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Abstract 

Maintaining undifferentiated states of human pluripotent stem cells (hPSCs) is key to 

accomplishing successful hPSC research. Specific culture conditions, including hPSC-compatible 

substrates, are required for hPSC culture. Over the past two decades, substrates supporting hPSC 

self-renewal have evolved from undefined and xenogeneic protein components to chemically 

defined and xenogeneic-free materials. However, these synthetic substrates are often costly and 

complex to use, leading many laboratories to continue using simpler undefined extracellular matrix 

(ECM) protein mixtures. In this study, we present a method using poly(norepinephrine) (pNE) for 

surface modification to enhance the immobilization of ECM proteins on various substrates, 

including polydimethylsiloxane (PDMS) and ultra-low attachment (ULA) hydrogels, thereby 

supporting hPSC culture and maintenance of pluripotency. The pNE-mediated surface 

modification enables spatial patterning of ECM proteins on non-adhesive ULA surfaces, 

facilitating tunable macroscopic cell patterning. This approach improves hPSC attachment and 

growth and allows for cell patterning to study the effects of anisotropic environments on hPSC 

fate. Our findings demonstrate the versatility and simplicity of pNE-mediated surface modification 

for improving hPSC culture and spatially controlled differentiation into endothelial cells and 

cardiomyocytes on previously non-amenable substrates, providing a valuable tool for tissue 

engineering and regenerative medicine applications. 
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1. Introduction 

Human pluripotent stem cell (hPSC) research has made significant progress in many fields such 

as human developmental studies, disease modeling, drug development, and cell therapies. A key 

aspect of this progress is the ability to maintain hPSCs in a long-term and stable undifferentiated 

and self-renewing manner. Maintaining hPSCs in their undifferentiated state requires appropriate 

culture conditions, including specific culture media and extracellular matrix (ECM) components1. 

Over the past two decades, substrates for supporting hPSC self-renewal have evolved from 

undefined and xenogeneic to chemically-defined and xenogeneic-free components2. Initially, 

mouse embryonic fibroblasts were used as feeder layers for human embryonic stem cell (hESC) 

culture3. This was followed by the use of Matrigel, an ECM derived from the Engelbreth–Holm–

Swarm (EHS) mouse tumor, for feeder-free growth of hESCs4. Later, more defined extracellular 

proteins like vitronectin5 and laminin6 were introduced for hPSC culture. Recently, various 

synthetic substrates, including peptides and polymers, have been developed for well-defined, 

xenogeneic-free hPSC culture7–11. However, these synthetic substrates are often expensive and 

require complex coating processes12. Consequently, many laboratories still use simpler ECM 

protein mixtures like Matrigel for substrate preparation. While these substrates are mainly used for 

two-dimensional (2D) hPSC culture on tissue culture-treated polystyrene surfaces, there is an 

increasing need for three-dimensional (3D) hPSC culture to more accurately mimic the natural 

ECM microenvironment. 

Protein-based ECM coating primarily relies on simple adsorption of the matrix onto a substrate12. 

While conventional tissue culture plates or glass generally support protein adsorption, the ability 

of other materials, such as polymers or hydrogels, to support protein adsorption varies greatly 
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based on their physical properties, including hydrophobicity and electric charge. These properties 

may require additional surface modifications for significant protein adsorption. For example, 

oxidizing carbon nanotubes can support the coating of Geltrex, which contains ECM proteins from 

the murine EHS tumor, to test the effects of surface roughness and mechanical stiffness on hPSC 

fate. When using scaffolds to recapitulate the structural characteristics of natural ECM or for three-

dimensional hPSC culture and differentiation, substrates either need to be composed of natural 

ECM components13–15 or require modification16–18 to support hPSC culture. 

Inspired by the composition of mussel-adhesive proteins rich in 3,4-dihydroxy-L-phenylalanine 

(DOPA) and lysine, catecholamines such as dopamine and norepinephrine (NE) have been widely 

used as versatile coating materials for substrate-independent surface modification19,20. In addition 

to their function as neurotransmitters, these catecholamines can be oxidized, forming 

poly(catecholamine) through covalent polymerization and physical self-assembly. This process 

produces a thin (~100 nm thick) film on the target substrate21,22. This poly(catecholamine) layer 

allows for the immobilization of bioactive molecules containing thiols or primary amines via 

covalent conjugation to the quinone group in the polymerized layer23. Due to its versatility and 

simplicity, poly(catecholamine)-mediated surface modification has been used to covalently 

immobilize ECM proteins on various substrates such as metals24,25 and polymers26,27 to support cell 

attachment and culture. This approach has also been used to modify substrates with vitronectin 

peptides28–30, RGD-containing peptides31, and collagen32 to support hPSC culture. 

