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A synthetic mechanogenetic gene circuit 
for autonomous drug delivery in engineered tissues
Robert J. Nims1,2,3*, Lara Pferdehirt1,2,3,4*, Noelani B. Ho5,6, Alireza Savadipour1,2,3,7, 
Jeremiah Lorentz1,2,3,4, Sima Sohi4, Jordan Kassab4, Alison K. Ross1,2,3,4, Christopher J. O’Conor8, 
Wolfgang B. Liedtke9, Bo Zhang3, Amy L. McNulty5,10, Farshid Guilak1,2,3,4,7†

Mechanobiologic signals regulate cellular responses under physiologic and pathologic conditions. Using synthetic 
biology and tissue engineering, we developed a mechanically responsive bioartificial tissue that responds to me-
chanical loading to produce a preprogrammed therapeutic biologic drug. By deconstructing the signaling net-
works induced by activation of the mechanically sensitive ion channel transient receptor potential vanilloid 4 
(TRPV4), we created synthetic TRPV4-responsive genetic circuits in chondrocytes. We engineered these cells into 
living tissues that respond to mechanical loading by producing the anti-inflammatory biologic drug interleukin-1 
receptor antagonist. Chondrocyte TRPV4 is activated by osmotic loading and not by direct cellular deformation, 
suggesting that tissue loading is transduced into an osmotic signal that activates TRPV4. Either osmotic or me-
chanical loading of tissues transduced with TRPV4-responsive circuits protected constructs from inflammatory 
degradation by interleukin-1. This synthetic mechanobiology approach was used to develop a mechanogenetic 
system to enable long-term, autonomously regulated drug delivery driven by physiologically relevant loading.

INTRODUCTION
Smart biomaterials or bioartificial tissues that autonomously respond 
to biologic cues and drive a therapeutic or restorative response are 
promising technologies for treating both chronic and acute diseases 
(1). Mechanotherapeutics, in particular, are a rapidly growing class 
of smart biomaterials that use mechanical signals or mechanical 
changes within diseased tissues to elicit a therapeutic response (2–4) 
and ameliorate the defective cellular mechanical environment (5–8). 
Current mechanotherapeutic technologies rely on exogenous pro-
tein drug delivery or ultrasound stimulation or on synthetic poly-
mer implants that offer a finite life span for drug delivery (9–11). 
Creating systems with cellular-scale resolution of mechanical 
forces that offer long-term, feedback-controlled synthesis of biologic 
drugs could provide a completely new approach for therapeutic 
delivery.

In contrast to synthetic polymers, biological tissues grow, adapt, 
and respond to mechanobiologic signals through the use of special-
ized molecular components, such as mechanically-sensitive ion 
channels and receptors that transduce specific stimuli from the 
physical environment (12, 13). In particular, mechanosensitive ion 
channels are sensitive to both context and deformation mode, mak-
ing them uniquely suited as mechanotherapeutic sensors (14–16). 
The transient receptor potential (TRP) family is a class of selective 

ion channels including some mechanically sensitive members, such 
as TRPA1, TRP vanilloid 1 (TRPV1), and TRPV4 (17, 18). TRPV4 
is activated by osmotic stress and plays an important role in the 
mechanosensitivity of various tissues such as articular cartilage, 
uterus, and skin (19–23). In cartilage, TRPV4 has been shown to 
regulate the anabolic biosynthesis of chondrocytes in response to 
physiologic mechanical strain (24).

Osteoarthritis is a chronic joint disease for which there are no 
available disease-modifying drugs, ultimately leading to a total joint 
replacement once the diseased and degraded cartilage and sur-
rounding joint tissues incapacitate a patient from pain and a loss of 
joint function (25). Cartilage tissue engineering is a promising strat-
egy to resurface damaged and diseased articular cartilage with an 
engineered cartilage tissue construct as a means to reduce the need 
for, or prolong the time before, a total joint replacement (26, 27). 
An ongoing challenge in the field, however, is developing engi-
neered cartilage constructs that withstand both the high mechanical 
loads present within the articular joint and the chronic inflamma-
tion present within an osteoarthritic joint (28, 29). For example, the 
knee cartilage of healthy individuals can experience compressive 
strains of ~5 to 10% during moderate exercise, while individuals 
with a history of joint injury or high body mass index, populations 
at risk for developing osteoarthritis, can experience higher magni-
tudes of cartilage compression under similar loading (30–32). In 
this regard, a bioartificial tissue that can synthesize biologic drugs in 
response to inflammation or mechanical loading, either independently 
or concurrently, could greatly enhance the therapeutic potential of 
an engineered tissue replacement.

In this study, we engineered a mechanically responsive bioartificial 
tissue construct for therapeutic drug delivery by using the signaling 
pathways downstream of the mechano/osmosensitive ion channel 
TRPV4 to drive synthetic mechanogenetic gene circuits (Fig. 1). To do 
this, we first establish that mechanical loading of tissue-engineered 
cartilage activates TRPV4 through fluctuations in the local osmotic 
environment and not direct mechanical deformation of chondro-
cytes. We next deconstructed the gene regulatory networks (GRNs) 

1Department of Orthopedic Surgery, Washington University School of Medicine, 
St. Louis, MO 63110, USA. 2Shriners Hospitals for Children—Saint Louis, St. Louis, 
MO 63110, USA. 3Center of Regenerative Medicine, Washington University School 
of Medicine, St. Louis, MO 63110, USA. 4Department of Biomedical Engineering, 
Washington University, St. Louis, MO 63105, USA. 5Department of Orthopaedic 
Surgery, Duke University School of Medicine, Durham, NC 27710, USA. 6Depart-
ment of Biology, Duke University, Durham, NC 27708, USA. 7Department of Me-
chanical Engineering and Materials Science, Washington University, St. Louis, MO 
63105, USA. 8Department of Pathology and Immunology, Washington University 
School of Medicine, St. Louis, MO 63110, USA. 9Department of Neurology, Duke 
University School of Medicine, Durham, NC 27710, USA. 10Department of Pathology, 
Duke University School of Medicine, Durham, NC 27710, USA.
*These authors contributed equally to this work.
†Corresponding author. Email: guilak@wustl.edu

Copyright © 2021 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).



Nims et al., Sci. Adv. 2021; 7 : eabd9858     27 January 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 13

and signaling pathways evoked by TRPV4 activation and revealed 
the transient activation of several mechanosensitive transcription 
factors. We engineered synthetic gene circuits to respond to me-
chanical TRPV4 activation for driving transgene production of an 
anti-inflammatory molecule, interleukin-1 receptor antagonist 
(IL-1Ra). While IL-1Ra (drug name anakinra) is approved as a thera-
py for rheumatoid arthritis and has successfully attenuated osteoar-
thritis progression in preclinical models, clinical trials of IL-1Ra 
therapy in patients with established osteoarthritis have not shown 
efficacy, suggesting that controlled long-term delivery may be neces-
sary for disease modification (33–35). Here, we show that mechan-
ical or osmotic loading of implantable engineered cartilage tissue 
constructs induces an autonomous mechanogenetic response and 
protects tissue constructs from inflammatory insult, suggesting a 
modality for long-term in vivo drug delivery.

