to print unpatterned cell
adhesive area using the unpatterned side of the stamp on the second Petri dish. Repeat step
1.2.13.
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1.2.22. Aspirate F-127 solution from dishes, wash 3x with PBS followed with 1x wash using fresh
cell culture medium. Seed SCs on dishes.

NOTE: The seeding density for a line-patterned dish is 5,000 cells/cm? and for an unpatterned
dish is 10,000 cells/cm?.

1.2.23. Maintain SCs at desired conditions for 48 h and follow protocols to prepare SC lysates3?.

NOTE: The cell seeding density for unpatterned dishes is 2x higher than that for line-patterned
dishes, as the line-patterned dish has only half the cell adhesive area of the unpatterned dish.

1.2.23.1. To prepare lysates, transfer adequate radioimmunoprecipitation assay (RIPA) buffer to
a 10 mL conical centrifuge tube. Dilute protease and phosphatase inhibitor (100x) at a ratio of
1:100 in RIPA buffer, mix well by pipetting.

1.2.23.2. Wash cells with ice cold PBS (1x) for 2 min, add 80 pL of the solution prepared from
step 1.2.23.1 onto each cell adhesive area (the area that contacted with PDMS stamps and
adsorbed protein) within petri dishes. Incubate cells with the solution on an ice block for 15
min.

NOTE: The solution will only stay on cell adhesive area due to the hydrophobicity of Pluronic F-
127 adsorption elsewhere. This feature enables a successful and sufficient protein extraction
for line patterned SCs.

1.2.23.3. Scrape SCs with a cell scraper for 5 min. Collect lysate into a labeled 1.5 mL
microcentrifuge tube.

1.2.23.4. Microcentrifuge lysate at 12, 000 x g for 15 min at 4°C. Collect supernatant with a
1,000 uL pipette and transfer to a clean microcentrifuge tube. Store cell lysate at -20 °C.

1.3. Substrate characterization
NOTE: To characterize mechanics of the polymer on the coverslip, multiple methods are generally
employed including bulk compression testing'*3* or atomic force microscopy testing34. This

protocol will outline bulk compression testing.

1.3.1. Pour the PDMS precursor of the desired mixing ratio (step 1.1) into a 30 mm Petri dish,
ensure the thickness of the PDMS layer within the Petri dish is at least 20 mm.

1.3.2. Remove the Petri dish with solidified PDMS from 60 °C oven after 1 h and allow to cool at

room temperature. Cut polymer into 10 mm x 10 mm squares. Measure the thickness of PDMS
using calipers.
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1.3.3. Place PDMS on stage of the compression force measuring machine. Plug in compression
force sensor (model: 112C) to sensor port and fix the sensor to the axis of the test machine.

1.3.4. Adjust the height of the sensor to approximately 0.5 cm above the PDMS stamp using “jog”
control on front panel of instrument.

1.3.5. Open the associated software using “Test Setup” window, select “Servo profile”, and open
the “Segment” window. In the “Segment” window, input desired “Control Rate” and “End
Amount” for the test.

NOTE: Control rate determines the rate at which the sensor travels down towards the PDMS. End
amount determines the total distance the sensor travels.

1.3.6. Use the “Z2” button located on control panel of the software to reset all measurements at
this point.

1.3.7. Move the sensor down to lightly contact PDMS until 1-2 newtons (N) are loaded. The
loading and the distance that the sensor travels will be displayed in the software.

1.3.8. After utilizing the “Z” button, run measurement using “Play”, and save the file recording
force and distance.

1.3.9. Repeat steps 1.3.3 to 1.3.8 for each experimental condition of PDMS.

1.3.10. Open the file and use the following formula to calculate the Young’s modulus (E) of PDMS
for each ratio. (F = compression force, A = area of PDMS stamp, AL = traveling distance of sensor,
and L = original thickness of the PDMS stamp).

F/A
E =
AL/L,

2. Quantification of cellular properties on tunable substrates
2.1. Proliferation assay

2.1.1. Seed SCs on substrates prepared from step 1.1.9 at a density of 5,000 cells/cm? in a 6-well
plate. Allow SCs to incubate for 48 h in standard cell culture conditions (37 °C and 5% CO3).

2.1.2. Dilute 12 pL of 10 mM Bromodeoxyuridine (BrdU) stock solution into 12 mL of 37 °C cell
culture medium, mix well with pipette to make 10 uM BrdU labeling solution.

2.1.3. Remove the cell culture medium and wash SCs 2x with PBS.
2.1.4. Add 2 mL of BrdU labeling solution into each well and incubate SCs for 2 h.
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NOTE: The incubation time of BrdU labeling solution depends on the specific cell proliferation
rate. The RT4-D6P2T SC line has a high proliferation rate so 2 h of incubation time was used.