In this study, we demonstrate that poly(norepinephrine) (pNE)-mediated surface modification 

enhances the immobilization of ECM proteins, particularly on polydimethylsiloxane (PDMS) and 

superhydrophilic hydrogel layers (Ultra-Low Attachment (ULA) surfaces), to support hPSC 

culture. Importantly, we achieved spatial patterning of pNE coating on a non-adhesive ULA 
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surface using PDMS stencil masks, enabling ECM protein immobilization only on the patterned 

areas and thus allowing tunable cell patterning. Spatial cell fate specification is critical during 

development, yet it is difficult to achieve spatial control over conventional in vitro cell culture and 

differentiation. This simple and versatile surface modification method facilitates not only the 

growth and differentiation of hPSCs on various substrates but also cell patterning to study the 

spatial effects of anisotropic patterning on hPSC colonies and their fate. 

 

2. Materials and Methods 

hPSC maintenance 

H9 hESCs (WiCell) were maintained in mTeSR1 basal medium (STEMCELL Technologies, 

85851) supplemented with 5X supplement (STEMCELL Technologies, 85852) or mTeSR™ Plus 

(STEMCELL Technologies, 100-0276) at 37 ℃, 5% CO2. When cells reached 70-80% 

confluency, they were passaged onto a Matrigel (Corning, 354230)-coated 6-well tissue culture 

(TC)-treated plate (Corning, 3516) with a split ratio of 1:9 using Versene (Gibco, 15040-066) or 

5mM EDTA (5-6 min incubation at 37 ℃). Matrigel-coated plates were prepared by diluting 

Matrigel in DMEM/F12 medium (Gibco, 11330-032) to a concentration of 0.08mg/ml, adding 1ml 

of Matrigel solution to each well of 6-well TC-treated plate, and incubating the plates at least 1 

hour at 37 ℃.  

pNE coating and patterning 

A 2 mg/ml NE solution was prepared by dissolving DL-Norepinephrine hydrochloride (Sigma, 

A7256) in 10 mM Tris buffer with pH 8.5. A 20 mg/ml sodium periodate solution was prepared 

by dissolving sodium periodate (Sigma, S1878) in distilled water. The NE and sodium periodate 

solutions were mixed at a 100:1 ratio (vol/vol) to induce oxidation of norepinephrine, and the 
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resulting mixture was immediately added to the substrates, ensuring surface coverage and 

subsequence surface modification. The substrates used included a 24-well TC-treated plate 

(Corning, 3524), a 12-well untreated plate (Corning, 351154), cover glass (FisherScientific, 12-

545-80) placed in a 24-well TC-treated plate, PDMS (Electron Microscopy Sciences, 24236-10), 

and an Ultra-Low-Attachment (ULA) 24-well plate (Corning, 3473). Substrates with the NE + 

sodium periodate solution were incubated at room temperature for at least 10 minutes and washed 

with phosphate-buffered saline (PBS) (Gibco, 14190-144) at least three times to remove any 

residual solution. For patterning of pNE coating, PDMS masks were firmly attached to a ULA 

surface to ensure solution confinement. The NE + sodium periodate solution was placed as a 5 μl 

droplet or confined with PDMS stencil masks on a ULA plate to make sure the solution was in 

contact with only the patterned area. After 10 minutes of incubation at room temperature, the 

surface was washed with PBS at least three times to remove any residual solution. To make PDMS 

stencil masks, an in-house PDMS layer was prepared, cut, and punched with commercially 

available hole punches or cut with a razor blade to make a line pattern. Briefly, base elastomer and 

curing agent (Electron Microscopy Sciences, 24236-10) were mixed thoroughly at a 10:1 weight 

ratio, poured into a nonstick baking pan to cover the surface, degassed in a desiccator until bubbles 

were removed, cured in an oven for an hour at 100°C, and cooled for at least 24 hours at room 

temperature. The cured PDMS layer was detached from the pan and used to make stencil masks. 

Cardiac progenitor cell (CPC) differentiation 

CPCs were generated using the GSK inhibitor and Wnt inhibitor (GiWi) protocol33. Briefly, 

hPSCs were singularized using Accutase (Innovative Cell Technologies, AT104) (8 min 

incubation at 37°C), diluted in mTeSR1 (1:1 dilution), centrifuged (200 g, 5 min), and resuspended 

in mTeSR1 supplemented with 5 μM ROCK inhibitor Y-27632 (Selleckchem, S1049). Cells were 
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seeded at 250,000-400,000 cells/cm² on a Matrigel-coated 12-well TC-treated plate (Corning, 

3513) (day -2). The next day, the medium was changed with fresh mTeSR1. On day 0, cells were 

treated with 7-10 μM CHIR99021 (Selleckchem, S1263) in RPMI1640 medium (Gibco, 11875-

093) containing 1X B27 supplement minus insulin (A18956-01) (RPMI B27-) for 24 hours. On 

day 1, the medium was changed with fresh RPMI B27-. On day 3, cells were treated with 5 μM 

IWP2 (Tocris, 3533) in fresh RPMI B27-. On day 5, the medium was changed with fresh RPMI 

B27-. On day 6, cells were detached using Accutase (8 min incubation at 37°C) and cryopreserved 

in a cryopreservation medium (60% RPMI1640 medium containing 1X B27 supplement (17504-

