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Abstract

Polyacrylamide hydrogels have been widely used in stem cell mechanotransduction studies. 

Conventional conjugation methods of biochemical cues to polyacrylamide hydrogels suffer from 

low conjugation efficiency, which leads to poor attachment of human pluripotent stem cells 

(hPSCs) on soft substrates. In addition, while it is well-established that stiffness-dependent 

regulation of stem cell fate requires cytoskeletal tension, and is mediated through nuclear 

translocation of transcription regulator, Yes-associated protein (YAP), the role of biochemical cues 

in stiffness-dependent YAP regulation remains largely unknown. Here we report a method that 

enhances the conjugation efficiency of biochemical cues on polyacrylamide hydrogels compared 

to conventional methods. This modified method enables robust hPSC attachment, proliferation and 

maintenance of pluripotency across varying substrate stiffness (3 kPa to 38 kPa). Using this 

hydrogel platform, we demonstrate that varying the types of biochemical cues (Matrigel, laminin, 

GAG-peptide) or density of Matrigel can alter stiffness-dependent YAP localization in hPSCs. In 

particular, we show that stiffness-dependent YAP localization is overridden at low or high density 

of Matrigel. Furthermore, human mesenchymal stem cells display stiffness-dependent YAP 

localization only at intermediate fibronectin density. The hydrogel platform with enhanced 

conjugation efficiency of biochemical cues provides a powerful tool for uncovering the role of 

biochemical cues in regulating mechanotransduction of various stem cell types.
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1. Introduction

Stem cells reside in a complex multifactorial niche that includes biochemical and 

mechanical cues[1–3]. Using biomaterials such as hydrogels as an artificial niche, recent 

studies have shown that stem cells can sense the stiffness of their niche, which in turn 

modulates stem cell lineage specification[1,4,5]. To elucidate the role of matrix stiffness in 

regulating stem cell fates, polyacrylamide hydrogels have been widely employed as 

substrates for stem cell culture given their ease of fabrication and tunable stiffness[6–11]. 

Substrate stiffness has been shown to regulate cellular adhesion, spreading, proliferation, 

and differentiation[12–15]. Specifically, substrates with stiffnesses mimicking distinct tissue 

types induce both adult and pluripotent stem cell (PSC) differentiation toward corresponding 

tissue lineages[6,16,17].

Stiffness-dependent regulation of stem cell fate requires cytoskeletal tension and is mediated 

through the activation and localization of the nuclear transcription regulator, Yes-associated 

protein (YAP)[18]. Previous studies have shown that stem cells cultured on stiff substrate 

organize F-actin bundles, generate cytoskeletal tension, which leads to translocation of YAP 

into nucleus for downstream gene activation for osteogenesis[18,19]. However, how varying 

the types and density of biochemical ligands impact stiffness-induced YAP translocation in 

stem cells remains unclear. Such gap in knowledge is in part due to the low conjugation 

efficiency of biochemical cues to polyacrylamide hydrogels, which limits the range of ligand 

density that can be tested. Unlike human mesenchymal stem cells (hMSCs), human 

pluripotent stem cells (hPSCs) require higher density of cell adhesion for efficient 

attachment and spreading. Due to the low protein conjugation efficiency using conventional 

protocol, hydrogels that support robust attachment of hMSCs were shown to be insufficient 

in supporting attachment of undifferentiated hPSCs on soft substrate[12,16]. As a result, 

previous mechanotransduction studies on stem cells mostly utilize hMSCs, and the progress 

in elucidating mechanotransduction in hPSC is limited due to the lack of biomaterials tool 

that supports robust hPSC attachment on substrate with tunable stiffness.

To provide cell adhesion cues on polyacrylamide hydrogels with tunable stiffness, current 

standard method utilizes a heterobifunctional crosslinker, sulfosuccinimidyl-6-(4'-azido-2'-

nitrophenylamino) hexanoate (sulfo-SANPAH), to link proteins onto polyacrylamide 

hydrogels[6,9,20]. While this method supports adhesion of differentiated cells or adult stem 

cells[6–8], the conjugation efficiency is not high enough to support efficient attachment of 

human embryonic stem cells on soft polyacrylamide hydrogels coated with Matrigel[12,16]. 

