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A P P L I E D  S C I E N C E S  A N D  E N G I N E E R I N G

Combinatorial screen of dynamic mechanical stimuli 
for predictive control of MSC mechano-responsiveness
Haijiao Liu1,2,3†, Jenna F. Usprech2,3‡, Prabu Karthick Parameshwar2,3§,  
Yu Sun1,2*, Craig A. Simmons1,2,3*

Mechanobiological-based control of mesenchymal stromal cells (MSCs) to facilitate engineering and regenera-
tion of load-bearing tissues requires systematic investigations of specific dynamic mechanical stimulation pro-
tocols. Using deformable membrane microdevice arrays paired with combinatorial experimental design and 
modeling, we probed the individual and integrative effects of mechanical stimulation parameters (strain mag-
nitude, rate at which strain is changed, and duty period) on myofibrogenesis and matrix production of MSCs in 
three-dimensional hydrogels. These functions were found to be dominantly influenced by a previously uniden-
tified, higher-order interactive effect between strain magnitude and duty period. Empirical models based on 
our combinatorial cue-response data predicted an optimal loading regime in which strain magnitude and duty 
period were increased synchronously over time, which was validated to most effectively promote MSC matrix 
production. These findings inform the design of loading regimes for MSC-based engineered tissues and vali-
date a broadly applicable approach to probe multifactorial regulating effects of mechanobiological cues.

INTRODUCTION
Mechanical stimulation potently promotes the growth and matura-
tion of tissues (1, 2) and is frequently applied when engineering 
load-bearing tissues to achieve functional mechanical properties 
(3–5). In many native and engineered connective and cardiovascu-
lar tissues, mechanically stimulated tissue production results from 
the mechano-responsiveness of mesenchymal cells, including multi
potent mesenchymal stromal cells (MSCs) as a source for engi-
neered tissues (1, 6–8). Improved understanding of the effects of 
dynamic mechanical stimulation on the regulation of MSC fate and 
functions is required for more effective and efficient cell-based 
therapies aimed at regeneration of load-bearing tissues (9–11).

The native mechanical microenvironment of MSCs is inherently 
complex and includes multiple mechanical factors that are coordi-
nated for delicate regulation of MSC functions (6, 10). Systematic 
and combinatorial approaches, where multiple mechanical stimuli 
and factors are included and changed in concert, offer more predictive 
control over MSC mechano-responses. Multifactorial experimental 
design and analyses are advantageous in revealing nonlinear and 
nonintuitive interactions between the factors screened (12–14). To 
date, mechanobiological-based control of MSCs to, for example, 
maximize matrix production toward functional tissues (2) has been 
largely based on best guesses and one-factor-at-a-time approaches, 

which fail to capture the complex interplay between each factor (i.e., 
antagonism or synergism). Therefore, more systematic and combi-
natorial investigations of the effect of complex dynamic mechanical 
stimulation protocols are required to screen and predict mechano-
biological responses of MSCs but have been lacking (15, 16). In 
particular, although mechanical stimulation parameters like strain 
magnitude (STRAIN) (15), the rate of strain change (RATE) (3), 
and duty period (DUTY) (17, 18) have been explored individually, 
their interactions and integrative effects on MSC fate and functions, as 
required to generate guidelines applicable to engineered tissues, 
have not (1, 3, 19).

Conventional experimental approaches and platforms are limited 
in their capability to design and implement combinatorial investi-
gations of dynamic mechanical stimulation protocols. Biomaterial 
array platforms have been developed to enable systematic investiga-
tions of complex cue-response networks with multivariate control 
of the cellular microenvironment (14, 20–22). However, few bio-
material array platforms have integrated mechanical stimulation 
for mechanobiology studies, despite the critical regulatory effects of 
mechanical stimulation on cell and tissue functions (6). To address 
this limitation, we and others have previously developed deform-
able membrane array platforms to study the mechanobiological 
responses of cells to combinations of environmental cues in two 
dimensions (23, 24). The deformable membrane platforms that we 
developed and the stretchable substrate array platforms that others 
developed have also been adapted to enable three-dimensional (3D) 
mechanical stimulation of cell-seeded biomaterial constructs (25–27).

Here, we use a combinatorial experimental approach by pairing 
microdevice arrays with parametric modeling to identify specific 
combinations of mechanical loading factors that best promote myo-
fibrogenesis and collagen production of MSCs. We report that MSC 
mechano-responsiveness is dominated by a novel interaction be-
tween strain magnitude and duty period (STRAIN*DUTY). Empirical 
models based on our combinatorial cue-response data predicted an 
unexpected optimal loading regime in which strain magnitude and 
duty period were increased synchronously over time, which was 
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confirmed to maximally promote collagen production by MSCs. 
Thus, the unique combinatorial capabilities of our platform and 
approach generated novel insights otherwise not available, leading 
to the identification of a novel mechanical loading regiment for 
MSC-based tissue engineering. Our findings also validated this broadly 
applicable approach to systematically identify combinations of 
mechanical, biomaterial, and other mechanobiological cues that 
optimally guide cell functions in context-specific niches.