2.1.5. Remove BrdU labeling solution and wash SCs 3x with PBS. Add 1 mL of 3.7% formaldehyde
in PBS to each well and incubate at room temperature for 15 min for cell fixation.

CAUTION: Formaldehyde is a human carcinogen; therefore, carry out all work inside a chemical
fume hood with appropriate protection.

NOTE: When washing with PBS, there is no cell culture medium in the well, and thus the PDMS
surface may be hydrophobic. Take precautions to not completely dry the surface of the substrate
to prevent cell damage.

2.1.6. Aspirate formaldehyde solution and wash 3x with PBS (3 min each). Remove PBS and add
1 mL of 0.2% Triton X-100 in PBS to each well to permeabilize cell membrane. Incubate SCs with
Triton X-100 solution for 20 min at room temperature.

2.1.7. Remove Triton X-100 solution and wash SCs 3x with PBS (3 min each).

2.1.8. Add 1 mL of 1 N HCl into each well and incubate on ice for 10 min. Remove 1 N HCl and
add 1 mL of 2 N HCl into each well and incubate at room temperature for 10 min. HCl treatment
is for DNA hydrolysis.

2.1.9. Mix 182 mL of 0.2 mM NaHPOs and 18 mL of 0.1 mM citric acid to produce a
phosphate/citric acid buffer for antigen retrieval. Remove 2 N HCl and add 1 mL phosphate/citric
acid buffer into each well and incubate at room temperature for 10 min.

2.1.10. Wash SCs 3x with 0.2% Triton X-100 in PBS. Add 2 mL of 3% bovine serum albumin (BSA)
in PBS into each well and incubate for 30 min at room temperature to clock nonspecific binding
of the antibody.

2.1.11. Dilute BrdU primary antibody conjugated with Alexa Fluor 488 in 3% BSA solution at a
ratio of 1:300 for BrdU staining solution. Incubate SCs with staining solution overnight at room

temperature while plate is covered in aluminum foil.

2.1.12. To quantify proliferation, image SCs using the FITC and DAPI channel of a fluorescent
microscope to detect BrdU and nuclei, respectively. Save images as “nd.2” files.

2.1.13. Open “nd.2” files for each image taken at identical spatial positions.
2.1.14. Open the image analysis software. Right click the background to open the window
“Automated Measurement Results” and “Automated Measurement” in the section of

“Analysis Control”.
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395

396 2.1.15. In “Count & Taxonomy” menu, select “Count”. On FITC image, click on each nucleus
397 showing green fluorescence (BrdU positive) and right click on the image.

398

399 NOTE: The number of BrdU positive cells are shown in the window of “Automations and

400 Measurements”.

401

402  2.1.16. For DAPI images, repeat step 2.1.14 to count the number of total nuclei. Calculate the
403  percentage of BrdU positive cells for this image.

404

405  2.1.17. Repeat step 2.1.13 through 2.1.16 for other images for statistical purposes and calculate
406 the mean percentage of BrdU positive cells for each substrate condition.

407

408  2.2. Quantification of c-Jun expression through immunofluorescent image analysis

409

410  2.2.1. Cells prepared inside 6-well plates from step 1.1.9 and 1.2.23 are fixed and permeabilized
411  with the procedures previously described (step 2.1.5-2.1.7).

412

413  NOTE: To perform accurate comparisons of fluorescent intensity across cells of differing ECM
414  conditions, apply camera settings identically across all samples with all samples having the
415 same parameters.

416

417  2.2.2. Save images as “.nd2” files.

418

419  2.2.3. Open the image analysis software. Right click background to open the window

420 “Automated Measurement Results” and “Automated Measurement” in the section of

421  “Analysis Control”.

422

423  2.2.4. In “Automated Measurement Results”, select “Object Data”. Activate “Keep updating
424  measurement” button.

425

426  2.2.5. In the top panel of the software, select “Measure” followed by “Object features”. Add
427  “Mean Intensity” to the section of “Selected for Measurement”.

428

429  2.2.6. Open and merge two “.nd2” image files that contain images of c-Jun and nuclei.

430

431  2.2.7. In the top panel, select “ROI” and select “Draw Rectangular ROI”. Draw a rectangular
432  area containing the nuclear area of a single cell.

433

434  NOTE: c-Jun expression is concentrated within nuclei®.

435

436  2.2.8. In top panel of software, select “Binary” and “Define Threshold”, a new window will
437  appear to precisely define c-Jun fluorescent area.

438
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2.2.9. In new window, click “Full Image/Use ROI” to switch program from full image model to
the ROI model. Use “Intensity” to adjust the lookup table located on the left side of the window
for adjustment of size/shape of the highlighted area within the rectangular ROI.

NOTE: Take care to ensure the size/shape of the highlighted area is identical to the nucleus.

2.2.10. Click the “OK” button, to get the mean FITC intensity in the window of “Automated
Measurement Results” and then click “Store Data”.

