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Human airway musculature on a chip: an in vitro
model of allergic asthmatic bronchoconstriction
and bronchodilation†

Alexander Peyton Nesmith, Ashutosh Agarwal, Megan Laura McCain
and Kevin Kit Parker*

Many potential new asthma therapies that show promise in the pre-clinical stage of drug development do

not demonstrate efficacy during clinical trials. One factor contributing to this problem is the lack of

human-relevant models of the airway that recapitulate the tissue-level structural and functional

phenotypes of asthma. Hence, we sought to build a model of a human airway musculature on a chip that

simulates healthy and asthmatic bronchoconstriction and bronchodilation in vitro by engineering

anisotropic, laminar bronchial smooth muscle tissue on elastomeric thin films. In response to a cholinergic

agonist, the muscle layer contracts and induces thin film bending, which serves as an in vitro analogue for

bronchoconstriction. To mimic asthmatic inflammation, we exposed the engineered tissues to interleukin-13,

which resulted in hypercontractility and altered relaxation in response to cholinergic challenge, similar to

responses observed clinically in asthmatic patients as well as in studies with animal tissue. Moreover, we

reversed asthmatic hypercontraction using a muscarinic antagonist and a β-agonist which are used clinically

to relax constricted airways. Importantly, we demonstrated that targeting RhoA-mediated contraction using

HA1077 decreased basal tone, prevented hypercontraction, and improved relaxation of the engineered tissues

exposed to IL-13. These data suggest that we can recapitulate the structural and functional hallmarks of

human asthmatic musculature on a chip, including responses to drug treatments for evaluation of safety and

efficacy of new drugs. Further, our airway musculature on a chip provides an important tool for enabling

mechanism-based search for new therapeutic targets through the ability to evaluate engineered muscle at

the levels of protein expression, tissue structure, and tissue function.
Introduction

Asthma is a leading cause of emergency department visits
and hospitalization in pediatric populations.1 In allergic
asthma, the clinical symptoms of coughing, wheezing, and
breathlessness result from an exaggerated increase in smooth
muscle tone in response to allergen provocation of the immune
system.2,3 Current therapeutic strategies target inflammation
using glucocorticoids and excessive airway narrowing with β

agonists.4 Unfortunately, many patients remain resistant to
these treatments and are at greater risk for exacerbation.5–7

Despite this sizable clinical problem, only two new classes of
airway drugs have been approved by the FDA in the last thirty
years: anti-leukotrienes and anti-IgE antibodies.8 This suggests
an emergent need to accelerate the pipeline for discovery and
validation of airway drugs.

Preclinical studies for therapies against diseases such as
asthma are traditionally performed using animal models that
may present translational challenges due to interspecies dif-
ferences.9,10 In addition to animal models, there are several
ex vivo and in vitro approaches to assess the contractility
of airway smooth muscle (ASM) in response to the allergic
immune response observed in asthma. Airway smooth
muscle strips and rings mounted on force transducers are
advantageous for studying tissue-level structure and contrac-
tility, but the assays are lower-throughput and human tissue
supply is scarce.11 In addition, magnetic twisting cytometry
and traction force microscopy are effective tools for studying
the effects of chemical, mechanical, and pharmacological
stimuli on cellular stiffness and cellular force generation,
respectively.12–14 However, it remains unclear how to extrapo-
late the single cell data obtained from these studies to tissue-
level structural and functional responses to drugs.13,14 Three
dimensional ASM-fibroblast microtissues have been fabricated
and exhibited basal tone, active contraction, and relaxation,
, 2014, 14, 3925–3936 | 3925
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but have not yet been used to model disease.15 Hence, we
sought to develop a robust, functional, human-relevant model
that can be used for screening new therapies against asthma.

We hypothesized that we could build a model of a human
airway musculature on a chip that recapitulates healthy and
asthmatic bronchoconstriction and bronchodilation in vitro.
We recapitulated the simplest structural and functional unit
of the human airway by engineering anisotropic human bron-
chial smooth muscle (BSM) lamellae and mimicked the local
immune response in the asthmatic airway by exposing the
engineered tissue to interleukin-13 (IL-13), a cytokine promi-
nently found in the airway of asthmatic patients.16,17 IL-13
caused an increase in the expression of proteins in the RhoA/
ROCK2 pathway, increased co-alignment of actin fibers within
the tissue, and elicited hyperresponsiveness to acetylcholine,
similar to results seen both in clinical studies and animal
models. We reversed hypercontraction using standard
therapies as well as a recently proposed strategy such as
treatment with a rho kinase inhibitor. Lastly, we prevented
hypercontraction using a rho kinase inhibitor prior to induc-
tion of contraction, demonstrating the utility of our in vitro
model as a means for evaluating new pharmaceutical com-
pounds, identifying disease mechanisms, and performing
mechanism-based searches for therapeutics.

Results
Mimicking allergic asthma with a human airway on a chip

The human airway consists of anisotropic smooth muscle
layers that wrap circumferentially around the lumen and
contract and relax to decrease and increase its diameter,
respectively (Fig. 1A). To recapitulate the architecture and
contraction of BSM in vitro, we designed an airway muscula-
ture chip that consists of human bronchial smooth muscular
thin films (bMTF). bMTFs comprise a bottom layer of the
elastic polymer polydimethylsiloxane (PDMS) and a top layer
of engineered BSM (Fig. 1B).18,19 When the muscle layer con-
tracts, the bMTF bends reducing the radius of curvature of
the tissue. The bMTF chips were fabricated on glass cover-
slips by spincoating a layer of the temperature-sensitive poly-
mer poly(N-isopropylacrylamide) (pNIPAAM) within spatially
defined regions, spincoating a layer of PDMS,19–23 and laser
engraving arrays of cantilevers23 (Fig. 1B and S1A†). Using
microcontact printing, a fibronectin pattern of 15 μm wide
lines with 2 μm spaces was transferred to the PDMS substrate
to enable cellular adhesion and anisotropic tissue formation
(SM). Normal human primary BSM cells in growth medium
were then seeded on to the micropatterned lines, promoting
self-assembly of anisotropic monolayers that recapitulate the
lamellar muscle architecture of the airway.

