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Abstract

The extracellular matrix varies considerably in mechanical properties at the microscale. It remains 

unclear how cells respond to these properties, in part, due to lack of tools to create precisely 

defined microenvironments in a discrete manner. Here, we leveraged freeform stereolithography to 

control the placement and elastic modulus of individual hydrogel microposts that serve as discrete 

matrix signals to interface with cells. Mesenchymal stromal cells (MSCs) located in the interstitial 

spaces between microposts above a base layer were analyzed. Cell volume is higher when MSCs 

interact with more microposts. MSCs show higher strain energy when they interact simultaneously 

with 4-kPa and 20-kPa microposts than with mechanically homogeneous micropost arrays. MSCs 

are sensitive to pharmacological inhibition of Rho-associated protein kinase in 4-kPa arrays, but 

resistant when presented together with 20-kPa arrays. YAP activity increases with higher cell 

volume and elastic modulus of microposts. Surprisingly, YAP activity becomes less variable with 

higher cell volume and decreases with higher average force and strain energy per post when MSCs 

interact with both 4-kPa and 20-kPa microposts simultaneously. Together, these results describe a 

material system for systematically investigating how the placement and intrinsic properties of 

discrete matrix signals impact cell volume and mechanotransduction.
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Introduction

Mammalian cells exhibit striking diversity in size, which is tightly controlled to maintain 

organ size and functions[1]. However, cell size regulation remains poorly understood in the 

context of the extracellular matrix (ECM), which provides cells with both physical signals 

and constraints. Mesenchymal stromal cells (MSCs) have served as an important model cell 

type to understand how physical properties of the ECM impact cell size and functions 

because they are highly mechanosensitive. On two-dimensional (2D) substrates, matrix 

elasticity is known to mediate MSC volume by water flux[2]. Matrix elasticity also activates 

nuclear translocation of Yes-associated protein (YAP) in MSCs[3], which is known to 

regulate cell volume[4]. In this context, the ability of cells to sense and respond to matrix 

elasticity requires force generation by actomyosin contractility[5], which subsequently 

impacts various biological processes, including cell division[6], differentiation[7, 8], 

migration[9], and paracrine signaling[10]. In three-dimensional (3D) substrates, 

degradable[11], fast stress-relaxing[12] or microscale thin[13] hydrogels increase cell volume 

expansion, cell tension, and osteogenic differentiation of MSCs, while spatial confinement 

restricts these processes. Nuclear localization of YAP is enhanced in 3D hydrogels when 

MSCs are allowed to spread or increase in cell volume as facilitated by stress relaxation, 

degradation or less crosslinking[14-16]. While these studies have revealed important insights 

into how the ECM mediates cell volume and mechanotransduction, the ECM varies 

considerably in biophysical properties at the microscale as revealed by mechanical force 

mapping of tissues[17]. This aspect of cell-matrix interactions is currently difficult to study 

using bulk engineered hydrogels, which lack control over microscale properties.
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Combination of instrumentation and biomaterial design offers promising strategies to control 

the placement of matrix signals independently of their mechanics at microscale resolution. 

While electrospinning has been used to decouple polymer network architecture and 

mechanics by creating fibrous materials as a means to study mechanosensing of cells[18], it 

is presently difficult to control where matrix fibers are placed. Microfabrication by 

stereolithography has the potential to precisely specify matrix mechanical properties at the 

microscale. So far, most studies have focused on 2D interaction of cells with micropatterned 

substrates as a means to study the effect of adhesion area[19], geometry[20-22], and surface 

topography[23] on MSC functions. Recently, micropatterning was used to study roles of 3D 

confinement geometry on single cell volume and downstream phenotypes of MSCs[24]. In 

another recent study, sidewalls of micropost substrates were selectively functionalized to 

allow adhesion of cells only to the interpost space, and subsequently show that MSCs 

become elongated as a function of stiffness anisotropy under spatial confinement[25]. 

However, it remains generally unclear how cells respond to different microscale matrix 

properties. Here, we describe a freeform stereolithography approach to fabricate hydrogel 

scaffolds consisting of microposts that serve as distinct matrix signals to interface with cells.

Results

Precisely controlling the placement and mechanics of individual hydrogel microposts

To independently control the placement and mechanics of the ECM at the microscale, we 

sought to fabricate arrays of hydrogel microposts that serve as distinct matrix signals to 

which cells can attach at various levels of post spacing (Fig. 1A, i). To achieve this goal, we 

leveraged stereolithography consisting of custom UV laser optics in a commercial three-axis 

printer that can deliver focused laser impulses to crosslink hydrogels at desired spatial 

locations[26] (Fig. S1). The posts consist of polyethylene glycol-diacrylate (PEG-DA) 

hydrogel covalently conjugated with the cyclic peptide consisting of Arg-Gly-Asp-D-Phe-

Cys (cRGD) upon UV crosslinking[27], while the base layer does not contain cRGD (Fig. 

1A, ii). The system enables precise positioning of crosslinked posts with a spacing 

resolution of ~4 μm (Fig. 1B). Decreased power but increased dwell time of the laser is 

essential to tune elastic or Young’s modulus (E) of posts within the same scaffold without 

changing crosslinker or PEG-DA concentrations as measured by atomic force microscopy 

(AFM) (Fig. 1C), while maintaining a regular post diameter (Fig. 1B). To standardize the 

geometry of the posts with ~22 μm diameter, the focal height of the laser was varied. In 

general, each post consists of a cylindrical part ~50 μm in length from the base layer, 

followed by an elliptical paraboloid shape ~30 μm in length (Fig. 1D, i). The laser focal 

height maintains the length of the cylindrical part but alters the width of the posts (Fig. 1D, 

ii), which also depends on E. Together, we optimized a freeform stereolithography system 

where the placement and elasticity of individual posts can be independently controlled 

within the same scaffold while standardizing the post geometry.