2.2.11. In the window of “Automated Measurement”, “Delete Object” to remove red
highlighted area. On the left side panel, use “Pointing Tool” to select the rectangular ROl and
delete.

2.2.12. Repeat step 2.2.6 to 2.2.11 to measure mean FITC intensity for each additional cell.

2.2.13. In window area of “Automated Measurement Results”, select “Stored” and all stored
data will be presented. Use the “Export” function and select “Data to Excel” to save the
exported spreadsheet and perform additional calculations.

2.3. Quantifying nuclear elongation

2.3.1. Fix and permeabilize SCs prepared from step 1.2.22 following steps 2.1.5-2.1.7. Perform
nuclear staining using mounting medium with DAPI.

2.3.2. Using the DAPI channel and a 40x objective lens, acquire images of the sample and save
as “.nd2” files.

2.3.3. Follow step 2.2.3 and 2.2.4 to open “Automated Measurement Results” and
“Automated Measurement” window in the image analysis software.

2.3.4. In “Automated Measurement Results”, use the “Option” function followed by “Select
Object Feature”. In the “Feature” column, select “Elongation” and add to “Selected for
Measurements” column. Use “Keep Updating Measurement” to activate this function.

2.3.5. Open the “nd.2” image file that contains the nuclear images. In “Automated
Measurement” window, select “Auto Detect” function and select a nucleus. Right click on the
image and the measured nuclear aspect ratio will be shown in “Automated Measurement
Results”.

2.3.6. Repeat step 2.3.5 to quantify nuclear aspect ratios for other nuclei within the image.
Select “Store Data” in the window of “Automated Measurement Results”.

2.3.7. Repeat 2.3.5 to 2.3.6 for additional images. Export the data to a spreadsheet file as
previously done in 2.2.13 for analysis.
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2.4. Western blot to quantify protein expression

2.4.1. Follow standard protocols for western blot analysis detailed elsewhere3?. The dilutions of
antibodies used in the study are shown below: Rabbit anti c-Jun 1:2,000; Mouse anti [-actin
1:1,000; Rabbit anti p75NTR 1:1,000; Rabbit anti myelin basic protein 1:1,000; Anti-mouse/rabbit
IgG, HRP-linked antibody 1:10,000.

REPRESENTATIVE RESULTS:

To analyze and quantify the interplay between substrate stiffness and protein composition on SC
phenotype, a tunable PDMS cell culture substrate was developed (Figure 1A). Compression
testing of the polymer at differing base: curing agent ratios was utilized to quantify the Young’s
modulus (E) of the substrate (Figure 1B). The resulting range of modulus values represents
physiologically relevant substrate conditions. Following preparation of substrates, SCs were
cultured and cellular properties analyzed on the tunable microenvironment. Proliferation rates
of SCs on substrates of differing protein composition were first analyzed. Laminin coated
substrates resulted in a higher proliferation rate when compared to collagen | and fibronectin
adsorption all at 10 pg/mL (Figure 2A,B). SCs on substrates with laminin coating and differing
moduli showed that relatively softer substrates (E=3.85kPa) decrease cell proliferation rates
across all conditions (Figure 2C,D). However, differences between stiff substrates (E=1119kPa)
and relatively soft substrates (E=8.67kPa) were insignificant (Figure 2D).

SCs were also analyzed for protein expression through immunohistochemistry and western blot.
Levels of transcriptional factor c-Jun were analyzed by immunofluorescent microscopy (Figure
3A) and represented by the mean pixel fluorescent intensity (Figure 3B-D). c-Jun expression was
shown to be upregulated as substrates became softer (E=1119 kPa to E=8.67 kPa), however, on
the softest substrates (E=3.85 kPa), c-Jun expression was significantly downregulated. On stiff
substrates (E=1119 kPa), collagen | coated substrates resulted in the highest c-Jun expression,
yet as substrates became softer (E=8.67 kPa and 3.85 kPa), laminin showed the highest levels of
c-Jun (Figure 3E). Western blot was also used to analyze both c-Jun and myelin basic protein
(MBP) with c-Jun levels upregulated and MBP downregulated on softer substrates (Figure 3F).
Further, SCs seeded on laminin coated substrates resulted in the highest c-Jun expression when
compared to collagen | and fibronectin.