044) (RPMI B27+), 30% FBS (Peak Serum, PS-FB1), 10% dimethyl sulfoxide (DMSO) (Sigma, 

D2650), 5 μM Y-27632). 

hPSC and CPC culture on pNE-modified substrate 

The pNE-modified substrate was incubated with 0.08 mg/ml Matrigel in DMEM/F12 for at least 

1 hour at 37°C before cell seeding. hPSCs were singularized using Accutase (8 min incubation at 

37°C), diluted in mTeSR1 (1:1 dilution), centrifuged (200 g, 5 min), resuspended in mTeSR1 

supplemented with 5 μM ROCK inhibitor Y-27632 (Selleckchem, S1049) and 1X Penicillin-

Streptomycin (Gibco, 15140-122), and seeded at 20,000 or 200,000 cells/cm² on the Matrigel-

coated substrate. The medium was changed with fresh mTeSR1 daily until analysis. Cryopreserved 

CPCs were thawed and seeded at 150,000-250,000 cells/cm² on the Matrigel-coated substrate. The 

medium was changed with fresh RPMI 27+ daily until analysis. 

Patterned differentiation of hPSCs 

hPSCs were plated on the pNE-modified substrate as described previously. Once they reached 

80-90% confluency on the patterned substrate, the medium was changed to DMEM (Gibco, 11965-

092) containing 100 μg/mL ascorbic acid and 6 μM CHIR99021 (day 0). On day 1, the medium 
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was changed to Advanced DMEM/F12 (Gibco 11320-033) containing 2.5 mM GlutaMAX and 60 

μg/mL ascorbic acid (LaSR medium). The cells were immunostained for BRACHYURY and E-

CADHERIN on day 2. For endothelial cell differentiation, the medium was changed to LaSR 

medium containing 50 ng/mL VEGF on days 2 and 3. The cells were immunostained for CD34 

and CD31 on day 4. For patterned cardiomyocyte differentiation, a modified version of GiWi 

protocol was used. Briefly, hPSCs were singularized and plated as described previously for CPC 

differentiation. On day 0, cells were treated with 6 μM CHIR99021 in RBL medium for 48 hours. 

On day 2, cells were treated with 2 μM Wnt C-59 (Cayman Chemical, 16644) in fresh RBL 

medium. On day 4, the medium was changed with fresh RBL medium. On day 7 and every three 

days afterwards, the medium was changed with fresh RPMI 27+ until analysis. 

Fluorescence staining 

For laminin staining, the Matrigel-coated substrate was incubated in 4% paraformaldehyde 

(Electron Microscopy Sciences, 15710-S) in PBS for 15 minutes at room temperature, washed 

with PBS three times, and incubated in diluted anti-laminin antibody (ThermoFisher, PA1-16730, 

1:5000) in 5% nonfat dry milk (Santa Cruz Biotechnology, sc-2324) PBS overnight at 4°C. The 

substrate was then washed with PBS three times and incubated in diluted chicken anti-rabbit IgG 

Alexa Fluor 488 (Invitrogen, A21441, 1:1000) in 5% nonfat dry milk PBS for 30 minutes at room 

temperature. After secondary antibody staining, the substrate was washed with PBS three times 

and analyzed under a fluorescence microscope. Live-dead cell staining was performed using a live-

dead cell staining kit (BioVision, K501). All other staining followed a similar method. Cells were 

fixed in 4% paraformaldehyde in PBS for 15 minutes at room temperature, washed with PBS three 

times, and incubated in diluted antibody (anti-cTnT, BD Bioscience 564766 or ThermoFisher, MS-

295-P1, 1:500/1:200; anti-sarcomeric alpha actinin, Invitrogen MA1-22863, 1:100; anti-
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Brachyury, R&D Systems AF2085, 1:100; Alexa Fluor® 647-anti-E-cadherin, BD Bioscience 

563571, 1:100; FITC-anti-CD34, Miltenyi Biotec, 130-113-178, 1:100; APC-anti-CD31, Miltenyi 

Biotec, 130-110-670, 1:100; anti-OCT4, Cell Signaling Technology 75463, 1:200; anti-NANOG, 

Cell Signaling Technology 3580, 1:800) in 5% nonfat dry milk (Santa Cruz Biotechnology, sc-

2324)/0.4% Triton X-100 (Fisher Scientific, BP151-500) PBS overnight at 4°C. The cells were 

then washed with PBS three times. For unconjugated antibodies, the cells were incubated in diluted 

secondary antibody (goat anti-mouse IgG1 Alexa Fluor 488, Invitrogen, A21121, 1:1000; chicken 

anti-goat IgG1 Alexa Fluor 488, Invitrogen, A21467, 1:1000) in 5% nonfat dry milk/0.4% Triton 

X-100 PBS for 30 minutes at room temperature. The cells were then washed with PBS three times, 

incubated in 2 μg/ml Hoechst 33342 (Thermofisher, H3570) diluted in PBS for 5 minutes at room 

temperature, washed with PBS twice, and analyzed under a fluorescence microscope. 

