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ABSTRACT 
 
The uterus is susceptible to benign tumors known as fibroids, which have been associated with 
many pregnancy complications, including preterm labor. However, the impact of fibrotic tissue 
remodeling on the physiology of the myometrium, the smooth muscle layer of the uterus, is 
poorly understood, in large part due to a lack of model systems. In this study, we engineered 
healthy-like and fibrotic-like myometrium by culturing human myometrial smooth muscle cells 
on polyacrylamide hydrogels micropatterned with fibronectin to independently tune matrix 
rigidity and tissue alignment, respectively. We then evaluated calcium transients in response to 
oxytocin stimulation. Isotropic myometrial tissues on stiff substrates (representing fibrotic 
myometrium) had shorter calcium transients due to shorter decay time compared to aligned 
myometrial tissues on soft substrates (representing healthy myometrium). Calcium transients in 
aligned tissues had longer response times and longer decay times than isotropic tissues, 
irrespective of substrate stiffness. The amplitude of calcium transients was also higher on soft 
substrates compared to stiff substrates, irrespective of tissue alignment. We also performed RNA 
sequencing to detect differentially expressed genes between healthy- and fibrotic-like tissues, 
which revealed that a bitter taste receptor shown to induce smooth muscle relaxation, TAS2R31, 
was down-regulated in fibrotic-like tissues. Finally, we measured oxytocin-induced calcium 
transients in response to pre-treatment with progesterone, caffeine, thrombin, and nifedipine to 
demonstrate applications for our model system in drug screening. Both progesterone and caffeine 
caused a decrease in calcium transient duration, as expected, while thrombin and nifedipine had 
less impact. Collectively, our engineered model of the myometrium enables new insights into 
myometrial mechanobiology and can be extended to identify or screen novel drug targets. 
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1. Introduction 
 
Uterine contractions are generated by the smooth muscle cells in the middle layer of the 

uterus, known as the myometrium. Healthy myometrium consists of circularly or longitudinally 
aligned muscle layers1,2 with an elastic modulus of 10-30 kPa3,4, depending on the measurement 
technique. Fibrotic regions or fibroids are prevalent in 4.5 - 68.6% of women5 and are associated 
with abnormal uterine contractions in non-pregnant women, which may contribute to infertility6. 
Uterine fibroids also affect 2-10% of pregnant women7 and have been associated with 
complications such as preterm labor8 and Caesarean section4,9. Structural evaluation of the 
extracellular matrix (ECM) in fibroids has shown random orientations of collagen fibrils10 and a 
two to four-fold increase in tissue stiffness4,11, which may contribute to preterm labor by 
reducing the distension threshold required to initiate labor or causing ill-timed contractions12. 
Preterm labor, defined as labor that begins prior to 37 weeks of gestation, almost always leads to 
preterm birth, the leading cause of neonate death13. Current interventions for preterm labor are 
limited and include administration of tocolytics, a class of drugs that temporarily delay labor14. 
However, most tocolytics, such as nifedipine, a beta-2 adrenergic receptor agonist, are non-
specific and can cause many adverse side effects for both the mother and fetus15-17. Fibroids can 
also decrease the force of contractions or disrupt the coordination between cells, resulting in 
dysfunctional labor12, Caesarean section18, or postpartum hemorrhage19. Caesarean sections also 
cause uterine scarring and increased matrix deposition, which can result in dysmenorrhea for 
non-pregnant women20 and increase the risk for preterm labor in future pregnancies21. The 
overall impact of fibroids on childbirth is likely to increase because fibroid incidence increases 
with age22 and the median age of childbirth increased by three years between 1990 and 201923. 
Thus, there is a significant clinical need to better understand relationships between fibrosis and 
myometrial smooth muscle cell physiology.  

Although studies have shown that substrate stiffness modulates contractile phenotypes in 
vascular smooth muscle cells24, the impact of matrix stiffness on myometrial smooth muscle 
cells remains poorly understood. This is partly due to a lack of model systems, which are 
generally limited to: animal models (mostly rodents) that are fundamentally incapable of 
recapitulating many unique features of human parturition25; or explanted human tissue strips 
collected during elective Caesarean sections, which are rare, difficult to prepare and maintain, 
and suffer from low reproducibility26. Human in vitro models, which are relatively accessible 
and reproducible, have also been generated by culturing human myometrial smooth muscle cells 
as a monolayer or engineered tissue ring27. However, evaluating the physiological effects of 
fibrotic-like conditions on human myometrial cells in a controlled in vitro setting has not yet 
been attempted, limiting our understanding of the direct impact of fibrotic tissue remodeling on 
myometrial function. 

