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Abstract
Microtissues in the shape of toroidal rings provide an ideal geometry to better represent the
structure and function of the airway smooth muscle present in the small airways, and to better
understand diseases such as asthma. Here, polydimethylsiloxane devices consisting of a series of
circular channels surrounding central mandrels are used to form microtissues in the shape of
toroidal rings by way of the self-aggregation and -assembly of airway smooth muscle cell (ASMC)
suspensions. Over time, the ASMCs present in the rings become spindle-shaped and axially align
along the ring circumference. Ring strength and elastic modulus increase over 14 d in culture,
without significant changes in ring size. Gene expression analysis indicates stable expression of
mRNA for extracellular matrix-associated proteins, including collagen I and laminins α1 and α4
over 21 d in culture. Cells within the rings respond to TGF-β1 treatment, leading to dramatic
decreases in ring circumference, with increases in mRNA and protein levels for extracellular matrix
and contraction-associated markers. These data demonstrate the utility of ASMC rings as a
platform for modeling diseases of the small airways such as asthma.

1. Introduction

Three-dimensional (3D) cell culture approaches,
including the entrapment of cells in hydrogelmatrices
and the assembly of cells into compact aggregates
such as spheroids, sheets, strips, and disks, have
become instrumental to understanding cell–cell and
cell-matrix interactions in the context of tissue devel-
opment and are becoming increasingly important
for evaluating novel therapeutics in the drug dis-
covery pipeline [1–3]. Most strategies for 3D cell
culture have focused on the development of relat-
ively small (typically less than 200 µm-thick) mono-
lithic structures to ensure efficient gas and nutri-
ent exchange and to facilitate microscopic analysis
[4, 5]. However, the development of 3D cell culture
approaches for generating complex structures (e.g.
tube-like structures) has become increasingly import-
ant formodeling blood vessels, lymphatic vessels, and

other structures that conduct fluid [6], such as the
airways. The tissue of the small airway is elastic and
has an intrinsic stiffness that helps it to resist deform-
ation when subject to the forces during breathing
[7]. Advanced 3D cell culture systems for studying
small airway physiology typically seek to organize co-
cultured airway cells into layers, and often prioritize
the ability to monitor contraction and force devel-
opment in airway smooth muscle cells (ASMCs), as
airway smooth muscle thickening, airway narrowing,
and airway hyperresponsiveness (AHR) are key fea-
ture of small airway diseases such as asthma [8].

The approaches that exist for advanced 3D cul-
ture of airway cells vary considerably in complexity
and capability, from relatively simple approaches (e.g.
lung organoids and air–liquid interface (ALI) cul-
ture) to systems that require specialized fabrication
strategies and instrumentation (e.g. lung-on-a-chip
devices, microfabricated tissue gauges (µTUGs), and
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bioprinted airway constructs). Lung organoidmodels
typically use pluripotent stem cells that self-organize
into structures that best reflect the organization of the
developing lung [9, 10]. Lung organoids formed from
a mixture of adult lung cell types also exhibit self-
organization, but are limited in their ability to reliably
formmature airway structures [11]. Air–liquid inter-
face (ALI) cultures ‘unfold’ the airway wall by grow-
ing cells under static conditions on a semipermeable
membrane with apical exposure to air, resulting in
a well-differentiated epithelium with multiple epi-
thelial cell types and distinct apical and basal surfaces
[12, 13]. ALI cultures also facilitate co-culture with
cells from the subepithelial layers, such as ASMCs
[14]. Similar to ALI culture, lung-on-a-chip devices
allow cells to grow on semipermeable membranes,
but provide the option to expose cells to dynamic
conditions such as fluid flow and cyclic stretch [15,
16]. These devices showpromise inmodeling vascular
leakage in pulmonary edema and neutrophil recruit-
ment in response to inflammation [16, 17]. Multi-
chamber lung-on-a-chip devices have been used to
co-culture epithelial cells with ASMCs to study cell–
cell interactions involved in chronic obstructive pul-
monary disease and asthma [18]. To monitor ASMC
contractility, it is possible to culture ASMCs on flex-
ible thin films that display differences in curvature
upon contraction and relaxation of the ASMCs [19],
or to assemble ASMC microtissues around µTUGs
[20–23], which consist of arrays of pillars that deflect
in the presence of tensile force. Finally, 3D bioprint-
ing, where cells are deposited in a polymeric bio-ink
into a desired structure, has been explored for mod-
eling alveolar vasculature [24], epithelial-endothelial
interactions in the small airway [25, 26], and for gen-
erating ASMC rings that respond to bronchocon-
strictors, bronchodilators, and growth factors [27].

Although 3D cell culture offers some clear advant-
ages over traditional 2D cell culture with respect to
modeling the small airway, most approaches are lim-
ited in the ability to efficiently capture structure-
function relationships in a format similar in geometry
to the small airway [28–30]. Specifically, they fail in
recapitulating the organization of ASMCs into hel-
ical bundles, as found between the outermost submu-
cosa and the adventitia of the small airway [7, 31].
This structure-function relationship can be efficiently
investigated by considering the tube-like structure of
the small airway as a series of toroidal rings. Using rel-
atively simple approaches whereby cells are deposited
as suspensions into relief structures designed to limit
the lateral dispersion of cells, it is possible to promote
cell-contact-mediated assembly into complex micro-
tissue shapes such as tori and honeycombs [32–34].
Uniquely, the resulting tori are non-homeomorphic
with spheroids and introduce distinct mechanical
stresses to the cells growing within the structure. To
date, only vascular SMC structures have been gener-
ated using this approach, but a similar strategymay be

particularly suitable for the culture of ASMCs, as their
organization in bands around the airway submucosa
may be physically approximated using self-supported
tori [31, 33].