IL-13 is a cytokine prominently found in the airway of
asthmatic patients and is known to contribute to increased
constriction of the airway as well as structural remodeling.6

To induce an allergic asthma phenotype in our engineered
BSM, growth medium was replaced with serum-free medium
to induce the switch to a physiological, contractile phenotype
3926 | Lab Chip, 2014, 14, 3925–3936
for 24 hours. Next, IL-13 was administered to the anisotropic,
laminar BSM for an additional 10–14 hours (Fig. 1C). When tis-
sue was ready for experiments, the bMTF chip was transferred
to Tyrode's solution and the bMTFs were peeled from the sub-
strate. The temperature was briefly dropped below 32 °C to
allow pNIPAAM to dissolve and to leave a freestanding,
cantilevered film. The film assumed an initial curvature corre-
sponding to the basal tone within the tissue (Fig. 1B–C). Active
contraction of the BSM was induced by directly adding the cho-
linergic agonist acetylcholine, which is natively secreted from
autonomic innervation of the bronchi, causing the film to curl
further over a time scale of minutes (Fig. 1B–C). Tissue stresses
were derived from observing the extent of bMTF bending and
hence our chip provides quantitative measurements of basal
tone and active contraction in engineered human tissue.

We asked if we could mimic an allergic bronchoconstriction
on our chip. Clinically, airway hypersensitivity and hyper-
responsiveness are assessed using spirometry, where the
maximal forced expiratory volume (FEV) and the forced expi-
ratory volume in one second (FEV1) are measured.24,25 In this
diagnostic test, bronchoconstriction is elicited using a cholin-
ergic agonist and changes in the FEV and FEV1 are measured
as a result of the smooth muscle contraction and subsequent
airway narrowing. Asthmatic patients experience a significant
decrease in their FEV1 compared to healthy patients,26

suggesting excessive airway narrowing due to BSM contraction
leading to coughing and wheezing. To test whether we could
mimic allergic asthma bronchoconstriction in vitro, we simu-
lated this diagnostic test by quantifying the contractile
stresses of bMTFs in response to increasing concentrations of
the bronchoconstrictor acetylcholine. Contraction of tissues
was elicited by cumulatively dosing acetylcholine from 10 nM
to 1 mM with ten minute dosing intervals (Fig. 1D). Prior to
constriction, the basal tone of healthy and asthmatic pheno-
types was not statistically different, a result that may be clini-
cally analogous to the normal specific airway resistance
seen in asthmatic children.27 All stress values were quantified
as the difference from the basal tone, denoted as Δ stress
(Fig. 1E). The tissues exposed to IL-13 generated greater
stress, as indicated by the traces of the contractions over time
in Fig. S2,† at each dose of acetylcholine (10 nM to 1 mM)
when compared to healthy phenotype at the same dose
(Fig. 1E). This increased contractile response in our IL-13
induced asthmatic phenotype corresponds with elevated
agonist-induced increases in cellular stiffness in human and
rabbit airway smooth muscle measured with atomic force
microscopy and magnetic twisting cytometry.28,29 These data
suggest IL-13 exposure does not increase the basal tone, but
induces hypercontraction of human BSM in response to
acetylcholine. Thus, bMTFs model a hallmark pathological
feature of asthma related to hypercontraction of BSM.
Physiological and impaired relaxation in asthma

Clinically, asthma is distinguished from other obstructive air-
way diseases by the reversibility of airway obstruction in
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Design, build, test: airway musculature on a chip. (A) Schematic of the healthy and asthmatic airway. Anisotropic, muscular lamellae wrap
around the human airway to control airway tone. (i) The healthy airway is characterized by few immune cells and a patent airway. (ii) The
asthmatic airway is characterized by influx of immune cells, structural remodeling, and a constricted airway. (B) Schematic depicting acetylcholine-
induced contraction of healthy bMTF chip. (i) The healthy airway was recapitulated by engineering anisotropic, muscular lamella on thin films. (ii)
The bMTFs are peeled and assumed a basal tone. (iii) Active contraction is induced by administering acetylcholine (ACh). Scale bar represents
2 mm. (C) Schematic depicting ACh-induced contraction of asthmatic bMTF chip. (i) The asthmatic airway was recapitulated by administering inter-
leukin 13 (IL-13) to the engineered BSM (BSM) during culture. (ii) The asthmatic bMTFs are peeled and assume a basal tone. (iii) Active contraction
is induced by administering ACh. Scale bar represents 2 mm. (D) Representative images of bMTFs at basal tone and post-ACh administration. Scale
bar represents 1 mm. The blue outline and red tracker represent the original length and horizontal projection of the film, respectively. (E) Stress is
plotted against ACh concentration (10 nM to 1 mM) and measured from the initial basal tone. n = 15 films, 3 chips for the healthy phenotype;
n = 23 films, 4 chips for the IL-13 induced asthmatic phenotype. Data points represent mean ± standard error. * indicates p < 0.05 at a given dose
of ACh.
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response to β-agonists,30 such as albuterol and isoproterenol,
which induce relaxation by reducing intracellular calcium
through production of cyclic adenosine monophosphate
(cAMP).31 We asked if we could recapitulate these responses
in our airway on a chip model. Healthy and IL-13 treated
bMTFs were peeled and assumed a basal tone (Fig. 2A–B).
Next, 100 μM isoproterenol and 1 mM isoproterenol doses
were administered to the tissues in order to induce relaxa-
tion. The IL-13 induced asthmatic phenotype had a greater
magnitude of relaxation in response to 1 mM isoproterenol
compared to the healthy phenotype, indicating IL-13 alone
This journal is © The Royal Society of Chemistry 2014
does not cause impaired relaxation of human BSM although
it has been shown to reduce the ISO-induced reduction of cell
stiffness.32