RESULTS
Combinatorial mechanical stimulation of cell-laden 
hydrogel constructs
Deformable membrane devices were fabricated to house arrays of 
optically patterned and covalently bound poly(ethylene glycol)-
norbornene (PEG-NB) hydrogels (Fig. 1A and fig. S1A). Permuta-
tions of rate of strain change (RATE or R in condition acronyms), 
initial strain magnitude (STRAIN or ε), and duty period (DUTY or 
D) were imposed to the MSC-laden gels throughout the culture pe-
riod (Fig. 1B and table S1). Covalent bonding between the gels and 
substrate membrane transmitted the cyclic deformation and gener-
ated up to 16% nominal tensile strain in the gels (Fig. 1C and movie 
S1). Fluorescent images of cells were acquired and reconstructed 
into 3D surfaces for the analysis of cell differentiation and matrix 
production (Fig. 1D). The fluorescent surfaces were batch processed 
for defined metrics, which were then modeled using least squares 
estimation and parametric regression techniques (table S2).

Interaction between strain magnitude and duty period 
dominated MSC mechano-responsiveness
As a model, we studied mechanically stimulated matrix production 
and myofibroblast differentiation, since myofibroblasts are the critical 
effectors of tissue remodeling under normal development, repair, 
and fibrotic conditions (28–30). Since the formation of –smooth 
muscle actin (-SMA) stress fiber is the hallmark of myofibroblast 
differentiation (Fig. 2, A and I, and fig. S1B) (31), we first analyzed 
the proportion of -SMA stress fiber–positive cells (SMA+ propor-
tion) in response to the individual and interactive effects of strain 
change rate, magnitude, and duty period over 1 week of mechanical 
stimulation. The quantification of SMA+ proportion across the 
combinatorial condition patterns (fig. S2A) was used to generate 
the parametric model of these mechanical factors. While the indi-
vidual factors each had significant effects, parametric analysis on 
SMA+ cells revealed that the strain magnitude*duty period inter-
action had the largest effect (Fig. 2B and table S2), indicating that 
combining strain magnitude and duty period both at low or high 
levels [i.e., positive interactions in patterns (RhiεloDlo) and (RhiεhiDhi)] 
led to a high proportion of SMA+ cells (red in Fig. 2C and fig. S3A; 
Fig.  2I). In contrast, mismatched levels of strain magnitude and 
duty period [e.g., pattern (RloεloDhi) in Fig. 2I] or their negative in-
teraction led to low SMA+ proportion (blue in Fig. 2C and fig. S3A). 
Although no significant change in cell density was observed across 
the loading patterns (fig. S4A), mechanical stimulation not only in-
creased spreading in MSCs (Fig. 2I and fig. S1B) but also increased 
the expression of collagen at local cell protrusions and edges (rim of 
cell in Fig. 2, D and I, zoom-in) compared to those in static culture. 
Cells that stained for collagen were defined as “collagen positive” 
(Col+). Similarly, the quantification of Col+ proportion and colla-
gen intensity across the combinatorial condition patterns (fig. S2, B 

and C) was used to generate the parametric models. The parametric 
analysis on Col+ proportion and collagen intensity consistently 
revealed the strain magnitude*duty period interaction as the most 
sizeable effect (Fig. 2, E and G). Combining strain magnitude and 
duty period both at low or high levels, i.e., positive strain magni-
tude*duty period [e.g., patterns (RhiεloDlo) and (RhiεhiDhi)], led to 
high Col+ proportion and collagen intensity (red in Fig. 2, F and H, 
and fig. S3, B and C), while mismatched levels of strain magnitude 
and duty period, i.e., negative strain magnitude*duty period [e.g., 
patterns (RloεloDhi) and (RloεhiDlo)], led to low collagen production 
(blue in Fig. 2, F and H, and fig. S3, B and C).

Harnessing the interactive effect of strain magnitude*duty period 
is hypothesized to enhance matrix production by MSCs
Hit conditions were selected for longer-term validation
For engineered load-bearing tissues, mechanical stimulation is typ-
ically applied more than 1 week to promote tissue growth. There-
fore, we sought to confirm whether selected hit conditions for 
collagen production from 1 week of culture could maintain their 
longer-term effects. To comprehensively assess the collagen pro-
duction from all cells and to avoid potentially biased quantification 
due to MSC heterogeneity (such as high mean intensity from a 
small population of brightly stained cells), a new metric “weighted 
collagen” (wCol) was defined that accounted for both the popula-
tion of collagen-producing cells based on Col+ proportion and the 
average level of collagen production based on mean fluorescent 
intensity (see Materials and Methods). The wCol sensitivity test 
indicated no significant effect of the weight variation to Col+ pro-
portion and collagen intensity on all conditions tested (fig. S5) and 
on the wCol surface response model (fig. S6), and thus, we chose the 
equal weight assignment as the representation for all the analyses 
hereafter. All conditions were evaluated for levels of wCol to identify 
the optimal, medial, and pessimal conditions of collagen production 
(Fig. 2J and figs. S5A and S6, left). Patterns (RhiεloDlo), (RmidεmidDmid), 
and (RloεhiDlo) that respectively produced the greatest wCol (95/100; 
Fig. 2, I and L), the medial level wCol (50/100; Fig. 2, I and K), and 
the lowest wCol (13/100; Fig. 2,  I and J) were selected for further 
validation with extended 2-week culture. Notably, the individual 
effect of strain change rate (RATE) and the interactive effect of 
strain magnitude*duty period (STRAIN*DUTY) were both signifi-
cant and positive for all metrics evaluated (Fig. 2 and fig. S7). In partic-
ular, the strain magnitude*duty period interaction had its maximal 
effect for both SMA and collagen expression at high rate of strain 
change of 1%/2 days (diagonal distribution of red in Fig. 2, C, 
F, H, and L, and fig. S3). This is because the positive effects of rate 
of strain change and strain magnitude*duty period were additive. In 
contrast, the effects of other factors such as strain magnitude and 
rate of strain change*duty period were mostly inconsistent and/or 
insignificant. Therefore, additional conditions at high rate of strain 
change of 1%/2 days [i.e., patterns (RhiεhiDhi), (RhiεloDhi), and (RhiεhiDlo)] 
were selected and added to the pattern (RhiεloDlo) to form a full factorial 
design to validate the above identified effect of strain magnitude*duty 
period interaction on MSC responses (Fig. 2L). Final conditions selected 
for the 2-week validation culture are listed in table S3.
Strain magnitude*duty period dominantly affects myofibroblast 
differentiation and matrix production after 2 weeks of culture
Each metric analyzed was quantified across the selected conditions 
for validation to generate the new parametric models (fig. S8). 
Prediction expressions of the parametric models are shown in table 
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S4. While no significant change in the cell density across the loading 
patterns and initial seeding density was observed by 2 weeks (fig. 
S4B), the SMA+ proportion was generally increased in comparison 
to that by 1 week, particularly with significant increase in patterns 
(RmidεmidDmid), (RhiεloDlo), and (RhiεhiDhi) (fig. S2A). Parametric analy-
sis of SMA+ proportion revealed that, by 2 weeks (Fig. 3, A and B), the 
strain magnitude*duty period interaction was still positive and had 
the greatest effect (Fig. 3C and table S4), generating a saddle-shaped 
response surface (Fig. 3D). The SMA+ proportion increased with 
strain magnitude and duty period both at high and low levels (red in 
Fig. 3D) and peaked at 19.1% with rate of strain change, strain 