As a bi-functional crosslinker, sulfo-SANPAH contains an NHS ester group for linking with 

the primary amine on proteins, and a phenyl azide group that can be photo-activated to react 

and immobilize to polyacrylamide hydrogel substrate. When activated, phenyl azide undergo 

ring expansion to form a nucleophile-reactive dehydroazepine, which has high reactivity 

with nucleophiles such as amines though it can also insert non-selectively at active carbon–

hydrogen bonds with substantially lower efficiency[21]. For polyacrylamide hydrogels, the 

incorporation efficiency using sulfo-SANPAH is low due to the lack of nucleophiles. To 

enhance the protein conjugation efficiency to polyacrylamide hydrogels, a recent study used 

2-pyridinecarboxyaldehyde for conjugating proteins to polyacrylamide hydrogels [22]. 
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Pyridinecarboxyaldehyde was used to replace the NHS ester to improve the stability of the 

crosslinker. However, this method still uses phenyl azide for immobilization, and the 

limitation of low efficiency of phenyl azide incorporation onto polyacrylamide hydrogels 

remains. Furthermore, unreacted excessive aldehyde may lead to non-specific conjugation of 

other proteins present in the medium onto polyacrylamide hydrogels, causing undesirable 

fouling effects and making it difficult to interpret cell responses.

Here we report a strategy to substantially improve the conjugation efficiency of biochemical 

cues onto polyacrylamide hydrogels by introducing primary amines as nucleophiles onto 

polyacrylamide hydrogels. We hypothesized that addition of primary amine groups to 

polyacrylamide hydrogels would enhance incorporation of sulfo-SANPAH, thereby 

enhancing conjugation efficiency of proteins of interests. Conjugation efficiency of proteins 

on polyacrylamide hydrogel substrates was characterized and compared against the 

conventional protocol [9]. Subsequently, we examined the effect of the enhanced 

biochemical coating on the efficiency of supporting undifferentiated hPSC attachment, 

proliferation and maintenance of pluripotency. We further sought to elucidate the role of 

varying ligand types and density in modulating stiffness-induced cytoskeletal organization 

and YAP translocation in hPSCs and hMSCs.

2. Materials and methods

2.1. Fabrication of polyacrylamide hydrogels coated with varying types and dosage of 
biochemical cues.

Polyacrylamide hydrogels with three stiffnesses (3, 14 and 38 kPa) were fabricated by 

mixing acrylamide solution (Sigma A4058,40% (v/v)) and N,N′-methylenebisacrylamide 

solution (Sigma M1533, 2% (v/v)) to achieve the final concentrations of acrylamide (8% 

(v/v)) and bisacrylamide (0.08, 0.2, 0.48% (v/v)). To enhance the efficiency of protein 

conjugation, 2-aminoethyl methacrylate (Aldrich 516155, 15 mM in deionized water) was 

added to the polyacrylamide precursor solution. To initiate photocrosslinking, photoinitiator 

2-hydroxy-1-[4-(2-hydroxyethoxy) phenyl]-2-methyl-1-propanone (Irgacure 2959, Ciba, 

0.05% (w/v)) was also added to the precursor solution. Hydrogel precursor solution (65 μl) 

was loaded between two 15 mm glass coverslips and exposed to light (365 nm, 4 mW/cm2) 

for 5 min. After removing the bottom coverslip, the top coverslip-gel composite was rinsed 

in phosphate-buffered saline (PBS, pH 7.4, Life Technologies 10010). The hydrogel surface 

was subsequently modified with the heterobifunctional crosslinker sulfo-SANPAH (Life 

Technologies 22589, 0.83 mg/ml in PBS) to introduce NHS groups via exposure to light 

(365 nm, 4 mW/cm2) for 5 min. Next, the hydrogels were quickly washed with PBS and 

incubated overnight at 37 °C with solutions of the following protein types and 

concentrations: Matrigel (BD Biosciences 356230), 1:40 dilution in Knockout DMEM:F12 

(Life Technologies 12660); rhLaminin (Corning 354221), 15 μg/ml in PBS; mouse laminin 

(Sigma L2020), 15 μg/ml in PBS; recombinant human vitronectin (Life Technologies 

A14700), 5 μg/ml in PBS; human collagen IV (Sigma 6745), 15 μg/ml in PBS; or human 

fibronectin (BD Biosciences 354008), 1, 4, 7, 10 μg/ml in PBS. Matrigel was also further 

diluted to 1:400 and 1:1000 to examine its dosage effect on modulating hPSC 

mechanosensing. For GAG peptide-conjugated polyacrylamide hydrogels, same process was 

Lee et al. Page 3

Biomaterials. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



followed but the crosslinker was switched from sulfo-SANPAH to sulfo-MBS (Life 

Technologies 22312, 10 mM in PBS). Sulfo-MBS solution (200 μl) was added and incubated 

for 30 min at 37 °C to introduce maleimide groups. Then, the gels were washed with PBS 

three times for 10 min. GAG-peptide solution (CGKKQRFRHRNRKG, Biomatik Corp., 1 

mM in PBS, 150 μl) was loaded onto the hydrogels and incubated for 30 min at 37 °C. 