Here, we used customizable elastomeric devices
to form airway microtissues in the shape of toroidal
rings by taking advantage of the ability of ASMCs to
self-assemble into contractile structures without the
need for supplementation with exogenous extracellu-
lar matrix (ECM) proteins [32, 35]. We characterized
the physical and biological properties of these tissue
rings under various growth conditions over time.
As ASMCs also demonstrate remarkable phenotypic
plasticity, we examined ECM- and contractility-
associated mRNA and protein levels following
treatment with transforming growth factor beta 1
(TGF-β1), which is often elevated in the asthmatic
airway, is known for its pro-fibrotic effect in other tis-
sues, and is implicated in airway remodeling [36–38].

2. Materials andmethods

2.1. Cell-contact-mediated assembly of ASMC rings
2.1.1. Device design and fabrication
To form rings from ASMC suspensions, an auto-
clavable polydimethylsiloxane (PDMS) device was
developed. Key design iterations used throughout this
work are presented in the cross-sectional line draw-
ings in figure S1. The PDMS devices were cast from
3D-printed molds that were designed using Onshape
software (Onshape). The molds were 3D printed
using photopolymer resin and a B9Creator v1.2 3D
printer (B9Creations). Post-processing of the resin
mold was required prior to casting the PDMS devices
[39]. The PDMS base and crosslinker (Sylgard 184,
Dow Corning) were mixed in a 10:1 w/w ratio, placed
under vacuum to remove trapped air bubbles, added
to the post-processed resin mold, and then cured in a
dry oven at 70 ◦C for at least 24 h.

2.1.2. Preparation of PDMS devices for cell culture
After removal from the 3D-printed molds, the PDMS
devices were autoclave sterilized, then aseptically
transferred into sterile 50 mm tissue culture plates.
Surface treatment of the PDMS devices with the sur-
factant Pluronic F-127 was performed to limit cell
adhesion to the PDMS [40]. Following treatment of
the PDMS devices with 1% Pluronic F-127 solu-
tion for 24 h to sufficiently passivate the surface, the
devices were rinsed with phosphate-buffered saline
(PBS) twice, then pre-warmed to 37 ◦C. After the PBS
was removed, thewells were seededwith freshly resus-
pended ASMCs.

2.1.3. ASMC culture
D12 (donor 12) Human ASMCs stably transfec-
ted with human telomerase reverse transcriptase
(hTERT) were obtained from Dr William Gerthoffer
(University of Nevada Reno). D12 ASMCs have been
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previously characterized in both 2D and 3D cultures,
and maintain the capacity for phenotype switching
[21, 41]. The medium used for reviving the ASMCs
from cryostorage consisted of 1:1 Dulbecco’s Mod-
ified Eagle’s Medium/Ham’s F12 (DMEM/F12) base
medium supplemented with 10% fetal bovine serum
(FBS) and containing 1% penicillin–streptomycin–
amphotericin B (Sigma). The medium used for
routineASMCmaintenance and propagation, was the
same except for a lower serum concentration (1%
FBS). Cultures were maintained in a humidified cell
culture incubator at 37 ◦C with 5% CO2. Cells were
harvested by trypsinization, pelleted, and resuspen-
ded in DMEM/F12 with 1% FBS. Unless otherwise
noted, a total of 0.85 × 106 cells were added to each
well of the PDMS device and allowed to settle undis-
turbed in the incubator for at least 1 h. Additional cul-
turemediumwas then added to the larger chamber of
the PDMS device. The rings were allowed to develop
in standard cell culture conditions at 37 ◦C and 5%
CO2 for up to 21 d,with the culturemedium refreshed
every 48 h.

2.2. Airway microtissue mechanical analysis
2.2.1. Mechanical testing system
For uniaxial tensile testing, the rings were mounted
between a programmable linear actuator (LM 1247-
02-01, Faulhaber) and a load cell (PY2 72-4491, Har-
vard Apparatus) within a water-jacketed bath filled
with PBS at a temperature of 37 ◦C using a recir-
culating water pump and heater [42]. The load cell
was calibrated using known loads to give an out-
put of 9.742 mN mV−1, and it responded linearly
over the strains applied to the rings during testing.
A small baseline tare load was applied to remove
slack within the tissue ring mounts, and ten cycles
of preconditioning to approximately 10% strain were
applied prior to the extension-to-failure tests. In the
extension-to-failure tests, the tissue rings were pulled
at a constant rate of 60 µm s−1 until rupture. Data
were logged using LabChart (ADInstruments) and
processed using custom Python code (Python 3.7)
(see supplementary information).

2.2.2. Airway ring geometry measurements
For baseline tissue ring measurements, the tissue
rings were fixed in 4% paraformaldehyde (PFA)
immediately after removal from the mandrels since
a gradual decrease in ring size occurred over time
when live rings were free-floating. After fixation,
the rings were moved to plates filled with PBS and
allowed to settle to the bottom surface before imaging.
Images were captured using a Nikon Eclipse Ti inver-
ted microscope (Nikon Instruments). Measurements
were performed using ImageJ by tracing the outer and
inner ring circumferences. From the same images, the
maximum andminimumwidths along the rings were
determined using custom Python code (see supple-
mentary information).