magnitude, and duty period at 1%/2 days, 4%, and 3 hours ON/
OFF [i.e., pattern (RhiεloDlo) in Fig. 3B and fig. S9]. To complement 
SMA+ as a marker of myofibroblasts, we also analyzed the expres-
sion of fibronectin as an early indicator of activation of myofibro-
blasts (32–34). Similar to SMA+, fibronectin intensity increased with 
positive strain magnitude*duty period interaction [Fig. 3, E and red 
in F; pattern (RhiεhiDhi) in Fig. 3B and figs. S8B and S9]. In contrast, 
mismatched levels of strain magnitude and duty period inhibited both 
SMA+ proportion and fibronectin intensity (blue in Fig. 3, D and F; 
pattern (RhiεhiDlo) in Fig. 3B and fig. S9). Similarly by 2 weeks, the 
Col+ proportion and collagen intensity were significantly increased 

Fig. 1. Combinatorial mechanical stimulation of cell-laden hydrogel constructs. (A) Engineered hydrogel construct arrays are optically patterned and covalently 
bound to microdevice arrays with deformable membranes, to allow 3D mechanical stretching of cells seeded in the gels. (B) Examples of actuation pressure profile to 
achieve combinatorial mechanical stimulation patterns in combination of defined levels of rate of strain change (RATE or R), strain magnitude (STRAIN or ε), and duty 
period (DUTY or D). (C) Side view of PEG-NB gels in culture deformed by the membrane under the prescribed actuation pressure, achieving 16, 10, and 5% of nominal 
tensile strain. For comparison, the right half image of each group (white dashed line) shows the same gel at rest. (D) For each laser channel (e.g., SMA in green and nucleus 
in blue), 3D surfaces are generated using 3D image reconstruction (images in isometric view) and automatic thresholding in Imaris (gray). The parametric analysis on 
various metrics from the fluorescent images and surfaces are performed to assess mechanobiological responses of MSCs (e.g., myofibroblast differentiation and matrix 
production). UV, ultraviolet; OSTE-PDMS, off-stoichiometry thiol-ene based polydimethylsiloxane.
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Fig. 2. Interaction between strain magnitude and duty period dominated MSC mechano-responsiveness. Parametric models of MSC responses for (A to C) the 
proportion of SMA+ cells, (D to F) proportion of Col+ cells, and (G and H) collagen mean intensity after 1 week of full factorial screening. (A) Example of a SMA+ cell with 
visible -SMA stress fiber formation (top) (arrowhead) and a SMA− cell (bottom). SMA, green; nucleus, blue. (D) Example of a Col+ cell with visible collagen (in red) at the 
spreading cell protrusions and edges (top) (arrowheads) and a Col− cell (bottom). (B, E, and G) Summaries of factor effects (parameter estimates) for the proportion of 
SMA+ cells, proportion of Col+ cells, and collagen mean intensity. Larger coefficient magnitude of the parameter estimate corresponds to a larger effect of that factor on 
the model output. (C, F, and H) 4D response surface plot of the interaction between RATE, STRAIN, and DUTY on SMA+ proportion, Col+ proportion, and collagen mean 
intensity. The definition of the coded values is provided in table S1. (I) Representative maximum intensity projections of cells stained with -SMA and collagen type I 
among various patterns of condition. Peripheral images are side view projections. Refer to table S2 for the polynomial models of SMA+ proportion, Col+ proportion, and 
collagen mean intensity. Error bars represent SE of the estimated parameters. N = 3 to 4 independent gels per condition. **P < 0.0001 and *P < 0.05. (J to L) The new met-
ric weighted collagen (wCol) was defined to identify the top hit, medial, and pessimal conditions for further validation. Conditions selected are labeled on the graph and 
listed in table S3. (J) 4D response surface plot of the interaction between RATE, STRAIN, and DUTY on wCol. (K and L) Response surfaces of wCol with RATE at 0%/2 days 
(K) and at 1%/2 days (L).
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Fig. 3. Empirically driven model generated a hypothesis to enhance matrix production. (A) Overview of the 2-week validation culture of selected conditions. 
(B) Representative maximum intensity projections of MSCs stained with -SMA, extra domain-A fibronectin (EDA-FN), and collagen type I. Peripheral images are side view 
projections. (C to J) Parametric analysis of MSC responses in expression of (C and D) -SMA, (E and F) fibronectin, and (G to J) collagen with RATE at 1%/2 days. (C, E, G, and I) 
Summaries of factor effects (parameter estimation) for SMA+ cell proportion, fibronectin intensity, Col+ cell proportion, and collagen intensity, respectively. Error bars 