To address these knowledge gaps in myometrial mechanobiology, our goal was to engineer 
an in vitro system for directly measuring the effects of tissue architecture and matrix rigidity on 
the structure, physiology, and transcriptome of human myometrium. To mimic healthy and 
fibrotic myometrium, we adapted our previous techniques28 for microcontact printing fibronectin 
onto polyacrylamide hydrogels to garner independent control over tissue alignment and matrix 
rigidity. We then cultured primary human myometrial smooth muscle cells on these hydrogels 
and characterized tissue structure and identified differentially expressed genes via RNA 
sequencing. We also evaluated calcium transient morphology in response to oxytocin 
stimulation, revealing unique effects of matrix rigidity and tissue alignment on calcium 



dynamics. Lastly, we evaluated the effects of several compounds, including nifedipine, on 
oxytocin-induced calcium transients to serve as a proof-of-concept demonstration of our assay 
for applications in compound screening. Collectively, our engineered model of the myometrium 
enables new insights into myometrial mechanobiology and can also be used to identify novel 
drug targets and screen the functional effects of compounds. 
 

2. Methods 
 

2.1 Substrate preparation 
Polyacrylamide hydrogels were fabricated according to previous methods29,30. Briefly, 

solutions of 40% acrylamide (Bio-Rad) and 2% N,N’-methylenebisacrylamide (Sigma-Aldrich) 
were combined with water, ammonium persulfate, and TEMED using indicated ratios for 13 kPa 
or 90 kPa elastic modulus. The solution was combined with streptavidin acrylamide (1:6 
dilution), then 20 µL of the resulting solution was pipetted onto 25 mm glass coverslips activated 
with sodium hydroxide, APTES, and glutaraldehyde29. Non-activated 18 mm glass coverslips 
were placed atop the solution to flatten the polyacrylamide drop. The hydrogels were cured at 
room temperature for 30 minutes, then the non-activated 18 mm coverslips were removed under 
sterile conditions using a razor blade. Cured hydrogels were rinsed three times with PBS then 
stored at 4°C in PBS for up to one week.  

Hydrogels were microcontact printed with biotinylated fibronectin in either aligned or 
isotropic patterns per previously described methods29,31 (Fig. 1A). Polydimethylsiloxane (PDMS) 
stamps were cast on wafer templates prepared using standard photolithography32. Wafer 
templates were either un-patterned (for isotropic) or patterned with 40 µm wide rows separated 
by 75 µm wide gaps (for aligned).  Biotinylated fibronectin was prepared by incubating biotin 
(Thermo), fibronectin (Corning), and sodium carbonate overnight, then dialyzing against PBS to 
remove un-reacted biotin, similar to previously published protocols30. Feature-less PDMS stamps 
were submerged in 95% ethanol, sonicated for 30 minutes, dried with compressed air under 
sterile conditions, coated with biotinylated fibronectin, and incubated for at least one hour. 
Simultaneously, polyacrylamide hydrogels were dried for 30 minutes in a desktop incubator at 
37°C. Excess fibronectin was removed from the PDMS stamps, then stamps were dried with 
compressed air. For isotropic samples, the dried PDMS stamps were placed directly on the dried 
polyacrylamide hydrogels with light pressure. For aligned samples, a UVO-treated (8 min) lane 
template stamp was used to selectively remove biotinylated fibronectin from a flat PDMS stamp, 
resulting in 40 µm wide lanes; the flat PDMS stamp was then placed onto the polyacrylamide 
hydrogel with light pressure. Stamps remained in contact with the gel for approximately six 
minutes before the stamp was removed and the coverslip was rinsed three times with PBS. 
Microcontact printed hydrogels were stored at 4°C then seeded within hours of stamping.  