Micropost density and elastic modulus modulate cell volume, traction force, and strain 
energy

To characterize how micropost density and E impact cell volume and post deflection, human 

bone marrow-derived MSCs were seeded in micropost arrays with a physiologically relevant 

Devine et al. Page 3

Adv Biosyst. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



range of E ~ 4 kPa or 20 kPa as used in previous mechanotransduction studies[5], arranged 

into regular arrays of 0.45, 0.77 or 1.6 x 103 posts/mm2 (Fig. 2A). These densities were 

designed to introduce varying levels of spatial constraints to human MSCs, which show 

close to 4000 μm3 in volume and ~1350 μm2 in surface area (roughly equivalent to 20 μm in 

diameter) prior to spreading (Fig. S2A). Cells were seeded into scaffolds and cultured for 1 

day before imaging to quantify cell volume and traction at the steady state. Cells that interact 

with the edge of scaffolds (~20%) or undergo aggregation (~10%) were excluded from the 

analysis (Fig. S2B). After excluding these cells, most cells primarily interact with the 

cylindrical region of the posts (Fig. S2C). To avoid any potential effect from the base layer, 

cells with z-position on posts between 11 and 50 μm (~70% of the cells in the cylindrical 

region) were analyzed (Fig. S2C, D).

At higher micropost density, MSCs interact with more posts (Fig. 2B) and are spatially 

confined (or ‘squeezed’) independent of micropost E (Fig. S2E), while the mean z-position 

of MSCs on posts is higher (Fig. S2F). Cell volume and surface area of MSCs are more 

sensitive to micropost density with higher E: at 1.6 x 103 posts/mm2, cell volume is higher 

when E is 4 kPa than 20 kPa (Fig. 2C). In contrast, cell volume remains the same with varied 

E on 2D hydrogels with the same polymer composition (Fig. S2G). As cells attach to matrix 

and generate forces, they pull on, bend and bring matrix posts (or fibers) together to 

facilitate cell spreading[18, 21]. The majority of MSCs deflect posts above the background 

level, which was used to estimate traction force (F) and strain energy (ε) generated by each 

cell located at a given z-centroid height on posts (Fig. S2H; see Methods)[28]. The 

percentage of cells that do not bend posts (F or ε = 0) is increased with higher post density 

for 20-kPa microposts (Fig. 2D). Subsequent analyses were done for the population of cells 

that bend posts (F or ε > zero). Traction force and strain energy per cell remain constant 

with increased micropost density in 20-kPa micropost arrays, while they are decreased in 4-

kPa post arrays—effectively, this leads to higher average force per post (calculated as root 

mean square or RMS force; see Methods) when E is higher at the highest micropost density, 

while average strain energy per post remains the same (Fig. 2E, F). To increase micropost 

density further while keeping the same post interval (~6 μm), MSCs were placed in 

microposts arranged into triangular grids with 2.4 x 10−3 posts/μm2 (Fig. S3A). At this 

density, the mean number of posts per cell remains unchanged, but cell volume, average 

force and strain energy per post are further decreased in 4-kPa microposts (Fig. S3B). Thus, 

both E and micropost density are important determinants of cell volume, traction force and 

strain energy.

Scaling of cell volume, traction force, and strain energy with the number of microposts

Under higher spatial confinement (1.6 x 103 posts/mm2), MSCs interact with different 

numbers of microposts with the mean number ~ 3.8 posts per cell when posts are 4-kPa and 

3.0 per cell when posts are 20-kPa (Fig. 3A). In general, regardless of E, cell volume is 

larger when MSCs interact with more posts, exhibiting power law behavior with scaling 

exponent (α) ~ 1.7 (Fig. 3B). The traction force per cell also scales with the number of 

interacting microposts, while it remains generally higher for MSCs in 20-kPa arrays than in 

4-kPa arrays (Fig. 3C, i). Interestingly, average force per post scales only weakly with the 

number of posts for MSCs in 20-kPa micropost arrays (α ~ 0.6), while it scales well with the 
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number of posts for MSCs in 4-kPa posts (α ~ 1.3) (Fig. 3C, ii). While the strain energy per 

cell is higher in 20-kPa arrays than in 4-kPa arrays when MSCs interact with only two posts, 

it becomes equivalent and scales with the number of posts when MSCs interact with more 

than two posts (Fig. 3D, i). As with average force per post, average strain energy per 20-kPa 

post scales weakly with the number of posts (α ~ 0.7), while it scales well with the number 

of posts for MSCs in 4-kPa arrays (α ~ 1.3) (Fig. 3D, ii). Consistent with previous 

studies[21, 22], a higher traction force per cell in 20-kPa arrays is associated with increased 

focal adhesion formation in live MSCs (Fig. S4). Thus, micropost E determines scaling 

between average force or strain energy per post and the number of interacting posts per cell.