Hydrogels were washed with PBS to remove unconjugated peptide, then incubated with 

cysteine solution (0.1 M in PBS, 200 μl) for 30 min at 37 °C to block unreacted maleimide 

groups. After overnight incubation at 37 °C, hydrogels modified with various biochemical 

cues were washed with PBS and used for characterization or cell plating.

2.2. Mechanical testing.

The stiffnesses of polyacrylamide hydrogels were measured using atomic force microscopy 

(Park System NX10). Hydrogels were immersed in PBS and indented with a colloidal 

cantilever (CP-PNP-SiO, NanoAndMore) with a force constant of 0.08 N/m at an 

indentation speed of 1 μm/s. Young’s modulus was calculated by fitting the force-

indentation profile (200 pN – 2 nN) to a Hertzian model[23].

2.3. Characterizing the effect of primary amine addition on protein conjugation.

To evaluate the efficiency of protein conjugation, FITC-BSA (Life Technologies A23015, 1 

mg/ml in PBS) was used as a model protein, and was coated onto hydrogel with three 

stiffnesses (3, 14 and 38 kPa) following the protocol described above. To determine the 

effect of primary amine addition on protein conjugation efficiency, FITC-BSA was also 

conjugated onto polyacrylamide hydrogels with tunable stiffness following the conventional 

protocol without primary amine[9]. For fibronectin dosage experiment, immunostaining was 

performed on hydrogels coated with various fibronectin concentrations (1, 4, 7 and 10 

μg/ml) using our modified protocol. Fibronectin coated with conventional protocol was also 

included as a control using 0 or 10 μg/ml protein. After overnight incubation with protein 

solution, the hydrogels were washed extensively with PBS. To visualize the fibronectin 

incorporation onto the hydrogels, hydrogels were stained for fibronectin according to the 

immunocytochemistry protocol below. Hydrogels were imaged in a gel imaging system 

using Alexa 488 (Bio-Rad ChemiDoc™ MP with Blue Epi Illumination). To analyze the 

images, a region of interest was selected and applied to each hydrogel to measure the 

fluorescence intensity of each hydrogel (n=3 per group) and the average of the mean gray 

value was plotted using Fiji.

2.4. Cell culture.

A human embryonic stem cell line, H9 (WiCell Research Institute) was used as a model cell 

line for hPSCs. H9 cells were expanded on Matrigel (1:40 in Knockout DMEM:F12)-coated 

tissue culture plates in mTeSR1 medium (Stemcell Technologies 05857). For plating cells on 

polyacrylamide hydrogels, H9 cells were detached from Matrigel-coated tissue culture 

plastic using Accutase (Stemcell Technologies 07920) for 5 min at 37 °C. Cells were 

resuspended in mTeSR1 medium and centrifuged at 200 × g for 5 min. Cells were then 

resuspended in mTeSR1 medium supplemented with thiazovivin (Stemgent, 2 uM in 

mTeSR1) and plated on the hydrogels at 8,000 cells/cm2. Cells were incubated at 37 °C with 

5% CO2, and the medium was refreshed with mTeSR1 medium without thiazovivin daily. 
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Human MSCs were purchased from Lonza and expanded in growth medium composed of 

Dulbecco’s Modified Eagle Medium (Gibco), fetal bovine serum (10% v/v, Gibco), 

penicillin-streptomycin (1% v/v, ThermoFisher Scientific), and recombinant human 

fibroblast growth factor-basic (10 ng/ml, Peprotech). Passage 6 hMSCs were plated at 2,500 

cells/cm2 on the hydrogels. All stem cells were cultured on hydrogels coated with various 

biochemical cues and stiffnesses for 2 days before being fixed for outcome analyses using 

immunostaining.

2.5. Immunocytochemistry.

Cells were fixed with 4% paraformaldehyde for 15 min at room temperature, washed three 

times with washing buffer (0.1% Tween-20), and permeabilized with 1% Triton X-100 for 

30 min at room temperature. Cells were then incubated with blocking buffer (3% BSA and 

2% goat serum in PBS) for 30 min at room temperature. The following primary antibodies 

were used including rabbit Oct4 (Abcam 19857, 5 μg/ml), mouse Tra1-60 (Abcam 16288, 

1:50 dilution), mouse YAP (Santa Cruz Biotechnology sc-101199, 1:300 dilution), rabbit 