 
2.2 Cell culture 

Cell culture media was prepared by combining vascular cell basal medium (ATCC PCS-
100-030), vascular smooth muscle cell growth kit (ATCC PCS-100-042), and penicillin-
streptomycin (0.1%) and then sterilizing with a 0.22 µm vacuum filter. Primary human uterine 
smooth muscle cells (HUtSMC, ATCC PCS-460-011) were received at passage two (batch 
#62232441) and stored in liquid nitrogen. T75 flasks were coated with 0.1% gelatin (Stem Cell 
Technologies) at 37°C for 30 minutes, followed by incubation with warm media for an additional 



30 minutes. The cell vial was then thawed in a water bath, resuspended in warm media, and 
divided between three gelatin-coated T75 flasks. Cells were maintained at 37°C, 5% CO2 and 
media was replenished after two days. Cells were passaged using trypsin on the third day 
(approximately 75% confluence) into nine T75 gelatin-coated flasks. On the fifth day, cells were 
passaged, resuspended in freezing media (media supplemented with 10% FBS and 10% DMSO), 
distributed into cryovials, and cryopreserved in liquid nitrogen. For experiments, a single 
cryovial was similarly thawed and expanded in gelatin-coated T75 flasks. Cells were then 
detached from flasks and seeded at a density of 125,000 cells per 2 mL media on microcontact-
printed polyacrylamide hydrogel coverslips in a 6-well plate. All measurements were collected 
within four days of seeding at passage five. 

 
2.3 Immunochemistry and structural quantification 

After two days of culture, coverslips were rinsed with PBS and fixed and permeabilized 
with paraformaldehyde (4%) and Triton (0.1%), respectively, for ten minutes. Coverslips were 
then rinsed three times with PBS and stored at 4°C for a maximum of one week.  

Primary staining was performed by inverting coverslips on droplets of PBS with anti-
fibronectin antibody produced in rabbit (Sigma, 1:200) for 1.5 hrs followed by three PBS rinses. 
For secondary staining, coverslips were incubated with goat anti-rabbit antibody conjugated to 
Alexa Fluor 546 (Life Technologies, 1:200), DAPI (1:200), and phalloidin conjugated to Alexa 
Fluor 488 (Life Technologies, 1:200) for 1.5 hours. Coverslips were then rinsed three times with 
PBS, slightly dried, inverted onto 30 µL of ProLong Gold Antifade (Life Technologies) on a 
glass slide, and sealed with nail polish.  

Samples were imaged with a Nikon C2 point-scanning confocal fluorescent microscope 
with a 60x oil (NA=1.515) objective with a minimum of five field of view per coverslip. For 
each coverslip, actin coherency was quantified using the phalloidin stain and the ImageJ plugin, 
OrientationJ 33. Five fields of view per coverslip were stitched together and coherency was 
calculated for the stitched image. To calculate cell density, the number of nuclei in each field of 
view (based on the DAPI stain) was quantified and averaged using CellProfiler and then divided 
by an estimate of the fibronectin surface area coverage. CellProfiler was also used to measure the 
average major and minor axes and aspect ratio of the nuclei for each coverslip. Each datapoint 
represents one coverslip, with a total n=5 coverslips. All data was statistically compared with 
one-way ANOVA, Dunnet’s or Tukey’s multiple comparisons test in Graphpad Prism. 

 
2.4 Live imaging and analysis of calcium transients 

Oxytocin powder (Sigma Aldrich) was reconstituted with PBS and stored at -20℃ in 2 
ug/uL stock aliquots. Immediately before experiments, aliquots were warmed and added to 
Tyrode’s solution (5.0 mM HEPES, 1.0 mM magnesium chloride, 5.4 mM potassium chloride, 
135.0 mM sodium chloride, 0.33 mM potassium phosphate, 1.8 mM calcium chloride, 5.0 mM 
D-glucose, pH 7.4 at 37°C). 

Fluo-4 AM calcium-sensitive dye (Invitrogen) was reconstituted in Pluronic-127, added 
to media for a final concentration of 1.7 µg/mL, then added to a coverslip well to incubate for 40 
minutes. Samples were then rinsed with 37°C  Tyrode’s solution three times to remove 
unincorporated Fluo-4, then placed in the 37°C microscope incubation chamber with 1 mL 
Tyrode’s solution to acclimate for 10 minutes prior to experimentation.  

Fluo-4 fluorescence intensity and brightfield images were collected over the course of 
three minutes using a 20x objective lens and an Andor Zyla sCMOS camera at two frames per 



second. Oxytocin solutions (0.001, 0.01, 0.1, 1 g/L) were added at the 50 second timepoint.  
Drug response studies followed a similar protocol while also adding the drug prior to oxytocin. 
Incubation times for each drug were based on previous studies and varied by drug to account for 
mechanism of action. Progesterone (5 µg/mL) was added 24-36 hours before calcium imaging. 
Caffeine (5mM)34 and thrombin (1 U/mL)35 were added to the Tyrode’s at the start of the 
chamber acclimation for a total of 15 minutes before imaging. Nifedipine (5 µg/mL) was added 
to the media during Fluo-4 incubation for a total of 40 minutes before rinsing with Tyrode’s 
solution and imaging36. 