represent SE of the estimated parameters. N = 3 to 4 independent gels per condition. **P < 0.0001, *P < 0.05, and #P < 0.1. (D, F, H, and J) Response surfaces of the 
STRAIN*DUTY interaction on SMA+ proportion, fibronectin intensity, Col+ proportion, and collagen intensity, respectively. 2D projections of the response surfaces are 
shown at the bottom in each plot. (K) Response surface of weighted collagen by 1 week with highlighted regions of efficient stimulation and inefficient stimulation 
(dashed outline) (RATE at 1%/2 days). (L) Response surface of wCol after 2 weeks of validation culture with regions of efficient and inefficient stimulation, shifted from that 
of 1 week in the direction of increasing STRAIN (pink arrows and outline). (M) Differences in response surfaces of wCol between 1 and 2 weeks, due to dynamic changes 
in the STRAIN*DUTY interaction effect, generated a hypothesis to optimally promote collagen production by MSCs (dashed arrow).
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in most of the loading patterns tested when compared to those by 
1 week (fig. S2, B and C). The strain magnitude*duty period inter-
action remained a positive and dominating effect after parametric 
analysis of collagen metrics including Col+ proportion, collagen 
intensity, normalized volume, and integrated density (Fig. 3, G and I; 
fig. S10, A and F; and table S4). Collagen production, measured by 
all the collagen metrics, peaked at high levels of strain magnitude 
and duty period and plunged with mismatched levels of strain mag-
nitude and duty period [i.e., pattern (RhiεhiDhi) versus (RhiεhiDlo) in 
Fig. 3B and fig. S9; red versus blue in Fig. 3, H and J; figs. S8 and 
S10]. Evaluation of collagen production by wCol identified the pat-
tern (RhiεhiDhi) that replaced the pattern (RhiεloDlo) as the new top 
hit condition by 2 weeks (wCol = 100; figs. S5B and S6, right). This 
was due to more significant increases from 1 to 2 weeks in normal-
ized Col+ proportion and collagen intensity of pattern (RhiεhiDhi) 
(1.9- to 9.3-fold and 1.2- to 2-fold, respectively) than those of pat-
tern (RhiεloDlo) (2.2- to 6.4-fold and 1.3- to 1.6-fold, respectively) 
(fig. S2, B and C). In addition, the pattern (RhiεhiDlo) replaced the 
pattern (RloεhiDlo) as the new pessimal condition (wCol = 0; figs. 
S5B and S6, right), which showed little effect at promoting collagen 
production by 2 weeks (fig. S2, B and C).
Increasing strain magnitude led to dynamic changes of strain 
magnitude*duty period interaction
The above parametric analyses revealed that strain magnitude*duty 
period interaction but not individual strain magnitude or duty period 
was the dominant determinant of MSC mechanobiological respons-
es, including the expression of -SMA, fibronectin, and collagen. 
Comparison of the wCol response surfaces at high rate of strain 
change of 1%/2 days from the initial 1-week screening (Fig. 3K) and 
the 2-week validation (Fig. 3L) showed substantial differences. We 
categorized conditions with wCol > 75 as “efficient” to mark their 
promotive effect on high levels of collagen production and condi-
tions with wCol < 50 as “inefficient” due to the little effect of mis-
matched levels of strain magnitude and duty period. After 2 weeks, 
patterns (RhiεhiDhi) (i.e., 1%/2 days, 11%, and 9 hours ON/OFF) 
and (RhiεhiDlo) (i.e., 1%/2 days, 11%, and 3 hours ON/OFF) remained 
in their respective categories of efficient and inefficient (Fig.  3, 
K and L), resulting in the new top hit and pessimal conditions. In 
comparison, the initial hit condition pattern (RhiεloDlo) shifted out 
of its category of efficient with the new wCol only at medial levels 
(pink arrows and outline in Fig. 3K). This was due to the increasing 
strain magnitude (when rate of strain change was at 1%/2 days) 
from the initial 4 to 10% after 2 weeks of matching the unchanged 
duty period, thus causing dynamic changes in the effect of strain 
magnitude*duty period interaction from positive to negative [i.e., ini-
tially (RhiεloDlo) to effectively (RhiεhiDlo) by 2 weeks]. Therefore, a rea-
sonable deduction was that the initial hit condition (RhiεloDlo) may 
outperform the new top hit condition (RhiεhiDhi) by 2 weeks, provided 
that the negative change of strain magnitude*duty period interaction 
can be mitigated. Collectively, this led us to hypothesize that increas-
ing duty period to synchronize with increasing strain magnitude 
would yield a new condition that maintains the positive effect of strain 
magnitude*duty period interaction and consistently and efficiently 
promotes collagen production (dashed arrow in Fig. 3, K and M).