Ki-67 (Abcam ab15580, 1:500 dilution), mouse vinculin (Abcam 18058, 1:100 dilution), 

rabbit fibronectin (Abcam ab2413, 1:100 dilution). Cells were incubated with primary 

antibody solution overnight at 4 °C or 1 h at room temperature on a shaker. Cells were 

washed with washing buffer for 5 min at room temperature three times, then incubated with 

secondary antibodies for 1 h at room temperature on a shaker. The following secondary 

antibodies were used including Alexa 488 Goat-antimouse (Invitrogen A11001, 1:300 

dilution), rhodamine goat-anti-rabbit (Millipore AP132, 1:300 dilution). For cytoskeletal 

staining, cells were incubated with rhodamine-phalloidin (Sigma P1951, 1:100 dilution) for 

1 h at room temperature. Cell nuclei were stained using Hoechst dye (Cell Signaling 

Technology 4082S, 2 μg/ml in blocking buffer). Results were imaged using a confocal 

microscope (40x oil immersion, Leica SP8 confocal system) and analyzed using open source 

Fiji software. To quantify nuclear YAP localization within a cell, we used the method 

outlined previously[24]. Briefly, percentage of nuclear YAP was assessed by measuring the 

fluorescent intensity of a region of the nucleus and that of a region with the equal size in the 

cytoplasm. The corresponding Hoechst staining image was used to delineate the nuclear 

regions. Quantifications were performed with at least 14 cells per group.

2.6. Quantification of H9 cell number over time.

To examine the effect of substrate stiffness on H9 proliferation, H9 cells were cultured on 

Matrigel-coated hydrogels with tunable stiffness (3, 14 and 38 kPa) and tissue culture plastic 

(TCP). Total DNA amount was quantified daily for up to 3 days. Briefly, H9 cells were 

detached from the substrate using Accutase and collected via centrifugation for 5 min at 200 

× g. The supernatant was removed and cells were resuspended in Ultrapure RNase/DNase-

free distilled water (Life Technologies 10977). Samples were frozen at −80 °C for 30 min, 

then thawed at room temperature for 30 min. The freeze-thaw cycle was repeated three times 

in total. After the last freeze-thaw cycle, the samples were centrifuged at 200 × g for 5 min 

and DNA-containing supernatant was saved for total DNA quantification via PicoGreen 

assay (Life Technologies P7589).
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2.7. Statistics.

Data are presented as mean ± standard error of means. For between-group comparisons, data 

were analyzed with GraphPad Prism 6.01 using one-way ANOVA by Tukey’s multiple 

comparisons test or two-way ANOVA by Bonferroni’s multiple comparisons test. 

Confidence intervals were kept at 95%, and P-values less than 0.05 were considered 

statistically significant.

3. Results

3.1. Primary amine enhanced the protein conjugation efficiency on polyacrylamide 
hydrogels

To enhance the conjugation efficiency of sulfo-SANPAH on polyacrylamide hydrogel 

substrates, primary amine groups were introduced on the hydrogel surface using 2-

aminoethyl methacrylate. Given its nucleophilicity, the primary amine group has higher 

binding efficiency with the nitrophenyl azide group in sulfo-SANPAH than the amide group 

in unmodified polyacrylamide (Figure 1a). Using atomic force microscopy and rheological 

measurements, we selected three hydrogel formulations that captured a stiffness range (3, 

14, and 38 kPa) comparable to that used in previous investigations (Figure 1b, Figure S1a)

[12,16,17]. Furthermore, we confirmed that introducing primary amines by adding 

aminoethyl methacrylate into polyacrylamide precursor did not change the stiffness of the 

hydrogel (Figure S1b). Polyacrylamide hydrogels conjugated using conventional method 

showed clear color. In contrast, our modified method resulted in orange color of 

polyacrylamide hydrogels after sulfo-SANPAH incubation, indicating a much higher level of 

sulfo-SANPAH incorporation (Figure 1c). To quantify the amount of protein conjugation, 

fluorescein isothiocyanate-bovine serum albumin (FITC-BSA) was used as a model protein 

for conjugation. The modified polyacrylamide hydrogels led to 10-fold higher amount of 

fluorescence signals than conventional method (Figure 1d,e), suggesting enhanced sulfo-

SANPAH incorporation through primary amine. In addition, we also collected the 

supernatant containing unconjugated sulfo-SANPAH and FITC-BSA from modified 

polyacrylamide hydrogels and conventional polyacrylamide hydrogels after overnight 

incubation. The supernatant was yellow from modified polyacrylamide hydrogels and 

orange from unmodified hydrogels (Figure S1c), further confirming that our modified 

method incorporated more sulfo-SANPAH onto the hydrogel.