RESULTS
The mechano-osmotic response of chondrocytes to loading 
is regulated by TRPV4
To deconstruct the mechanotransduction pathways through which 
chondrocytes perceive mechanical loading, we encapsulated freshly 
isolated primary porcine chondrocytes within an agarose hydrogel 
scaffold to create engineered cartilage tissue constructs. Constructs were 
cultured for 3 weeks to allow extracellular matrix deposition before 
applying compressive loading and simultaneously imaging the intra-
cellular calcium levels of the chondrocytes. This engineered cartilage 
system allows mechanical signals to be transduced to chondrocytes 

through de novo synthesized extracellular matrix in a manner sim-
ilar to in vivo mechanotransduction (36–38). Chondrocytes express 
an array of mechanically sensitive ion channels and receptors, in-
cluding TRPV4, PIEZO1 and PIEZO2, integrins, and primary cilia 
(39), so we investigated the mechanism by which physiologic mag-
nitudes of dynamic mechanical loading are transduced by chondro-
cytes. Dynamic mechanical loading of engineered cartilage constructs 
immediately provoked a 108% increase of intracellular calcium re-
sponse compared with unloaded tissues (P = 0.022; Fig. 2A). Inhib-
iting TRPV4 activity using the TRPV4 antagonist GSK205 suppressed 
calcium signaling (P = 0.03, GSK205 supplementation reduced sig-
naling by ~47%), implicating TRPV4 as a critical component in 
transducing compressive loading in chondrocytes.

While the molecular structure of TRPV4 has recently been re-
ported (40), the mechanisms underlying TRPV4 activation are 
complex and may involve direct mechanical activation or osmotic 
activation secondary to mechanical loading of the charged and 
hydrated extracellular matrix (17, 21, 41, 42). To determine the 
physical mechanisms responsible for TRPV4 activation secondary 
to tissue compression, we subjected freshly isolated chondrocytes to 
osmotic loading, direct membrane stretch, and direct single-cell 
mechanical compression (Fig. 2, B, D, and E). To better understand 
the biophysical mechanisms underlying TRPV4 activation, we de-
termined the mechanical state of the chondrocyte membrane in 
each of these cases using finite element modeling (FEBio; www.
febio.org) (43). Chondrocytes rapidly responded to physiologically 
relevant changes in medium osmolarity through intracellular calcium 
signals (Fig. 2B). Calcium signaling was highly sensitive to modest 
changes in osmolarity, with an osmolarity shift of −20 mOsm in-
ducing intracellular signaling in 35% of chondrocytes and −80 mOsm 
inducing activation of 100% of chondrocytes. Inhibition of TRPV4 
with GSK205 suppressed calcium signaling caused by hypo- 
osmotic loading (Fig. 2C) or by the TRPV4 agonist GSK1016790A 
(GSK101) (fig. S1). Chondrocyte volumetric analysis and finite 
element modeling of hypo-osmotic stress showed that a change 
of −60 mOsm, sufficient to induce signaling in nearly all chondrocytes, 
increased cellular volume by 13% and induced an apparent first- 
principle strain of 0.04 homogeneously throughout the membrane 
(figs. S2 and S3). To investigate the role of direct membrane stretch 
on TRPV4 activation in the absence of osmotic fluctuations, we used 
micropipette aspiration of individual chondrocytes to apply con-
trolled deformation of the cell membrane (Fig. 2D). Unexpectedly, 
micropipette aspiration did not provoke any calcium signaling re-
sponse in chondrocytes, with only 1 of 38 tested cells responding 
with increased intracellular calcium, indicating that membrane de-
formation per se was not the primary signal responsible for me-
chanical activation. Finite element simulations of the micropipette 
experiment showed the presence of heterogenous apparent mem-
brane strains in aspirated chondrocytes, with a first-principle strain 
reaching 0.31 around the micropipette mouth and ~0.04 within the 
micropipette under an applied pressure of 100 Pa (fig. S3, E to H). 
To test whether calcium signaling in response to direct mechanical 
compression of chondrocytes is mediated by TRPV4, we loaded iso-
lated chondrocytes with an atomic force microscope (AFM) to 400 nN 
(44). Only at high, pathologic levels of mechanical compression did 
direct chondrocyte compression provoke intracellular calcium sig-
naling, but this response was not inhibited by GSK205 (Fig. 2, 
E to G). Finite element modeling predicted high membrane strains 
with an ultimate apparent first-principle membrane strain of 2.27 

Fig. 1. Mechanogenetic transduction and therapeutic drug delivery approach. 
TRPV4 is an osmotically sensitive cation channel in the cell membrane of chondrocytes, 
which can be activated by mechanical loading secondary to mechano- osmotic 
coupling through the extracellular matrix or pharmacologically with the agonist 
GSK101. TRPV4 can also be inhibited with the antagonist GSK205. Upon TRPV4 ac-
tivation, chondrocytes respond with intracellular calcium signaling that initiates NF-B 
signaling and up-regulation of the PTGS2 gene. By lentivirally transducing synthetic 
mechanogenetic circuits that respond to either NF-B activation or PTGS2 up- 
regulation into chondrocytes within an engineered cartilage tissue, mechanically acti-
vated TRPV4 signaling was used to drive transgene production of either a luciferase 
reporter or the therapeutic anti-inflammatory biologic IL-1Ra. GOI; gene of interest.

http://www.febio.org
http://www.febio.org
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around the cell at the peak cell deformations necessary to elicit 
intracellular calcium signaling (fig. S3, I to L). Together, these find-
ings suggest that activation of TRPV4 in chondrocytes in situ may 
not result directly from cellular strain but rather from osmotic fluc-
tuations induced from the deformation of a chondrocyte’s osmoti-
cally active environment. Because of the complex relationship between 
deformational compressive loading of engineered cartilage and os-
motic loading, we will hereafter refer to deformational compressive 
loading (concomitant with the secondary osmotic effects) as me-

chanical loading and direct changes in the medium osmolarity as 
osmotic loading.

TRPV4 activation in chondrocytes induces transient anabolic 
and inflammatory signaling networks
We next sought to understand the time course of specific down-
stream signaling pathways and GRNs regulated by mechanical acti-
vation of TRPV4 using microarray analysis. Because TRPV4 is a 
multimodal channel, downstream signaling is likely dependent on 

Fig. 2. Mechanical responsiveness of chondrocytes is mediated by hypo-osmotic stimulation of TRPV4. (A) Setup of real-time cellular imaging of mechanical load-
ing. Loading chondrocytes within engineered cartilage increases intracellular calcium compared to free swelling. Arrows indicate immediately responsive cells. Scale bar, 
50 m. The number of cells exhibiting intracellular calcium signaling increased by 108% after loading, and GSK205 suppressed cellular calcium signaling (n = 4 to 5 con-
structs per treatment). TE, tissue engineered. (B) Isolated chondrocytes are sensitive to osmotic perturbations and exhibit intracellular calcium increases in response to 
hypo-osmotic stimulation (n = 15 to 20 cells per group, calcium response is normalized to calcium levels at 354 mOsm). (C) Chondrocyte responsiveness to hypo-osmotic 
stimulation is inhibited with GSK205 (n = 6 per treatment). RFU, relative fluorescence units. (D) Chondrocytes are not sensitive to direct membrane stretch applied under 
iso-osmotic, iso-volumetric conditions with micropipette aspiration (n = 38; scale bar, 10 m). (E) Direct cellular compression under a 400-nN load with an AFM induces 
intracellular calcium signaling. Scale bar, 10 m. (F) GSK205 does not modulate calcium response of chondrocytes to AFM loading. (G) TRPV4 inhibition alters neither the 
intensity of calcium responsiveness nor the population response to AFM compression (n = 23 to 30 cells per group). Data are presented as means ± SEM.
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the activation mode as well as cell and tissue type. For these studies, 
primary porcine chondrocytes were cast in agarose to create engi-
neered cartilage constructs and subjected to either compressive 
mechanical loading [10% sinusoidal peak-to-peak strain at 1 Hz for 
3 hours as described in (24, 45)] or pharmacologic stimulation with 
the TRPV4 agonist GSK101 (1 nM for 3 hours), or left unloaded 
(free- swelling controls), and measured the transcriptional activity at 
0, 3, 12, and 20 hours following an initial round of stimulation and 
then at 24 and 72 hours after additional daily bouts of mechanical 
loading or GSK101 (n = 3 per condition per time point; Fig. 3A). In 
the first 20 hours following initial stimulation, there were 43 tran-
scripts up-regulated under both mechanical loading and pharmacologic 
stimulation (Fig. 3B and tables S1 and S2) compared to unloaded 
controls. Up-regulation of these targets was immediate and subsided 
quickly, with transcript levels returning to baseline 12 to 20 hours 
after activation. In particular, the adenosine 3′,5′-monophosphate 
(cAMP)/Ca2+-responsive transcription factors C-JUN, FOS, NR4A2, and 
EGR2 (Fig. 3C) were all up-regulated in response to TRPV4-mediated 
calcium signaling.