Synchronous application of strain magnitude and duty 
period promoted collagen production
To test our hypothesis, we repeated the 2-week culture and added a 
new condition pattern (RhiεloDlo sync) that matched the increasing 

strain magnitude to a stepwise increasing duty period (i.e., 3, 6, and 
9 hours ON/OFF at days 2, 6, and 12, respectively). Compared to the 
original pattern (RhiεloDlo) (Fig. 4A, left), the new pattern (RhiεloDlo 
sync) by design changed the strain magnitude and duty period from 
initially 4%, 3 hours to 7%, 6 hours after 1 week and to 10%, 9 hours 
after 2 weeks (Fig. 4A, right), thus maintaining the positive effect of 
strain magnitude*duty period. By analyzing both collagen and fi-
bronectin, the results confirmed that the new pattern (RhiεloDlo sync) 
outperformed the previous conditions at promoting matrix pro-
duction. Specifically, the pattern (RhiεloDlo sync) significantly and 
maximally promoted Col+ proportion and collagen intensity to 
47.7 ± 1 and 24.2 ± 5%, respectively, compared to the previous hit 
conditions in the initial screen [i.e., pattern (RhiεloDlo)] and in the 
validation culture [i.e., pattern (RhiεhiDhi)] (Fig. 4, B, C, and F, top). 
The corresponding wCol was also significantly higher for pattern 
(RhiεloDlo sync) than for patterns (RhiεhiDhi) and (RhiεloDlo) (Fig. 4, D 
and F, top, and fig. S5C). Additional analysis of fibronectin also 
showed that the pattern (RhiεloDlo sync) significantly promoted 
fibronectin intensity by 60% compared to pattern (RhiεloDlo), with 
marginal promotion compared to pattern (RhiεhiDhi) (Fig. 4, E and F, 
bottom). The loading patterns also had a significant effect on the 
cell density (fig. S4C), specifically with a close to twofold increase in 
the pattern (RhiεloDlo sync) compared to the control and the pattern 
(RhiεloDlo).

DISCUSSION
Systematic and combinatorial studies are required for better under-
standing of mechanobiological cell responses to complex micro-
environmental cues in engineered niches. However, predictive 
mechanobiological-based control of MSCs is still lacking largely 
because systematic investigations of dynamic mechanical stimula-
tion protocols are not tractable with conventional experimental 
approaches and platforms. Full factorial screening with factors all at 
two levels is a common strategy used in the industrial experimenta-
tion for optimizing context-specific metrics (14, 35, 36). It requires 
relatively fewer runs compared to those with more levels per factor, 
thus probing factor effects more efficiently with finite resources. In 
this work, by using a 3D bioreactor array platform with combinato-
rial mechanical stimulation factors, we performed full factorial 
designs to evaluate the main effect of each factor and their higher-
order interactions. With parametric modeling, we found that the 
interaction effect between strain magnitude and duty period of 
applied mechanical stimulation (STRAIN*DUTY) dominantly in-
fluenced myofibrogenesis and matrix production by MSCs. Further-
more, empirical modeling of higher-order interactions provided 
insights into the dynamic changes of strain magnitude*duty period 
interaction. These insights led us to hypothesize a new dynamic me-
chanical stimulation scheme in which strain magnitude and duty 
period were synchronously increased throughout the culture period. 
This approach was verified to outperform the original schemes in 
promoting MSC matrix production.

The parametric models were derived from empirical data to 
identify significant effects and hypothesis for validation, especially 
on collagen production (fig. S11). The parametric model fitting 
analyses of Col+ proportion and collagen intensity (fig. S11, B and 
C) both showed good fitting accuracy with low root mean square 
error (RMSE) (around 1/10 of respective data mean) and no signifi-
cant lack of fit for the regression models. The analysis of variance 
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(ANOVA) also indicated that the regression models and associated 
terms were the most significant source of variance instead of error 
(P < 0.0001 for both Col+ proportion and collagen intensity). Note 
that for SMA+ proportion (fig. S11A), a significant lack of fit was 
shown because of the center points not fitting into the current re-
gression model. Nonetheless, the ANOVA showed that the regres-
sion model still had a significant effect at prediction beyond the 

center points (P < 0.0001, RMSE = 0.0166). The higher-order terms 
adopted in the parametric models only included interactive effects 
but not the quadratic (or higher-order) main factor effects (Supple-
mentary Materials and Methods). Thus, the lack of fit of the center 
points strongly suggested a quadratic main effect or curvature 
effect. While the two-level full factorial design was best suited to 
probe the main factor effects and the interactive effects between 

Fig. 4. Synchronous application of strain magnitude and duty period promoted collagen production. (A) Overview of the hypothesis test under the new condition 
for collagen and fibronectin production by MSCs. Left: The original pattern (RhiεloDlo). Right: The new condition with dynamically synced STRAIN and DUTY, pattern 
(RhiεloDlo sync). (B to E) Quantification of collagen and fibronectin production using metrics including (B) Col+ proportion, (C) collagen intensity, (D) weighted collagen, 
and (E) fibronectin intensity. N = 3 to 4 independent gels per condition. **P < 0.01 versus all other groups, *P < 0.05 versus ctrl and pattern (RhiεloDlo), and #P < 0.1 versus 
pattern (RhiεhiDhi). (F) Representative maximum intensity projections of cells stained with collagen and ED-A FN from tested conditions. Peripheral images are side view 
projections. (G) Schematic summarizing the interplay between STRAIN and DUTY, possibly manifested through integrative regulation of force loading rate via molecular 
clutch and imprinted mechanical memory, which ultimately control the mechano-responsiveness of MSCs. a.u., arbitrary units.
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factors (14), additional levels for each factor (axial points) can be 
included to supplement the full factorial design and adopt quadratic 
main effect terms in the parametric model for better fitting and de-
tails of the curvature effects in future studies (13).