3.2. Polyacrylamide hydrogels with enhanced protein conjugation support robust hPSC 
attachment, proliferation, and self-renewal on hydrogels across a broad range of 
stiffnesses

To examine the effect of substrate stiffness on hPSC fates, we chose a widely used human 

embryonic stem cell line (H9) as a model cell line for hPSCs. Various ECM proteins have 

been used to help hPSC attachment and self-renewal on tissue culture plastic including 

Matrigel, recombinant human laminin α5β2γ1, mouse laminin, recombinant human 

vitronectin, and human collagen IV[25–27]. We chose Matrigel due to its efficacy to support 

H9 attachment with high efficiency and reproducibility (Figure S2). When undifferentiated 

H9 cells were plated on polyacrylamide hydrogels with enhanced Matrigel coating, H9 

attachment was robust and comparable across the range of stiffnesses tested (3–38 kPa, 
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tissue culture plastic ~ GPa) (Figure 2a). In agreement with bright-field images (Figure 2a), 

DNA assay confirmed comparable number of cells attached at day 1 on all four hydrogels 

tested (Figure 2b). Given that high proliferation capacity is a hallmark of undifferentiated 

hPSCs, the effect of substrate stiffness on cell proliferation was examined by quantifying 

total cell number and the percentage of cells undergoing active division. Regardless of 

substrate stiffness, the proliferation of H9 cells on hydrogels coated with Matrigel were 

comparable to those grown on tissue culture plastic until confluency (day 3) (Figure 2b). In 

addition, 100% of H9 cells were undergoing active division, as shown by Ki-67 

expression[28], regardless of substrate stiffness (Figure 2c).

Next, we evaluated the effect of substrate stiffness on the maintenance of H9 cell 

pluripotency by immunostaining of Oct4 and Tra1-60, two pluripotency markers of hPSCs. 

When H9s were cultured on hydrogels with high density of Matrigel coating, all cells 

stained positive for both pluripotency markers on all three hydrogel formulations with 

stiffnesses ranging from 3 kPa to 38 kPa (Figure 2d). We then examined the organization of 

filamentous actin (F-actin) and the localization of YAP when hPSCs were cultured on 

modified soft hydrogels (3 kPa) versus stiff hydrogels (38 kPa). As expected, H9 cells grown 

on stiff hydrogels (38 kPa) showed filamentous F-actin and translocated YAP into the 

nucleus (Figure 2e). Interestingly, cells grown on soft substrate (3 kPa) also assembled actin 

filaments and translocated YAP into the nucleus (Figure 2e). These results suggest that when 

plated on hydrogels with high density of Matrigel, hPSCs sense soft substrate as if they were 

cultured on a stiff substrate.

3.3. Stiffness-dependent YAP regulation in stem cells depends on the biochemical ligand 
density

Previous reports examined the effect of substrate stiffness on hPSC self-renewal using 

Matrigel or GAG-derived peptide as biochemical cues on polyacrylamide hydrogels[12,17]. 

We chose three types of biochemical cues including Matrigel and GAG-derived peptides 

from the previous reports, and recombinant human laminin-521 (rhLaminin). We included 

rhLaminin because it is a major component of Matrigel and supports H9 attachment on 

hydrogel substrate (Figure S2). Sulfo-SANPAH was used to conjugate Matrigel and 

rhLaminin, and m-maleimidobenzoyl-N-hydroxysulfosuccinimide ester (sulfo-MBS) was 

used to conjugate cysteine-containing GAG peptides. When H9 cells were cultured on 

Matrigel-conjugated substrates using our enhanced conjugation protocol, H9 cells exhibited 

high nuclear YAP on both soft (3 kPa) and stiff (38 kPa) hydrogels. In contrast, when H9 

cells were cultured on hydrogels modified with rhLaminin- or GAG-peptide, stiffness-

induced YAP localization was observed: cytoplasmic YAP localization when cultured on soft 

hydrogels and nuclear YAP localization when cultured on stiff hydrogels (Figure 3a, c). 

Since rhLaminin is one component of Matrigel and GAG-peptide is a short peptide from 

full-length glycoprotein, vitronectin[12], we further asked a question on potential role of 

biochemical ligand density in YAP translocation. To examine the effect of varying ligand 

density on stiffness-induced YAP translocation in H9 cells, we cultured H9 cells on 

polyacrylamide hydrogels coated with varying concentration of Matrigel. Interestingly, 

stiffness-induced YAP nuclear translocation in hPSCs was only observed when cultured on 

hydrogels coated with intermediate concentration of Matrigel (Figure 3b, d). In contrast, 
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when H9 cells were cultured on hydrogels coated with low or high density of Matrigel, YAP 

regulation is dominated by biochemical cues and stiffness-induced YAP translocation 

response disappeared. Specifically, low Matrigel density always induced low nuclear YAP 

whereas high Matrigel density always induced high nuclear YAP (Figure 3b, d). F-actin 

staining revealed that nuclear localization pattern of YAP in response to substrate stiffness 

and ligand density correlated with spreading and morphology of H9 cells (Figure 3b). Taken 

together, our findings demonstrate that YAP regulation and mechanotransduction of hPSCs 

depend not only on hydrogel stiffness, but also on the density of biochemical cues.