We then used Ingenuity Pathway Analysis to identify candidate 
targets for a synthetic gene circuit that would be responsive to 
TRPV4 activation. The most enhanced pathway was “the role of 
osteoblasts, osteoclasts, and chondrocytes in rheumatoid arthritis,” 
with members including transcription factors (FOS and NFATC2), 
extracellular matrix synthesis gene (SPP1), growth factors (BMP2 
and BMP6), and TNFSF11, the decoy ligand for RANKL, all of which 
were up-regulated by TRPV4 activation (Fig. 3D). The inflammatory 
pathways “IL-6 signaling” and “B cell activating factor signaling” 
were also significantly up-regulated by TRPV4 activation, as were 
the established chondrocyte anabolic pathways “TGF- signal-
ing” and “glucocorticoid signaling.” Because of the rapid response 
times of nearly all of the differentially expressed genes (DEGs), we 
further analyzed which genes responded to repeated bouts of TRPV4 
stimulation at all three time points (0, 24, and 72 hours). There 
were 41 transcripts repeatedly responsive to mechanical loading and 
112 transcripts repeatedly responsive to GSK101 supplementation. 
Of these targets, 15 genes were commonly responsive to both me-
chanical loading and pharmacologic activation of TRPV4 (Fig. 3E) 
and include both pathways associated with inflammation (PTGS2, 
SPP1, and ATF3) and cartilage development and homeostasis (BMP2, 
DUSP5, NFATC2, and INHBA). The most robustly regulated and 
cartilage-relevant genes were confirmed by quantitative polymerase 
chain reaction (qPCR) (Fig. 3F). Together, these data suggest that 
the TRPV4 mechanotransduction pathway involves activation of a 
rapidly resolving inflammatory pathway as part of the broad anabolic 
response to physiologic mechanical loading.

Synthetic mechanogenetic circuits respond to TRPV4 
activation to drive transgene expression
TRPV4 activation in response to mechanical loading up-regulates a 
diverse group of targeted genes. On the basis of the TRPV4-activated 
signaling pathway (fig. S4), we identified activation of the nuclear 
factor  light chain enhancer of activated B cells (NF-B) pathway 
and up-regulation of the prostaglandin-endoperoxide synthase 2 
(PTGS2) gene as two distinct avenues to construct TRPV4-responsive 
synthetic mechanogenetic gene circuits. Targeting the NF-B sig-
naling pathway and regulation of the PTGS2 promoter (Fig. 1), 
we developed two lentiviral systems that would either (i) respond to 
NF-B activity by linking five synthetic NF-B binding motifs and 

a NF-B–negative regulatory element (46) with the cytomegalovi-
rus (CMV) enhancer to drive transgene expression of either the 
therapeutic anti-inflammatory biologic IL-1Ra or a luciferase re-
porter (henceforth referred to as NFKBr-IL1Ra and NFKBr-Luc, 
respectively) or (ii) respond to PTGS2 regulation by using a syn-
thetic human PTGS2 promoter to drive either IL-1Ra or luciferase 
expression (henceforth referred to as PTGS2r-IL1Ra and PTGS2r-
Luc, respectively). We then created mechanogenetically sensitive 
engineered cartilage tissue constructs by lentivirally transducing 
primary porcine chondrocytes with a mechanogenetic circuit and 
seeding these cells into an agarose hydrogel to produce synthetically 
programmed cartilage constructs (Fig. 4A).

To test whether mechanogenetic tissues actively respond to me-
chanical stimulation for transgene production, we first applied 
compressive mechanical loading to NFKBr-IL1Ra–transduced mecha-
nogenetic cartilage constructs, which showed a 38% increase in 
IL-1Ra production (P = 0.006) with mechanical loading (Fig. 4B) 
compared to free-swelling controls. To establish whether this re-
sponse was dependent on TRPV4, we antagonized TRPV4 with 
GSK205 and observed a significant attenuation of NFKBr-IL1Ra 
circuit activity (Fig. 4B), demonstrating that the mechanogenetic 
circuit responded to both mechanical loading (P  <  0.001) and 
TRPV4 antagonism (P < 0.001). GSK205 also reduced circuit acti-
vation in unloaded tissues, suggesting that TRPV4 activation in 
chondrocytes may not be entirely dependent on mechanical load-
ing. To further assess the specificity of TRPV4 regulation in mech-
anogenetic cartilage constructs, we applied direct hypo-osmotic 
loading and pharmacologic GSK101 stimulation to NFKBr-IL1Ra 
tissues. A step change to hypo-osmotic medium (−200 mOsm change) 
activated the NFKBr-IL1Ra mechanogenetic circuit (P = 0.019; 
Fig.  4C) compared to an iso-osmotic medium change (0 mOsm 
change). In addition, daily pharmacologic activation of TRPV4 with 
1 nM GSK101 for 3 hours/day over the course of 5 days activated 
the NFKBr-IL1Ra circuit compared to dimethyl sulfoxide (DMSO) 
controls (P < 0.001; Fig. 4D). Engineered cartilage constructs re-
sponded repeatedly and reproducibly to the daily GSK101 stimula-
tion (fig. S5), demonstrating the role of TRPV4 in activating the 
mechanogenetic NFKBr circuits and confirming that a cell-based 
mechanotherapy can offer prolonged and unabating biologic drug 
delivery. Testing of conditioned medium from constructs seeded 
with either nontransduced chondrocytes or chondrocytes transduced 
with a green fluorescent protein (GFP) expression cassette found 
that only cells transduced with a mechanogenetic IL-1Ra–producing 
circuits were capable of synthesizing detectable levels of IL-1Ra.