Our data showed that the individual effect of strain change rate 
(RATE) was consistently significant and positive. The application 
of an incremental strain (with positive rate of strain change at 
1%/2 days) produced more -SMA, fibronectin, and collagen (Fig. 2 
and fig. S7). This is consistent with previous reports that showed 
increased collagen content per MSC-like cell in engineered con-
structs by incremental cyclic mechanical stimulation (3, 37). It was 
previously shown that the benefit of constant “normal” mechanical 
stimulation gradually vanishes due to cell adaptation (38–40). The 
application of incremental strain (41, 42) or resting/refractory periods 
(43–45) was believed to mitigate the cell adaptation by “resetting” 
the mechanosensitivity of cells and was shown to enhance cellular 
mechano-responses. Building on these earlier studies, our study re-
vealed that the interaction effect between strain magnitude and duty 
period (STRAIN*DUTY) more dominantly regulated the mechano-
responsiveness of MSCs compared to the individual effect of rate of 
strain change (or incremental strain alone) and duty period (or resting/
duty OFF periods alone) (Fig. 2). The strain magnitude*duty period 
interaction can be observed even when the rate of strain change was 
at zero, which is the application of a constant strain stimulation 
(Fig. 2, C and K). This interaction effect is significant in that it not 
only reveals novel insights into new “keys” to control the mechano-
responsiveness of MSCs for advanced bioprocess control and 
maturation of engineered tissues but also emphasizes the capability 
of using our approach to generate novel hypothesis for testing and 
validation.

The regulation of cell responses to stretching and related force 
transmission can be explained by the molecular clutch dynamics 
and the force loading rate, which is a fundamental factor driving the 
mechanosensitivity of the molecular clutch (46). Mechanical cues 
such as substrate rigidity and dynamic substrate stretching can di-
rectly regulate the force loading rate and influence several cell fate 
decisions and functions (46, 47). Increasing strain at a constant 
stretching frequency (as in this study) or increasing frequency at a 
constant strain both convert to increasing force loading rate and 
transmission, similar to that acquired from increasing substrate 
rigidity. Individual mechanosensors in the clutch model experience 
these mechanical cues and also determine force transduction for 
downstream signaling (46). For instance, various levels of force 
loading rate induce rapid and/or long-term molecular events such 
as talin unfolding and integrin–extracellular matrix unbinding (19), 
adenosine triphosphate and other purinergic signaling, and gene silenc-
ing by chromatin compaction (48–50). Cyclic mechanical stretching 
and matrix stiffening have also been shown to modulate the activa-
tion of multiple transcription factors (47, 51, 52) and promote myofibro-
blast differentiation of MSC-like cells with SMA expression (23). 
Notably, we found significant difference between the expression 
pattern of SMA and collagen in terms of top hit conditions (Figs. 2 
and 3 and fig. S2). This suggests discrepancy between myofibroblast 
differentiation of MSCs and their transformation into synthetic 
phenotype with optimal matrix production, where potential new 
insights could be generated using a similar approach to our study.

Mechanical cues including substrate rigidity and stretching have 
been shown to induce chromatin remodeling and influence the 
epigenomics of MSCs (53–55), although the specific mechanisms 

involved remain elusive. Mounting evidence supports the notion 
that repeated and lasting mechanical stimulation instills memory in 
stem cells including MSCs. Many mechanical priming-induced cel-
lular events are differentially executed depending on culture history 
and have been proposed to serve as mechanical memory keepers on 
different levels, acting together to adjust the mechanosensitivity of 
MSCs to mechanical perturbation (53, 54, 56–58). For instance, the 
nuclear translocation of cotranscription factor Yes-associated pro-
tein (YAP) and chromatin condensation adapt rapidly to mechani-
cal loading, but after loading cessation, YAP translocates back to 
the cytoplasm, and chromatin remodeling drops to baseline levels, 
resulting in reversible or weak mechanical memory and nominal 
changes in gene expression (53, 58). In comparison, expression level 
of microRNA miR-21 was robust against acute changes in environ-
mental mechanics due to long half-life of several days, serving as a 
long-term memory keeper (57). Higher magnitude of mechanical 
cues led to higher magnitude of mechanical memory imprinted in 
MSCs and extension of the permanency of memory and modulation on 
cell functions after loading cessation (53, 54, 57). Similarly, in our 
study, this mechanical memory may be differentially regulated de-
pending on the level of strain magnitude and contribute to the 
strain magnitude*duty period interaction (Fig. 4G). For example, the 
patterns (RhiεloDhi) and (RhiεhiDlo) may result in weak and strong 
memories, respectively, because of their respective strain levels and 
force transmission. These memories either do not persist through 
the high duty period and lead to only intermittent effect [i.e., (RhiεloDhi)] 
or contribute to cell adaptation by lowering the mechanosensitivity 
of MSCs (3, 42) and cause a diminishing effect [i.e., (RhiεhiDlo)], which 
are both suboptimal. Other patterns with positive strain magnitude*du-
ty period interaction [i.e., (RhiεloDlo) and (RhiεhiDhi)] seem to bal-
ance the mechanical memories and mechanosensitivity of MSCs and 
result in relatively more significant stimulating effects. Provided the 
dynamic nature of the imprinted memories due to increasing strain, 
we were led to hypothesize and demonstrate the strategy of main-
taining the continuous and accumulative effects of stimulation for 
matrix production by matching increasing strain with increasing 
duty period (Fig. 4).