For each video, fluorescence intensity of manually selected ROIs (4x4 pixels, in 
cytoplasm) was measured for each timepoint using Matlab. ROIs were manually excluded if no 
value exceeded the baseline established in the first 50 seconds or if spontaneous contractions 
occurred between 40-120 seconds. All ROIs for one coverslip were averaged, representing n=1.  

Each transient was evaluated for amplitude37 and time dynamics including response 
time38,39, tau decay constant39, and duration39,40 by modifying custom Matlab software41,42. 
Response time is the time between the addition of oxytocin and the maximum fluorescence 
intensity. Decay is the time between the maximum and 36% of the maximum on the downstroke. 
Duration spans the time at half of the maximum on the upstroke to the same value on the 
downstroke. Amplitude is the maximum normalized to the baseline. All ROI results from one 
sample were averaged to represent that coverslip as n=1. Each condition includes coverslips from 
different experimental batches and days. All data was evaluated with one-way or two-way 
ANOVA and Tukey’s multiple comparisons test in Graphpad Prism. 
 
2.5 Gene expression analysis 

Cells from different experimental batches were lysed and RNA was isolated using Qiagen 
miRNeasy Micro kits per the manufacturer’s protocol. Briefly, chloroform was added to cell-
Qiazol homogenate for phase separation. The upper aqueous phase was mixed with ethanol, then 
repeatedly filtered through a spin column with buffer solution and diluted ethanol. RNA was 
passed through an additional cleaning step (Zymo RNA Clean and Concentrator) then eluted 
with RNase-free water before storing at -80℃ prior to sequencing with an Illumina NovaSeq 
6000 (performed by Novogene Corporation, Inc.).  

Analyses were performed using Partek Flow Genomic Analysis software. Sequenced 
reads were trimmed from both ends based on a Phred quality score of 20 and a minimum read 
length of 25 remaining bases then aligned with the STAR algorithm to the hg38 genome. Data 
was filtered and normalized with the median ratio, then differentially expressed genes were 
identified with DESeq as p-value <0.01 and fold change greater than the absolute value of 2. 
Likely due to sample-to-sample variability, we did not observe genes with statistically significant 
FDR.  RNA-seq data were submitted to the National Center for Biotechnology Information 
(NCBI) Gene Expression Omnibus (GEO) data repository (accession number GSE233288; n =8 
isotropic 13 kPa, n = 8 aligned 13 kPa, n = 8 isotropic 90 kPa, n = 8 aligned 90 kPa). 
 

3. Results 
 

3.1 Engineering models of healthy and fibrotic human myometrium 
In a healthy uterus, myometrial tissue is aligned and relatively compliant, with an elastic 

modulus of approximately 10-30 kPa3,4. Fibrotic myometrial tissue is less organized and stiffer, 



with a two to four-fold increase in tissue stiffness4,11. To determine the effects of fibrotic 
remodeling on myometrial structure and function, we used our previously established 
techniques28,30 to engineer polyacrylamide hydrogels with elastic moduli of 13 kPa and 90 kPa. 
We then microcontact printed fibronectin onto these hydrogels as a uniform coating or as 40 µm-
wide lanes separated by 75 µm gaps (Fig 1A). Next, we seeded primary human myometrial 
smooth muscle cells on the hydrogels, cultured them for two days, and stained for nuclei, actin 
filaments, and fibronectin (Fig 1B). The number of nuclei per field of view normalized to 
fibronectin area was not statistically different between conditions (Fig 1C), indicating consistent 
cell adhesion and viability. Nuclei aspect ratio was significantly higher in aligned tissues 
compared to isotropic tissues on 13 kPa hydrogels. Nuclei aspect ratio trended higher in aligned 
tissues compared to isotropic tissues on 90 kPa hydrogels but did not reach statistical 
significance (Fig 1D). The coherency of actin filaments, which ranges from zero for disordered 
systems to one for oriented or coherent systems, was significantly higher in aligned tissues 
compared to their isotropic counterparts (Fig 1E), as expected. Together, these data demonstrate 
that we can reproducibly engineer human myometrial tissues with independent control over 
tissue alignment and matrix elasticity to model aspects of healthy and fibrotic tissue. 