To determine the sensitivity and temporal response kinetics of 
our engineered tissue system, factors critical for the effectiveness 
of any drug delivery system, we used bioluminescence imaging of 
NFKBr-Luc or PTGS2r-Luc constructs to determine the dynamic 
response of mechanogenetic cartilage constructs to TRPV4 activa-
tion by mechanical loading or GSK101 pharmacologic stimulation. 
In response to 10% compressive mechanical loading (Fig. 4E), 
NFKBr-Luc tissue constructs rapidly peaked (1.8 ± 0.2 hours to peak) 
and decayed (T50% decay time = 3.4 ± 0.4 hours) with loaded sam-
ples returning to baseline 4 hours after loading. PTGS2r-Luc tissue 
constructs were slower to activate (21.7 ± 2.7 hours to peak) and 
remained activated for a longer duration (T50% decay time  = 
22.3 ± 1.7 hours). This differential in time delivery kinetics may pro-
vide strategies by which mechanical loading inputs can drive both 
short- and long-term drug production by judicious mechanogenetic 
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circuit selection in a single therapeutic tissue construct. To test 
whether IL-1Ra production followed similar differential production 
rates, we mechanically loaded NFKBr-IL1Ra and PTGS2r-IL1Ra 
tissue constructs and measured protein levels of IL-1Ra released in 
the medium. One round of mechanical loading activated NFKBr- 

IL1Ra tissues by 24 hours, as measured by an increase in IL-1Ra 
produced by loaded tissue constructs compared to unloaded con-
structs (an increase in IL-1Ra production of 372 ± 265 ng/g, 
means ± 1 SD). This differential in IL-1Ra concentration between 
loaded and free-swelling constructs remained unchanged by 72 hours 

Fig. 3. Transcriptomic profile induced by TRPV4 activation. (A) Engineered cartilage tissue constructs were made from isolated primary porcine chondrocytes cast into 
agarose hydrogels. Tissue constructs were cultured in nutrient-rich medium before deformational mechanical loading or GSK101 pharmacologic stimulation (red, 3 hours 
per round) following the indicated time course and cartilage construct harvest (arrows). (B) Forty-one genes were differentially up-regulated in response to TRPV4 activa-
tion, and levels returned back to baseline after 12 to 20 hours after loading (n = 3 per treatment/time point). (C) cAMP- and calcium-responsive transcription factors were 
immediately and highly regulated by both mechanical loading and GSK101 stimulation (red arrows indicate removal from loading). (D) Pathway analysis based on tran-
scription activity suggests that both inflammatory and anabolic pathways are strongly regulated by TRPV4 activation. (E) Analysis of gene target response after all bouts 
of mechanical loading and all bouts of GSK101 stimulation produces a list of distinctly TRPV4-sensitive genes. (F) TRPV4-responsive targets from the microarray analysis 
were confirmed by qPCR (n = 2 to 3), and a one-tailed t test was used to test whether loaded or GSK101 groups were significantly up-regulated with treatment. *P < 0.05.
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(loaded tissues produced 220 ± 223 ng/g more than unloaded con-
structs at this time point), indicating that loaded NFKBr tissues 
were not continually activated and resumed baseline activity levels 
after 24 hours (Fig. 4F). Conversely, in a preliminary experiment, a 
single round of mechanical loading did not differentially activate 
PTGS2r- IL1Ra in the 24 hours after loading (fig. S6). Informed by 
the bioluminescent imaging, we measured conditioned medium of 
PTGS2r- IL1Ra tissues 48 and 72 hours after a single round of me-
chanical loading, however, and found that tissues produced more 
IL-1Ra after 48 hours compared to free-swelling tissues (difference 
in means of 21 ng/g) and that the IL-1Ra difference between loaded 
and free-swelling tissues continued to increase by 72 hours (differ-

ence in means of 61 ng/g). This increased effect size confirmed that 
mechanically loaded PTGS2r tissue constructs remained activated 
up to 72 hours after loading and demonstrated a longer-acting mech-
anogenetic response in the PTGS2r system (Fig. 4G). On the basis 
of the bioluminescent imaging results, we did not measure IL-1Ra 
levels past 72 hours. These results show that complex drug delivery 
strategies can be programmed into a single mechanogenetic tissue 
constructs to produce multiple modes and time scales of therapeutic 
or regenerative biologic drug delivery.

For insight into the dose response relationship and sensitivity 
of the mechanogenetic gene circuits, we imaged NFKBr-Luc and 
PTGS2r-Luc bioluminescence in response to different doses of 

Fig. 4. Mechanogenetic constructs respond to TRPV4 activation. (A) Mechanical loading, osmotic loading, or GSK101 stimulation was applied to mechanogenetic tissues; 
GSK205 inhibits TRPV4 activation. (B) NFKBr-IL1Ra tissues respond to mechanical loading through increased IL-1Ra (P < 0.001). IL-1Ra is reduced with GSK205 supplemen-
tation (P < 0.001, n = 6 per treatment). (C) Exposure of NFKBr-IL1Ra to hypo-osmotic medium produces more IL-1Ra than iso-osmotic medium exposure (P = 0.019, n = 7 per group). 
(D) NFKBr-IL1Ra tissues exposed to GSK101 stimulation produce more IL-1Ra than vehicle controls (P < 0.001, n = 20 per group). (E) Mechanical loading of NFKBr-Luc tissues quickly 
activates and inactivates circuits, while PTGS2r-Luc tissues take longer to reach the peak and return to baseline (gray line denotes P < 0.05 between free swelling and load, n = 3 to 
6 per group). RLU, relative luminescence units. (F) NFKBr-IL1Ra tissue response to loading after 24 and 72 hours, indicating differential expression in first 24 hours. n.s., not significant. 
(G) PTGS2r-IL1Ra tissues respond to loading through 72 hours. (H) NFKBr-Luc tissues respond dose dependently to TRPV4 activation via GSK101 through 9 nM GSK101 (P < 0.05, 
n = 2 to 4 per group). AUC, area under the curve. Different letters denote statistical differences. (I) PTGS2r-Luc tissues are sensitive to GSK101 up to 6 nM (P < 0.05, n = 2 to 4 per group). 
(J) NFKBr-IL1Ra tissue response is dose dependent to compressive mechanical loading strain from 0 to 15% (P < 0.001, n = 5 to 12). Data are presented as means ± SEM. *P < 0.05.
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GSK101. Temporal imaging revealed that GSK101 stimulation pro-
duced similar rise and decay kinetics as TRPV4 activation from 
mechanical loading (Fig. 4E) in NFKBr-Luc (Fig. 4H) and PTGS2r-
Luc (Fig. 4I) cartilage tissue constructs compared to unstimulated 
controls. Both mechanogenetic tissue constructs displayed a clear 
dose-dependent activation from GSK101 stimulation as demon-
strated by the AUC (area under the curve). NFKBr-Luc tissue 
constructs were responsive from 1 to 9 nM GSK101, whereas PTGS2r-
Luc tissue constructs plateaued in response at 6 nM GSK101. On 
the basis of this pharmacologic sensitivity, we hypothesized that 
mechanogenetic constructs would be increasingly activated by 
higher mechanical loading strains through increased osmotic stim-
ulation (Fig. 2B). As NFKBr-Luc tissues demonstrated the most 
pronounced GSK101 dose-dependent response, we applied dynamic 
compressive strain amplitudes from 0 to 15% to NFKBr-IL1Ra tis-
sue constructs to span the range of physiologic strains expected for 
articular cartilage in vivo (36). We measured elevated production of 
IL-1Ra with increasing compressive strains (slope = 8 ± 2 ng/g 
IL-1Ra per %strain, P < 0.001; Fig. 4J), demonstrating that drug 
production is directly responsive to the magnitude of mechanical 
loading in our mechanogenetic engineered tissues.