MSCs enhance strain energy when they interact simultaneously with 4-kPa and 20-kPa 
microposts

To study how heterogeneity in discrete matrix mechanical signals impacts cell volume and 

traction forces under spatial confinement, MSCs were seeded in printed scaffolds of 

alternating 4-kPa and 20-kPa micropost arrays (‘mixed’ E micropost arrays) at 1.6 x 103 

posts/mm2—this arrangement was chosen to maximize the chance that MSCs interact 

simultaneously with 4-kPa and 20-kPa posts (Fig. 4A). As expected, MSCs interact with 4-

kPa and 20-kPa microposts equally regardless of the number of interacting posts (Fig. 4B). 

As with mechanically homogeneous micropost arrays, MSCs interact with different numbers 

of microposts within mixed E arrays with the mean number ~3.0 posts per cell (Fig. 4C). 

Cell volume also scales with the number of interacting microposts, with higher α ~ 2.1, 

suggesting that simultaneous interaction of 4-kPa and 20-kPa posts drives a higher cell 

volume increase than interaction with 4-kPa or 20-kPa posts alone (Fig. 4D). Traction force 

per cell scales with the number of posts in mixed E arrays in a similar manner as in 20-kPa 

arrays (Fig. 4E, i). However, unlike 20-kPa arrays, average force per post scales well with 

the number of posts (α ~ 1.3) in mixed E arrays (Fig. 4E, ii). Interestingly, both strain 

energy per cell and average strain energy per post in mixed E arrays are higher than in 20-

kPa arrays and scale well with the number of posts (Fig. 4F). Together, the scaling of cell 

volume with the number of interacting microposts accompanies a greater generation of strain 

energy in mechanically heterogeneous micropost arrays.

Elastic modulus and mechanical heterogeneity mediate the sensitivity of MSCs to ROCK 
inhibition

Myosin-II plays an important role in driving contractility to generate traction forces in both 

2D and 3D environments[8, 11, 18]. To understand how myosin impacts cell volume and 

traction forces in different mechanical environments under spatial confinement, MSCs in 

scaffolds were treated with a pharmacological inhibitor of Rho-associated kinase (ROCK), 

Y27632. Y27632 reduces average force and strain energy per post (Fig. 5A, i, ii), as well as 

cell volume and the number of interacting posts per cell for MSCs in 4-kPa micropost arrays 

(Fig. 5A, iii, iv). Rac1 and Cdc42 are known to stabilize newly formed protrusions[29]. 

Inhibition of Cdc42 by ML141, but not Rac1 by NSC23766 also reduces average force and 

strain energy per post, and cell volume in 4-kPa arrays; however, the number of interacting 

posts remains unchanged (Fig. S5A). In contrast, MSCs in 20-kPa microposts are resistant to 

perturbation by Y27632 (Fig. 5A), as well as perturbation by ML141 and NSC23766 (Fig. 

S5B). F-actin expression remains unchanged by Y27632 (Fig. S5C), consistent with 
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previous studies showing reduced actin turnover and F-actin stabilization with myosin 

inhibition[30]. Inhibition of actin polymerization by Latrunculin A reduces average force and 

average strain energy on both 4-kPa and 20-kPa microposts, while it reduces cell volume and 

the number of interacting posts for MSCs in 4-kPa but not in 20-kPa arrays (Fig. S5B). To 

analyze the impact of ROCK on the ability of MSCs to deflect 4-kPa and 20-kPa microposts 

in mixed E arrays, average force and strain energy per post were calculated separately for 

each post E. Average force and strain energy on 4-kPa posts become resistant to Y27632 

when MSCs interact simultaneously with 20-kPa posts in mixed E arrays (Fig. 5B). Thus, 

the sensitivity of MSCs to ROCK inhibition depends on E and mechanical heterogeneity of 

the micropost array environment.

Elastic modulus and mechanical heterogeneity impact YAP activity in hydrogel micropost 
arrays

Given the role of YAP in mechanotransduction[3], YAP activity in live MSCs was evaluated 

as a function of E and mechanical heterogeneity in hydrogel micropost arrays. Prior to cell 

seeding in arrays, MSCs were transfected with a reporter construct that expresses red 

fluorescence protein (RFP) in response to YAP binding, which is stabilized only in the 

presence of trimethoprim due to a destabilization domain (DD) as described[31] (Fig. 6A, i; 

Fig. S6). YAP activity is higher for MSCs in 20-kPa arrays than in 4-kPa arrays—however, 

despite greater strain energy (Fig. 3 and 4), YAP activity in mixed E arrays remains lower 

than in 20 kPa arrays (Fig. 6A, ii). YAP activity scales with cell volume in 4-kPa or 20-kPa 

arrays with α ~ 0.5 (Fig. 6B, i). In contrast, YAP activity scales with cell volume in mixed 

arrays with a lower α ~ 0.2 (Fig. 6B, ii). While YAP activity remains higher with larger E, it 

does not scale with average force per post for both 4-kPa and 20-kPa arrays (Fig. 6C, i). 

Surprisingly, YAP activity decreases with average force per post in mixed E arrays (Fig. 6C, 

ii). The same results can also be seen with average strain energy per post (Fig. 6D). Thus, 

YAP activity is less coupled from changes in cell volume and even decreases with higher 

average force and strain energy per post in mixed E posts.

Discussion

The freeform stereolithography approach enables precise control of microscale mechanical 

properties by curing one micropost at a time to fabricate a hydrogel scaffold. Our approach 

is distinct from previous studies in that cells can be present in closely spaced posts and 

receive distinct mechanical signals simultaneously. Fabricating arrays of posts that serve as 

distinct matrix signal units has enabled us to derive a quantitative relationship between cell-

matrix interactions and cellular phenotypes in terms of discrete microposts.