Cells of differing seeding densities were then cultured and stained with rhodamine-phalloidin to
explore the role of cell spreading and area in c-Jun expression (Figure 4A,B). To control nuclear
elongation of cells, a common micropatterning technique (microcontact printing3®) was utilized
to create cell adhesive lines on the cell culture substrates. The nuclear aspect ratio of cells seeded
on a line patterned substrate was shown to be significantly higher than cells seeded on
unpatterned substrates (Figure 4C,D). It was found that expression of both c-Jun and another
marker significant in SC regenerative phenotypes, p75 neurotrophin receptor (p75 NTR), were
upregulated in dense cells with a smaller spreading area (Figure 4E). Line-patterned cells also
resulted in a higher expression of both c-Jun and p75 NTR when compared to nonpatterned cells
(Figure 4F). Therefore, microcontact printed cell adhesive geometries were created to precisely
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control cell spreading area and elongation while eliminating cell-cell interactions (Figure 5A).
Dimensions of total cell adhesive areas were 900 um?, 1,600 um?, and 2,500 um? with an aspect
ratio of either 1 or 4 (cell length: cell width). Fluorescent bovine serum albumin (fBSA, Texas red)
staining was used to reveal the status of micropatterns on cell culture substrate after
microcontact printing (Figure 5B). The nuclear aspect ratio of SCs for each cell area was measured
and it was shown that by increasing the nuclear aspect ratio, the cellular elongation increases
(Figure 5C). In addition, as SC aspect ratio increased, c-Jun was upregulated (Figure 5D).
Interestingly, however, it was found that as cell spreading area increases c-Jun expression is
downregulated (Figure 5E). Immunofluorescence staining for both nuclei and actin confirmed cell
spreading area and elongation were highly controlled through this micropatterning method
(Figure 5F).

FIGURE LEGENDS:

Figure 1: Cell culture substrates with tunable stiffness and protein composition. (A) Schematic
showing the development of PDMS cell culture substrates. (B) The initial PDMS mixing ratio of
base: curing agent determines Young’s modulus.

Figure 2: SC proliferation rates regulated by substrate stiffness and protein composition. (A)
Representative images showing BrdU staining when cultured on substrates of the same modulus.
(B) Histogram showing the percentage of BrdU positive cells for each protein coating. (C)
Representative images showing BrdU incorporation in SCs seeded on substrates of the same
protein coating. (D) Histogram showing the percentage of BrdU positive cells for each Young’s
modulus value. Scale bars = 50 um. Data are presented as mean + SEM. *p < .05, **p <.005, ***p
<.0005. Portions of the figure have been modified from ref.?4.

Figure 3: Substrate stiffness and protein regulated SC protein expression. (A) Representative
images show c-Jun immunofluorescence staining for SCs seeded on substrates of different
stiffness and protein composition. Mean pixel fluorescent intensity of c-Jun was measured for
SCs seeded on (B) collagen | (C) fibronectin and (D) laminin coated substrates of different
stiffness. (E) c-Jun fluorescence level of SCs grouped by Young’s modulus of substrate. (F)
Western blot showing c-Jun and myelin basic protein (MBP) of SCs seeded on substrates.
Glyceraldehyde 3 - phosphate dehydrogenase (GAPDH) was used as loading control. Scale bar =
50 um. Data are presented as mean + SEM. *p < .05, **p < .005, ***p < .0005. Portions of the
figure have been modified from ref.?4.

Figure 4: Cellular spreading area influences protein expression of SCs. (A) Cell spreading area of
different seeding densities was visualized through rhodamine-phalloidin (red) and nuclei staining
(blue). (B) Histogram showing the average spreading area of SCs in each condition. (C) The nuclei
of SCs seeded on unpatterned or line-patterned substrates were stained with DAPI (blue) to show
morphology. (D) Histogram showing quantification of nuclear aspect ratio on patterned and
unpatterned substrates. (E) Western blot showing expression of c-Jun and p75NTR of cells with
different spreading area. (F) Western blot showing the protein expression of SCs on unpatterned
and line-patterned substrates. Scale bar = 50 um. Data are presented as mean + SEM. *p < .05,
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**p <.005, ***p < .0005.

Figure 5: SC morphology and elongation impact c-Jun expression of SCs. (A) Schematic showing
cell micropatterning for shapes of different aspect ratio. (B) fBSA staining (red) showing the shape
of micropatterns following microcontact printing. Scale bar = 10 um. (C) Histogram showing
nuclear aspect ratio of micropatterned SCs. (D, E) Histogram showing the mean pixel fluorescent
intensity of c-Jun for each of the geometrical conditions. (F) Rhodamine-phalloidin (red), nuclei
(blue) and c-Jun (green) were stained on the differing micropatterns. Scale bar = 10 um. Data are
presented as mean = SEM. *p < .05, **p < .005, ***p < .0005. Portions of the figure have been
modified from ref.?4.