2.2.3. Calculation of airway ring mechanical properties
Applied stress was calculated using the force meas-
ured from the load cell output distributed over twice
the cross-sectional area of a ring. To obtain values
for cross-sectional area, the rings were imaged at
low magnification by bright field microscopy using a
Nikon Eclipse Ti inverted microscope, and the widest
and narrowest sections were used as the major and
minor axes of an ellipse. For strain calculations, the
linear actuator was calibrated and set to move at a
constant rate of 60 µm s−1. The unstrained initial
length was determined from the average of the outer
and inner ring circumference values divided by two.

2.3. Airway ring cell and gene expression analyses
2.3.1. Cell viability
Calcein-AM (C-AM; Biotium) was used to label live
cells and propidium iodide (PI; Sigma-Aldrich) was
used to label non-viable cells. Rings were stained
with 3 µM C-AM for 30 min, then with 3 µM PI
for 5 min, before being rinsed with PBS and imaged
using a Nikon Eclipse Ti inverted microscope. ASMC
rings were also assessed for metabolic activity as an
index for viability using a CellTiter-Glo assay (Pro-
mega). Prior to performing the CellTiter-Glo assay,
the ASMC rings were mechanically disrupted by
repeated aspiration through a narrow pipette tip in
the presence of the CellTiter-Glo cell lysis solution.

2.3.2. Cytoskeleton anisotropy
ASMC rings were fixed in 4% PFA for 20 min before
quenching in 50mMglycine in PBS and several rinses
in PBS. Cells were permeabilized using Triton X-100
at 0.05% for 30 min at 4 ◦C and rinsed with PBS with
1% bovine serum albumin (BSA). Cells were stained
for F-actin using TRITC-conjugated phalloidin (Mil-
lipore Sigma) at a concentration of 2 µg ml−1 in
PBS with 1% BSA for 120 min before rinsing in
PBS. Images of phalloidin-labeled actinwere acquired
using a LSM 710 confocal microscope (Zeiss). Align-
ment of F-actin was assessed with the Directional-
ity Tool in Fiji (ImageJ) using nine bins between
−90◦ and 90◦ to allow for 12.5◦ steps. Excluding the
repeated ninth bin, the ratio of the size of the most-
populated bin to the least-populated bin provided an
index of the anisotropic alignment of cytoskeletal ele-
ments along a given direction.

2.3.3. Gene expression analysis
Total RNA was isolated from immortalized human
D12 ASMCs using an Aurum Total RNA Mini
Kit (Bio-Rad). The ASMC rings were lysed in the
provided lysis buffer. Lysates were processed through
an RNA-binding column and then treated with
DNase to digest genomic DNA. The columns were
thoroughly washed using the provided wash buffers,
and the RNA sample was eluted using the provided
elution buffer. A SPECTROstar Nano Microplate
Reader with LVis Plate (BMG Labtech) was used to
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determine total RNA concentrations in each sample
at 260 nm. RNA quality was assessed using the ratio
of absorbance at 260/280 nm. To obtain cDNA, first-
strand cDNA synthesis of the total RNA was carried
out using a qScript cDNA SuperMix single-step reac-
tion mix (Quantabio, MA, USA). Target sequences
were amplified using the primers listed in (table S1).
Primers were selected for the product to span at least
one exon-exon junction. Amplification was carried
out using standard PCR with initial denaturation at
95 ◦C for 60 s, followed by 30 cycles of denatura-
tion at 95 ◦C for 30 s, annealing at 50 ◦C for 30 s,
and extension at 72 ◦C for 60 s, with a final extension
at 72 ◦C for 300 s, using Taq Polymerase with Ther-
moPol Buffer and dNTP Solution Mix (New Eng-
land BioLabs). Amplification products were separ-
ated on a 4% agarose gel, stained with SYBR Safe
DNA Gel Stain (Invitrogen), and visualized using an
Azure Biosystems c300 system (Azure Biosystems).
Densitometric analysis was performed in ImageJ to
calculate relative expression of each transcript and
genes of interest were normalized to the geometric
means of three housekeeping genes (GAPDH, RPLP0,
and B2M) according to previously describedmethods
[43].

2.3.4. Western blot analysis
ASMC ring lysates prepared in Laemmli sample
buffer were loaded onto 4%–20% polyacrylamide
gel electrophoresis (PAGE) gradient gels. Following
PAGE, the proteins were transferred to 0.2 µM pore
size polyvinylidene fluoride membranes. The mem-
branes were then blocked for 1.5 h at room temper-
ature in tris-buffered saline buffer containing 0.1%
Tween 20 (TBST) and 5%BSA.Membranes were then
incubated overnight at 4 ◦C in primary antibody solu-
tions (see table S2 for details) containing 1% BSA in
TBST. On the following day, the membranes were
washed three times for 5min per wash in TBST and
incubated for 1 h at room temperature in second-
ary antibody solutions containing 1% BSA in TBST.
The membranes were then washed three times for
5min per wash in TBST. Finally, the membranes were
incubated in SuperSignal West Pico (ThermoFisher)
chemiluminescence substrate and images were recor-
ded on an Azure C300 system (Azure Biosystems).

2.3.5. TGF-β1 treatment
ASMC rings were cultured in DMEM/F12 with 1%
FBS for 7 d, with the medium refreshed every 48 h.
At day 7, the medium was exchanged with fresh
DMEM/F12 supplemented with insulin–transferrin–
selenium (ITS) for 3 d prior to TGF-β1 exposure.
The ASMC rings were then exposed to recombinant
human TGF-β1 (ProSci) or vehicle and assessed after
3 d following removal of the rings from the PDMS
device. After ∼1 min in PBS to allow the ASMC
rings to contract, images were collected, and ring
circumference values were calculated as described

in section 2.2.2. Mechanical characterization was
also conducted on TGF-β1-treated ASMC rings as
described in section 2.1.