Our approach controls the coordinates and mechanics of individual microposts within a 

hydrogel scaffold, created from the same base material and composition by adapting a 

relatively low-cost (~$2000) commercial printer to deliver UV laser impulses to specific 

locations at single-cell resolution. In this approach, increased dwell time but decreased 

power of the UV laser leads to increased elastic modulus of posts while post geometry 

remains regular. Thus, sustained delivery of UV light, in addition to UV light dose, appears 

to be important to achieve higher hydrogel crosslinking within a focal region. This insight 
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will be useful to develop a generalizable model to predict a wide range of microscale 

hydrogel mechanics and geometry as a function of a base material and laser parameters. 

Developing the model will be important to advance the utility of freeform stereolithography 

in fabricating scaffolds to study cell functions.

Our results show that elastic modulus and mechanical heterogeneity differentially affect cell 

volume, traction forces, sensitivity to ROCK inhibition, and YAP activity under spatial 

confinement. Recent studies highlight the complexity of mechanotransduction in 3D 

microenvironments. For covalent, purely elastic 3D hydrogels, degradability and less 

crosslinking (low E) enable increased cell volume, traction forces, and nuclear YAP 

localization in a myosin-dependent manner, leading to increased osteogenic differentiation 

of MSCs[11, 15, 32]. For physically crosslinked, viscoelastic 3D hydrogels, fast stress 

relaxation increases cell volume, traction forces, and osteogenic differentiation of MSCs, but 

YAP does not play a role in these processes[12, 14, 33]. Studies with 3D microwells in 

covalent hydrogels show that there exists an optimal space per cell where actin 

polymerization, focal adhesion and nuclear YAP localization are enhanced regardless of 

hydrogel stiffness[24]. Our hydrogel micropost system offers different ways to decouple the 

parameters related to cell volume regulation and mechanosensing. For instance, MSCs 

increase cell volume by interacting with more posts, while keeping mean traction force and 

average strain energy less variable in 20-kPa posts (Fig. 3). In addition, arrays with 

alternating 4-kPa and 20-kPa posts can be used to decouple cell volume and traction forces 

from YAP activity (Fig. 6). Thus, the results from the mixed E arrays generally mirror some 

of the previous observations with viscoelastic 3D gels; whether mechanical heterogeneity at 

a cellular level results in faster stress relaxation at a tissue level remains to be investigated. 

However, one important difference is the resistance of MSCs to ROCK inhibition with 

mechanical heterogeneity (Fig. 5). Interestingly, a recent study presents a myosin-

independent mechanism of force generation to drive cell spreading by actin 

polymerization[34]. Future studies will investigate roles of different actin polymerization 

regulators in sensing of mechanically heterogeneous environments. In addition, it will be 

important to study whether there exists a unique transcription factor that can be activated in 

response to mechanical heterogeneity. Our approach will also allow systematic 

investigations into the effect of micropost arrangement and topology in mechanically 

heterogeneous environments on cell volume and mechanotransduction. This study opens 

new avenues of investigation into how distinct matrix biophysical properties work together 

at the microscale to influence different aspects of mechanobiology, such as durotaxis and 

mechanically-directed lineage specification of stem cells.

Experimental Section

Glass surface modification.

To covalently bond crosslinked hydrogel to the print surface, acrylate groups were attached 

to glass coverslips by silanization as described[35]. Briefly, a solution of 3% v/v 3-

(Trimethoxysilyl)propyl acrylate (A1597, TCI) and 5% v/v glacial acetic acid (#A38, Fisher 

Scientific) was prepared in methanol. 10 mm x 10 mm No. 1 coverslips (#260375-1, Ted 
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Pella) were incubated in the reaction solution for 45 minutes and thoroughly washed with 

methanol. The newly silanized coverslips were rinsed with ethanol and dried.

Hydrogel preparation.

To create hydrogel solutions as previously described[27], 10 mM sodium L-ascorbate 

(#A7631, Sigma-Aldrich), 4 mM tris(2-carboxyethyl)phosphine (#C4706, Sigma-Aldrich), 

1X PBS (#P5493, Sigma-Aldrich) and 0.8 mM cyclic Arg-Gly-Asp-Phe-Cys cell adhesion 

peptide (cRGD: #303458, NovoPro) were prepared in sterile-filtered diH2O. Polyethylene 

glycol diacrylate (PEG-DA) Mn 700 (#455008, Sigma-Aldrich) and Lithium Phenyl(2,4,6-

trimethylbenzoyl)phosphinate (#L0290, TCI Chemicals) were added in varying 

concentrations to achieve desired range in Young’s modulus upon UV exposure. Hydrogel 

mixtures were briefly degassed by sonication prior to use. To restrict cell attachment to only 

post scaffolds, cRGD was omitted from the hydrogel base layer solution.

Hardware for freeform stereolithography.

A three-axis Hyrel Engine SR printer (Hyrel 3D) was modified with a modular print head 

consisting of 500 mW 405 nm laser (M-33A405-500-G), aspheric collimating lens 

(#A240TM, Thor Labs), iris diaphragm (#SM1D12D, Thor Labs) and aspheric focusing lens 

(#AL1225H, Thor Labs), by adapting previously described hardware designs[26]. The print 

head circuit utilized an Arduino Uno R3 microcontroller and metal oxide semiconductor 

field-effect transistor (MOSFET: FQP30N06L) to modulate laser power at high frequency. A 

command to power the laser prompted the printer to send a 12V digital signal to the print 

head circuit at a frequency and peak width that varied according to the % power specified. 