Flow cytometry 

For flow cytometry analysis, cells were harvested by using Accutase (8 min, at 37°C) or 0.25% 

Trypsin/EDTA (Gibco, 25200072) (5 min at 37°C). The collected cells were centrifuged at 200 g 

for 5 min and then fixed in 1% PFA diluted in PBS for 20 min at room temperature, followed by 

another centrifugation step. After centrifugation, supernatant was carefully removed, and the 

pelleted cells were permeabilized in 90% methanol in -20°C overnight. The cells were washed 

with 2 ml of PBS containing 2.5% bovine serum albumin (BSA) by centrifugation and removing 

supernatant three times. Next, cells were incubated overnight at 4°C in 100 μl of diluted antibodies 

(anti-cTnT, ThermoFisher, MS-295-P1, 1:200; anti-Brachyury, R&D Systems AF2085, 1:100; 

Alexa Fluor® 647-anti-E-cadherin, BD Bioscience 563571, 1:100; FITC-anti-CD34, Miltenyi 

Biotec, 130-113-178, 1:100; APC-anti-CD31, Miltenyi Biotec, 130-110-670, 1:100; anti-OCT4, 

Cell Signaling Technology 75463, 1:100; anti-NANOG, Cell Signaling Technology 3580, 1:400) 
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in PBS containing 2.5% BSA and 0.1% Triton X-100. On the following day, the cells were washed 

once with PBS containing 2.5% BSA and 0.1% Triton X-100, resuspended in PBS containing 2.5% 

BSA and 0.1% Triton X-100 and diluted secondary antibodies (Goat anti-Mouse IgG1 Alexa 

Fluor™ 488, Invitrogen, A-21121, 1:1000; Chicken anti-rabbit Alexa Fluor™ 647, Invitrogen, A-

21443, 1:1000), and incubated 30 min in dark at room temperature. Then, the cells were washed 

twice with PBS containing 2.5% BSA and 0.1% Triton X-100, resuspend PBS containing 2.5% 

BSA, and subjected to analysis using a flow cytometer (Accuri C6 plus, BD Biosciences) 

Cell viability analysis 

The viability of cells was analyzed using CellTiter-Glo® 2.0 Cell Viability Assay (Promega, 

G9241) according to the manufacturer’s instructions. After incubation with the provided reagent, 

luminescence was measured using a plate reader (Molecular Devices; San Jose, CA, SpectraMax® 

iD3). The measured luminescence intensity was normalized to the intensity of the unmodified 

substrates (PBS) for each substrate.  

Image analysis 

The fluorescence intensity of laminin and live/dead cells was quantified using Fiji/ImageJ 

software. The mean fluorescence intensity of each image was subtracted by the mean fluorescence 

intensity of the background. Background-subtracted intensities from three random fields of view 

of each well were averaged to get a representative intensity value for each biological replicate. The 

three averaged intensities of the three biological replicates (three wells) were used for statistical 

analysis. The intensity values were normalized to the control condition (PBS, TC-treated) and 

presented as mean ± standard deviation. Statistical comparisons were performed using a one-way 

ANOVA with Tukey’s post hoc test or Student’s t-test (*: p<0.05, **: p<0.01). The fluorescence 

intensity profile of Hoechst, BRACHYURY, E-CADHERIN, CD34, and CD31 was quantified 
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using Fiji/ImageJ software. The intensity profile of arbitrary boxes orthogonal to the edge line of 

three different patterns was first analyzed. These intensity profiles were normalized and aligned 

based on the maximum intensity of BRACHYURY or CD34 (the maximum intensity point was 

set to distance 0). The intensity profiles of the markers were shown as mean (line) ± standard 

deviation (filled area). 

 

3. Results 

3.1 pNE-mediated surface modification for Matrigel coating 

We tested the capability of pNE-coated surfaces to support hPSC culture using Matrigel as the 

ECM component and various substrates (TC-treated PS, untreated PS, glass, PDMS, and ULA 

plates) for modification. After the substrates were modified with pNE, they were washed with PBS 

to remove residual NE before Matrigel coating. Since laminin and type IV collagen are abundant 

in Matrigel, the surfaces were immunostained with an anti-laminin antibody and imaged using a 

fluorescence microscope to visualize the Matrigel coating (Figure 1a). Statistical differences in the 

fluorescence intensity of laminin immunostaining between pNE-modified and unmodified 

substrates were not found except the untreated PS and ULA (Figure 1b). The stronger intensity of 

laminin on unmodified PS is possibly due to the hydrophobic property of PS which can increase 

protein adsorption by hydrophobic interaction 34. Interestingly, laminin was observed on the pNE-

modified ULA surface, suggesting that pNE-mediated surface modification made the non-

adhesive ULA surface favorable for Matrigel coating, likely through the covalent binding of 

amines and thiols in proteins to the pNE layer. Despite the ULA surface being superhydrophilic 

and resistant to protein adsorption, the pNE and Matrigel was successfully deposited on it, 

demonstrating the versatility of this surface modification. 
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Figure 1. pNE-Mediated Surface Modification for Matrigel Coating. (a) Immunofluorescence 

images of laminin on either unmodified (PBS) or modified (pNE) substrates (TC-treated PS, 

untreated PS, glass, PDMS, and ULA surface) after Matrigel coating. Scale bars = 500 μm. (b) 