3. Results and discussion

Inspired by other strategies for microtissue assembly
such as 3D aggregate culture, bioprinting, andmicro-
patterned arrays [20, 44, 45], as well as previous
devices utilizing agarose mandrels to promote the
development of rings from vascular smooth muscle
cells [33, 34, 46–49], a customizable PDMSdevicewas
developed and optimized for the fabrication of con-
tractile rings from suspensions of ASMCs. Here, we
found that the use of PDMS supported the produc-
tion of reproducible and mechanically robust devices
with relatively high aspect ratio features (figure S1).
Through rapid prototyping and iterative design, a
series of PDMS devices were developed to enable the
efficient production of ASMC rings, and to facilitate
ring maintenance and analysis (figures 1 and S1).

3.1. Cell-contact-mediated assembly of ASMC rings
ASMC rings were formed using a device featuring
U-bottomed channels surrounding a conical man-
drel. Figure 1(a) shows a 3D-printed mold from
which a PDMS reverse replica can be cast (figure 1(b))
following a series of processing steps [39]. The PDMS
device is designed to fit within a standard 50 mm
culture dish (figure 1(c)), although this design can
be modified to accommodate a range of cell cul-
ture formats including well-plates and larger cul-
ture dishes. Each device contains 6 mandrels, with
each mandrel capable of forming an ASMC ring
(figure 1(d)). The process for fabricating the ASMC
rings using this device is simple and involves only a
few steps (figure 1(e)). First, a suspension of ASMCs
is dispensed into the circular channels surrounding
the mandrels. The cells settle by gravity and partially
assemble for several hours in a cell culture incub-
ator before additional media is dispensed to fill the
device. Finally, over the course of several days, the
ASMC rings become progressively compact and begin
to generate force. As the ASMC rings develop, the
contractile force they generate causes them to move
up the sloped lower section of the mandrel. A set of
PDMS devices was also fabricated with flat-bottomed
channels to better monitor ring development using
light microscopy (figures 1(f)–(h) and S1(a)).

The ASMCs settled by gravity and began assem-
bling into a contiguous layer in as little as 1 h
(figure 1(f)). By two hours in culture, the layer of cells
began to show signs of compaction around the cent-
ral mandrel to form a ring-like structure. By 48 h,
the process of ASMC ring formation was complete,
and intact rings could be removed from the man-
drels for analysis. The ease with which intact ASMC
rings could be removed from the devices was influ-
enced by the mandrel angle (defined as the angle
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Figure 1. Cell-contact-mediated assembly of ASMC rings in PDMS cell culture devices. (a) Reusable 3D printed mold for casting
PDMS devices. (b) As-cast PDMS reverse replica. (c) PDMS device prepared for cell culture placed within a standard 50 mm Petri
dish. (d) Fully formed ASMC rings (day 7) after removal from the mandrels of the PDMS device. (e) Schematic representation of
the process of cell seeding and ASMC development for the device with the geometry depicted in figure S1(b). (f) Ring
development over time (circular channel width 2 mm; mandrel angle 10◦; 1.0× 106 cells/mandrel). (g) Ring development as a
function of mandrel angle (circular channel width 2 mm; 1.0× 106 cells/mandrel; 72 h in culture). (h) Ring integrity 2 h after cell
seeding as a function of cell seeding density (circular channel width 2 mm; mandrel angle 10◦). Scale bars in (a)–(d) are 10 mm.
The images in (f)–(h) were captured using a device featuring flat-bottomed channels to facilitate microscopic visualization of the
ring assembly process. Scale bars in (f)–(h) are 0.5 mm.

of the mandrel slope from the vertical axis). At low
mandrel angles, parts of the ASMC rings were not in
contact with the sides of the mandrels and remained
at the bottom of the wells where they were difficult
to access for removal from the devices (figure 1(g)).
ASMC rings were most easily removed from devices
with a mandrel angle of 20◦ after they moved up the
sloped lower portion of themandrel. Therefore, in the
optimized device, the lower portion of the mandrel
was designed to taper at an angle of 20◦ from ver-
tical towards an upper section with a 2.4 mm dia-
meter, whereas the upper portion of the mandrel
was designed to taper at an angle of 3◦ from vertical
towards a 2 mm diameter cap.

ASMC rings with cells connected along the entire
circumference of the mandrel formed at cell seed-
ing densities as low as 0.8 × 106 cells/mandrel
(figure 1(h)). The provision of an environment where
sufficient cell density allowed an evenly distributed,
contiguous chain of cell–cell contacts was critical for
the formation of intact rings. The final design iter-
ation thus incorporated a U-bottomed channel to
allow greater cell compaction after cell seeding (figure
S1(a) and (b)). For these U-bottomed channels, a
seeding density of 0.85 × 106 was optimal in terms

of balancing the number of cells utilized for ASMC
ring assembly with the success rate of ring formation,
defined as the number of intact rings divided by the
total number of rings attempted including rings that
broke during development and those that failed to
self-assemble (table S3).