Mechanogenetic engineered cartilage activation protects 
cartilage tissues from IL-1–induced inflammation-driven 
degradation
The long-term success of engineered cartilage implants depends on 
the ability of implants to withstand the extreme loading and inflam-
matory stresses within an injured or osteoarthritic joint (47). We 
hypothesized that TRPV4 activation would activate mechanogenetic 
tissue constructs to produce therapeutic levels of IL-1Ra and pro-
tect engineered cartilage constructs and the surrounding joint from 
destructive inflammatory cytokines. As our mechanogenetic cir-
cuits rely on signaling pathways that overlap with the cellular in-
flammatory response, we examined the dose response of IL-1Ra 
production in response to the inflammatory cytokine IL-1 (Fig. 5, 
A and C). NFKBr-IL1Ra mechanogenetic constructs responded to 
exogenous IL-1 supplementation following a dose-dependent char-
acteristic, consistent with findings of IL-1–induced NF-B signaling 
in chondrocytes (Fig. 5B) (48). This dose-dependent response to 
IL-1 was present up to 10 ng/ml and offered prolonged and robust 
production of IL-1Ra, promoting the notion that cell-based tissues 
may offer a more sustained ability to produce therapeutic biomole-
cules relative to traditional acellular approaches (fig. S7). Mechani-
cal loading further enhanced IL-1Ra production in the presence of 
IL-1, demonstrating that, even in the presence of high levels of 
inflammation, mechanical loading further potentiates NF-B sig-
naling (fig. S8). Mechanogenetic PTGS2r-IL1Ra and PTGS2r-Luc 
constructs demonstrated no sensitivity to IL-1 (Fig. 5, D and E). In 
contrast to NFKBr tissue constructs, the selective sensitivity to TRPV4 
activation and not to IL-1 in PTGS2r tissue constructs suggests that 
this system is distinctively sensitive to mechano- or osmo-activation 
of TRPV4. This distinction was further demonstrated in tissues ex-
posed to both IL-1 inflammation and osmotic loading, wherein only 
loading played a significant influence (P = 0.0002 for loading and 
P = 0.14 for inflammation; fig. S9).

To test whether TRPV4 activation–induced IL-1Ra production 
would protect engineered mechanogenetic tissue constructs against 
IL-1, we cocultured mature, 21-day-old NFKBr tissue constructs 
with articular cartilage explants in the presence of IL-1 inflamma-

tion and daily hypo-osmotic loading (incubation in 180 mOsm 
medium for 3 hours/day; standard iso-osmotic medium was main-
tained at 380 mOsm) to model the inflammation and osmotic con-
ditions present in the cartilage of arthritic joints exposed to daily 
loading (Fig. 5, F and J). Using NFKBr-Luc tissue constructs, which 
lack an anti-inflammatory response to TRPV4 or IL-1 activation 
(Fig. 5G), to simulate how conventional engineered cartilage con-
structs would respond in an arthritic joint, constructs lost 45.6% of 
their sulfated glycosaminoglycan (S-GAG) content after 72 hours 
of IL-1 treatment (Fig. 5H). S-GAGs are essential structural mole-
cules that impart mechanical integrity and strength in both engi-
neered and native cartilage (49, 50). Osmotic loading did not modulate 
this response, and the substantial S-GAG loss was observable his-
tologically through diminished safranin-O staining throughout the 
tissue (Fig. 5I). In the anti-inflammatory NFKBr-IL1Ra tissue con-
structs, osmotic loading in the presence of inflammatory IL-1 
increased IL-1Ra production by 93% over iso-osmotic control tis-
sues also cultured with IL-1 (Fig. 5K). After 72 hours of treat-
ment, IL-1 induced a 30.8% loss of S-GAG in NFKBr-IL1Ra– 
engineered cartilage constructs under iso-osmotic conditions, while 
NFKBr-IL1Ra– engineered cartilage that was incubated with IL-1 
and osmotically loaded did not significantly lose their S-GAG 
content (Fig. 5L). Histologically, hypo-osmotic loading NFKBr-IL1Ra–
engineered cartilage constructs maintained rich safranin-O stain-
ing of S-GAG throughout the constructs, even in the presence of 
IL-1 (Fig. 5M). Explant proteoglycan levels were similar across 
all IL-1 treatment groups. Together, these data demonstrate en-
gineered mechanogenetic cartilage constructs that can produce 
anti-inflammatory IL-1Ra in response to osmotic loading at levels 
sufficient for engineered tissue protection in a proinflammatory 
environment mimicking the conditions present in an osteoarthrit-
ic joint (51).

DISCUSSION
By combining synthetic biology and tissue engineering, we devel-
oped a novel class of bioartificial material that is mechanogenetically 
sensitive. This system functions by redirecting endogenous me-
chanically sensitive ion channels to drive synthetic genetic circuits 
for converting mechanical inputs into programmed expression of a 
therapeutic transgene. By engineering these cells into a functional 
tissue construct, this system provides the potential to repair or re-
surface damaged cartilage while providing site-specific, mechanically 
induced anti-cytokine therapy against inflammation. Our approach 
is based on redirection of the downstream response to activation of 
the TRPV4 ion channel—a critical mechanosensor in cartilage—to 
transduce tissue-scale deformational mechanical loading via mechano- 
osmotic coupling in the charged extracellular matrix. By decon-
structing the GRNs activated by mechanically induced TRPV4, we 
coopted chondrocyte-endogenous signaling machinery to drive 
synthetic circuits for the production of therapeutic biologic drugs, 
using the anti-inflammatory drug IL-1Ra as a model system for 
proof of concept. Our results also demonstrate the use of distinct sig-
naling networks for defining the specificity, timing, and dose response 
for the expression of therapeutic biologic drugs. We show that a sin-
gle round of mechanical loading can induce short-term and long-
term responses based on the particular response of the synthetic 
circuit. While we targeted a treatment for cartilage repair and osteo-
arthritis, pathologic mechanical loading and mechano- signaling 
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play a role in a broad range of acute and chronic diseases (12), sug-
gesting a wide range of potential therapeutic applications for mech-
anogenetically regulated cells or tissues requiring autonomous cellular 
control systems.

While we developed mechanogenetic cartilage tissues based on 
TRPV4 activation here, the use of other native, mechanically sensi-
tive ion channels and receptors provides an attractive source of 
mechanosensors that can be elicited to provoke synthetic outputs. 