In addition to hPSCs, we also examined hMSCs to assess whether ligand density impacts 

stiffness-induced YAP localization and mechanotransduction in adult multipotent stem cells. 

For mechanotransduction studies of hMSCs, fibronectin has been widely used as a 

biochemical cue to support cell adhesion[6,8,19,29]. Four concentrations of fibronectin 

solution were used for conjugation (1, 4, 7, 10 μg/ml). To quantify the amount of fibronectin 

incorporated onto hydrogels, HiLyte™ 488-labeled fibronectin was used to correlate 

fluorescent intensity to fibronectin amount (Figure S3). Our results showed that ~ 50-130% 

more fibronectin was incorporated using our modified method compared to the conventional 

method when the same concentration of fibronectin solution was used (10 μg/ml) (Figure 

S3c). Using the standard curve (Fig. S3b), we calculated that increasing the concentration of 

fibronectin solution (1 – 10 μg/ml) resulted in non-linear increase in the amount of 

incorporated fibronectin (~ 5 – 140 ng/cm2). Similar to the trend observed in hPSCs (Figure 

3), stiffness-induced YAP nuclear translocation in hMSCs was only observed when hMSCs 

were cultured on hydrogels coated with intermediate concentration of fibronectin (~ 10 – 67 

ng/cm2) (Figure 4). Regardless of stiffness tested (3, 38kPa), low fibronectin density (< 10 

ng/cm2) induced low nuclear YAP whereas high fibronectin density (>100 ng/cm2) induced 

high nuclear YAP (Figure 4a, b, S3). It is important to note that protein concentration in the 

solution used for conjugation does not reflect the actual amount of proteins incorporated as 

it is dependent on conjugation efficiency. Since the actual fibronectin incorporated using 

conventional method is lower, hMSCs displayed stiffness-dependent YAP localization when 

polyacrylamide hydrogels were coated with higher concentration of fibronectin solution (10 

μg/ml) (Figure 4). Together, these results further support that adding 2-aminoethyl 

methacrylate help enhance the incorporation efficiency of fibronectin.

Given it has been demonstrated that cell shape can modulate YAP activity[18], we examined 

the correlation between cell spreading and YAP localization in response to varying ligand 

density. Our results show that high cell spreading (over ~ 1400 μm2) generally correlates 

with YAP nuclear translocation (Figure S5).

4. Discussion

Substrate stiffness can modulate cell behaviors including spreading, migration, and 

differentiation[6,7,30]. It has been well established that cells use integrin-mediated 

adhesions to bind to various ECM ligands, and exert tractional forces against these 

adhesions to probe the physical properties of the cell niche[14,31]. Previous studies have 

shown that varying integrin type, density and spatial distribution can modulate how a cell 

responds to the matrix stiffness[31–33]. A recent study has identified YAP as an important 
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transcriptional regulator in translating stiffness signal[18]. While cell responses to changes 

in ECM stiffness as a function of ligand presentation (type, density, and/or clustering) have 

been widely appreciated and documented in the literature for quite some time[31–33], how 

varying ligands modulate YAP translocation remains largely unknown. The present study 

seeks to examine whether stiffness-induced YAP localization also depends on types and 

concentration of biochemical ligands. To answer this question, we first develop a method to 

fabricate polyacrylamide hydrogel substrate with high protein conjugation efficiency and 

broad biochemical coating range. Specifically, we show that introduction of primary amine 

to polyacrylamide hydrogels significantly enhances the conjugation efficiency of ECM 

proteins compared to conventional protocol (Figure 1, S1, S3). Using sulfo-SANPAH or 

sulfo-MBS as crosslinkers, we demonstrate efficient conjugation of several biochemical cues 

including Matrigel, rhLaminin, fibronectin, and GAG-derived peptide that have been used 

for previous stem cell mechanotransduction studies. The enhanced protein conjugation 

allowed robust attachment of undifferentiated hPSCs, even on soft polyacrylamide hydrogel 

substrates, thereby enabling mechanotransduction studies of hPSCs as well as hMSCs. 