Despite the clinical success of β-agonists and glucocorti-
coids in the majority of asthma patients, 5% to 10%
are non-responsive to these therapies and are at a greater risk
for hospitalization.7,33 Previous work in animals has shown
functional antagonism between cholinergic-induced contrac-
tion and β-agonist-induced relaxation.34,35 We sought to
determine if one reason for impaired BSM relaxation in
therapy-resistant patients is exposure to specific cytokines
Lab Chip, 2014, 14, 3925–3936 | 3927
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Fig. 2 Impaired relaxation due to synergistic effect of IL-13 and ACh. (A) Schematic depicting (i) the basal tone and (2) bronchodilator-induced
relaxation of bMTF chip. (B) Relaxation was quantified in response to the β-agonist isoproterenol (ISO). Stress is measured from the basal tone.
n = 12 films, 2 chips for the healthy phenotype; n = 10 films, 2 chips for the IL-13 induced asthmatic phenotype. Data points represent mean ±

standard error. (C) Schematic depicting (i) basal tone (ii) preconstriction and (iii) bronchodilator-induced relaxation of airway on a chip after initially
constricting the tissue. (D) Tissues were constricted using ACh then subsequently treated with atropine (ATO) 50 μM, isoproterenol (ISO) 100 μM,
and ISO 1 mM in series to induce relaxation. Stress is measured from the basal tone. n = 11 films for the healthy phenotype, 2 chips; n = 12 films, 2
chips for the IL-13 induced asthmatic phenotype. Data points represent mean ± standard error. (E) The magnitude of relaxation in response to ISO
was quantified for non-constricted tissues (dark gray) and constricted tissues (black). For non-constricted tissues, the change in stress was mea-
sured between the basal tone and the tone after administration of 1 mM ISO (seen in the stress traces in Fig. 2B). For constricted tissues, the
change in stress was measured between the tone after administration of 50 μM ATO and the tone after administration of 1 mM ISO (seen in the
stress traces in Fig. 2D). * and # indicate p < 0.05.
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and subsequent triggering of intracellular signaling by acetyl-
choline as IL-13 has been shown to reduce ISO induced
relaxation in acetylcholine-preconstricted rabbit airway
smooth muscle.29 To determine the effect of acetylcholine on
isoproterenol-induced relaxation in our engineered human
tissues, we constricted tissues with acetylcholine prior to
inducing relaxation and compared this response to tissues
that were relaxed from their basal tone. We peeled the
healthy and IL-13 treated bMTFs, allowing them to assume a
basal tone (Fig. 2C), and then constricted the tissues using
100 nM acetylcholine. Next, the muscarinic antagonist and
bronchodilator atropine was administered to prevent any fur-
ther contraction due to acetylcholine binding to muscarinic
receptors, as well as to induce relaxation to a stress level near
the initial basal tone (Fig. 2C). Further relaxation was
induced using 100 μM and 1 mM isoproterenol, and the mag-
nitude of relaxation was quantified by calculating the differ-
ence of stress after the 1 mM isoproterenol dosing interval
and the 50 μM atropine dosing interval (Fig. 2D). The healthy
phenotypic tissues constricted with acetylcholine prior to
3928 | Lab Chip, 2014, 14, 3925–3936
induction of relaxation with isoproterenol did not have a sta-
tistically different magnitude of relaxation compared to the
healthy phenotype that had not been constricted prior to
induction of relaxation (Fig. 2E). However, the IL-13 induced
asthmatic phenotypic tissues constricted prior to induction of
relaxation had a significant decrease in the magnitude of
relaxation in response to isoproterenol compared to the IL-13
induced asthmatic phenotypic tissues that had not been
constricted prior to induction of relaxation (Fig. 2E). These
data suggest IL-13 and acetylcholine may act synergistically
on the same pathway to disrupt relaxation of human BSM.

Effect of IL-13 on engineered muscle structure and contrac-
tile protein expression

Thickening of BSM in the airway wall is a structural hallmark
of asthma36,37 and potentiates airway narrowing. We asked
whether IL-13 induced cellular hypertrophy of human BSM in
our system. To test this hypothesis, we stained the actin cyto-
skeleton and nuclei in confluent tissues after culture and
treatment with either IL-13 or vehicle (Fig. 3A). We then
This journal is © The Royal Society of Chemistry 2014
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determined the number of cells per field of view as a mea-
sure of average cell under the assumption of confluence
(Fig. 3B). The healthy phenotype had a statistically larger
number of cells per field of view compared to tissue exposed
to IL-13. These results suggest that IL-13 caused increased
cellular size of human BSM.

We also asked if IL-13 altered contraction by modifying
the organization of the actin cytoskeleton. In the human
airway, actin cytoskeletal fibers orient in parallel to the longi-
tudinal axis of the BSM cells,38 which wrap circumferentially
around the airway.39,40 To investigate tissue architecture, we
measured actin orientation angles using an algorithm based
on fingerprint identification41 and quantified their global
alignment by calculating the orientational order parameter
(OOP), where 1 represents perfect alignment and 0 represents
random organization42 (Fig. 3C). Both healthy and IL-13
induced asthmatic phenotypes had high values of OOP,
suggesting highly aligned tissues, reminiscent of BSM in
human airway.39,40 The IL-13 induced asthmatic phenotype
had a greater OOP than the healthy phenotype, indicating
IL-13 induced increased alignment of actin fibers.
This journal is © The Royal Society of Chemistry 2014