Quantification of fluorescence intensities of laminin. Background subtraction was performed for 

the mean fluorescence intensity of each image. The resulting mean intensity value was normalized 

to the mean intensity of the unmodified TC-treated surface (PBS, TC-treated). Statistical 

comparison was performed using a Student’s t-test between PBS vs pNE conditions (* p<0.05, ** 

p<0.01, n=3). 
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3.2 pNE-mediated surface modification for hPSC culture 

We next investigated the effects of pNE-mediated surface modification on hPSC culture after 

Matrigel coating. To test initial cell attachment, H9 hESCs were seeded at a high density (200,000 

cells/cm²), stained with live-dead cell dyes 6 hours post-seeding, and imaged using a fluorescence 

microscope (Figure 2a). Fluorescence intensities of the live cells on each condition were quantified 

and statistical comparison was performed between the unmodified (PBS) and pNE-modified (pNE) 

substrates (Figure 2b). Cells were not found on the unmodified ULA substrate, consistent with the 

lack of detectable adsorbed ECM proteins on this substrate. However, confluent hPSCs were 

observed on the pNE-modified ULA substrate which aligns with previous findings showing 

enhanced laminin immobilization on the pNE-modified ULA surface, supporting hPSC culture. 

Lower initial cell attachment was observed on the unmodified PDMS compared to other surfaces. 

The pNE coating made initial cell attachment on PDMS comparable to other pNE-modified and 

unmodified surfaces except the unmodified ULA. Statistical differences were not found in dead 

cell staining intensities among all the tested conditions except the unmodified ULA, which lacked 

both live and dead cells. To better quantify the cell viability, the viability of H9 hESCs 6 hours 

post-seeding was assessed using CellTiter-Glo® 2.0 Cell Viability Assay (Figure 2c). Due to the 

differences in the culture area and cell numbers in each substrate, the measured luminescence 

intensity of pNE-modified substrate was normalized to the intensity of the corresponding 

unmodified substrate (PBS). As expected, the pNE-modified ULA significantly improved the cell 

attachment and viability. 

To evaluate the effects of pNE-modified surfaces on hPSC colony formation and sustained 

culture, hPSCs were singularized and seeded at a lower density (20,000 cells/cm²), cultured for 

two days, stained with live-dead cell dyes, and imaged using a fluorescence microscope (Figure 
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2d). Fluorescence intensities of the dyes for live and dead cells were quantified and statistical 

comparison was performed between the unmodified (PBS) and pNE-modified (pNE) substrates 

(Figure 2e). As expected, no cells were observed on the unmodified ULA substrate. Very few cell 

colonies were found on the unmodified PDMS surface, suggesting that it has limited capability to 

support hPSC colony formation under the sparse and singularized condition. pNE modification 

enhanced hPSC colony formation and prolonged culture on PDMS and ULA substrates, though 

live cell fluorescence intensities on these surfaces were still lower than the other conditions. those 

on both unmodified and pNE-modified TC-treated PS, untreated PS, and glass surfaces. For both 

live cell intensity and viability analysis via CellTiter-Glo® 2.0 Cell Viability Assay (Figure 2c), 

the unmodified untreated PS showed more cells on the substrate than the pNE-modified untreated 

PS. It is possibly due to the hydrophobic characteristic of untreated PS facilitating ECM protein 

adsorption (Figure 1b) and subsequent cell attachment and growth. Like the results from the live 

cell intensity analysis, the pNE-modified PDMS and ULA improved cell viability after 3 days of 

culture. 

These results demonstrate that pNE-mediated surface modification enhanced both initial hPSC 

attachment and colony formation, particularly on PDMS and ULA surfaces. 
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Figure 2. pNE-Mediated Surface Modification for hPSC Culture. (a) Fluorescence images of 

hPSCs seeded on either unmodified (PBS) or pNE-modified (pNE) substrates (TC-treated PS, 

untreated PS, glass, PDMS, and ULA surface) stained with live-dead cell dyes 6 hours after 

seeding (200,000 cells/cm²). Scale bars = 500 μm. (b) Quantification of fluorescence intensities of 

live cell staining 6 hours after seeding. Background subtraction was performed for the mean 

fluorescence intensity of each image. The resulting mean intensity value was normalized to the 

mean intensity of the unmodified TC-treated surface (PBS, TC-treated). (c) Cell viability of hPSCs 

6 hours after seeding. The measured luminescence intensity was normalized to the intensity of the 

unmodified substrate (PBS). (d) Fluorescence images of hPSCs on either unmodified (PBS) or 

pNE-modified (pNE) substrates (TC-treated PS, untreated PS, glass, PDMS, and ULA surface) 

stained with live-dead cell dyes 2 days after seeding (20,000 cells/cm²). Scale bars = 500 μm. (e) 

Quantification of fluorescence intensities of live cell staining. Background subtraction was 

performed for the mean fluorescence intensity of each image. The resulting mean intensity value 

was normalized to the mean intensity of the unmodified TC-treated surface (PBS, TC-treated). (f) 

Cell viability of hPSCs 3 days after seeding. The measured luminescence intensity was normalized 

to the intensity of the unmodified substrate (PBS). Statistical comparison was performed using a 

Student’s t-test between unmodified (PBS) and pNE-modified (pNE) condition (* p<0.05, ** 

p<0.01, n=3). 