3.2. ASMC rings remain viable for 21 d in culture
To assess cell viability within ASMC rings over time,
live/dead staining was performed using C-AM and PI
(figure 2(a)). At day 1 and day 3, a low percentage
of non-viable cells of a similar proportion to those
that die during routine cell passaging were dispersed
throughout themostly viable cells in the ASMC rings.
These non-viable cells did not interfere with ring
development and were in the same proportion as the
number of non-viable cells present during routine
2D cell culture. After day 7, the relatively few non-
viable cells that could be visualized by PI staining
appeared to be localized in the core regions of the
ASMC rings, while the intensely fluorescent C-AM
labeled viable cells featured prominently throughout
the ASMC rings. Closer inspection of C-AM-labeled
ASMC rings revealed viable cells elongating with
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Figure 2. Viability and circumferential alignment of cells in ASMC rings after removal from the PDMS device. (a) The majority of
ASMCs remain viable in rings over 21 d of culture. The top panel shows entire rings captured using a 2X magnification objective
lens. The bottom panel shows images captured from a different set of rings using a 10X magnification objective lens with
alignment of cells apparent from day 3 onwards. (b) Actin-phalloidin staining of ASMC rings demonstrates increased alignment
of actin microfilaments with time in culture, as shown in single optical sections from confocal microscopy. (c) Feature extraction
from an actin-phalloidin-stained sample by Canny edge detection. (d) Quantification of anisotropy at day 1 and day 8 of culture.
Bars indicate mean values± standard deviation, with p< 0.05 (denoted by ∗) considered statistically significant by Student’s
t-test. Scale bars in (a)–(c) are 50 µm.

respect to the circumference of the ASMC rings. Cir-
cumferential cell alignment was confirmed by con-
focal microscopy of actin-phalloidin-labeled ASMC
rings (figure 2(b)). At day 1 of ASMC ring devel-
opment, the actin filaments within the ASMCs were
poorly aligned with respect to the ring circumference,
whereas by day 8 of ASMC ring development the cells
aligned their actin filaments approximately parallel to
the ring circumference, which was visualized using
Canny edge detection (ImageJ) to show cytoskeletal
anisotropy (figures 2(c) and (d)).

To further quantify the viability of the cells in the
ASMC rings, we measured the ATP content per ring
using a CellTiter-Glo assay (figure S2). The meas-
ured ATP content per ring was highest at early time
points (day 3; 9166 nM) and decreased over time
(day 14; 3064 nM). There was no further decrease
in metabolism between days 14 and 21, suggesting
that by later time points in ASMC ring development,
the cells entered a stable state. Because of the dif-
fusion gradient intrinsic to 3D cell cultures, differ-
ent zones within the tissue culturemicroenvironment
can arise, with viable cells towards the surface, a qui-
escent intermediate zone, and non-viable cells within
the core, especially as 3D tissues increase in size [50,
51]. The initial decrease in measured ATP may reflect
the formation of these zones as cells transition from

a 2D environment with even access to the support-
ing medium prior to seeding to 3D tissue aggregates
after seeding in the PDMS device. In smaller ASMC
constructs, such as in µTUGs, there are fewer cells
between the interior of the construct and the support-
ing medium, so diffusion-limited regions are unlikely
to form [21].

3.3. Serum concentration influences ASMC ring
dimensions andmechanical properties
ASMCs display a marked degree of phenotypic plas-
ticity, with the ability to take on opposing secret-
ory/proliferative and contractile functions [52]. Since
these changes to ASMC phenotype can be influenced
by the presence of FBS [53], we examined the devel-
opment of the ASMC rings at high and low concen-
trations of FBS (10% and 1%, respectively). Here, the
ASMC rings were developed on the PDMS devices
for over 14 d, allowing the channel and mandrel geo-
metries to define the final ring dimensions. To assess
the physical dimensions of intact ASMC rings dur-
ing their development, rings in both high and low
serum-supplemented media were removed from the
mandrels and immediately fixed in PBS with 4% PFA
at days 7 and 14. From these fixed ASMC rings, the
outer circumference, inner circumference, minimum
width, and maximum width values were recorded
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Figure 3. Ring geometry for different FBS concentrations. (a) Representative day 7 ASMC ring removed from the PDMS device
following culture in medium containing 1% FBS. The outer circumference, inner circumference, minimum width, and maximum
width are indicated by shaded lines. Scale bar is 250 µm. (b) Quantification of ASMC ring outer and inner circumference as a
function of days in culture and FBS concentration. (c) Quantification of ASMC ring minimum and maximum width as a function
of days in culture and FBS concentration. Bars in (b) and (c) indicate mean values± standard deviation, with p< 0.05 (denoted
by ∗) considered statistically significant by Tukey’s multiple comparison test following one-way ANOVA.

(figure 3(a)). For all ASMC rings, the inner circum-
ference (4926± 656 µm) was less than the minimum
circumference of the centralmandrel (6283µm), sug-
gesting the presence of intrinsic baseline tensile force
within the ASMC rings that led to ring narrowing
upon removal from the mandrels. ASMC rings cul-
tured in medium containing 10% FBS had smaller
outer circumference values compared to those cul-
tured in medium containing 1% FBS at both day 7
and day 14 (figure 3(b)). This finding was unexpec-
ted, as the mitogenic effect of FBS might be expec-
ted to cause ring thickening [36]. Interestingly, ASMC
rings grown in media supplemented with 10% FBS
tended to develop non-uniformly about their cir-
cumference, in contrast to ASMC rings developed in
media supplemented with 1% FBS, which were more
uniform about their circumference. Analysis of min-
imum andmaximumASMC ring widths (figures 3(c)
and S3) further demonstrated that ASMC ring geo-
metry was more uniform across samples when the
ASMC rings were cultured in medium supplemented
with 1% versus 10% FBS.