Fig. 5. Activation of TRPV4 via osmotic loading of mechanogenetic constructs protects against IL-1. (A) Inflammatory response of NFKBr-IL1Ra constructs under 
IL-1 supplementation. (B) NFKBr-IL1Ra tissues produce IL-1Ra in response to IL-1 (n = 3, P < 0.001). (C) Inflammatory response of PTGS2r-IL1Ra tissues under IL-1 sup-
plementation. (D) PTGS2r-IL1Ra tissues do not respond to IL-1 (n = 5). (E) PTGS2r-Luc tissues that are not altered by IL-1 are modulated by chronic GSK101 (n = 2 per 
condition, arrow indicates stimulation). (F) Osmo-inflammatory response of NFKBr-Luc tissues using osmotic loading (3 hours/day) and IL-1 (0 or 0.1 ng/ml) applied to 
NFKBr-Luc tissues. (G) NFKBr-Luc tissues do not produce IL-1Ra (n = 7). n.d., not detectable. (H) NFKBr-Luc tissues lost S-GAG in the presence of IL-1 (n = 5 per group). 
(I) Histologically reduced safranin-O staining present with IL-1 supplementation. (J) Osmo-inflammatory response of NFKBr-IL1Ra tissues using osmotic loading 
(3 hours/day) and IL-1 (0 or 0.1 ng/ml). (K) IL-1Ra was increased with inflammation and osmotic loading (n = 7, P < 0.001). (L) S-GAG content in NFKBr-IL1Ra tissues with 
IL-1 supplementation (0 or 0.1 ng/ml) and/or osmotic loading (different letters denote significant differences; P < 0.05, n = 5). (M) NFKBr-IL1Ra tissues displayed similar 
safranin-O staining without IL-1 supplementation, while IL-1 supplementation reduced safranin-O staining in iso-osmotic tissues but not hypo-osmotic tissues. 
Data are presented as means ± SEM.
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Expanding mechanogenetic approaches to additional mechanosen-
sors with applications to other tissues would increase the range of 
physical stimuli that synthetic circuits can respond to but requires 
an in-depth understanding of both the mechanical contexts neces-
sary for mechanosensor activation and the resulting downstream 
signaling pathways. The fact that primary chondrocytes have an ar-
ray of different mechanically sensitive ion channels and receptors 
highlights the potential opportunities to layer mechanosensor- 
specific circuits and produce systems responsive to different me-
chanical inputs that drive specific synthetic outputs. Our analysis 
here demonstrates that physiologic (~10%, 1 Hz) mechanical load-
ing of engineered cartilage is converted to a mechano-osmotic sig-
nal that activates TRPV4, evidenced by the GSK205 inhibition of 
chondrocyte calcium signaling in response to mechanical loading 
or osmotic loading of engineered cartilage but not to direct cellular 
deformation or membrane deformation. To this end, we examined 
the mechanoresponsiveness of TRPV4 signaling and developed two 
genetic circuits that respond to TRPV4 activation. Note that while 
endogenous PTGS2 regulation subsided within 24  hours after 
mechanical loading, our PTGS2r circuit remained activated up to 
72 hours after loading, highlighting the role that endogenous mech-
anisms of gene regulation may play, which are likely absent in our 
synthetic circuits. In this regard, the use of alternate chondrocyte 
mechanosensors remains an attractive area of research. For instance, 
the lack of a TRPV4-dependent response to high-strain compres-
sion via AFM loading is consistent with our earlier finding that 
high, potentially injurious, cellular strains are transduced via the 
PIEZO family of ion channels (44). The multimodal nature of TRPV4, 
and the TRP family more generally (52), suggests that additional 
genetic circuits may be developed for alternate activation modes by 
characterizing the downstream signaling networks that respond to 
temperature or biochemical activation of the channel (53). More-
over, engineering novel mechanosensors may open the opportunity 
for developing custom mechanical activation modes and orthogo-
nal downstream signaling in future mechanogenetic systems.

Our findings offer a detailed perspective of the complex cellular 
events initiated by TRPV4 activation in chondrocytes. TRPV4 has 
been thought to play a largely anabolic role in chondrocytes through 
enhanced synthesis of matrix molecules, S-GAG and collagen, and 
up-regulation of transforming growth factor– (TGF-3) (24), which 
is evident in our Gene Ontology (GO)/Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway hits of “TGF- signaling” and “glu-
cocorticoid receptor signaling.” However, our findings also revealed 
the presence of an acute, transiently resolving inflammatory re-
sponse (pathways including “chondrocytes in RA,” “IL-6 signaling,” 
“April-mediated signaling,” and “B cell activating factor signaling”). 
These findings are particularly striking, as the physiologic levels of 
mechanical loading applied here (10% compressive strain) are typi-
cally associated with promoting chondrocyte anabolism (24), although 
our data are consistent with other reports suggesting a proinflam-
matory role of TRPV4 (22, 54, 55). Together, the rapidly resolving 
mechanical load–induced inflammation in this context may be part 
of a natural cascade by which a quickly decaying inflammatory re-
sponse is characteristic of the regenerative, anabolic response to 
mechanical loading (56, 57). In addition, increasing evidence sug-
gests a potential role for TRPV4 in mediating cellular and tissue in-
flammation, and studies of chondrocyte-specific TRPV4 knockout 
mice report decreased severity of age-associated osteoarthritis (54). 
A load-induced mechanism of chondrocyte inflammation through 

TRPV4 may provide a target for osteoarthritis and other age-related 
diseases (22, 55, 58). The synthetic gene circuits developed in this 
study highlight the opportunities to target different responses through 
downstream pathway selection, namely, using an NFKBr circuit that 
is sensitive to IL-1 inflammation and a PTGS2r circuit that is IL-1 
insensitive. To this end, the pathologic conditions present in osteo-
arthritis generate a milieu of inflammatory agents and factors that 
may, in addition to TRPV4 activation, induce NF-B signaling and 
PTGS2 regulation. Deep RNA sequencing and promotor engineering 
may provide a unique strategy for developing distinct, mechanore-
sponsive tools in an inflammatory, osteoarthritic joint. Additional 
therapeutic targets can also be readily inhibited or activated as 
well; our laboratory has investigated using intracellular inhibitors of 
NF-B signaling and the soluble tumor necrosis factor receptor–1 
as two alternative options for inhibiting inflammation (59, 60).

It is important to note some potential limitations and future 
directions of this work. The microarray analysis offers us a first-ever 
look at the unique transcriptomic landscape induced by TRPV4 
activation. To this end, while we used a positive strategy for the 
groups, i.e., comparing mechanical loading to GSK101 TRPV4 acti-
vation, using a negative strategy, i.e., comparing the mechanical 
loading response to mechanical loading in the presence of GSK205, 
may offer alternative transcriptomic targets that are TRPV4 regulat-
ed. Similarly, with the advent of next-generation sequencing tech-
nologies, performing a transcriptomic analysis of the targets of TRPV4 
activation would likely increase target resolution, allowing more pre-
cise analysis of GRNs induced by TRPV4 activation. Subsequent 
GRN analysis would permit identification and discrimination between 
uniquely mechanically responsive and uniquely inflammation- 
responsive networks to enable our long-term goals toward identify-
ing precise genetic regulatory events driven by TRPV4 activation. 
Next-generation sequencing technologies may also reveal more ro-
bust negatively regulated transcript targets of mechanical loading. 
Our data here only uncovered several TRPV4-repressed targets, in-
cluding collagen type VIII 1, suggesting that more refined tran-
script resolution may be necessary to detect additional targets.

Using an engineered, living tissue construct for coordinated drug 
delivery obviates many of the traditional limitations of “smart” ma-
terials, such as long-term integration, rapid dynamic responses, and 
extended drug delivery without the need for replacement or reim-
plantation of the drug delivery system. The modular approach of 
using cells as both the mechanosensors and the effectors within 
engineered tissues allows regulation and sensitivity at the mechani-
cally sensitive channel or receptor level, the signal network level, 
and the gene circuit level. While we used the primary chondrocyte’s 
endogenous TRPV4 to drive our synthetic system, engineering novel 
mechanically sensitive proteins may open a new frontier for coordi-
nating inputs or driving receptor activation from novel and precise 
mechanical inputs. Together, this framework for developing me-
chanically responsive engineered tissues is a novel approach for es-
tablishing new autonomous therapeutics and drug delivery systems 
for mechanotherapeutics.