DISCUSSION:

SCs can promote nerve regeneration due to their phenotypic transformation and regenerative
potential following nerve injury. However, how ECM cues regulate this regenerative capacity
remains mostly unclear, potentially hindering not only the development of biomaterials that aim
to promote nerve regeneration but also the understanding of the mechanisms involved in nerve
regeneration. To begin to examine this interplay, cell culture substrates were created where ECM
cues such as stiffness, protein coating, and adhesive topography can be controlled. The ability to
micropattern adhesive topography is a key feature within the protocol, utilizing the common
method of microcontact printing. However, this substrate is different from the glass in that the
compression force being applied to the PDMS stamps must be at an appropriate level to achieve
the desired shape of cell adhesive areas on cell culture substrates. Utilizing fluorescent bovine
serum albumin (fBSA) as a model protein to visualize cell adhesive areas and adjust the
compression forces on the PDMS stamps can ultimately mitigate this issue. Another key
difference from glass is the removal of excess Pluronic F-127 that is used to render the remainder
of the substrate non-adhesive. After this treatment, cell culture substrates are highly
hydrophobic, making it challenging to maintain wet cell culture substrates throughout washes,
which is important for the structural integrity of micropatterned protein3’. Therefore, it is
recommended to use multiple pipettes to aspirate and inject solutions nearly simultaneously to
prevent substrates from completely dehydrating.

Although micropatterning can precisely control cell shape and does not require complicated
synthetic procedures using cell blocking polymers such as OEGMA, the methods used to quantify
protein expression of micropatterned cells are sometimes limited38. For example, samples that
are available from micropatterning are generally limited to a few hundred cells per coverslip,
which is inadequate to prepare cell lysates to be used for western blots or gPCR. Considering this,
immunofluorescence staining alone was used to quantify protein expression for micropatterned
cells, limiting the variety of proteins that can be quantified. To address this, we utilized line
patterns to promote cell elongation for larger cell populations and successfully prepared cell
lysates that were analyzed by western blot. Other methods such as applied electric fields or
aligned electrospun fibers can also be applied to control the elongation of cell populations3%4°,
However, electric fields may not fit into all applications for NGCs since the conductivity of
commonly used biomaterials such as collagen-based polymer and silk is very low?3442, |n
contrast, aligned electrospun nanofibers have been successfully implanted into NGCs to promote
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SC alighment, elongation and migration as well as neurite outgrowth****, It may also prove
compelling to compare SC behavior on line-patterned substrates against those on substrates with
aligned nanofibers, since lined patterns and aligned nanofibers are two of the most common
guidance mechanisms incorporated into NGCs*.

The micropatterning protocol detailed utilizes PDMS coated coverslips as cell culture substrates,
with a maximum surface Young’s modulus of 1119 kPa. Such stiffness mimics many tissue, yet it
may not be possible to model osteogenesis of mesenchymal stem cells, which generally require
the surface Young’s modulus to exceed 1 Gpa®. For such situations, glass is an alternative
candidate, however the adsorption of Pluronic F-127 requires relatively high surface
hydrophobicity which glass does not possess. To increase hydrophobicity, glass can be treated
with dimethyl dichlorosilane in dichlorobenzene. Following this, UV-Ozone treatment can be
used to increase hydrophilicity for microcontact printing®’.

Ultimately, a cell culture platform was developed where ECM stimuli can be tuned individually
with protein expression quantified. We have determined that SC regenerative capacity is
promoted by certain mechanical and chemical ECM cues, which can subsequently provide
inspiration in the future design of biomaterial applications such as NGCs and cell transplantation
processes where ECM features may need to be optimized?*. Nonetheless, tuning these ECM cues
can be a challenging undertaking, particularly in vivo. Moving forward, this platform can be
utilized to parse key mechanisms involved in the phenotypic transition of SCs as regulated by the
ECM. By achieving this, manipulation of intracellular cues may be possible to promote SC
regenerative capacity without the need for dedicated platforms in vitro*®4°, This has the potential
for groundbreaking work in the development of technologies for nerve repair.
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Table of Materials

Name of Material/ Equipment

Albumin from Bovine Serum (BSA), Texas Red conjugate
Anti-mouse IgG, HRP-linked Antibody
Anti-rabbit IgG, HRP-linked Antibody

BrdU
BrdU primary antibody conjugated with Alexa Fluor 488
Collagen |
Compression force test machine
Dulbecco's Modified Eagle Medium
Fetal Bovine Serum

Fibronectin
Fluorescence microscope

Halt Protease and Phosphatase Inhibitor Cocktail (100X)
Laminin
Mounting medium with DAPI
Mouse c-Jun primary antibody

Mouse B-Actin primary antibody

Company
Thermo Fisher
Scientific
Cell Signaling
Technology
Cell Signaling
Technology
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific

TestResources

Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Nikon
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Cell Signaling
Technology
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Catalog Number

A23017
7076S
7074S

B23151

B35130

A10483-01

11965092
16000044

33010-018
Eclipse Ti2
78440

23017015
P36971
711202

3700S
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Penicillin-Streptomycin