 
 Figure 1: Structure of engineered myometrial tissues. (A) Schematic of microcontact printing 
and polyacrylamide hydrogel fabrication. (B) Representative fluorescent images of myometrial 
tissues on isotropic or aligned fibronectin micropatterns on 13 kPa or 90 kPa polyacrylamide 
gels. Blue: nuclei, green: F-actin, red: fibronectin. Scale bar: 50 µm. * denotes p < 0.05, ** p < 
0.01, *** p <0.001, **** p < 0.0001 using Tukey’s multiple comparisons test. (C) Number of 
nuclei normalized to fibronectin area in field of view. (D) Nuclei length divided by width (aspect 
ratio). (E) Actin alignment quantified as coherency.  

 
  



3.2 Dose response of calcium transients to oxytocin 
Because increased intracellular calcium concentrations are correlated with increased 

contractile activity in muscle cells43, we next developed a microscopy-based workflow to 
measure calcium activity in engineered myometrial tissues in response to oxytocin stimulation as 
a proxy for contractile activity. Our first goal was to establish an oxytocin dose response curve. 
To do so, we incubated aligned myometrial tissues on 13 kPa substrates with the fluorescent 
calcium indicator Fluo-4. We then captured images of Fluo-4 fluorescence for 50 seconds (rate: 
2 frames per second) as a baseline (Fig 2A). We then added oxytocin at doses ranging from 10-4 
g/L to 10-1 g/L, similar to the range of concentrations used clinically44 or in previous in vitro 
studies34. We then continued acquisitions for a total of three minutes, which was sufficient for 
capturing maximum Fluo-4 intensity and return to baseline (Fig 2A). Next, we processed image 
stacks with custom Matlab software to produce graphical representations of Fluo-4 intensity over 
time in multiple regions of interest per field of view and measured the average amplitude, 
response time, decay, and duration of the resulting calcium transients (Fig 2B). As expected34,45, 
increasing the concentration of oxytocin resulted in calcium transients with faster response time 
(Fig 2C), faster decay (Fig 2D), and shorter duration (Fig 2E). Amplitude also trended higher as 
oxytocin increased (Fig 2F), but without statistical significance. Together, these data demonstrate 
that calcium transients in our engineered myometrial tissues were responsive to oxytocin in a 
manner that trended with increasing dosage, which is the expected physiological response. 
  



 
Figure 2: Calcium transients in response to increasing concentrations of oxytocin. (A) 
Representative images of baseline (t = 0 s), maximum (t = 10 s), and steady state (t = 130 s) 
fluorescence intensity. (B) Average calcium transients. * denotes p < 0.05, ** p < 0.01 using 
Tukey’s multiple comparisons test. (C) Response time, (D) decay, (E) duration, and (F) 
amplitude dose responses to oxytocin.  
 

3.3 Modulation of calcium transients by tissue alignment and matrix rigidity 
To investigate the impact of tissue alignment and matrix rigidity on myometrial 

physiology, we engineered the four types of tissues shown in Figure 1 by independently 
modifying substrate elastic modulus (13 kPa, 90 kPa) and cell alignment. We then performed the 
same calcium imaging protocol shown in Figure 2 with 10-1 g/L oxytocin since this concentration 
induced a robust response (Figure 3A). We proceeded to quantify the same metrics shown in 
Figure 2 and compared all conditions independently with one-way ANOVA. As shown in Figure 
3B, response time was slower in aligned tissues compared to isotropic tissues on 90 kPa 
substrates.  Additionally, aligned tissues on 13 kPa substrates (the closest mimic to healthy 
tissue) had a longer decay (Figure 3C) and a longer duration (Figure 3D) compared to isotropic 
tissues on 90 kPa substrates (the closest mimic to fibrotic tissue). No significant differences in 
amplitude were detected (Figure 3E). We then performed a two-way ANOVA to detect any 
differences in calcium transients when grouping tissues solely by elastic modulus or alignment 
(Figure 4F). Interestingly, aligned tissues (independent of elastic modulus) had significantly 
longer response time, decay, and duration compared to isotropic tissues. Tissues on 13 kPa gels 
(independent of alignment) had significantly higher amplitude and longer decay and duration. 



Together, these data suggest that fibrotic uterine tissues may have a weaker calcium response to 
oxytocin compared to healthy uterine tissues due to remodeling of tissue architecture and 
stiffness. 
 