The signal first passed through circuitry that utilized two resistors to step the signal down to 

4.8V before being read by the Arduino. The Arduino measured the % of time the signal was 

on over a 20 μs period, and generated a square wave output signal at constant frequency by 

pulse width modulation (PWM); the pulse width determined the proportion of on/off 

switching (duty cycle) of the MOSFET that controlled power cycling of the laser. The 

Arduino also enabled specification of the frequency and scaling of signal output, which were 

set to 244 Hz and 10%, respectively. Thus, a command to increase % power caused a higher 

frequency signal with broader peaks to be sent to the Arduino, which ultimately increased 

the proportion of time the diode emitted light at a constant frequency—thereby increasing 

the continuity and intensity (wattage) of UV emission. The laser diode circuit was connected 

to constant current regulator (B01N7CG71M) to maintain a steady 4.8V signal to the laser. 

A photodiode power sensor (#S120VC, Thorlabs) and a power meter console (#PM100A, 

Thorlabs) were used to calibrate laser power output.

Fabrication of scaffolds by freeform stereolithography.

To fabricate scaffolds with arrays of microscale posts, silanized no. 1 (0.15 mm) coverslips 

were placed into a print chamber made of two 75 mm x 25 mm x 1 mm glass slides spin 

coated with polydimethylsiloxane (PDMS: SYLGARD® 184 silicone elastomer kit) and 

separated by spacers positioned on opposite ends of the slides. The chamber height was 

determined by spacer thickness: 0.17 mm during preparation of the scaffold base layer, and 

0.25 mm during scaffold post printing and 2D PEG gel fabrication. For scaffolds, each 

coverslip was first coated with a PEG-DA hydrogel solution. The top chamber slide was 
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placed over the solution, followed by UV lamp exposure for 90 seconds (#40322, Dymax)—

leading to a 15 μm base layer to which cells cannot attach. The base layer was gently 

washed, and another PEG-DA solution with cRGD was added to the chamber; the cysteine 

contains a thiol group which bonds to the acrylate in PEG-DA during UV exposure. To 

crosslink posts directly onto the base layer, laser impulses were focused at discrete points 

along the coverslip using the printer. To fabricate 2D PEG gels, hydrogel solution containing 

cRGD was placed in the print chamber and crosslinked by UV lamp exposure for 60 

seconds. Fabricated scaffolds and 2D gels were gently washed for 1~3 days by rocking 

overnight in HBSS (#14175079, Thermo Fisher Scientific) containing 100 U mL−1 

penicillin/streptomycin (P/S: #15140122, Thermo Fisher Scientific) prior to cell seeding.

Shape characterization of printed scaffolds.

To determine the diameter and spacing of printed microposts, images were taken under 

brightfield microscope at 20X magnification (Nikon Eclipse Ts2R), and distances between 

posts were measured with FIJI software package by drawing a line between the boundaries 

of adjacent posts. To measure height and curvature, microposts were printed with 

Rhodamine B Isothiocyanate (RITC)-containing hydrogel and washed in HBSS for 2 hours. 

Confocal stack images were acquired at 20X magnification using a Zeiss 710 Laser 

Scanning Microscope as described earlier. Images of posts along the axial plane were 

produced from the stack, and points along the post border converted to a coordinate system 

that defined X as the length dimension of each post and Y as the width dimension. Each post 

was aligned symmetrically along the X-axis, and all Y coordinates were made positive. 

Coordinates were then fitted to the one-phase association equation Y = Y0 + (Ymax - Y0)(1 − 

e−Kx) to characterize curvature and post diameter (Ymax = ½ post width) (Figure 1D).

MSC isolation and expansion.

Human MSCs were isolated by plastic adherence (‘passage 0’) of mononuclear cells from 

primary human bone marrow aspirates (Lonza) followed by culture for 10-14 days to 

achieve 80-90% confluence in the growth media consisting of nucleoside-free MEM alpha 

(#12561, Thermo Fisher Scientific), 20% fetal bovine serum (FBS: #S11550, Atlanta 

Biologicals), 100 U mL−1 penicillin/streptomycin (P/S: #15140122, Thermo Fisher 

Scientific) and 1% GlutaMAX (#35050061, Thermo Fisher Scientific). MSCs were 

subsequently expanded up to three passages (within 30 days of total culture time) at 80% 

confluency (~7-day intervals) before cryopreservation in 10% dimethyl sulfoxide (DMSO: 

#D8418, Sigma-Aldrich), 50% fetal bovine serum (FBS: #S11550, Atlanta Biologicals) and 

40% growth media and stored in liquid nitrogen. No difference was observed among tested 

donors in terms of the rate of proliferation. Passage numbers between ‘2’ and ‘4’ or up to 38 

total culture days from initial plastic adherence were used for experiments. All cells tested 

negative for mycoplasma.

Cell seeding in printed scaffolds.

For imaging experiments, MSCs were trypsinized, resuspended in growth media and passed 

twice through a 40 μm cell strainer (#352340, Corning) to remove cell aggregates. Cells 

were counted, and 2.5 x 104 cells were suspended in 2 mL of imaging media and added to 

the prints in a 24 well ultra-low attachment plate (#3473, Corning). Seeded prints were 

Devine et al. Page 9

Adv Biosyst. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



gently rocked for 5 hours at room temperature (RT) in the culture media consisting of 10% 

FBS, FluoroBRITE DMEM, 100 U mL−1 P/S and 1% GlutaMAX, and transferred to 37°C 

overnight.