Photoresist SU 2010
Pluronic F-127

Rabbit c-Jun primary antibody
Rabbit myelin basic protein primary antibody

Rabbit p75NTR primary antibody

Rhodamine phalloidin

RIPA buffer
RT4-D6P2T Schwann cell line
SYLGARD 184 PDMS base and curing agent

Trypsin
UV-Ozone cleaner

Versene (1x)

Thermo Fisher
Scientific
KAYAKU

Sigma Aldrich

Cell Signaling
Technology
Abcam
Cell Signaling
Technology

Thermo Fisher
Scientific

Abcam
ATCC

Sigma Aldrich

Thermo Fisher
Scientific
Novascan

Thermo Fisher
Scientific

15140122

SU8-2010
P-2443

9165S
ab40390
8238S

R415

ab156034
CRL-2768
761036

15090-046

15040066



Comments/Description

BSA staining to show micropatterns

Antibody used for western blot analysis

Antibody used for western blot analysis

Reagent used to measure cell proliferation
Used to visualize BrdU in cell proliferation assays
Protein used to coat coverslips
1strument to quantify mechanical properties of polymers
Cell culture medium

Cell culture medium supplemental

Protein used to coat coverslips
Fluorescence microscope

Protease and Phosphatase Inhibitor
Protein used to coat coverslips
Coverslip mountant and nuclei staining
Primary antibody to visualize c-Jun protein

Loading control for western blot experiments



Cell culture medium supplemental

Photoresist
Block non-specific protein binding

Primary antibody for visualization of c-Jun protein
Primary antibody for visualization of MBP

Primary antibody for visualization of p75NTR

Visualization of cell cytoskeleton

Cell lysis buffer
Cell line used in experiments
Tunable polymer used to coat coverslips

Cell dissociation reagent
Increase hydrophicility of PDMS

Cell dissociation reagent
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JoVE61496
RESPONES TO REVIEWERS

The authors would like to thank the reviewers for their time and effort in reviewing and
improving this protocol. The suggestions from reviewers have been addressed as follows:

Reviewer #1:

1. Based on the study of Schwann cells, why did you choose the Young's Modulus of 1119kPa to screen
proteins instead of the Young's Modulus similar to neural tissue?

PDMS (Polydimethylsiloxane) mixed with curing agent at a mixing ratio of 10:1 resulted in a surface
Young’s modulus of 1119kPa. This is a common mixing ratio for PDMS in biological studies and has been
used previously in many different publications. Furthermore, we attempted to determine how
Schwann cells (SCs) would respond when seeded on substrates across a spectrum of matrix stiffness
values, as opposed to a substrate with one specific stiffness value.. In addition, we went to modulus
values lower than that found in peripheral nerve to cover the spectrum of peripheral nerve matrix
modulus, as seen in our results where the “optimal” stiffness for Schwann cells is 8.67 kPa (ref 24 from
protocol).

2. What are the criteria for screening three Young's modulus in the experiment?

This protocol describes the methods based on our recent publication®. In this work, we seeded SCs on
substrates with Young’s modulus (E) values of approximately 1119, 502.35, 123.89, 25.51, 8.67 and 3.85
kPa. After analysis, we determined that several critical SC behaviors such as proliferation and key
phenotypic protein expression can be promoted when substrate stiffness decreased from 1119 kPa to
8.67 kPa, however little change in the values from 119 kPa to 8.67 kPa was observed. In addition, SC
proliferation rates and certain protein levels declined as substrates became even softer (3.85 kPa) from
8.67 kPa. These results indicated that 1119, 8.67 and 3.85 kPa are three important demarcations for
Young’s moduli within our study values, so these three Young’s moduli were chosen as the
representative results for the protocol.

3. In Figure 3, the protein results of the 3.85 kPa group in the experimental need to be supplemented.

We did not highlight the western blot results for the 3.85 kPa group because in our recent publication
which this protocol is based upon, we performed western blot analysis for c-Jun and myelin basic
protein (MBP) of SCs seeded on uncoated PDMS (PDMS that is not coated with any protein), therefore
there were no available gel lanes to run electrophoresis for a 3.85 kPa group of this protein, and in the
interest of rigor regarding western blots, were left out. However, fluorescent staining clearly showed c-
Jun fluorescent intensity was significantly lower for 3.85 kPa group compared to 8.67 kPa, which is
strong evidence that the western blot for the 3.85 kPa group would show similar results and we believe
with this available data our results establish our claims.
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4. The micropattern status after PDMS stamp microcontact printing is not shown in the results.

The authors agree and this oversight has been amended. The micropatterning status on cell culture
substrates following printing have been added by incorporating microcontact printed fluorescent bovine
serum albumin (fBSA) in new Figure 5B showing protein on the surface.

5. The abscissa in Figure 5E is incorrect.

The abscissa has been corrected.

6. In the quantification of cellular properties on tunable substrates experiment, why not culture the cells
directly on the flexible PDMS stamp with the protein adsorbed?