Fig. 3 Structural and protein expression changes due to IL-13. (A)
Representative (i) healthy and (ii) IL-13 exposed engineered BSM tissues
immunostained for f-actin (gray) and nuclei (blue). Scale bar is 25 μm.
(B) The average number of cells per field of view (222 μm by 166 μm)
was quantified with the assumption each cell had a single nucleus.
Mean ± standard error, n = 5 chips, for healthy and the IL-13 induced
asthmatic phenotypes, 10 fields of view per sample, * indicates
p < 0.05. (C) The actin orientational order parameter (OOP) is plotted
for each condition. Mean ± standard error, n = 5 chips, 10 fields of
view per sample for healthy and the IL-13 induced asthmatic phenotypes,
* indicates p < 0.05. (D) Western blot gel using β-actin as a control for
total protein expression. (E) Normalized protein expression, measured by
Western blot, for ROCK2 and RhoA. Mean ± standard error, n = 4 tissues
for each condition, * indicates p < 0.05.
Next, we asked whether IL-13 altered expression of pro-
teins that regulate contraction in bronchial smooth muscle.
Expression of α-smooth muscle actin and smooth muscle
myosin heavy chain are thought to be indicative of the con-
tractile phenotype of airway smooth muscle.43 To determine
whether a phenotypic switch contributed to hypercontraction
of the tissues exposed to IL-13 in our system, we used
Western blots to determine the normalized expression of
α-smooth muscle actin in the IL-13 induced asthmatic and
healthy phenotypes. The contractile phenotype was supported
by observation of diffuse expression of α-smooth muscle
actin in immunostained images (Fig. S3A†), but there was no
statistical difference between protein expression in the
healthy and asthmatic conditions (Fig. S3B†). Upregulation
of the RhoA/ROCK pathway has been implicated as a key
player in augmented bronchoconstriction in asthma.44,45

Here, we asked if the RhoA/ROCK pathway acts as an effector
of hypercontraction of BSM in human asthma. We used
Western blots to determine the normalized expression of
RhoA and ROCK2 relative to β actin (Fig. 3D). IL-13 induced
statistically greater expression of RhoA in the IL-13 induced
asthmatic phenotype compared to the healthy phenotype
(Fig. 3E), similar to previous reports.32,44 However, the
increased expression of ROCK2, a downstream effector of
RhoA in the IL-13 induced asthmatic phenotype was not
found to be statistically significant. These results suggest that
the hypercontraction of the IL-13 induced asthmatic phenotype
observed in our system may be induced through upregulation
of RhoA.

Regulation of hypercontraction and impaired relaxation by
the RhoA/ROCK pathway

The contractile strength of smooth muscle is dependent on
the intracellular concentration of calcium and calcium sensi-
tization mediated through RhoA.46 Since we observed that
IL-13-induced upregulation of RhoA, we asked if pretreatment
with HA1077, an inhibitor of Rho-mediated calcium sensitiza-
tion and contraction, would prevent hypercontraction as seen
in IL-13-treated mouse BSM44 and ovalbumin-sensitized
guinea pigs.47 To test this hypothesis, we pretreated the IL-13
induced asthmatic phenotype with 10 μM HA1077 for fifteen
minutes in serum-free culture media and washed the drug
out with PBS thirty minutes prior to initiation of the acetyl-
choline dose response. The IL-13 induced asthmatic pheno-
typic tissues that were pretreated with HA1077 exhibited a
statistically lower basal tone than both the healthy phenotype
and untreated, IL-13 induced asthmatic phenotype (Fig. 4A
and S4†). HA1077-pretreated, IL-13 induced asthmatic pheno-
typic tissues additionally exhibited statistically lower stresses
than both the healthy and untreated IL-13 induced asthmatic
phenotypic tissues up to 1 μM acetylcholine (Fig. 4A). For the
doses of 10 μM to 1 mM acetylcholine, HA1077-pretreated
tissues exposed to IL-13 did not have statistically different
stresses compared to the healthy phenotype, but did have sta-
tistically lower stress compared to untreated tissues exposed
to IL-13 (Fig. 4A). This result indicates HA1077 decreases
Lab Chip, 2014, 14, 3925–3936 | 3929
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Fig. 4 Regulation of hypercontraction via the RhoA/ROCK2 pathway. (A) The contractile response of the IL-13 induced asthmatic phenotype
pretreated with 10 μM HA1077. n = 15 films, 3 chips for the healthy phenotype; 4 chips, n = 23 films for the IL-13 induced asthmatic phenotype;
n = 12 films, 2 chips for IL-13 tissue pretreated with HA1077. Data points represent mean ± standard error. The ACh dose response was plotted
versus concentration denoting statistical significance at each dose, * indicates p < 0.05 relative to IL-13 tissue pretreated with HA1077 and # indi-
cates p < 0.05 relative to both healthy phenotypic tissues and the IL-13 induced asthmatic phenotypic tissues pretreated with HA1077. (B) For the
healthy and the IL-13 induced asthmatic phenotypes, relaxation was quantified in response to HA1077. Stress is measured from the basal tone. n =
12 films for the healthy phenotype, 2 chips; n = 12 films, 2 chips for the IL-13 induced asthmatic phenotype. Data points represent mean ± stan-
dard error. (C) The magnitude of relaxation in response to HA1077 was quantified measuring the change in stress between the basal tone and the
tone after the administration of 100 μM HA1077. This response was compared to the relaxation induced in response to 1 mM ISO seen in Fig. 2B.
* and # indicate p < 0.05. (D) Healthy and the IL-13 induced asthmatic phenotypes were relaxed from the basal tone using ISO and HA1077 in
series. Stress is measured from the basal tone. n = 10 films, 2 chips for the healthy phenotype; n = 11 films, 2 chips for the IL-13 induced asthmatic
phenotype. Data points represent mean ± standard error. (E) Tissues were constricted using ACh, then relaxed using ATO, ISO, and HA1077 in
series. Stress is measured from the basal tone. n = 11 films for the healthy phenotype, 2 chips; n = 12 films, 2 chips for the IL-13 induced asthmatic
phenotype. Data points represent mean ± standard error. (F) The relaxation was quantified by measuring the change in stress between the basal
tone and the tone after administration of 100 μM HA1077. * indicates p < 0.05 between non-constricted and constricted tissues within a condition.
# indicates p < 0.05 of the non-constricted/constricted tissues between the healthy and IL-13 conditions.
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the basal tone of our engineered BSM tissue and prevents
hypercontraction.