Image analysis to evaluate cell volume, traction force and strain energy.

Cells on prints were stained in the culture media with 1:1000 NucSpot Live 650 nuclear 

stain (#40082, Biotium) and 1:1000 CellMask green plasma membrane stain (#C37608, 

Thermo Fisher Scientific) at 37°C for 60 minutes. Cellular stains were prepared per 

manufacturer’s protocols. Stained prints were washed, gently placed onto 40 x 22 coverslips 

and covered in FBS-free imaging media throughout image acquisition. Images were 

acquired at 10X magnification using a Zeiss LSM 710 confocal microscope by capturing 

individual slices of the lateral (xy) plane at 1 μm increments along the axial (z) plane. These 

image stacks were imported into Imaris for 3D reconstruction (Bitplane) and volume/surface 

area measurements. Incomplete renderings of cell surfaces, aggregations and cells attached 

to irregular posts or on the border of scaffolds were not included in analysis (Fig. S2B). Cell 

surface renderings were flattened into a 2D image and converted to binary colorization to 

trace cell boundaries using the MATLAB (Natick, MA) Image Processing Toolbox which 

was used to quantify post bending. Each cell was given a unique ID to further analyze 

individual cells in terms of post contact and bending. The 3D reconstructed post images 

were sliced into xy images at 1 μm thickness along the z direction and binarized. For posts 

each cell contacted, centroids of the posts were calculated at the base of each post (z = 0) 

and at a height equivalent to that of the centroid of the cell in the z-axis in the respective post 

z-stack images (Fig. S2H). Vectors were calculated between the two centroids representing 

the uncorrected post deflection. For each grid, an average background noise vector was 

calculated for each post type: 4 kPa and 20 kPa, where no cells were attached to the post. 

The average magnitude of the background noise vector was then subtracted from the 

magnitude of the deflection of each measured post to calculate the corrected magnitude of 

the post deflection (δ). An elastic, Hookean traction force was calculated for each post using 

the equation below as described[21, 36]:

F = 3πED4

64L3 δ = kδ

where E is the elastic modulus (4 or 20 kPa), D is the diameter of the post (22 μm) and L is 

the distance from the base of the post to the centroid of the cell in the z-direction.

A total traction force per cell was calculated by adding the magnitude of the individual 

traction forces of each post. An average magnitude of force per post generated by each cell 

was calculated as root mean square (RMS) force (FRMS) as described[37]:

FRMS =
∑i = 1

n Fi2

n

where Fi is the traction force on each post and n is the total number of posts touched by a 

cell.
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For each post, the strain energy applied to the post was calculated to estimate cellular 

contractility as described[36]:

E = 1
2

3πED4

64L3 δ2 = 1
2kδ2

The total strain energy per cell was calculated by the scalar addition of the individual strain 

energies of each post. The average strain energy per post was calculated by dividing the total 

strain energy per cell by the total number of posts touched by a cell.

Drug treatment.

For inhibitor studies, MSCs were seeded in micropost arrays for 24 hours. MSCs were then 

treated with either DMSO (1:10000 dilution) or Y27632 (10 μM) for 24 hours at 37°C prior 

to imaging as above. For other inhibitors, MSCs were treated with either DMSO, NSC23766 

(10 μM), ML141 (10 μM) or latrunculin A (0.25 μM) for 4 hours prior to imaging. All drugs 

were purchased from Cayman Chemical.

Quantification of fluorescently labelled proteins in live cells.

To quantify YAP activity, focal adhesion, and F-actin in live MSCs seeded in hydrogel 

microposts, MSCs were transfected with pTRE-8XGTIIC-DsRED-DD (“YAP RFP 

reporter”), Paxillin-RFP or mTagRFP-T-LifeAct-7 (“LifeAct-RFP”), respectively. 

pTRE-8XGTIIC-DsRED-DD was a gift from Joan Massague (Addgene plasmid # 115798). 

Paxillin-RFP was a gift from Andrei Karginov (UIC). mTagRFP-T-LifeAct-7 was a gift from 

M. Davidson (Addgene plasmid # 54586). Each plasmid (2 μg) and 500,000 cells were 

mixed in 100 μl of nucleofection buffer from the human MSC nucleofector kit (VPE-1001, 

Lonza) and electroporated using a high-viability program in Amaxa (Lonza). Transfected 

cells were then cultured on plastic overnight. After seeding transfected cells in hydrogel 

microposts and cultured for an additional day, cells were then stained with CellMask Green 

and NucSpot Live 650, followed by confocal imaging analysis as described above. To 

quantify the expression of YAP RFP reporter, a mean projection image was created from 

each confocal stack and mean intensity of RFP per cell was analyzed by ImageJ (NIH). To 

quantify paxillin-RFP and LifeAct-RFP signals, cells that express fluorescence signals were 

imaged, followed by analysis using Imaris. Thresholding values were kept constant across 

all samples. Gaussian filtering was used to smooth the CellMask Green signal, and the 

boundary of the reconstructed voxel was defined as the cell surface. A paxillin cluster was 

defined as any distinct paxillin-RFP signal below the cell surface with voxel volume > 

0.001um3. Analysis was done on every single paxillin-RFP cluster for each cell. For F-actin, 

the total volume of LifeAct-RFP per cell was measured.