To assess the effects of different NE concentration on the initial cell attachment, various 

concentration of NE solution was tested for the surface modification of ULA and subsequent cell 

attachment (Figure S1). Although the reported optimal concentration of NE for surface 

modification is 2 mg/ml 22, wide range of NE concentration (0.2 mg/ml – 20 mg/ml) allowed the 

modification of ULA for the attachment of hPSCs. To better understand the initial cell attachment 
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process on pNE-modified substrate, hPSCs seeded on the unmodified and pNE-modified TC and 

ULA surface were live imaged (Movie S1, S2, S3, S4, Figure S2a, S2b). While there is no 

significant difference in the initial cell attachment dynamics between the unmodified and pNE-

modified TC-treated PS (Figure S2a), cells were not attached to the unmodified ULA and floating 

around as compared to the attached cells on the pNE-modified ULA (Figure S2b). The cells on 

both unmodified and pNE-modified substrates were cultured for 3 more days and there is no 

significant difference observed in the cell density, indicating the pNE modification on TC-treated 

PS does not affect the initial cell attachment and growth (Figure S2c). 

3.3 pNE-mediated surface modification for maintaining pluripotency 

To test whether pNE-mediated surface modification can also be used to maintain pluripotency 

of hPSCs on various substrates, hPSCs were cultured on the unmodified and pNE-modified 

substrates for 4 days and analyzed for pluripotency marker expression (Figure 3). hPSCs lost some 

extent of pluripotency on unmodified untreated PS due to its strong hydrophobicity that can 

denature essential proteins for pluripotency maintenance35. Interestingly, hPSCs cultured on the 

pNE-modified untreated PS showed similar pluripotency compared to other conditions, suggesting 

that the pNE modification helps to maintain pluripotency of hPSCs on highly hydrophobic surfaces 

(Figure 3b). 
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Figure 3. pNE-Mediated Surface Modification for Maintenance of Pluripotency. (a) Fluorescence 

images of hPSCs cultured for 4 days on unmodified or pNE-modified substrates showing the 

expression of pluripotency markers (OCT4, NANOG). Scale bars = 100 μm. (b) Flow cytometry 

analysis of hPSCs cultured for 4 days on unmodified or pNE-modified substrates showing the 

expression of pluripotency markers (OCT4, NANOG). Statistical comparison was performed 
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using a Student’s t-test between unmodified (PBS) and pNE-modified (pNE) condition (* p<0.05, 

** p<0.01, n=3). 

3.4 Effects of pNE-mediated surface modification on differentiation of hPSCs 

While the pNE coating enabled hPSC attachment on the ULA substrate, no significant effects of 

pNE modification on TC-treated surface were observed with respect to the cell attachment, growth, 

and pluripotency (Figure 2, Figure 3, Figure S2). To further evaluate the effects of pNE 

modification on their differentiation efficiency, hPSCs were differentiated into mesendoderm 

(Figure S3a), endothelial cells (Figure S3b), and cardiomyocytes (CMs) (Figure S3c). While there 

was no significant improvement in the differentiation efficiency in these three tested lineages, 

more consistence between biological replicates was observed on the pNE-modified surface as 

evidenced by the small standard deviation. This trend was also observed in the cell attachment and 

growth (Figure 2b, 2e). To assess the effects of pNE modification on the physiology of CMs, the 

differentiated CMs were stained with alpha actinin for sarcomere analysis (Figure S4a). No 

significant difference was observed in the expression profile of alpha actinin as well as the beating 

rate of CMs (Figure S4b, Movie S5, Movie S6) between PBS and pNE condition. These results 

might suggest that the pNE modification is beneficial to improve consistency of culture and 

differentiation of hPSCs, but further investigation is needed.  

 

3.5 pNE-mediated surface modification for cell patterning 

The pNE coating converted the ULA substrate from an anti-adhesive to an adhesive surface for 

ECM protein adsorption, allowing hPSC attachment. We hypothesized that patterning the ULA 

surface with pNE coating could restrict cell attachment to the patterned region, enabling cell 

patterning. To test this, NE solution was placed on a ULA surface as a droplet or confined with 
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PDMS stencil masks immediately after mixing with sodium periodate solution for NE oxidation. 