Given that primary amine groups are widely utilized for conjugation with numerous 

chemical groups including NHS esters and phenyl azides[21], this method enables the 

conjugation of a variety of proteins or peptides of interest. We further characterized the 

homogeneity of incorporated ligand using image analysis, and showed fibronectin 

incorporation was homogeneous (Figure S4a-c). In contrast, hydrogel surface conjugated 

with high density of Matrigel™ (1:40 dilution) was inhomogeneous (Figure S4d,e). Unlike 

fibronectin, Matrigel™ is composed of 60% laminin, 30% collagen IV, 8% entactin, and 

hundreds of other proteins. We speculate the inhomogeneity may have resulted from 

physical interactions among proteins within Matrigel, which can form bundles in the 

solution before get conjugated to hydrogel surface. In fact, previous studies using collagen I 

coating also typically showed inhomogeneous bundle formation on the hydrogel surface 

[29,8]. Furthermore, entactin is known to act as a crosslinking molecule to bridge laminin 

and collagen IV in basement membrane. At high concentration, different components within 

Matrigel™ may crosslink, which further increases the inhomogeneity.

Using our modified method, we uncovered the crucial role of ligand density in stiffness-

dependent YAP regulation. For example, when hPSCs were cultured on the substrate with 

low concentration of Matrigel, we observed low levels of nuclear YAP localization 

regardless of substrate stiffness. A similar trend was observed in hMSCs as well, when 

hydrogels were coated with low concentration of fibronectin. In sum, our results reveal that 

the biochemical ligand density can influence YAP regulation and even override the effect of 

stiffness. To further examine whether ligand density alters YAP nuclear translocation 

through cell spreading, cell projection area was quantified. Our results showed increased cell 

spreading generally correlated with YAP nuclear translocation (Figure 4, S5a). This is in an 

agreement with a previous study where an increase in spreading of hMSCs strongly 

correlated with increasing nuclear YAP expression[18]. However, there were some 

exceptions for hMSCs cultured on stiff hydrogels with low density of fibronectin (38 kPa, 

FN 1 μg/ml), which showed cell spreading but cytoplasmic YAP (Figure S5b). It is well 

established that the stiffness-sensing mechanism is a complex, dynamic process involving F-

actin organization, focal adhesion stabilization, actomyosin contractility, and cytoskeletal 
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tension generation, which is required for YAP nuclear translocation[14,18,24,34–37]. We 

further demonstrate that high nuclear YAP groups (3kPa-FN10 μg/ml and 38kPa-4,7,10 

μg/ml) can induce vinculin localization (Figure S6). This suggests that ligand density 

cooperates together with stiffness to induce formation of focal adhesion complexes, organize 

F-actin bundles, and generate cytoskeletal tension. The molecular mechanism of how 

biochemical ligand density can alter stiffness-mediated YAP regulation needs further 

investigation.

Lastly, we are aware of the ongoing controversy about using the term of “mesenchymal stem 

cells (MSCs)”, which refer to a highly heterogenous cell population[38]. Future studies in 

the field will further characterize these cells to more accurately define their origin, biological 

functions, and potential therapeutic uses. Despite the limitations, we used the term 

“mesenchymal stem cells” in this manuscript to maintain continuity in the literature.

In summary, the current study demonstrates that YAP nuclear translocation is not solely 

dictated by substrate stiffness but is significantly influenced by biochemical ligands through 

which cells adhere to the underlying substrate (Figure 5). This finding reiterates that cells 

sense their mechanical environment via dynamic and complex processes. Our modified 

polyacrylamide hydrogels with enhanced conjugation of biochemical cues serve as a 

powerful tool for supporting efficient adhesion of both hPSCs and hMSCs, and can be used 

to enable future mechanistic studies to further elucidate the role of biochemical cues in 

modulating mechanotransduction and differentiation of various stem cell types.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Modified polyacrylamide hydrogel with primary amines significantly enhances protein 
conjugation efficiency regardless of hydrogel stiffness.
a Schematic of polyacrylamide hydrogel conjugation. On polyacrylamide hydrogels 

fabricated by the conventional method, only a few amide groups ( ) react with 

photoactivated nitrophenyl azide groups ( ) from the sulfo-SANPAH crosslinker, leading 

to low protein conjugation efficiency. When primary amine groups ( ) are introduced into 

the polyacrylamide hydrogel surface, photoactivated nitrophenyl azide groups dominantly 

react with primary amines, thereby enhancing the amount of NHS groups ( ) from the 

sulfo-SANPAH crosslinker on the surface for conjugation of amine-containing proteins. b 
Young’s moduli of three polyacrylamide hydrogel groups determined via atomic force 

microscopy. Data are mean values; standard error of the mean is given as error bars. (n=18, 

****p<0.0001, One-way ANOVA by Tukey’s multiple comparisons test) c Photograph of 

polyacrylamide hydrogels after sulfo-SANPAH incorporation. The orange color of the 

modified polyacrylamide hydrogel indicates high incorporation of orange sulfo-SANPAH, 

whereas the conventional hydrogel remains clear. d Fluorescence image of FITC-BSA 

incorporation into polyacrylamide hydrogels fabricated with the conventional or modified 

protocol. With the same exposure time, the hydrogel with primary amine groups more 

efficiently conjugated FITC-BSA than the hydrogel without primary amine groups. Scale 

bar: 100 μm. e Quantification of fluorescence of FITC-BSA on conventional or modified 

polyacrylamide hydrogels of three stiffnesses. Modified polyacrylamide hydrogels with 

primary amine groups show a 10-fold higher fluorescence intensity than hydrogels without 

primary amine groups. Data are mean values; error bars are standard error of the mean. 