Next, we asked whether inhibiting rho kinase would also
be effective for inducing relaxation. Similar to the relaxation
studies performed using isoproterenol, we peeled the bMTFs,
allowed them to assume a basal tone, and then induced
relaxation with 10 μM and 100 μM HA1077 (Fig. 4B). Similar
to the results of the isoproterenol-induced relaxation without
3930 | Lab Chip, 2014, 14, 3925–3936
prior constriction (Fig. 2B), HA1077 induced a statistically
greater relaxation of the IL-13 induced asthmatic phenotype
compared to the healthy phenotype (Fig. 4C). Additionally,
we compared the efficacy of 100 μM HA1077 to the efficacy of
1 mM isoproterenol (Fig. 4C). For both healthy and the IL-13
induced asthmatic phenotypes, HA1077 elicited a statistically
greater relaxation compared to the isoproterenol-induced
relaxation.
This journal is © The Royal Society of Chemistry 2014
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Because isoproterenol and HA1077 induce relaxation via
different mechanisms, we asked whether using both drugs
together would have additive effects. To test this hypothesis,
we administered 100 μM isoproterenol, 1 mM isoproterenol,
10 μM HA1077, and 100 μM HA1077 at fifteen minute inter-
vals and measured the decrease in stress relative to the basal
tone (Fig. 4D). Additionally, we tested the additive effects of
isoproterenol and HA1077 of healthy and the IL-13 induced
asthmatic phenotypes that had been constricted with acetyl-
choline prior to inducing relaxation (Fig. 4E). The magnitude
of relaxation was measured as the difference of stress after
the 100 μM HA1077 dosing interval and the basal tone
(Fig. 4E). In non-constricted tissues, we found the serial
dosing of isoproterenol and HA1077 induced significantly
greater relaxation in the IL-13 induced asthmatic phenotype
compared to the healthy phenotype (Fig. 4D, F). However, in
constricted tissues, the IL-13 induced asthmatic phenotype
had significantly less relaxation compared to the healthy phe-
notype (Fig. 4E–F). The constricted, IL-13 induced asthmatic
phenotype also had significantly less relaxation compared to
non-constricted, IL-13 induced asthmatic phenotype, while
the constricted, healthy phenotype relaxed significantly more
than the non-constricted, healthy phenotype (Fig. 4D–F). These
data indicate IL-13 and acetylcholine act synergistically to alter
the ability of asthmatic human BSM to relax. Lastly, we found
using both isoproterenol and HA1077 improved relaxation
compared to tissues relaxed with isoproterenol alone.

Discussion

The challenge of organ on chips is to recapitulate healthy
and diseased physiology of multiple tissue or organ mimics
that communicate in vitro in order to supplement animals in
preclinical drug development.48 Developing platforms that
allow for acquisition of robust, reliable tissue or organ-level
structural and functional outputs while maintaining the sim-
plicity requisite for high throughput fabrication is an
immense challenge. In this study, we designed, built, and
tested an in vitro model of healthy and asthmatic human
airway musculature. On our human airway musculature chip,
we demonstrated that we could recapitulate many of the hall-
mark clinical features of asthmatic airway smooth muscle:
hyperresponsiveness to acetylcholine, physiological and
impaired relaxation in distinct experiments, cellular remodel-
ing, and increased expression of contractile proteins. We
tested our system using standard airway drugs and observed
appropriate functional responses to β-agonists and musca-
rinic antagonists. Further, we demonstrated the efficacy of
HA1077 in prevention of ACh triggered hypercontraction of
IL-13 treated tissues and relaxing the muscle from its basal
tone and after contraction as well as showed that HA1077
had an additive effect with isoproterenol in inducing relaxa-
tion of human airway musculature.

Reversible airway narrowing in asthma elicits the clinical
symptoms of breathlessness, wheezing, and coughing.2,25

In asthma, the BSM is hyperresponsive to a number of
This journal is © The Royal Society of Chemistry 2014
nonspecific stimuli such as tobacco smoke,49 air pollution,50

cleaning agents,51 and drugs such as non-steroidal anti-
inflammatories.52 Clinically, hyperresponsiveness is assessed
using spirometry after exposing the airway to the cholinergic
agonist methacholine.26 In this study, the IL-13 induced asth-
matic phenotype did not have statistically different basal tone
compared to the healthy phenotype but generated greater
contractile stress in response to doses of 10 nM to 1 mM of
acetylcholine, potentially explaining why asthmatic patients
have increased reductions in FEV1 measurements compared
to healthy patients.26 These results indicate that IL-13 does
not increase human BSM tone alone but instead acts syner-
gistically with acetylcholine to cause hypercontraction. This
result may explain why using the synthetic muscarinic antag-
onist ipratropium bromide as an adjunct to β agonists has
successfully reduced asthmatic exacerbation rates in asthma
patients.53

Episodes of excessive airway narrowing are typically man-
aged using β agonists.53 Here, we tested the relaxation capa-
bility of healthy and the IL-13 induced asthmatic phenotypes
using the β agonist isoproterenol. First, the tissues were
relaxed from their basal tone, and the IL-13 induced asth-
matic phenotype achieved a greater magnitude of relaxation
compared to the healthy phenotype. This result suggests that
IL-13 alone does not alter the relaxation response of bron-
chial smooth muscle. However, when we tested relaxation
after acetylcholine-induced constriction, the constricted,
IL-13 induced asthmatic phenotype had significantly less
relaxation compared to the IL-13 induced asthmatic pheno-
type that had not been constricted. The same effect was not
observed in constricted healthy phenotypic tissues. Together,
these results indicate that synergism occurs between IL-13
and acetylcholine to alter the relaxation response to isopro-
terenol. Similar functional antagonism between cholinergic-
induced contraction and β agonist-induced relaxation has
been observed in canine and guinea pig airway smooth
muscle,34,35 which may be due to inhibition of β agonist-
induced cAMP production.54 Here, the impaired relaxation
may manifest when both acetylcholine disables cAMP regula-
tion of intracellular calcium and IL-13 upregulation of the Rho/
ROCK pathway, consequently causing increased intracellular
calcium and increased calcium sensitivity.