Live-dead cell dye staining showed that hPSCs were found only on the pNE-coated region, 

exhibiting patterned cell colonies (Figure 4a). Furthermore, pNE-modified ULA surfaces 

supported patterning of hPSC-derived cardiac progenitor cells (CPCs) in the same manner, 

resulting in patterned CMs on the ULA surface after culture for 7 days (Figure 4b). These results 

demonstrate that pNE-mediated surface modification allows spatially controlled cell patterning 

using pre-patterning of pNE surface modification. 
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Figure 4. pNE-Mediated Surface Modification for Cell Patterning. (a) Fluorescence images of 

patterned hPSCs. pNE was pre-patterned using various PDMS stencil masks followed by Matrigel 

coating and hPSC seeding. hPSCs were stained with live-dead cell dyes one day after seeding. 

Scale bars = 500 μm. (b) Fluorescence images of patterned CMs. pNE was pre-patterned using 

various PDMS stencil masks followed by Matrigel coating and CPC seeding. CPCs were stained 

with cTnT and Hoechst 7 days after seeding. 

 

3.6 Effects of cell patterning on differentiation of hPSCs 

Pattern formation is crucial during human development, yet addressing this spatial event in vitro 

is challenging as typical 2D hPSC differentiation lacks spatial control over cell culture. Utilizing 

the spatial confinement of cells on the pNE-coated ULA surface allows cell patterning and 

investigating its effects on hPSC differentiation. pNE were patterned as droplet or star-shaped on 

ULA surface and hPSC were seeded on the pNE-modified patterns. The cells were differentiated 

into mesoderm lineage by treating with CHIR99021, a Wnt activator, and immunostained for 

BRACHYURY (BRA), a mesendoderm marker. Interestingly, BRA expression was restricted to 

the edges of cell patterns where cell growth was restrained by the ULA substrate (Figure 5a). BRA 

expression was highest within approximately 100 μm of the edge. It has been reported that BRA 

represses E-CADHERIN (E-CAD) expression by binding to its promoter36. As expected, E-CAD 

expression was suppressed at the periphery of cell patterns. This effect was observed regardless of 

macroscopic pattern shapes, even in asymmetric star pattern (Figure 5b), but not at the edges of a 

well where cell growth was physically blocked by the well walls (Figure 5c). When patterned 

hPSCs were differentiated into endothelial cells, endothelial markers CD34 and CD31, were 

predominantly found at the pattern periphery (Figure 6a). This phenomenon was observed in 
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asymmetric geometries, such as star pattern (Figure 6b). The patterned hPSCs were also further 

differentiated into CMs (Figure S5). Similarly, more cTnT expression were found at the pattern 

periphery, but cell detachment occurred due to the beating phenotype of CMs.  

Symmetric patterns are typically observed in geometrically confined hPSC colonies during self-

organization, but asymmetric organization is also observed during development, especially within 

the axis formation37. While the pattern formation is generally guided by morphogen gradients, it 

has been reported that different geometries also influence the asymmetric pattern formation of 

early hPSC differentiation in vitro38. The versatility of this approach in creating various 

geometries, both symmetric and asymmetric, may be useful for studying pattern formation with 

hPSCs. 
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Figure 5. The Effects of pNE-Mediated Cell Patterning on Mesoderm Differentiation from hPSCs. 

(a) Fluorescence images of droplet-patterned cells. hPSCs were differentiated into mesoderm by 

Wnt activation on day 0. Differentiated cells were immunostained on day 2 for BRACHYURY 

(BRA) and E-CADHERIN (E-CAD). Expression profiles of BRA and E-CAD were analyzed with 

normalized fluorescence intensity. Images of three independent patterns were aligned and assessed 

by setting the peak expression of BRA on the x-axis as a reference point (distance 0). (b) 

Fluorescence images of star-patterned cells. (c) Fluorescence images of differentiated cells (day 

2) at the edge of pNE-coated ULA well. Scale bars = 500 μm. 
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Figure 6. The effects of pNE-Mediated Cell Patterning on Endothelial Cell Differentiation from 

hPSCs. (a) Fluorescence images of droplet-patterned cells. hPSCs were differentiated into 

endothelial cells by Wnt activation on day 0 and subsequent treatment with VEGF from day 2. 

Differentiated cells were immunostained on day 4 for CD34 and CD31. Expression profiles of 

CD34 and CD31 were analyzed with normalized fluorescence intensity. Images of three 
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independent patterns were aligned and assessed by setting the peak expression of CD34 on the x-

axis as a reference point (distance 0). (b) Fluorescence images of star-patterned cells. Scale bars = 

500 μm. 

 

4. Discussion 

In this study, we presented a surface modification strategy using pNE coating for hPSC culture 

and differentiation on substrates not previously amenable to ECM protein adsorption, thus fail to 

support cell attachment or maintain pluripotency. We also demonstrated that this strategy can be 

used for cell patterning when pNE is pre-patterned on a non-adhesive substrate followed by ECM 

coating. 

Poly(catecholamine) materials like poly(dopamine) (pDA) and pNE have been extensively 

studied for substrate-independent surface modification, enabling the immobilization and delivery 

of bioactive molecules such as peptides28, growth factors39, polysaccharides40, and viruses41. 