Atomic force microscopy.

Printed scaffolds were immersed in a drop of HBSS. A silicon nitride cantilever with an 18° 

pyramid tip (MLCT, Bruker) was used for nanoindentation. The spring constant of the 

cantilever was determined from thermal fluctuations before each experiment. Indentation 

was performed under contact mode with force-distance 500 nm at 1 μm/s velocity, until 
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trigger voltage (0.5 V) is reached, followed by retraction. Young’s modulus (E) was then 

calculated by fitting a force-indentation curve to the Hertzian model with Poisson’s ratio at 

0.5. 10~15 posts were measured for each scaffold, and 2 independent experiments were 

performed.

Statistical Analysis.

Statistical hypothesis tests were performed in GraphPad Prism. For data that do not show 

normal distributions based on Anderson-Darling test, Mann-Whitney test was used to 

compare two groups, and Kruskal-Wallis test followed by Dunn’s multiple comparisons test 

was used to compare more than two groups. For data that show normal distributions but 

variable standard deviations, Welch’s T-test was used to compare two groups. For two-factor 

analysis, such as volume as a function of post density and elastic modulus, repeated 

measures two-way ANOVA with Geisser-Greenhouse correction was used, followed by 

Tukey’s multiple comparisons testing. A p-value less than 0.05 established statistical 

significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Controlling density and elastic modulus of hydrogel microposts.
(A) Strategy to control the presentation of matrix signals to cells. (i) Schematic illustration 

of cells in matrices with different degrees of packing between matrix signals while 

preserving the intrinsic mechanical properties of materials. (ii) A representative confocal 

image of a PEG-DA scaffold to enable cell adhesion only to posts (red). A 15 μm PEG-DA 

base layer without cRGD peptide (green) was made before fabricating posts. Cysteine-

containing cRGD (0.8 mM) was crosslinked throughout the posts during printing. (B) 
Microscale control of spacing intervals during post printing (scale bar = 50 μm). Error bars 

in average vs. expected spacing are reported as standard error of the mean (SEM) of the 

measured distance interval; n = 18 per data point across 2 experiments. (C) Controlling 

elastic modulus of posts by varying concentrations of crosslinker (LAP), percent laser power 

and total dwell time. PEG-DA (25%) was used to fabricate all posts used in this study; n ≥ 5 

posts per data point, each measured by AFM twice per post. Functional trend was fit to the 

two-parameter power series equation Y = a.(1 + X)b. (D) Standardization of post curvature 

by changes in laser focal height. (i) Z = −1.6 mm and Z = −0.8 mm focal heights were used 

to achieve regular post geometry between 20-kPa and 4-kPa posts, respectively. Cells 

attached predominantly to the linear region of the posts. Post curvatures were fitted to one-

phase exponential association equation Y = Y0 + (Ymax − Y0)(1 − e −kx). (ii) Trends 

observed in 20-kPa and 4-kPa post half-widths based on fit equation. Post half-width 

corresponds to the Ymax of the exponential equation; n ≥ 10 posts per data point.
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Figure 2. Micropost density and elastic modulus impact MSC volume, traction force, and strain 
energy.
(A) Representative images of live MSCs (green: plasma membrane stain) after 24h of 

culture on (i) 4-kPa and (ii) 20-kPa post arrays (red). Scale bar = 50 μm. (B) The number of 

interacting microposts per cell. (C) Quantification of cell (i) volume (ii) surface area. (D) 
Percent of cells that bend posts with traction force or strain energy (see Methods) above 

zero. (E) Traction force (i) per cell (ii) per post. (F) Strain energy (i) per cell, (ii) per post. 

All data points were plotted as a function of post density in 4-kPa or 20-kPa arrays. The data 

points showing monotonic changes as a function of post density were fitted to a dose-

response curve, Y = min + max − min

1 + potency
post density

b . Values for each graph in terms of (min, max, 

potency, b): (B) 4 kPa = (1, 5, 1175, 4.3), 20 kPa = (1, 5, 1404, 3.8); (C, i) 4 kPa = (9000, 

17000, 1931, −8.9), 20 kPa = (9000, 17000, 1100, −7.1); (C, ii) 4 kPa = (3500, 5200, 1931, 

−8.6), 20 kPa = (3500, 5200, 1100 −7.0); (E, i) 4 kPa = (48, 147, 1464, −7.2); (E, ii) 4 kPa = 

(10, 148, 1057, −5.7), 20 kPa = (55, 213, 504, −10.5); (F, i) 4 kPa = (50, 639, 1385, −7.3); 

(F, ii) 4 kPa = (12, 476, 1007, −6.1), 20 kPa = (43, 208, 502, −10.0). *p < 0.05, two-way 

repeated measures ANOVA followed by Tukey’s multiple comparisons testing. All error 

bars represent the SEM values across 3 different MSC donors; n ≥ 70 cells per donor. Open 

triangle symbols at post density 2.4 x 103 posts/mm2 represent mean values from arrays with 

triangular post arrangement from n ≥ 85 cells (Fig. S3).
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Figure 3. Scaling of cell volume, traction force, and strain energy with the number of interacting 
microposts in mechanically homogeneous arrays.
(A) Cumulative frequency distribution of the number of posts (npost) contacted by MSCs 

cultured for 24h in 4 kPa or 20 kPa arrays. The npost Mean ± SD: 4 kPa = 3.78 ± 1.97; 20 

kPa = 3.02 ± 1.48. (B) Scaling of cell volume with npost. (C) Scaling of traction force (i) per 

cell, (ii) per post with npost. (D) Scaling of strain energy (i) per cell, (ii) per post with npost. 