  
Figure 3: Calcium transients in engineered myometrial tissues. (A) Average calcium transients 
for each of the four conditions. * denotes p < 0.05, ** p < 0.01 using Tukey’s multiple 
comparisons test. (B) Response time from the addition of oxytocin to the maximum fluorescence 
intensity; (C) Decay time constant from the maximum to 36% of the maximum; (D) Duration as 
curve width at half of the maximum; (E) Normalized amplitude at maximum. (F) Two-way 
ANOVA analysis of calcium transient response to oxytocin as a function of elastic modulus and 
alignment.  
 
3.4 Modulation of gene expression by tissue alignment and matrix rigidity 

To evaluate transcriptional changes based on tissue alignment and matrix rigidity, we 
performed bulk RNA sequencing on myometrial cells cultured under the same conditions (13 
kPa or 90 kPa hydrogels; isotropic or aligned). We compared our stiff and isotropic (90 kPa 
isotropic) condition (representing fibrotic tissue) to our softer and aligned (13 kPa aligned) 
condition (representing the healthy tissue) as a volcano plot (Fig 4A). From this plot, we listed 
and queried the differentially expressed genes with p-value <0.01 and fold change greater than 2 
or less than -2 (Fig 4B). One of the top differentially expressed genes is TAS2R31, which 
encodes for a bitter taste receptor that is associated with airway46 and uterine smooth muscle 
relaxation47 and thus has been proposed as a target for tocolytics48. We further mined our data to 
determine if other bitter taste receptors (TAS2R) are expressed in our engineered tissues. We 
ultimately detected expression of fourteen other type 2 taste receptors and one type 1 receptor in our 
healthy- and fibrotic-like tissues (Figure 4C), consistent with other reports demonstrating that 
bitter taste receptors are expressed by myometrial smooth muscle cells48. 

 



 
Figure 4: Transcriptomic analysis of engineered myometrial tissue (A) Volcano plot of 
comparison between Isotropic 90 kPa and Aligned 13 kPa with down-regulated (blue) and up-
regulated (red) genes [P < 0.01, absolute value of the fold change (|fold change|>2). The dotted 
black horizontal and vertical lines identify the fold change and p-value cut offs. The DEGs are 
labeled by gene symbol. (B) Bar graph of fold change for significantly up or downregulated 
genes. (C) Bar graphs of p-value and normalized gene counts versus identified taste receptors.  

3.5 Engineered myometrial tissues mimic clinical responses to compounds 
Next, we asked if our engineered tissues would respond as expected to a variety of 

compounds known to impact the response of myometrial cells to oxytocin. For these 
experiments, we used aligned myometrial cells on 13 kPa substrates to most closely represent 
healthy tissues. We also used a relatively low dose of oxytocin (10-4 g/L) to ensure a measurable 



range of responses. First, we tested the impact of pre-treating tissues with progesterone. 
Progesterone is a steroid hormone that maintains the uterus in a quiescent state throughout 
pregnancy49. Synthetic progesterone is also used as a long-term tocolytic and has been shown to 
reduce contractility through both non-genomic and  genomic15 mechanisms, such as reducing 
calcium entry15,50 and modulating oxytocin receptor density50, respectively. For these reasons, we 
incubated tissues with progesterone for 24-36 hours prior to functional testing to account for any 
transcriptional changes (Fig 5A). Progesterone significantly slowed the initial response to 
oxytocin (Fig 5B), shortened the decay time to baseline (Fig 5C), and shortened the overall 
duration (Fig 5D), consistent with a lessened contractile response. Although not significant, the 
amplitude of progesterone-treated tissues trended lower than control, also suggesting a lessened 
contractile response (Fig 5E). 

Next, we tested the short-term effects of compounds that have previously shown to 
acutely impact the myometrium. Similar to progesterone, caffeine has a relaxant effect on uterine 
smooth muscle34. Conversely, the coagulation factor thrombin has been associated with preterm 
labor, likely through direct activation of myosin35. Nifedipine is an acute tocolytic uncommonly 
used to quell contractions in the short-term15. To test the effects of caffeine and thrombin, we 
added caffeine or thrombin to Tyrode’s solution, for a total of 15 minutes incubation time before 
imaging; nifedipine was added at the start of Fluo-4 incubation for a total of 40 minutes before 
imaging36 (Figure 5A) to align with previous studies34 35. Caffeine-treated tissues exhibited 
shorter decay time and shorter duration, similar to progesterone. Response time was slightly 
delayed by caffeine, but this was not statistically significant. Nifedipine delayed response time 
but did not affect any other parameters. Thrombin did not cause any effects, suggesting this 
compound does not impact calcium handling in myometrial smooth muscle cells. Together, these 
results demonstrate that this platform has potential applications in evaluating the efficacy and 
mechanisms of actions of new and existing compounds for modulating myometrial smooth 
muscle physiology.  