Immobilization of peptides and ECM proteins for hPSC culture on pDA-coated substrates has been 

reported28–32, but the use of pNE coating on ULA surfaces for hPSC culture had not been previously 

reported. 

Our findings indicate that pNE coating effectively modifies ULA substrates for enhanced ECM 

protein immobilization, facilitating hPSC attachment and growth. Unlike TC-treated PS, untreated 

PS, and glass, the unmodified PDMS substrate showed significantly lower initial cell attachment 

and hPSC colony formation after two days of culture, while pNE-modified PDMS showed 

increased cell attachment and growth. Although significant difference was not detected in laminin 

staining between PDMS and other substrates, the overall amount of ECM proteins on the PDMS 

substrate may differ between the unmodified and pNE-modified conditions as Matrigel contains 
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other ECM proteins such as collagen. PDMS is widely used in microfluidic device construction 

due to its biocompatibility, optical transparency, and ease of fabrication42. However, its high 

hydrophobicity, which is not optimal for cell adhesion and growth, necessitates surface 

modification strategies for its use in microfluidic technology43. pDA-mediated surface 

modification of PDMS has been shown to improve cell adhesion and growth44,45 and promote ECM 

protein deposition for cell culture27,46. Our study demonstrated that pNE coating on PDMS 

enhances initial hPSC attachment and subsequent colony formation, consistent with previous 

studies. pNE coating is suggested to enhance ECM protein immobilization via covalent 

conjugation between proteins and the pNE film. Additionally, pNE can render substrates more 

hydrophilic due to the presence of hydroxyl groups and secondary amines44,45, further aiding 

protein adsorption to the modified surface. This was also demonstrated by the improved 

pluripotency of hPSCs cultured on the pNE-modified untreated PS surface compared to the hPSCs 

cultured on the unmodified hydrophobic PS. While there was no significant improvement in cell 

attachment, growth, and differentiation efficiency of hPSCs on pNE-modified TC-treated substrate 

compared to the unmodified surface, some of the results possibly indicate that the pNE 

modification may be helpful to achieve homogeneity of cellular outcomes. 

We utilized the non-adhesive property of the ULA surface along with pNE coating to achieve 

cell patterning. Spatial patterning of hPSCs can be used to study the effects of asymmetrical 

confinement on hPSC colonies, addressing issues such as cell fate heterogeneity and spatial cell 

polarization38,47–49. PDMS stencil masks with various shapes were used to confine NE solutions to 

specific parts of the ULA surface, resulting in patterned hPSCs. The ULA surface prevents 

attachment of cell-secreted ECM proteins to unmodified areas, making studies of spatial effects 

on hPSC fate or differentiation more feasible with this simple pNE-ULA cell patterning method. 
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Indeed, patterned cells on ULA were differentiated into mesendoderm, and spatial heterogeneity 

of differentiated cells was evaluated. On day 2, BRA expression was restricted to the pattern 

periphery, consistent with previous reports where differentiated hPSCs from micropatterned 

colonies showed localized BRA expression at the colony periphery48. This study suggested that 

areas with elevated integrin adhesion-mediated contractile stresses, such as colony edges, have 

activated myosin II localized to the actomyosin contractile cable rather than the E-CAD adherens 

junction network, resulting in mesendoderm differentiation. When localized mesoderm was further 

differentiated into endothelial cells and CMs, the cell fate profile was maintained, indicated by 

CD34, CD31, and cTnT expression at the pattern periphery. 

We also demonstrated that CMs can be patterned directly from hPSCs and from hPSC-derived 

CPCs. Previous studies have reported that the geometries of hPSC colonies influence the 

generation of patterned cardiac organoids50,51. Additionally, the width of rectangular micropatterns 

has been shown to affect the cell alignment and sarcomere formation of hPSC-derived CMs52. Our 

pNE-mediated surface modification approach could offer a simple method to investigate the 

effects of spatial patterning on CM function and physiology. It is noteworthy that NE, as a 

neurotransmitter, plays a significant role in CM physiology53. NE released by neurons modulates 

CM electrophysiology and excessive NE concentration may be involved in cardiovascular 

diseases54. While we expect no residual NE after substrate modification, as NE undergoes active 

oxidation and tautomerization to form a polymerized form22 and the limited analysis on CM 

physiology on unmodified and pNE-modified substrate suggested no significant change in the 

characteristics of these CMs, additional verification is needed to evaluate the effects of pNE-

modified substrates on CM physiology. 
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5. Conclusions 

Overall, pNE-mediated surface modification enables hPSC culture and differentiation on various 

materials not previously suitable for hPSC culture in a simple and versatile manner. This technique 

provides opportunities to study the effects of different surface properties on hPSC physiology and 

the application of hPSCs in various tissue engineering constructs. Additionally, with non-adhesive 

substrates, pNE coating allows easy cell patterning to study aspects of cellular functions, including 

differentiation, in a spatially controlled context. 
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