To examine the mechanical properties of the
ASMC rings, the rings were developed on the PDMS
devices in 10% and 1%FBS-supplementedmedia and
evaluated on days 7 and 14 by uniaxial tensile test-
ing of live tissues mounted between a linear actuator
and a force transducer (figure 4(a)). Precondition-
ing to approximately 10% strain over ten cycles pro-
duced the expected hysteresis between extension and
relaxation during the initial cycles, which diminished
with each preconditioning cycle (figure S4). Follow-
ing preconditioning, the ASMC rings were extended
at a constant rate of 60 µm s−1 until rupture. The
forcemeasuredwas normalized to twice the estimated
cross-sectional area of the rings to obtain a stress–
strain relationship (figure 4(b)). The peak stress at
rupture was comparable at day 7 for ASMC rings
developed in 10% versus 1% FBS (30.2 ± 6.7 vs.
34.4 ± 1.4 kPa, respectively), but by day 14 the peak

stress of ASMC rings developed in 1% FBS was sig-
nificantly greater than those developed in 10% FBS
(52.5± 4.9 vs. 34.5± 8.1 kPa) (figure 4(c)). The peak
strain at rupture was greater at day 7 and at day 14
for ASMC rings developed in 10% FBS compared to
1% FBS (1.41 ± 0.08 vs. 1.00 ± 0.10 at day 7 and
0.74 ± 0.12 vs. 1.04 ± 0.10 at day 14) (figure 4(d)).
The tensile modulus values were comparable at day
7 and at day 14 between ASMC rings developed in
10% and 1% FBS (45.6 ± 9.9 vs. 39.9 ± 1.5 kPa
at day 7 and 68.9 ± 5.5 vs. 71.0 ± 7.0 kPa at day
14), but a significant increase was noted between day
7 and day 14 for each of the FBS concentrations
(figure 4(e)). Toughness, defined as the area below the
stress–strain curve, was significantly greater at days 7
and 14 for ASMC rings developed in 1% FBS versus
10% FBS (18.6 ± 1.2 vs. 11.3 ± 3.4 µJ mm−3 at
day 7 and 23.4 ± 3.8 vs. 9.8 ± 4.1 µJ mm−3 at day
14) (figure 4(f)). Compared to other engineered tis-
sue rings, particularly those constructed from vascu-
lar SMCs, the ASMC tissue rings appeared to have
a lower tensile modulus and peak stress (ultimate
tensile stress/UTS), while also being more extensible
[35, 46]. However, in general, the ASMC ring modu-
lus values were comparable to those of excised ovine
and porcine bronchial strips, as well as estimates of
the human airway walls (although it should be noted
that in many cases excised tissues include contribu-
tions from other tissue layers such as the airway sub-
mucosa and epithelium) [7, 54, 55].

3.4. TGF-β1 exposure leads to ASMC ring
narrowing—a key feature of asthma
In asthma, the ASMCs in the small airways undergo
significant changes termed airway remodeling that
contribute to airway narrowing. Airway remodeling
results in a noticeably thicker smooth muscle layer
in sectioned asthmatic airways, with ASMC hyper-
trophy observed in the larger airways and hyperplasia
observed in the smaller airways [56, 57]. In addition
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Figure 4.Mechanical properties of ASMC rings. (a) Setup for live ASMC ring mechanical testing showing a typical ASMC ring
under no strain (tare), during extension, and following rupture. Scale bars are 1 mm. (b) Stress–strain curves for representative
ASMC rings culture for either 7 d (dashed lines) or 14 d (solid lines) in either 10% FBS (blue) or 1% FBS (red). (c) Quantification
of ASMC ring peak stress at rupture as a function of days in culture and FBS concentration. (d) Quantification of ASMC ring
peak strain at rupture as a function of days in culture and FBS concentration. (e) Quantification of ASMC ring Young’s modulus
as a function of days in culture and FBS concentration. (f) Quantification of ASMC ring toughness as a function of days in culture
and FBS concentration. Bars in (c)–(f) indicate mean values± standard deviation for key comparisons discussed in the text, with
p< 0.05 (denoted by ∗) considered statistically significant by Tukey’s multiple comparison test following one-way ANOVA.

to narrowing the lumen, a thicker ASMC layer with
greater cross-sectional area may be able to generate
greater overall force, and alternatively, thicker ASMC
may also have an impaired relaxation response to
stretch, both of which can contribute toAHR [58, 59].
To evaluate the ASMC rings in terms of their suitab-
ility for modeling asthmatic airways, we exposed the
rings to TGF-β1. TGF-β1 is one of several cytokines
that are reported to be elevated in the airways of sub-
jects with asthma, and its signaling can mediate some
of the hallmark characteristics of asthmatic airways,
including airway remodeling and AHR [60–63]. We
compared the effect of introducing TGF-β1 to the
ASMC rings at 1 and 10 ng ml−1 for three days fol-
lowingASMC ring development in serum-freemedia.
This was necessary as the effect of TGF-β1 on ASMCs
can be highly context-dependent based on the pres-
ence of other growth factors which may be present
in serum [64]. Images of the microtissues were cap-
tured at least 1 min after the rings were removed from
the central mandrel. Rings that were given TGF-β1
at both 1 and 10 ng ml−1 were approximately 50%
shorter along their inner circumference compared to
control rings (2.81 ± 0.53 mm for 1 ng ml−1 TGF-
β1 and 2.70 ± 0.55 mm for 10 ng ml−1 TGF-β1 vs.
5.13± 0.12) (figures 5(a) and (b)).