 
 



 
Figure 5: Drug screening in engineered myometrial tissues. (A) Representative traces of drugs 
used for screening and imeline of drug addition. * denotes p < 0.05, ** p < 0.01, *** p <0.001 
using Dunnet’s multiple comparisons test. (B) Response time from the addition of oxytocin to 
the maximum fluorescence intensity. (C) Decay time constant from the maximum to 36% of the 
maximum. (D) Duration as curve width at half of the maximum. (E) Normalized amplitude at 
maximum.  
  



4. Discussion 
Unlike most other muscle tissues, the impact of fibrotic remodeling on myometrial 

smooth muscle tissue is poorly understood. To address this, we engineered a human in vitro 
model of healthy and fibrotic myometrium by culturing primary human myometrial smooth 
muscle cells on substrates with independently tunable matrix rigidity and cell alignment. We 
then characterized tissue structure, oxytocin-induced calcium transients, and the transcriptome, 
revealing structural, physiological, and genetic changes, respectively, caused by physical features 
of the tissue microenvironment. In addition, we show that our engineered myometrial tissues 
respond to select clinical compounds, demonstrating potential applications in drug screening.  
 To recreate features of the tissue microenvironment characteristic of healthy and fibrotic 
myometrium1,2,10,11,51, we cultured primary myometrial smooth muscle cells on polyacrylamide 
hydrogels with elastic moduli of 13 kPa or 90 kPa that were then microcontact printed with 
fibronectin as a uniform or lane pattern. One benefit of this approach is that matrix rigidity and 
tissue alignment can be independently tuned, enabling their effects to be decoupled. We then 
seeded these substrates with human primary smooth muscle cells isolated from the myometrium. 
Similar to other muscle cell types52,53, actin alignment increased on microcontact printed lanes of 
fibronectin compared to isotropic fibronectin. The circularity of nuclei in isotropic cells also 
trended lower compared to aligned cells on both 13 kPa and 90 kPa gels, which is consistent with 
histological data reporting that nuclei in late-stage fibroids become rounded to ovoid54. However, 
one limitation of our study is that we used purified fibronectin as the only cell adhesion protein, 
which does not reflect the complex composition of the extracellular matrix in healthy and fibrotic 
myometrium55. Myometrial extracellular matrix also comprises laminin and collagen and 
increased deposition of matrix proteins is a hallmark of fibroids56. Thus, future studies could 
evaluate matrix protein production as well as the response of myometrial cells cultured on 
different matrix proteins. 

We next performed calcium imaging in response to oxytocin stimulation. We selected 
oxytocin as our contractile agonist because it has previously been used for clinical57 and in 
vitro15 applications and induces stronger responses compared to alternative compounds, such as 
prostaglandins58. With increasing doses of oxytocin, both the response time and decay time of 
calcium transients declined and thus the overall duration was shorter at higher doses of oxytocin, 
suggestive of faster release and uptake of intracellular calcium. Calcium transient amplitude also 
trended upwards with increasing oxytocin concentration, indicative of greater increases in 
intracellular calcium. Thus, our engineered myometrial tissues retained sensitivity to oxytocin.  

To evaluate the impact of fibrotic remodeling on calcium handling, we evaluated calcium 
transients in engineered myometrial tissues as a function of substrate elastic modulus and tissue 
alignment. The duration and amplitude of calcium transients was generally highest in aligned 
tissues on 13 kPa gels and lowest in isotropic tissues on 90 kPa gels, which are the closest 
mimics of healthy and fibrotic tissues, respectively. These data suggest that fibrotic-like tissues 
have slower and weaker increases in intracellular calcium in response to oxytocin. To 
deconvolve the effects of elastic modulus and tissue alignment, we also compared calcium 
transient metrics using two-way ANOVA. Interestingly, aligned tissues had higher response and 
decay times (and thus longer durations) compared to isotropic tissues. However, tissue alignment 
had no impact on calcium transient amplitude. By contrast, tissues on 13 kPa gels had 
significantly higher calcium transient amplitude compared to those on 90 kPa gels. Tissues on 13 
kPa gels also had higher decay time but no difference in response time. Thus, tissue alignment 
and matrix rigidity had unique impacts on calcium transient morphology.  