MATERIALS AND METHODS
Tissue harvest, cell isolation, agarose gel casting, 
and culture
Full-thickness porcine articular chondrocytes were enzymatically 
isolated using collagenase (Sigma-Aldrich) from the femurs of pigs 
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obtained from a local abattoir (~30 kg; 12 to 16 weeks old) post 
mortem in accordance with an exemption protocol by the Institu-
tional Animal Care and Use Committee. Filtered cells were mixed 
1:1 with 4% molten type VII agarose (Sigma-Aldrich), and the 
cell-agarose mixture was injected into a gel apparatus and allowed 
to set at room temperature. Chondrocyte-laden disks were punched 
out, yielding engineered cartilage at a final concentration of 2% aga-
rose and 15 to 20 million cells/ml. All constructs were given 2 to 
3 days to equilibrate, and media were changed three times per week 
during chondrogenic culture using a base medium that consisted of 
Dulbecco’s modified Eagle’s medium (DMEM) High Glucose (Gibco) 
supplemented with 10% fetal bovine serum (FBS) (Atlas), 0.1 mM 
nonessential amino acids (Gibco), 15 mM Hepes (Gibco), proline 
(40 g/ml) (Sigma-Aldrich), 1× penicillin/streptomycin, fungizone 
(Gibco), and fresh ascorbyl-2-phosphate (50 g/ml) (Sigma-Aldrich) 
and maintained at 37°C and 5% CO2 (24).

Chondrocyte mechanical and pharmacologic stimulation
Confocal imaging of mechanical compression
A custom mechanical compression device was used to compress 
agarose constructs while simultaneously performing intracellular 
calcium imaging on a confocal microscope (Zeiss LSM 880) using 
fluo-4 AM and fura-red AM (Thermo Fisher Scientific) based on 
the manufacturer’s protocols. Opposing platens were controlled 
with stepper motors to apply 60 rounds of compressive loading 
(10%) after a 2% tare strain. Ratiometric calcium imaging (Calcium 
Ratio = Intensityfluo-4/Intensityfura-red) was analyzed within each 
sample with ImageJ for 2.5 min in before and for 2.5 min after the 
mechanical loading.
High-throughput mechanical compression
A custom mechanical compression device was used for sinusoidal 
compression of 24 individual tissue constructs simultaneously 
using a closed-loop displacement feedback system (24). This system 
allows compression at 37°C and 5% CO2.
Osmotic stimulation
For calcium imaging studies, osmotic loading media were prepared 
using Hanks’ balanced salt solution medium (Gibco). For mecha-
nogenetic tissue culture studies, osmotic loading media were pre-
pared using DMEM with 1% insulin/transferrin/selenous acid premix 
(ITS+, Corning, #354352). These media were titrated to hypo-osmotic 
media by adding distilled water and measured with a freezing point 
osmometer (Osmette 2007; Precision Systems). For osmotic stimu-
lation of mechanogenetic samples, standard culture medium (con-
taining 10% FBS) was replaced with iso-osmotic (380 mOsm) ITS+ 
base medium, containing 1% ITS+ premix (Corning), 0.1 mM non-
essential amino acids, 15 mM Hepes, and 1× penicillin/streptomycin, 
3 days before osmotic loading to acclimate tissues.
Micropipette aspiration
Detailed methods for micropipette aspiration are described pre-
viously (61). Briefly, glass micropipettes were drawn to a diameter 
of ~10 m and coated with Sigmacote (Sigma-Aldrich) to prevent 
cell binding to the glass micropipette. The micropipette was brought 
in contact with a cell, and a tare pressure of 10 Pa was applied for 
a period of 3 min. Increasing step pressures were then applied in 
increments of 100 Pa for 3 min each until the cell was fully aspirated. 
Laser scanning microscopy was used to measure cell deformation 
[DCI (differential interference contrast)] and [Ca2+]i throughout 
the experiment. Ratiometric calcium imaging, as described above, 
was performed to assess the mechanoresponse of chondrocytes to 

micropipette aspiration; however, we found that the application of 
step increases in pressure to the cell surface using a micropipette 
rarely initiated a Ca2+ transient.
Atomic force microscopy
Freshly isolated chondrocytes were plated on glass coverslips and 
incubated for 2 to 3 days. Before AFM compression, cells were incu-
bated with 10 M GSK205 or DMSO (vehicle) and stained with intra-
cellular calcium dye Fura-2 AM (Molecular Probes) according to the 
manufacturer’s protocols. Cells were loaded to 400 nN using an AFM 
(Asylum Research MFP-3D) with tipless cantilevers (k = 6.2 N/m; 
MikroMasch) while simultaneously recording intracellular calcium 
levels with an Olympus microscope and cycled with 340- and 380-nm light 
to produce a ratiometric output (Calcium Ratio = IntensityFura-2 @ 380 nm/
IntensityFura-2 @ 340 nm) for intracellular calcium levels, which were 
analyzed with ImageJ (44).
Pharmacologic TRPV4 modulation
GSK1016790A (GSK101; MilliporeSigma) was resuspended at final 
concentrations (1 to 10 nM) and matched with a DMSO (vehicle) 
control. GSK205 (manufactured at the Duke Small Molecule Synthesis 
Facility) was used as a TRPV4-specific inhibitor and preincubated 
with samples before analysis to allow diffusion within three- 
dimensional tissues and used at a final concentration of 10 M with 
appropriate DMSO (vehicle) controls.
FLIPR assay
After digestion and isolation, filtered chondrocytes were plated in a 
96-well plate at 10,000 cells per well and left for 24 hours before 
stimulation on a fluorescent imaging plate reader (FLIPR) by which 
individual wells were stimulated with either osmotic or GSK101- 
containing medium. Cellular response in each well was measured via 
fluo-4 intracellular calcium dye using the Fluo-4 No-Wash Calcium 
Assay Kit (Molecular Probes) according to the manufacturer’s direc-
tions. GSK205 was preincubated and added alongside stimulated and 
unstimulated chondrocytes to directly assess the TRPV4-dependent 
response of osmotic and pharmacologic stimulation.

Finite element modeling
Finite element models of cellular deformation were performed 
using the FEBio (www.febio.org) finite element software package 
(version 2.6.4). Models were run using a neo-Hookean elastic mate-
rial for the cell and membrane compartments of the cell (62). All 
model geometries use axisymmetry boundary conditions to reduce 
the model size. Osmotic loading was assessed using a Donnan os-
motic loading material with parameters taken from the van’t Hoff 
relation for chondrocytes under osmotic loading and loading chon-
drocytes with a −60 mOsm osmotic medium shift. Models for 
micropipette aspiration were run assuming a cell modulus of 1 kPa 
and Poisson’s ratio of 0.4 while imposing a pressure of −200 Pa to 
the cell (61). Models of single-cell direct deformational loading 
(AFM) were performed by simulating an elastic sphere being com-
pressed to 13% of its original height. FEBio testing suites were used 
to validate the shell, contact, and neo-Hookean code features, and 
the Donnan model was validated against the van’t Hoff equation.

Microarray collection and analysis
After a 14-day preculture, engineered cartilage constructs (∅4 
mm × 2.25 mm) were stimulated under 10% compressive loading or 
1 nM GSK101 for 3 hours per day for 3 days. Unstimulated controls 
(free-swelling) constructs were cultured under identical conditions. 
Immediately after stimulation, constructs were washed and then fed 

http://www.febio.org
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with culture medium. Constructs were snap-frozen in liquid N2 at 
0, 3, 6, 12, 20, 24, and 72 hours after initial stimulation. Total RNA 
was extracted from the constructs using a pestle homogenizer and 
the Norgen Biotek RNA/protein purification plus kit. RNA quan-
tity and quality were assessed with NanoDrop (Thermo Fisher Scien-
tific) and the Agilent Bioanalyzer. Total RNA was processed using 
the Ambion WT expression labeling kit and the Porcine Gene 1.0 
ST Array (Affymetrix). The raw signal of arrays was induced into 
R environment and quantile-normalized by using “affy” and “oligo” 
package. The significantly DEGs were identified and analyzed by 
using one regression model in R with package “genefilter,” “limma,” 
“RUV,” “splines,” “gplots,” and “plotly” at an adjusted P value cutoff 
of 0.05. Then, the DEGs were imported into Ingenuity Pathway 
Analysis (IPA) to perform the pathway enrichment analysis. The 
DEG heatmap was plotted by using gplots in R.