Structural remodeling is an additional clinical hallmark of
the asthmatic human airway.36,37 Further, the severity of
asthma is related to the extent of airway remodeling.37 In this
study, we found that IL-13 caused increased cellular size
within the tissue. Additionally, an increased alignment of
actin fibers within tissue treated with IL-13 was observed.
Many studies provide evidence indicating that phosphoryla-
tion of myosin light chain and remodeling of the actin
cytoskeleton possess independent roles in the contraction of
smooth muscle,55 where maximum stress generation may be
dependent both on length of actin fibers and myosin light
chain phosphorylation. Thus, the structural remodeling of
BSM cells may play an important role in hypercontraction in
asthma.
Lab Chip, 2014, 14, 3925–3936 | 3931
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Protein expression is commonly used to assess the pheno-
type of smooth muscle in disease. Expression of α-smooth
muscle actin and smooth muscle myosin heavy chain are
thought to be indicative of a contractile phenotype of airway
smooth muscle.43 Increased expression of RhoA and coupling
to ROCK has been associated with diseases involving
hypercontraction of smooth muscle like subarachnoid hem-
orrhage induced vasospasm and asthma.45 In this study, the
increased expression of RhoA in the IL-13 induced asthmatic
phenotype was consistent with pathologically hypercontractile
smooth muscle tissue.

Lastly, we evaluated newly proposed treatment strategies,
specifically HA1077, as a treatment for preventing
hypercontraction of human BSM as well as a treatment for
acute bronchoconstriction. Pretreatment of the IL-13 induced
asthmatic phenotype with HA1077 caused decreased basal
tone compared to both healthy and the non-treated, IL-13
induced asthmatic phenotype. Further, this treatment lowered
the maximal contractile response of the IL-13 induced
asthmatic phenotype, suggesting that upregulation of the
Rho/ROCK pathway plays a critical role in hypercontraction of
human bronchial smooth muscle. We found that HA1077
induced greater relaxation in both healthy and IL-13 tissues
than isoproterenol. Because isoproterenol and HA1077 act on
regulation of intracellular calcium and calcium sensitivity,
respectively, we tested the additive effects of relaxing both
non-constricted and constricted tissues. This resulted in
greater relaxation in constricted healthy phenotypic tissues rel-
ative to non-constricted healthy phenotypic tissues, while prior
constriction reduced the ability of the IL-13 induced asthmatic
phenotypes compared to the non-constricted, IL-13 induced
asthmatic phenotype. This demonstrates synergism between
acetylcholine and IL-13 in altering relaxation capacity. Impor-
tantly, it was additionally demonstrated that isoproterenol and
HA1077 together induce greater relaxation compared to isopro-
terenol, the current standard treatment. Clinically, ROCK
inhibitors are being considered for treatment of a number of
diseases including cerebral vasospasm, glaucoma, cancer, and
cardiovascular disease.56–58

Human organs on chips are of interest because of their
promising potential to replace in vivo animal studies due to
improved specificity, sensitivity, and predictiveness.59 Our
work represents the next stage of development where we build
more fidelity into our system by mimicking disease. This is
important for drug safety and efficacy testing and disease
modeling as well as mechanism-based search for therapeu-
tics. Further, the airway musculature on a chip is amenable
to integration into microfluidic system which will enable cou-
pling with other healthy and diseased organ mimics.

Experimental
Chip fabrication

Glass coverslips (22 mm × 22 mm, VWR, Westbury NY, cata-
log# 48366-067) were cleaned in 70% ethanol via sonication
for thirty minutes and subsequently air dried. A piece of low
3932 | Lab Chip, 2014, 14, 3925–3936
adhesion Scotch tape (3M, St. Paul, MN) was applied to cover
the entire surface of the glass coverslip. Two rectangles with
rounded corners with dimensions of 13 mm × 5.5 mm were
laser engraved into the tape using a CO2 laser (VersaLaser
2.0, 10.6 μm wavelength, 10 W, Universal Laser systems,
Scottsdale, AZ) using 10% power and 2% speed settings.23

The rectangles were then peeled from the coverslip while
leaving the remaining surface covered by the tape. A thin
layer of poly(N-isopropylacrylamide) (pNIPAAM) (Polysciences,
Warrington, PA) dissolved in 1-butanol (10% w/v) was spin
coated at a maximum speed of 6000 RPM for one minute onto
the exposed areas of the coverslip in order to serve as a sacrifi-
cial layer. After removing the remaining tape, polydimethylsi-
loxane (PDMS) (Sylgard 184, Dow Corning, Midland, MI) was
mixed at a 10 : 1 base to curing agent ratio and spin coated at
a maximum speed of 4000 RPM for one minute so that a thin
layer of PDMS coated both the uncoated and pNIPAAM-coated
regions of the coverslip. After curing of the PDMS layer over
night at 65 °C, two rows of six cantilevers with dimensions of
2 mm × 5 mm were laser engraved (Laser cutter settings: 0.2%
power and 0.1% speed)23 into the regions consisting of both
pNIPAAM and PDMS layers.