In other 3D tissue models composed of airway
and vascular SMCs, the addition of TGF-β1 leads to
changes in microtissue morphology accompanied by
changes in the expression of ECM and contraction-
associated proteins [27, 33]. For ASMCs and other
smooth muscle cell types in 2D culture, TGF-β1
induces the expression of contractile phenotype
markers, such as transgelin and α-smooth muscle
actin (ACTA2/α-SMA), which likely contributes to
cell shortening [65–67]. To investigate the role of
TGF-β1 in altering the ASMC ring structure, we per-
formed a semi-quantitative PCR analysis followed by
a western blot analysis. TGF-β1 exposure can induce
ASMC synthesis of ECM-associated proteins, which
can contribute to airway remodeling, so we examined
changes in the expression of ECM genes [68]. There
was a significant increase inmRNAexpression for col-
lagen I (COL1A1) and fibronectin (FN1) with TGF-
β1 exposure at both 1 and 10 ng ml−1, but not
for collagen III (COL3A1), laminin α2 (LAMA2), or
lamininα4 (LAMA4) (figure 5(c)).We also examined
the change in expression of markers associated with
the smooth muscle contractile phenotype. There was
a significant dose-dependent increase in the expres-
sion of mRNA for ACTA2 with TGF-β1 at both 1
and 10 ng ml−1 and an increase in the expression
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Figure 5. The contractile response of ASMC rings to TGF-β1. (a) Representative images of ASMC rings cultured in DMEM/F12
with ITS supplementation without TGF-β1 treatment and following treatment for 3 d in 1 ng ml−1 and 10 ng ml−1 TGF-β1 after
removal from the PDMS device for 5 min. Scale bars are 500 µm. (b) Contraction of ASMC rings in response to TGF-β1
measured by way of ASMC ring circumference. (c) Expression of extracellular matrix-associated genes implicated in small airway
disease remain relatively stable in response to TGF-β1, with significant dose-dependent increases in expression for COL1A1 and
FN1. (d) Expression of contractility-associated genes implicated in small airway disease are elevated in response to TGF-β1.
(e), (f) Levels of mature type I collagen protein (139 kDa band), as a function of TGF-β1 treatment. (g), (h) Levels of fibronectin
protein, as a function of TGF-β1 treatment. (i), (j) Levels of α-SMA protein, as a function of TGF-β1 treatment. (k), (l) Levels of
TGF-β1 protein produced by ASMC rings, as a function of applied TGF-β1 treatment. Bars in (b) indicate mean
values± standard deviation. Bars in (c) and (d) indicate geometric mean values± standard deviation. Bars in (e), (k) indicate
mean values± standard deviation. For (b)–(d) and (e)–(k), p< 0.05 (denoted by ∗) was considered statistically significant by
Tukey’s multiple comparison test ((b)–(d)) or Student–Newman–Keuls multiple comparison test ((e)–(k)) following one-way
ANOVA (n⩾ 3 independent samples).

of mRNA for smooth muscle myosin heavy chain
11 (MYH11) after 10 ng ml−1 of TGF-β1 treatment
(figure 5(d)). In 2DASMCcultures, exposure to TGF-
β1 leads to similar increases in the expression of
ACTA2, FN1, and COL1A1 consistent with our tis-
sue ring results [65, 66, 69]. There were no signific-
ant changes or trends toward differential expression
of any of the ECM- and contractility-associated genes
over 21 d in culture for rings that developed in the
absence of TGF-β1 (figure S5).

To determine if changes in gene expression were
reflected in corresponding protein levels in the ASMC
rings, western blot analysis was performed for the

ECM- and contractility-associated markers that were
significantly elevated between non-TGF-β1-treated
control samples and samples treated with both 1 and
10 ng ml−1 TGF-β1 (figures 5(e)–(j)). The levels of
TGF-β1 produced by the ASMCs rings in response
to the applied TGF-β1 treatment were also meas-
ured (figures 5(k) and (l)). Three bands were present
for type I collagen, corresponding to pro-collagen
(220 kDa), an intermediate precursor of mature col-
lagen (180 kDa), and mature collagen (139 KDa).
Across all samples and treatment conditions, the
levels of mature type I collagen were low, with only
one of the ASMC rings treated with 10 ng ml−1
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TGF-β1 producing appreciable quantities of mature
type I collagen, as reflected in the large standard
deviation for the 10 ng ml−1 TGF-β1 treatment in
figure 5(e). As expected, based on previous stud-
ies of TGF-β1 treated ASMC cultures [66], levels
of fibronectin increased significantly in response to
TGF-β1 treatment. Levels of α-SMA and TGF-β1
produced by ASMCs did not increase significantly in
response to applied TGF-β1 treatment, although a
trend towards increased level of α-SMA with increas-
ing concentration of applied TGF-β1 is evident in
figure 5(i).