We elected not to seed cells directly on PDMS stamps due to the following key reasons among others:

(A) By culturing cells directly on the flexible PDMS stamps, it would introduce physical barriers as a
variable to cellular function. As cells would be trapped inside the channels, variability would be
introduced into the tunable culture system.

(B) For a repeatable protocol, it is more difficult to scrape cells and collect cell lysates when cells are
seeded onto PDMS stamps with physical barriers surrounding cells compared to cells seeded on PDMS
coated petri dishes.

(C) PDMS with lower Young’s moduli such as 8.67 and 3.85 kPa are difficult to handle during
experiments. The PDMS is fairly “sticky” and prone to dust attachment, which is not ideal for cell culture
and can lead to user error. By making a stamp and printing onto a spincoated PDMS surface, it
eliminates these variables.

(D) If SCs had been seeded on PDMS stamps, in order to preserve samples for microscopy, PDMS stamps
would need to be sealed on coverslips with nail polish. This would require us to make PDMS stamps
repeatedly, thereby consuming more PDMS than our current method of making a thin layer on aglass
coverslip. Seeding cells on PDMS coated substrates instead of PDMS stamps is especially helpful in terms
of cell micropatterning since it enables researchers to use one PDMS stamp over several experiments.
Without making PDMS stamps repeatedly the patterns on the silicon master can be better preserved.

7.1t may be more appropriate to use the mean pixel intensity on the unit surface to evaluate the c-jun
factor.

Mean pixel intensity was used to quantify c-Jun fluorescent intensity. “Meanlintensity” which measures
the mean pixel intensity of region of interest (ROI), was added to measurements (see red rectangle in



Figure 1)
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Figure 1 A screen shot shows we used mean pixel intensity to quantify c-Jun expression level across different substrates.

8. Fig.2, images of A 1119kPa-Lamin and Fig.2C Lamin-3.85kPa are the same?

Those two images represented the SCs seeded on the same chemical (laminin coated) and physical
(Young’s modulus =1119 kPa) condition, so the same representative image was used. However, to
resolve this issue, we have replaced the representative image for the third panel of Figure 2A.

Reviewer #2:

1. It is known that the media conditions change SC phenotype, there are no details about the media
composition used for cultivating SCs, this should be added.

The media composition has been added to step 1.1.9.

2. What is a curing agent used for?

There are two components to the PDMS (Polydimethyl siloxane) system as received: one a base
elastomer and the other a curing agent. During polymerization, the curing agent crosslinks with base
elastomer to impart mechanical integrity to the liquid precursors. Specific to our experiment, we
adjusted the crosslink ratio between base elastomer and curing agent to create PDMS with different
stiffnesses to be used as cell culture substrates. The function of the curing agent has been clarified in the
note following step 1.1.1.



3. The explanation on what the Pluronic solution is used for comes only during the discussion, while it
should also be explained earlier in the protocol.

The function of Pluronic F-127 was explained in a note following step 1.2.13.

4. In the protocol section, even id trivial the purpose of each reagent is often missing:

PFA for fixation (lane 2.1.5), triton X-100 for permeabilization (lane 318), HCI citric acid buffer for antigen
retrieval (lane 320-325), BSA...

The manuscript has been updated to explain the function of formaldehyde in step 2.1.5, the function of
Triton X-100 in step 2.1.6, the function of HCl treatment within proliferation assay in the note following
step 2.1.8, the function of phosphate/citric acid buffer in step 2.1.9, and the function of BSA in step
2.1.10.

5. Figure3A. It is unfortunate that the image representing increase in proliferation rates with laminin is
also showing fewer cells overall, is there any cellular death? A better representative image should be
used to better convey the results.

The proliferation rate of SCs was calculated using an average percentage of BrdU positive cells over 70
images for each cell culture condition, the randomly chosen representative images in Figure 3A
happened to be an area with fewer cells. To address this issue, we have replaced the representative
images in Figure 3A.

6. While the section 2.4 refers to the ref 32 for Western blot and protein quantification, the protein
extraction method should be detailed as the obtention of a sufficient protein yield might be challenging
due to the specific experimental condition of the method; with cell spreading/ low density.

The SC lysis protocol has been added to the manuscript following step 1.2.23.

7. The micropatterning technique used to study the SC nuclear elongation is not very well introduced. The
authors need to speak about the bands of Biingner to clarify why creating cell adhesive lines is a great
tool to mimic SC environment during nerve regeneration.

The relationship between line patterned substrates and elongated SCs inside Blingner bands has been
more adequately explained in the fourth paragraph of the introduction.
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JoVE61496
RESPONES TO EDITORS

Editorial comments:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or
grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the submitted revision may be
present in the published version.

Everything has been checked and no spelling or grammatical errors can be found.