Cell culture

Normal human BSM cells (Lonza, Walkersville, MD) were
purchased at passage two and cultured in growth medium
consisting of M199 culture medium (GIBCO, Invitrogen,
Carlsbad, CA) supplemented with 10% heat inactivated fetal
bovine serum, 10 mM HEPES, 0.1 mM MEM nonessential
amino acids, 20 mM glucose, 1.5 μM vitamin B-12, 50 U mL−1

penicillin, and 50 U mL−1 streptomycin (GIBCO).22 Cells were
allowed to proliferate in tissue culture flasks until they
reached 70–80% confluence. Experiments were performed
using cells from passage 5–7. The cells were trypsinized with
0.25% of trypsin-EDTA (GIBCO), seeded onto chips at a den-
sity of 25 000 cells cm−2, and cultured in the growth media
for 48 hours to form a confluent tissue. The growth media
was then replaced with a serum free media of M199,
supplemented with 10 mM HEPES, 0.1 mM MEM nonessen-
tial amino acids, 20 mM glucose, 1.5 μM vitamin B-12,
50 U mL−1 penicillin, and 50 U mL−1 streptomycin for 24 hours
to induce a contractile phenotype.21 After 24 hours, induction
of the asthmatic phenotype was achieved by supplementing
the serum free media with 100 ng mL−1 human IL-13
(Sigma-Aldrich) during the final 10–14 hours of culture prior
to experiments. Interleukin-13 was reconstituted in 20 mM
acetic acid at a concentration of 0.1 mg mL−1 then further
diluted to 1 μg 1 mL−1 in 0.1% BSA for long term storage at
−20 °C per the vendor specifications. The vehicle, consisting
of 20 mM acetic acid diluted in 0.1% BSA, was added to the
control tissue. The tissues were triple rinsed with PBS prior
to experiments.

Contractility experiments

bMTF experiments were performed on a Leica MZ9.5 stereo-
microscope (Wetzlar, Germany) with 0.63× magnification,
This journal is © The Royal Society of Chemistry 2014
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coupled to a National Instruments LabVIEW data acquisition
board which was programmed to capture the horizontal pro-
jection of the films by taking an image every 30 seconds
through the course of the experiment using a Basler A601f-2
camera (Exton, PA). bMTF chips were transferred to a 35 mm
Petri dish containing Tyrode's solution (1.8 mM CaCl2, 5 mM
glucose, 5 mM HEPES, 1 mM MgCl2, 5.4 mM of KCl, 135 mM
of NaCl, and 0.33 mM of NaH2PO4 in deionized water, pH 7.4
at 37 °C; reagents from Sigma-Aldrich). Tyrode's solution was
allowed to cool below 32 °C to allow dissolution of the
pNIPAAM layer. The bMTFs were then gently peeled and the
dish was placed in a heated plate to re-equilibrate to 37 °C,
allowing the films to reach a basal tone. For contractile
studies, contraction was induced with cumulative dosing of
acetylcholine chloride (Sigma-Aldrich) (ACh) dissolved in dis-
tilled water: 10 nM ACh, 100 nM ACh, 1 μM ACh, 10 μM ACh,
100 μM ACh, and 1 mM ACh at ten minute intervals.

Relaxation experiments

For relaxation, there were two types of studies: relaxation
without preconstriction and relaxation after preconstriction.
For relaxation without preconstriction, the bMTFs were
peeled and allowed to achieve a basal tone as done in
contractility experiments. Relaxation was then induced using
cumulative dosing of isoproterenol (100 μM and 1 mM)
(Sigma-Aldrich) dissolved in distilled water, dosing 15 min
after previous dose. For relaxation after preconstriction, the
bMTFs were released to their basal tone and then induced to
contract with 100 nM ACh. Next, 50 μM atropine (Sigma-
Aldrich) dissolved in water was added to induce relaxation
and prevent further contraction. Further relaxation was
induced using cumulative dosing of 100 μM isoproterenol
and 1 mM isoproterenol with 15 minutes between doses.

Rho kinase inhibition experiments

To test the effect of rho kinase in acetylcholine-induced
hypercontraction, asthmatic tissues were pretreated with
10 μM HA1077 (Sigma-Aldrich) for 15 minutes in serum free
culture medium. Thirty minutes prior to the contractile
experiment, HA1077 was triple washed out using PBS, then
moved to Tyrode's solution as described above. To test the
relaxation response to HA1077, the bMTFs were peeled and
allowed to achieve a basal tone as described, then induced to
relax with cumulative dosing of HA1077 (10 μM and 100 μM).
To determine whether HA1077 would have an additive effect
with isoproterenol, tissues relaxed with cumulative dosing of
100 μM and 1 mM isoproterenol were further relaxed with
10 μM and 100 μM HA1077, with 15 minute intervals between
doses.

Microcontact printing

In order to engineer anisotropic BSM oriented along the lon-
gitudinal axis of the thin films, the chips were microcontact
printed, as previously published.19,21,60 Briefly, a silicon wafer
was coated with a thin layer of SU8-2002 (MicroChem
This journal is © The Royal Society of Chemistry 2014
Corporation, Newton, MA), a negative photoresist, via spin
coating. After baking the photoresist-coated silicon wafer, a
photomask was brought into contact with the wafer using a
mask aligner, and UV light was shown through the mask.
Regions exposed to UV light became insoluble and the rest
was dissolved away with developer solution. After develop-
ment, the etched wafer served as a template for fabrication of
PDMS stamps. PDMS stamps with 15 μm lines and 2 μm
spacing were incubated with 200 μl of human fibronectin
(BD Biosciences, Sparks, MD) at 50 μg mL−1 in distilled water
for one hour. Excess fibronectin was air blown from the
PDMS stamp and applied to the chip which had been
recently exposed to UV ozone (model# 342, Jelight Company
Inc., Phoenix, AZ) for eight minutes in order to transiently
switch the substrate to a hydrophilic state. Stamps were
manually positioned so that lines were oriented along the
longitudinal axis of the thin films. Seeding of cells occurred
immediately after microcontact printing.