For (B)-(D), All data points were fitted to a power law equation, Y = A0 + A.npost
α. Values 

for each graph in terms of (A0, A, α): (B) 4 kPa = (4000, 752.6, 1.7), 20 kPa = (4000, 510.4, 

1.7); (C, i) 4 kPa = (0, 2.2, 2.2), 20 kPa = (0, 13.1, 1.8); (C, ii) 4 kPa = (0, 2.0, 1.3), 20 kPa = 

(0, 23.8, 0.6); (D, i) 4 kPa = (0, 4.5, 2.0), 20 kPa = (0, 3.7, 2.2); (D, ii) 4 kPa = (0, 3.5, 1.3), 
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20 kPa = (0, 6.8, 0.7). All error bars represent 95% confidence intervals. n ≥ 94 cells pooled 

from 2 donors for each E array, grouped based on npost.
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Figure 4. Scaling of cell volume, traction force, and strain energy with the number of interacting 
microposts in mechanically heterogeneous arrays.
(A) Representative images. (Top) Confocal stack maximum intensity projection of 

representative mixed post arrays, colorized according to elastic modulus as measured by 

AFM. Scale bar = 25 μm. (Bottom) 3D reconstruction of a live MSC in mixed post arrays. 

Dark red: 20-kPa post, light red: 4-kPa post, green: human MSC labeled with plasma 

membrane stain. (B) Fraction of 4-kPa posts contacted by each cell as a function of the 

number of interacting posts per cell (npost). The data were fitted to Y = 0.52. (C) Cumulative 

frequency distribution of npost in mixed arrays. Mean ± SD = 3.04 ± 1.48. (D) Scaling of cell 

volume with npost. (E) Scaling of traction force (i) per cell, (ii) per post with npost. (F) 
Scaling of strain energy (i) per cell, (ii) per post with npost. For (D)-(F), all data points were 

fitted to a power law equation, Y = A0 + A.npost
α. Values for each graph in terms of (A0, A, 

α): (D) = (4000, 328.7, 2.1); (E, i) = (0, 8.5, 2.1); (E, ii) = (0, 9.5, 1.3); (F, i) = (0, 10.9, 2.1); 

(F, ii) = (0, 7.7, 1.3). All error bars represent 95% confidence intervals. n = 117 cells pooled 

from 2 donors, grouped based on npost.
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Figure 5. MSCs respond differentially to ROCK inhibition as a function of micropost elastic 
modulus and mechanical heterogeneity.
After seeding MSCs in micropost arrays for 24 hours, they were treated with DMSO or the 

ROCK inhibitor Y27632 (“Y”, 10 μM) for 24 hours prior to analysis. Effects of ROCK 

inhibition on MSCs in (A) mechanically homogeneous arrays and (B) mechanically 

heterogeneous (mixed) arrays. For (A) and (B), (i) Average force per post, (ii) Average strain 

energy per post, (iii) cell volume, (iv) number of interacting posts per cell. *p < 0.05, two-

tailed Mann-Whitney test. For (i)-(iii), median values are shown, and error bars in (iv) 

represent SD; n ≥ 40 cells for each array type (4-kPa, 20-kPa, mixed) treated with DMSO vs 

Y27632, pooled from 3 independent experiments, 1 donor.
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Figure 6. Elastic modulus and mechanical heterogeneity of micropost arrays mediate YAP 
activity.
(A) Quantification of YAP activity in live MSCs. (i) A YAP-responsive promoter (8XGTIIC) 

drives the expression of red fluorescent protein (RFP) fused with a destabilization domain 

(DD). RFP is stably expressed only in the presence of trimethoprim (TMP) that stabilizes the 

DD. (ii) YAP reporter (RFP) mean intensity of MSCs in different micropost arrays. A dotted 

line indicates the background RFP mean intensity value in the absence of TMP. *p < 0.05, 

Kruskal-Wallis test, followed by Dunn’s multiple comparisons test. Black lines represent the 

median for each group. (B) YAP activity as a function of cell volume in (i) mechanically 

homogeneous arrays and (ii) mixed arrays. (C) YAP activity as a function of average force 

per post in (i) mechanically homogeneous arrays and (ii) mixed arrays. (D) YAP activity as a 

function of average strain energy per post in (i) mechanically homogeneous arrays and (ii) 
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mixed arrays. For (B), (C, ii) and (D, ii), data points were fitted to a power low equation Y = 
A0 + A.Xα. Values for each group in terms of (A0, A, α): (B, i) 4 kPa = (105, 2135, 0.5), 20 

kPa = (105, 2379, 0.5); (B, ii) = (105, 30414, 0.2); (C, ii) = (105, 2.6 x 106, −0.3); (D, ii) = 

(105, 1.1 x 106, −0.2). For (C, i) and (D, i), data points were fitted to a linear equation, Y = 

A0 with slope = 0. A0 for each group: (C, i) 4 kPa = 3.5 x 105, 20 kPa = 5.0 x 105; (D, i) 4 

kPa = 3.5 x 105, 4.8 x 105. All error bars in (B)-(D) represent 95% confidence intervals; n ≥ 

60 cells for each array type (4-kPa, 20-kPa and mixed), pooled from 3 independent 

experiments, 1 donor.
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