2. Please format the manuscript as: paragraph Indentation: O for both left and right and special: none, Line
spacings: single. Please include a single line space between each step, substep and note in the protocol section.
Please use Calibri 12 points

The manuscript has been formatted according to editor’s instructions.

3. Please provide an email address for each author.

The email address for each author has been provided.

4. Please ensure that all text in the protocol section is written in the imperative tense as if telling someone how to
do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense in
complete sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,” and “would be”
throughout the Protocol. Any text that cannot be written in the imperative tense may be added as a “Note.”

The manuscript has been checked and the whole protocol section is written in the imperative tense.

5. The Protocol should contain only action items that direct the reader to do something.

All descriptive content within protocol section has been deleted or written as a “Note”.

6. Please ensure that individual steps of the protocol should only contain 2-3 actions sentences per step.

We have split steps that contain more than 3 actions into multiple steps, for example step 1.1.8, 1.2.18, 1.3.3 and
2.2.3.

7. Please use S.1. abbreviations throughout the manuscripts: h, min, s, etc.

The units have been corrected.

8. Please adjust the numbering of the Protocol to follow the JOVE Instructions for Authors. For example, 1 should be
followed by 1.1 and then 1.1.1 and 1.1.2 if necessary. Please refrain from using bullets, alphabets, or dashes.

The bullets have been deleted and the contents have been integrated into the text. The numbering has been
checked and adjusted following the JoVE Instructions for Authors.
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9. Please add more details to your protocol steps. Please ensure you answer the “how” question, i.e., how is the
step performed?

More details have been added to the protocol section for a better illustration. For example, steps 1.1.8, 1.1.9,
1.2.13,1.2.17,2.1.5,2.1.6, 2.1.8, 2.1.9 and 2.1.10 better explain the protocol. We also added steps that detail SC
lysate preparation for line-patterned Schwann cells (SCs) starting on step 1.2.20.1.

10. There is a 10-page limit for the Protocol, but there is a 2.75-page limit for filmable content. Please highlight
2.75 pages or less of the Protocol (including headings and spacing) that identifies the essential steps of the protocol
for the video, i.e., the steps that should be visualized to tell the most cohesive story of the Protocol.

The highlighted protocol has been shortened to comply the guideline provided by the journal.

11. Please obtain explicit copyright permission to reuse any figures from a previous publication. Explicit permission
can be expressed in the form of a letter from the editor or a link to the editorial policy that allows re-prints. Please
upload this information as a .doc or .docx file to your Editorial Manager account. The Figure must be cited
appropriately in Figure Legend, i.e. “This figure has been modified from [citation].”

Copyright permission for modified figures has been uploaded

12. Please ensure the result are described in the context of your experiment, you performed an experiment, how did
it help you to conclude what you wanted to and how is it in line with the title.

The outcome of all experimental protocols is shown in “results” and “figures” section. In detail, step 1.1, which
described the process of preparing tunable substrates, was shown in Figure 1A. Step 1.2, which demonstrated SC
micropatterning, was shown in Figures 4 and 5. Step 1.3, which demonstrated the method to measure Young's
moduli of PDMS substrates, was shown in Figure 1B. Step 2.1 which discussed the proliferation assay and
immunofluorescence staining, corresponds to Figure 2, 3, 4, and 5. Step 2.2, which details c-Jun fluorescent
intensity measurement, corresponds to Figure 3. Step 2.3 demonstrates nuclear elongation quantification, was
shown in Figure 4D and 5C.

13. As we are a methods journal, please ensure the Discussion explicitly cover the following in detail in 3-6
paragraphs with citations:

a) Critical steps within the protocol

b) Any modifications and troubleshooting of the technique

c) Any limitations of the technique

d) The significance with respect to existing methods

e) Any future applications of the technique

We have addressed the above critical points thoroughly in the discussion section. The first paragraph explicitly
discusses critical steps within this protocol regarding SC micropatterning. Then we discuss using fluorescent bovine
serum albumin (fBSA) staining to aid in applying the appropriate force on PDMS stamps as a troubleshooting
method for SC micropatterning. The second paragraph discusses the limitation of SC micropatterning, which is
protein expression quantification. We have also compared current techniques that can promote SC elongation
such as electric fields and aligned electrospun fibers with line patterns. In the third paragraph of discussion, we
presented a potential modification to micropattern cell adhesive areas on glass substrates. In the fourth paragraph



of the discussion, we discuss the future clinical applications of our study that focused on tunable substrates and SC
micropatterning.

14. Figure 2A third panel and Figure 2C first panel are same. Please check

Those two images represented the SCs seeded on the same chemical (laminin coated) and physical (Young’s
modulus =1119 kPa) condition, so the same representative image was used. To resolve this issue, we replaced the
representative image for the third panel of Figure 2A.

15. Figure 5: X-axis title are reversed.

The title of the X-axis has been fixed.