In myometrial smooth muscle cells, calcium can enter the cytosol via L-type channels on 
the plasma membrane or via release from internal sarcoplasmic reticulum stores59. Identifying 
which calcium pathways and ion channels are sensitive to distinct cues in the tissue 
microenvironment is an important topic for further investigation to establish the mechanistic 
underpinnings of our data. Additionally, due to their fundamental role in mechanotransduction, 
the cytoskeleton or cytoskeletal mediators may link matrix remodeling to changes in myometrial 
physiology. For example, RhoA has been shown to be more active in leiomyoma cells cultured 
on rigid polystyrene compared to myometrial cells60. RhoA inhibits myosin light chain 
phosphatase, which enhances myometrial contractility61.  

To identify differentially expressed genes due to fibrotic-like tissue remodeling, we next 
performed bulk RNA sequencing on our tissue constructs. Because their calcium transients 
showed the starkest differences, we focused on comparing 13 kPa, aligned tissues to 90 kPa, 
isotropic tissues. This comparison revealed a relatively small number of differentially expressed 
genes, none of which were directly related to calcium handling. Thus, the changes we observed 
in calcium handling were likely not caused by changes in calcium handling proteins at the 
transcriptional level. In our dataset, the top differentially expressed gene was PLA2G3, which 
encodes for phospholipase A2 group III and was down-regulated in our fibrotic-like tissue 
compared to the healthy-like tissue. This enzyme hydrolyzes extracellular phospholipids and has 
been detected in vascular smooth muscle cells62. SLC16A11, which encodes for solute carrier 
family 16 member 11, was also down-regulated in our fibrotic-like tissues and is also involved in 
lipid metabolism. Thus, remodeling of the tissue microenvironment may be triggering changes in 
metabolism, which can also impact contractility. 

The gene for TAS2R31 was also downregulated in our fibrotic-like condition. This gene 
encodes for taste receptor, type 2, member 31, (TAS2R31) which is a bitter taste receptor. Bitter 
taste receptors (TAS2R) were initially thought to only exist on the tongue, but have also been 
detected in airway smooth muscle cells. Although the impact of bitter agonists on intracellular 
calcium in airway smooth muscle cells is variable46,63, cells reliably exhibit relaxation or 
bronchodilation in response to bitter taste receptor agonists. TAS2R receptors have also been 
detected in uterine smooth muscle cells47. Consistent with these findings, we also detected the 
expression of fourteen TAS2R and one type 1 receptor (TAS1R) in our tissues. Bitter agonists of 
TAS2R (e.g., caffeine64) have been shown to reverse induced contractions48 and thus have been 
proposed as potential targets for a new class of tocolytics. However, if TAS2R expression is 
down-regulated in fibrotic tissues, TAS2R agonists may have reduced tocolytic effects in these 
tissues. Thus, identifying if drug targets are modulated by the tissue microenvironment is an 
important consideration. 

We also used our healthy-like tissues (13 kPa, aligned) to test responses to a variety of 
compounds. As expected, cells incubated with progesterone responded more slowly to oxytocin 
and decayed more rapidly to baseline, likely because progesterone decreased calcium entry. 
Similarly, caffeine resulted in a slower response to oxytocin, likely by inhibiting an increase in 
cAMP1, which is a mechanism unique to smooth muscle cells. Thrombin has been shown to 
induce in vitro contractions of the myometrium, though it is likely through direct activation of 
myosin35. Thus, it follows that we did not see changes in calcium activity since this is upstream 
of the contractile filaments. Nifedipine, a common tocolytic, delayed the start of contraction, but 
the morphology of the transients did not change. Our results from this panel of compounds 
demonstrates that we can identify unique effects of compounds on different aspects of calcium 



handling, which is important for understanding mechanisms of action of new and existing 
tocolytics or other categories of drugs for myometrial disorders.  

In summary, we found that the tissue microenvironment can impact calcium handling in 
myometrial smooth muscle cells. Our functional model can be used to identify new therapeutic 
targets (such as bitter taste receptors) and also help identify biomarkers to predict patients who 
may be at higher risk for adverse labor events. Our study is limited by the inclusion of only one 
line of human primary myometrial smooth muscle cells. Future studies should evaluate cells 
from multiple patients, including those with diverse demographic backgrounds or harboring 
genetic mutations associated with pre-term labor or other conditions. Additionally, our 
engineered myometrial tissues could be integrated with other Organ on Chip models of the 
female reproductive system, including those that have focused on the endometrium65, placenta66, 
and ovaries67 to evaluate cross-talk with other organs and gain a more comprehensive 
understanding of female reproductive physiology and pathophysiology. 
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