Mechanogenetic circuit design, development, viral 
development, and culture
We developed two lentiviral systems consisting of an NF-B– 
inducible promoter upstream of either IL-1Ra (NFKBr-IL1Ra) or 
luciferase (NFKBr-Luc). Therefore, upon NF-B signaling, either 
IL-1Ra (NFKBr-IL1Ra) or luciferase (NFKBr-Luc) is expressed as a 
measure of mechanogenetic circuit activation. In addition, we de-
veloped two lentiviral systems consisting of a synthetic human 
PTGS2 promoter upstream of either IL-1Ra (PTGS2r-IL1Ra) or lu-
ciferase (PTGS2r-Luc). Therefore, when PTGS2 is activated, either 
IL-1Ra or luciferase is expressed.
NFKBr circuit design
A synthetic NF-B–inducible promoter was designed to incorpo-
rate multiple NF-B response elements as previously described (46). 
A synthetic promoter was developed containing five consensus se-
quences approximating the NF-B canonical recognition motif 
based on genes up-regulated through inflammatory challenge: InfB1, 
Il6, Mcp1, Adamts5, and Cxcl10 (62). A TATA box derived from the 
minimal CMV promoter was cloned between the synthetic promoter 
and downstream target genes, either murine Il1rn or firefly lucifer-
ase from the pGL3 basic plasmid (Promega), and an NF-B–negative 
regulatory element (NRE-5′-AATTCCTCTGA-3′) was cloned up-
stream of the promoter to reduce background signal (46, 63, 64).
PTGS2r circuit design
A synthetic human PTGS2 promoter was obtained from Switch-
Gear Genomics and cloned into the NFKBr-IL1Ra or NFKBr-Luc 
lentiviral transfer vectors in place of the NF-B–inducible promoter. 
The NF-B–inducible promoter was excised using Eco RI and Psp 
XI restriction enzymes, and the PTGS2 promoter was inserted in its 
place using the Gibson Assembly method to create the PTGS2r- 
IL1Ra and PTGS2r-Luc circuits (65).
Lentivirus production and chondrocyte transduction
Human embryonic kidney (HEK) 293T cells were cotransfected 
with second-generation packaging plasmid psPAX2 (no. 12260; 
Addgene), the envelope plasmid pMD2.G (no. 12259; Addgene), 
and the expression transfer vector by calcium phosphate precipita-
tion to make vesicular stomatitis virus glycoprotein pseudotyped 
lentivirus (66). The lentivirus was harvested at 24 and 48 hours after 
transfection and stored at −80°C until use. The expression transfer 
vectors include the NFKBr-IL1Ra, NFKBr-Luc, PTGS2r-IL1Ra, and 
PTGS2r-Luc plasmids. The functional titer of the virus was deter-
mined with real-time qPCR to determine the number of lentiviral 
DNA copies integrated into the genome of transduced HeLa cells 

(66). For chondrocyte transductions, freshly isolated chondrocytes 
were plated in monolayer at a density of 62,000 cells/cm2 and incu-
bated overnight in standard 10% FBS medium. The following day, 
virus was thawed on ice and diluted in 10% FBS medium to obtain 
the desired number of viral particles to achieve a multiplicity of in-
fection of 3 (46). Polybrene was added to a concentration of 4 g/ml 
to aid in transduction. The conditioned medium of the chondrocytes 
was aspirated and replaced with the virus-containing medium, and 
cells were incubated for an additional 24 hours before aspirating the 
viral medium and replacing with standard 10% FBS medium. 
Five days later, cells were trypsinized, counted, and cast in aga-
rose as described above to prepare mechanogenetic constructs at 
15 million cells/ml in 2% agarose gel. Constructs were cultured 
as described above until testing. Viral titers measured by qPCR 
revealed that ~95% of chondrocytes were transduced with this 
method.
Mechanogenetic circuit testing outcome measures
Assessing mechanogenetic tissue construct activation in IL-1Ra–
producing constructs was measured with an enzyme-linked immuno-
sorbent assay for mouse IL-1Ra (R&D Systems) according to the 
manufacturer’s protocols. Data are reported as the amount of IL-1Ra 
produced per construct (in nanograms) normalized by the tissue 
wet weight mass of the construct (in grams). Luciferase-based 
mechanogenetic protection was assessed using a bioluminescent 
imaging reader (Cytation 5, BioTek) at 37°C and 5% CO2 and cul-
tured in phenol red–free high-glucose DMEM supplemented with 
1% ITS+, 2 mM GlutaMAX, 1 mM sodium pyruvate, 15 mM Hepes, 
proline (40 g/ml), 1× penicillin/streptomycin, and 1 M luciferin. 
Before stimulation, samples were imaged under free-swelling con-
ditions for ~1 day to get a baseline bioluminescent level (Fo). For 
mechanical loading studies, constructs were then mechanically 
loaded or similarly transferred for a free-swelling control and then 
returned to the bioluminescent imaging. For GSK101 pharmaco-
logic studies, the bioluminescent medium (above) was supplemented 
with GSK101 or DMSO (vehicle control) to the appropriate dose (1 to 
10 nM) and simultaneously imaged for 3 hours, before washing and 
replacing with standard bioluminescent medium. Prestimulation 
baseline was normalized from post-stimulation bioluminescent read-
ings (F) to yield F/Fo as the outcome measure.

Coculture studies
To assess mechanogenetic anti-inflammatory protection, NFKBr-IL1Ra 
constructs were cultured with a porcine cartilage explant for 72 hours 
in the presence of porcine IL-1 (0 or 0.1 ng/ml). Porcine cartilage 
explants (3 mm diameter) were cored from condyle cartilage, and 
the subchondral bone was removed, leaving a cartilage explant ~1 
to 2 mm thick including the superficial, middle, and deep zones and 
cultured in iso-osmotic ITS+ medium (380 mOsm, formulation list-
ed above) base medium until experimentation. Mechanical load-
ing was applied daily with hypo-osmotic loading (3 hours/day) 
(180 mOsm) before returning to the iso-osmotic medium (380 mOsm) 
containing the explant and IL-1. Iso-osmotic controls were moved 
similarly to an iso-osmotic medium (380 mOsm). Control, non– 
anti-inflammatory mechanogenetic tissue constructs consisted of 
NFKBr-Luc tissues. Tissue S-GAG content in the engineered tissue 
construct and medium were assessed with the DMB (methylmethylene 
blue) assay (67). Tissue samples were digested with papain overnight 
(65°C) to measure tissue S-GAG using the DMB assay. Bulk S-GAG 
amount was normalized to tissue wet weight. Constructs were fixed in 
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neutral buffered formalin overnight before embedding in paraffin 
and sectioning to 7 m. Histological slices were stained with 
safranin-O to examine S-GAG distribution and abundance.

Statistical analysis
Data were analyzed with one-way analysis of variance (ANOVA) or 
two-way ANOVA ( = 0.05) where appropriate using R software 
(www.r-project.org). For two-way ANOVAs, individual groups were 
compared using a Tukey post hoc analysis when the interaction of 
factors was also significant. Correlation trends of strain magnitude 
to IL-1Ra production was analyzed in R using linear model analysis. 
Temporal bioluminescent data were analyzed using a two-tailed t test 
comparison between the groups at each analyzed time point.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/5/eabd9858/DC1
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