The goal of this study was not to reproduce the collagen content 
and organization of native load-bearing tissues but to increase the 
understanding of responses and development of engineered tissue 
constructs from MSCs to combinatorial and dynamic mechanical 
stimulation, specifically in terms of myofibrogenesis and matrix 
production. Myofibrogenesis may be more relevant to the engineer-
ing of specific tissues such as the heart valve and to specific disease 
modeling such as tissue fibrosis. More comprehensive biological 
analysis can be performed for context-specific applications when 
needed. The strategy of integrating microdevice arrays and para-
metric modeling to identify the combinatorial and specific effects of 
mechanical stimulation can be widely applied to other cell sources 
(e.g., vascular smooth muscle cell) (1, 19). Other factors of interest 
can also be included such as fluidic shear stress, scaffold materials, 
and media formulations for combinatorial screening of their high-
order effects on engineered (load-bearing) tissue formation and 
functions. Note that fluidic shear stress is also a potent mechanical 
stimulus for modulating MSC fate and functions (6, 59). While not 
explicitly characterized and examined in this study, interstitial flow 
induced by cyclic deformation of the gels may have contributed to 
the observed cell responses. We performed offline mechanical 
compression testing to characterize the mechanical properties of 
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the gels and observed no significant differences of gel compressive 
modulus across the loading patterns (fig. S12), regardless of differ-
ential collagen expression. This indicated that the cross-linked 
hydrogel was still the dominant mechanical structure and that the 
amount of collagen produced was not significant enough to influ-
ence the stiffness of the bulk gel or the straining pattern as designed. 
In comparison, noninvasive functional analysis on chip, similar to 
integrating strain sensors to monitor the stiffness evolution of engi-
neered constructs (60), would be revolutionary at providing new 
insights into the dynamics of tissue development. Moreover, the 
PEG-NB hydrogel system permits precise definition of material and 
biochemical cues (13), and similar combinatorial screening studies 
can be implemented to understand the specific and integrative ef-
fects of critical microenvironmental factors, leading to comprehen-
sive mechanobiology of target cell niches that can serve as a basis for 
designing next-generation biomaterials.

This paper reported a combinatorial screening study of the indi-
vidual and integrative effects of 3D dynamic mechanical stimula-
tion parameters on myofibrogenesis and matrix production by 
MSCs cultured in 3D hydrogel constructs. Our deformable mem-
brane microdevice arrays were paired effectively with combinatorial 
experimental design and parametric regression modeling to gener-
ate insights otherwise not available. Notably, a high-order and sig-
nificant strain magnitude*duty period interaction effect was found 
that dominantly determined myofibrogenesis and matrix produc-
tion by MSCs. A novel dynamic loading regime was predicted on 
the basis of empirically driven models to promote matrix produc-
tion by MSCs through optimizing their mechano-responsiveness. 
The optimal regime predicted by our study—pattern (RhiεloDlo 
sync) where strain magnitude and duty period were synchronously 
increased over time—was validated to most effectively promote col-
lagen and fibronectin production. Our findings inform the design 
of efficient mechanical loading regimes for MSC-based tissue re-
generation. They also represent a clearly generalizable approach 
to probe multifactorial regulation of cell fate by combinatorially 
controlling microenvironmental stimuli.

MATERIALS AND METHODS
Please refer to the Supplementary Materials for detailed methods 
and data analysis.

Device fabrication and integration of PEG-NB gel array
The deformable membrane microdevice array is based on our pre-
viously developed platform (60, 61). Dynamic 3D mechanical stretch-
ing was successfully applied to the PEG-NB hydrogel arrays by 
covalently bonding them to the membrane, which is pneumatically 
actuated. PEG-NB hydrogel system was used for 3D culture of 
MSCs because its biochemical and material properties are tunable, 
including adhesion peptide identities and densities, elasticity, and 
degradability (13, 61).

Human MSC culture
Cryopreserved human bone marrow–derived MSCs were obtained 
from the Texas A&M Health Science Center, College of Medicine 
Institute for Regenerative Medicine at Scott & White through a 
grant from the National Center for Research Resources of the 
National Institutes of Health (grant no. P40RR017447). MSCs at 
passages 4 to 5 and complete culture medium containing 81.7% 

–minimum essential medium with l-glutamine, 16.3% fetal bo-
vine serum, 1% additional l-glutamine, and 1% penicillin/streptomycin 
were used for all experiments.

Finite element analysis
3D finite element simulations of the bulging membrane-gel system 
were performed using ANSYS Workbench v14.0 (ANSYS Inc., 
Canonsburg, PA) to determine the pressure needed for pneumatic 
actuation to achieve the prescribed strain magnitude.