No changes in passive mechanical properties were
noted following TGF-β1 treatment (figure S6), which
is consistent with a lack of accumulation of col-
lagen and elastin fibers. Therefore, the increase in
ASMC ring contraction in response to applied TGF-
β1 treatment observed here likely involve increased
fibronectin and possiblyα-SMA protein levels, which
are suggested to be mediators of airway contractile
response in small airway diseases [70, 71]. Levels of
α-SMA and TGF-β1 produced by ASMCs did not
increase significantly in response to applied TGF-β1
treatment, although a trend towards increased level
of α-SMA with increasing concentration of applied
TGF-β1 is evident in figure 5(i). No changes in pass-
ive mechanical properties were noted following TGF-
β1 treatment (figure S6), which is consistent with a
lack of accumulation of collagen and elastin fibers.
Considering the known mitogenic and profibrotic
effects of TGF-β1 on ASMCs, it was somewhat sur-
prising that the application of TGF-β1 at either 1
or 10 ng ml−1 did not translate to changes in the
passive mechanical properties of the rings. However,
as demonstrated in figures 4(c)–(f), both time in cul-
ture and the presence of serum during ring form-
ation altered the tissue mechanics, so the addition
of TGF-β1 for only 3 d to growth-arrested ASMC
rings may have been insufficient to elicit measurable
changes. Furthermore, the composition of the ECM
surrounding ASMCs in tissue rings has been shown
previously to influence tissue mechanical properties
[35]. It is possible that applying TGF-β1 for dura-
tions longer than 3 d or allowing the ASMC rings
to further develop for additional time after TGF-β1
treatment could lead to measurable changes in the
passive mechanical properties. In addition, increased
stiffness of individual ASMCs treated with TGF-β1
can be observed by magnetic twisting cytometry,
but may reflect changes to the cytoskeletal mech-
anics that contribute to active contractile processes
rather than the overall mechanical properties of the
construct [62]. Therefore, the increase in ASMC ring
contraction in response to applied TGF-β1 treatment
observed here can likely be attributed to increased
fibronectin and possibly α-SMA protein levels, both
of which are suggested to be mediators of airway con-
tractile response in small airway diseases [70, 71].

TGF-β1 activates the Smad2/3 signaling pathway
to modulate gene expression but can also act along
alternate, non-Smad pathways that may additionally
contribute to the changes observed in airway remod-
eling and AHR [65, 72–74]. Increased ACTA2 mRNA
expression in response to TGF-β1 is likely mediated
by RhoA/Rock activation (although it is interesting
to note that TGF-β1 can also increase the transla-
tion of ACTA2 protein via PI3K) [66, 69]. Themodest
increase inMYH11 gene expression at only the higher
concentration of TGF-β1 is consistent with observa-
tions that only a subpopulation of ASMCs in 2D cul-
ture demonstrate MYH11 expression [53, 69]. The
ASMC ring model presented here represents a dra-
matically simplified signaling chain, without the con-
tribution of other structural cells in the airways such
as bronchial epithelial cells and fibroblasts (which are
known to express, secrete, and respond to TGF-β1),
as well as immune cells that participate in activa-
tion of TGF-β1 from its latent form through ECM
remodeling [61, 63]. Nonetheless, elevated TGF-β1
may contribute to dysregulated signaling in asthmatic
airways [75], and here we demonstrate using sim-
plified engineered constructs, clear direct TGF-β1
effects of on ASMC rings, offering the potential to
develop co-culture models to explore the contribu-
tions of these other cell types found in the small
airways.

4. Conclusions and outlook

The overall objective of this work was to assess the
feasibility and usefulness of ASMC tissue rings as a
physiologically relevant in vitro cell culturemodel.We
demonstrated that ASMC suspensions can be used
to form ring-shaped microtissues without the need
for exogenous ECM components or scaffold mater-
ials. The ASMC rings maintain viability over 21 d
and display increased alignment of cytoskeletal struc-
tures as they develop. By characterizing their mater-
ial properties, we also showed that the ASMC rings
become stiffer over time. Using optimized cell cul-
ture conditions with 1% FBS, we were able to form
robust rings, which were comparable to excised air-
ways from animal models in terms of their mater-
ial properties. Finally, with application of TGF-β1, a
growth factor implicated in the pathology of asthma,
there was a visible physical change in ASMC circum-
ference, accompanied by shifts in mRNA expression
profiles and protein levels.

By constraining cells in a ring-shaped channel,
the ASMCs develop clear directionality and organ-
ization, better mimicking the in vivo airway struc-
ture. The ring shape also provides a clear analogue
between structure and function of a contractile ASM
bundle. As an ASMC-only culture, these constructs
still represent a simplified model of the small airway.
However, the alignment of ASMCs and abundance
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of cell–cell contacts may be advantageous for study-
ing contact-mediated cell signaling. For example, one
would expect that in rings containing well-connected
bands of ASMCs, there would be opportunities for
examining slow-wave depolarizations by way of cell–
cell gap junctions. In the absence of cues from other
cell types normally found in lung tissue, the ringsmay
also not fully capture the contributions of other cells
and structural elements compared to precision cut
lung slices or live animal models. Additionally, from
a mechanical standpoint, rings that are held open by
compressing around the central mandrel are different
from what occur in airways in vivo, where the tissue
is tethered to the surrounding parenchyma, despite
similarities in force balance. In addition, the rings are
static models that do not undergo changes in stress
and strain typical of normal tidal breathing or occa-
sional sighs. The ASMC rings can, however, remain
intact and viable for several weeks in culture, allowing
long-term observation, which can be useful for char-
acterizing processes that occur over longer timescales,
e.g. remodeling of the ECM.

Finally, given the dramatic response of the ASMC
rings to TGF-β1, the approach shows promise in
assessing the influence of other exogenous factors on
ASMC contractile response, and the use of a PDMS
device facilities the transition to future design itera-
tions that may seek to include additional co-cultured
cell types or anchoring of the ASMC ring about its
outer circumference. The integration of the rings
with modified lung-on-a-chip systems may allow for
future dynamic studies that seek to investigate the
influence of cyclic stretch and fluid transport on dis-
ease development, representing a bridge or supple-
ment to animal models in the development of novel
treatments for small airway disease. Here, the use of
a 3D printed device for moulding the PDMS, rather
than substrates prepared by traditional photolitho-
graphic processing of silicon wafers and resists, may
provide opportunity to rapidly prototype new fea-
tures and designs in an efficient, user-friendly, and
cost-effective manner.
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