(n=3)
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Figure 2. Polyacrylamide hydrogels with enhanced Matrigel conjugation induce comparable 
levels of hPSC attachment, proliferation, and maintenance of pluripotency regardless of 
substrate stiffness.
a Bright-field image of H9 cells attached to Matrigel-coated hydrogel substrates (3, 14, 38 

kPa) and tissue culture plastic (TCP) at day 1 in growth medium (mTeSR). All hydrogel 

groups enabled robust H9 cell attachment. Scale bar: 100 μm. b Effect of substrate stiffness 

on cell proliferation. Changes in amount of total DNA content over time confirm comparable 

H9 cell attachment and proliferation across three stiffnesses. Data are mean values; error 

bars are standard error of the mean. Groups did not significantly differ according to two-way 

ANOVA by Bonferroni’s multiple comparisons test. (n=3, n.s. not significant) c 
Immunostaining of Ki-67, a marker of actively proliferating cells, revealed that H9 cell 

proliferation was not influenced by substrate stiffness (day 2, mTeSR). Scale bar: 50 μm. d 
Expression of pluripotency markers (Oct4, Tra1-60) was maintained regardless of substrate 

stiffness (day 2, mTeSR). Scale bar: 100 μm. e Regardless of substrate stiffness, actin 
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robustly polymerized into filaments and YAP translocated into the nucleus. Scale bar: 20 

μm.
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Figure 3. Type and concentration of biochemical cues alter stiffness-dependent cytoskeletal 
organization and YAP regulation in hPSCs.
a Effects of the type of biochemical cue on hPSC mechanotransduction. rhLaminin- and 

GAG-derived peptides-conjugated hydrogels rescued stiffness-dependent YAP localization. 

White arrowhead indicates nucleus that is negative for YAP expression. Scale bar: 20 μm. b 
Concentration-dependent effect of Matrigel on hPSC mechanosensing of substrate stiffness. 

Mechanosensing of bulk hydrogel stiffness appeared only with an intermediate amount of 

Matrigel coating (1:400). In contrast, high Matrigel conjugation (1:40) led hPSCs to sense a 

‘stiff’ environment and low Matrigel conjugation (1:1000) led to sensing of a ‘soft’ 

microenvironment regardless of ‘bulk’ hydrogel stiffness. Scale bar: 20 μm. c,d 
Quantification of nuclear YAP localization. Data are mean values; error bars are standard 

error of the mean. (n=14, **p<0.01, ****p<0.0001, two-way ANOVA by Bonferroni’s 

multiple comparisons test)
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Figure 4. Concentration of fibronectin alters stiffness-dependent cytoskeletal organization and 
YAP regulation in hMSCs.
a Concentration-dependent effect of fibronectin on hMSC sensing of substrate stiffness. 

While high fibronectin coating (10 μg/ml) led hMSCs to sense a ‘stiff’ environment, low 

fibronectin coating (1 μg/ml) led to sensing of a ‘soft’ microenvironment regardless of 

hydrogel stiffness. In the groups with 4 or 7 μg/ml fibronectin, YAP regulation was 

dependent on substrate stiffness, as shown in the conventional polyacrylamide hydrogel 

groups. Scale bar: 20 μm. b Quantification of nuclear YAP localization. Data are mean 

values; error bars are standard error of the mean. (n=14, ****p<0.0001, two-way ANOVA 

by Bonferroni’s multiple comparisons test. n.s. not significant)
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Figure 5. A summary of interplay of stiffness and ligand density in YAP regulation in stem cells.
On a hydrogel substrate with intermediate concentration of biochemical cues, stem cell 

mechanotransduction depends on substrate stiffness, and increasing substrate stiffness will 

increase YAP nuclear localization. However, when the concentration of biochemical cues is 

too low (low ligand) or too high (saturated), biochemical cues will override the effect of 

substrate stiffness in stem cell mechanotransduction. Regardless of substrate stiffness, low 

ligand concentration will result in low nuclear YAP whereas high ligand concentration will 

result in high nuclear YAP.
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