Immunofluorescence staining
Myofibroblast differentiation is defined with neo-expression and 
incorporation of -SMA into stress fibers (31). Therefore, single-cell 
immunofluorescence-based analysis is appropriate to identify the 
proportion of myofibroblasts from a population of cells. Expression 
of ED-A (extra domain-A) fibronectin precedes, is necessary for myo
fibroblast activation, and is suggested to serve as master template for 
collagen deposition (32, 34, 62). MSCs embedded in the PEG-NB gels 
were stained for -SMA with fluorescein isothiocyanate–conjugated 
mouse monoclonal anti-human -SMA (F3777, Sigma-Aldrich; di-
lution 1:300), cellular ED-A fibronectin with mouse monoclonal anti–
ED-A fibronectin (IST-9, sc-59826, Santa Cruz Biotechnology; 
dilution 1:200), and collagen with rabbit monoclonal anti–collagen 
type I (ab138492, Abcam; dilution 1:300).

Confocal microscopy imaging and analysis
A laser scanning confocal microscope (Zeiss LSM710) with a 20× 
objective (Plan-Apochromat 20×/1.0 DIC, water immersion) was 
used to acquire optical slices of the 3D hydrogel constructs. Imaris 
(Bitplane) was used to create automatically thresholded, quantifi-
able 3D surfaces around stained objects in the hydrogels for each 
laser channel from confocal image stacks. To comprehensively as-
sess the collagen production from all cells, a new metric weighted 
collagen was defined on the basis of Col+ proportion and collagen 
intensity. Each condition was graded and ranked for both Col+ 
proportion [Col+] and collagen intensity [Col Int], proportionally 
with the highest value to 100 and lowest to 0. The weighted collagen 
[wCol] was defined using an objective function with weighted Col+ 
proportion and weighted collagen intensity. The sensitivity of [wCol] 
to different weight assignment (i.e., 0.25:0.75, 0.5:0.5, and 0.75:0.25 for 
[Col+]:[Col Int]) was tested for all the experiments involving the 
analysis of weighted collagen.

Factorial design of experiments and statistical analysis
The approach of two-level full factorial design of experiments was 
applied to estimate and probe the significance of all individual main 
effects and interaction effects of factors (i.e., parameters of dynamic 
mechanical stimulation—rate of strain change or RATE, initial 
strain magnitude or STRAIN, and duty period or DUTY) on a given 
output metric (e.g., -SMA, collagen, or fibronectin expression) 
(14, 35). A two-level full factorial design included experimental 
runs at every possible combination of high and low levels of interest 
for each factor (eight runs in total) (i.e., rate of strain change from 
1%/2 days to −1%/2 days, strain magnitude from 11 to 4%, and duty 
period with 50% duty cycle from 9 hours ON/9 hours OFF to 3 hours 
ON/3 hours OFF; Fig. 1B and table S1). Additional combinations 
involving medial levels of factors or “center points” were replicated 
and included to estimate the pure error for probing the signifi-
cance of all the effects and to detect potential quadratic or curvature 
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effects (i.e., rate of strain change at 0%/2 days, strain magnitude at 
7%, and duty period at 6 hours ON/6 hours OFF; table S1). The 
conditions of the three-factor full factorial design were randomized 
in experiments, with each combination of factors imposed to at 
least three replicated gels to increase the statistical power and accu-
racy for parametric modeling. Table S3 lists the minimal number of 
combinations required to estimate and probe the significance of all 
the effects in the two-factor, two-level full factorial design (i.e., as-
sessing only factors of STRAIN and DUTY). All listed combina-
tions were performed with at least three replicated gels (table S3). 
Parametric models were generated on the combinatorial cue-response 
data, and associated statistical analysis was performed all using 
JMP® v13 (SAS Institute). Additional statistical analyses were per-
formed using SigmaPlot 12. Data are reported as means ± SEM unless 
otherwise noted and were analyzed by one- and two-way ANOVA 
with Tukey post hoc tests for all pairwise comparisons and with sta-
tistical significance evaluated at P < 0.05.

Parametric modeling
In a process as described previously (12, 14), response surfaces were 
modeled by linear regression. For example, for a three-factor re-
sponse surface, the output response (Y) was modeled as a function 
of independent input factors (Xi) in a polynomial function Eq. 1

	​​
Y  =  K + ​β​ 1​​ ​X​ 1​​ + ​β​ 2​​ ​X​ 2​​ + ​β​ 3​​ ​X​ 3​​ + ​β​ 12​​ ​X​ 1​​ ​X​ 2​​ +

​   ​β​ 13​​ ​X​ 1​​ ​X​ 3​​ + ​β​ 23​​ ​X​ 2​​ ​X​ 3​​ + ​β​ 123​​ ​X​ 1​​ ​X​ 2​​ ​X​ 3​​ ​​	  (1)

where K corresponds to the average response of center points, i the main 
effect coefficients, and ij the second-order interaction coefficients. 
The design matrix and coded values are described in table S1. Coded 
values were useful as they allow for the determination of factor effects 
independent of units through the comparison of  coefficients (35). 
Model parameters were estimated using least squares estimation in 
JMP, and the statistical significance of each parameter was evaluated 
at P < 0.05. Insignificant factors were removed from the initial model 
by rank, and model parameters were calculated for the reduced 
model through an iterative process of backward elimination (12).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/19/eabe7204/DC1

View/request a protocol for this paper from Bio-protocol.
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