Western blotting

Tissues were lysed in urea lysis buffer consisting of 100 mM
Tris, 4 M urea, 5 mM EDTA, 0.5% SDS, 0.5% NP-40
(Sigma-Aldrich), and Halt Protease and Phosphatase Inhibitor
Cocktail (Thermo Scientific, Rockford, IL). Licor TG-SDS
running buffer (Lincoln, NE) was used for electrophoresis.
Protein concentration was quantified using a bicinchoninic
acid assay and a SpectraMaxM2e microplate reader (Molecular
Devices, Vienna, VA). 10 μg of total protein was loaded into
Criterion 4–15% polyacrylamide gels (Bio-Rad, Hercules, CA)
and the gel was run for 90 minutes at 120 V. The gel was
transferred to PVDF membranes (Licor) at 70 V for 40 minutes
for Western analysis. Membranes were incubated in primary
antibody diluted in PBS and Licor blocking buffer for
48 hours at 4 °C. Primary antibodies used were α-smooth
muscle actin (1 : 200 dilution, Abcam, Cambridge, MA),
ROCK2 (1 : 50 dilution, Santa Cruz Biotechnology, Santa Cruz,
CA), RhoA (1 : 200 dilution, Santa Cruz Biotechnology, Santa
Cruz, CA), and β actin (1 : 1000 dilution, Santa Cruz Biotech-
nology, Santa Cruz, CA). Secondary antibodies were conju-
gated with infrared labels (1 : 1000 dilution, Licor, Lincoln, NE)
and imaged with a Licor Odyssey reader (Licor, Lincoln, NE).
2Densitometry analysis was carried out using Odyssey 3.0
software and ImageJ (NIH, Bethesda, MD) and the quantified
values were compared using the Student's t-test.

Actin alignment quantification

Engineered tissues were fixed with 4% paraformaldehyde
(16% stock diluted in PBS, Electron Microscopy Sciences,
Hatfield, PA) for 10 minutes and subsequently permeabilized
with 0.05% Triton X-100 (Sigma-Aldrich) for 12 minutes.
Tissues were triple rinsed with PBS. These fixed and
permeabilized tissues were stained with the Alexa Fluor
488-conjugated Phalloidin (product# A12379 Invitrogen,
Carlsbad, CA) and 4′,6-diamidino-2-phenylindole (DAPI)
(catalog# D1306, Invitrogen, Carlsbad, CA).21 Ten randomly
Lab Chip, 2014, 14, 3925–3936 | 3933
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chosen fields of view for each coverslip were imaged on
an inverted light microscope (Leica DMI 6000B, Wetzlar,
Germany) in epifluorescence using a 40× objective lens and a
Coolsnap HQ CCD camera (Roper Scientific, Tucson, AZ)
controlled by IPLab Spectrum (BD Biosciences/Scanalytics,
Rockville, MD). Custom MATLAB software (MathWorks,
Natick, MA) based on fingerprint detection, as previously
reported,20,21 was used to threshold actin immunosignals
and detect the orientation angles of continuous pixel
segments. The orientation angles were consolidated for each
tissue for calculation of the orientational order parameter
(OOP),20 where 1 represents perfect alignment and 0 repre-
sents random organization.42 Quantified values were com-
pared using the Student's t-test.
Calculation of bMTF tissue stress

bMTF tissue stresses were calculated using previously pub-
lished methods.19,20 Images of bMTFs were thresholded
using custom ImageJ (NIH, Bethesda, Maryland) software, as
previously described.20 MATLAB software (MathWorks,
Natick, MA) was used to calculate the stress generated by
each film based on the horizontal projection of the radius of
curvature, thickness of the PDMS film, and tissue layer thick-
ness, using methods previously described.20 The thickness of
the PDMS thin films was determined using a contact
profilometer (Dektak 6M, Veeco Instruments Inc., Plainview,
NY). F-actin was stained with Alexfluor 488 phalloidin
(product# A12379 Invitrogen, Carlsbad, CA) and local thick-
ness was measured using the z-plane projections of f-actin
filaments using a Zeiss LSM 5 LIVE confocal microscope with
a Plan-Neofluar 40×/1.3 oil objective. Contractility experi-
ments comparing stress values of healthy and IL-13 exposed
tissue at each concentration of acetylcholine failed the
Shapiro–Wilkinson test for normality and were thus statisti-
cally evaluated using the Mann–Whitney rank sum test. For
contractility experiments comparing the stress values of
healthy tissues, IL-13 exposed tissues, and IL-13 exposed tis-
sues pretreated with HA1077, stresses at each concentration
failed the Shapiro–Wilkinson test for normality and therefore
were evaluated using the Kruskal–Wallis One Way ANOVA on
ranks and compared pairwise using Dunn's method. Results
with p-values less than 0.05 were considered statistically
significant.

Statistical analysis. Contractility experiments comparing
stress values of healthy and the IL-13 induced asthmatic
phenotypes at each concentration of acetylcholine failed the
Shapiro–Wilkinson test for normality and were thus statisti-
cally evaluated using the Mann–Whitney rank sum test. For
contractility experiments comparing the stress values of the
healthy phenotype, the IL-13 induced asthmatic phenotype,
and the IL-13 induced asthmatic phenotype pretreated with
HA1077, stresses at each concentration failed the Shapiro–
Wilkinson test for normality and therefore were evaluated
using the Kruskal–Wallis One Way ANOVA on ranks and
compared pairwise using Dunn's method. Results with
3934 | Lab Chip, 2014, 14, 3925–3936
p-values less than 0.05 were considered statistically
significant.

Conclusions

We utilized a laser-based fabrication technique to build an
airway musculature chip amenable quantification of patho-
logical structural and functional changes at the subcellular,
cellular, and tissue levels. We recapitulated key clinical hall-
marks of asthma seen in patients and replicated results seen
in animal and other in vitro systems while also achieving
high throughput. Muscular thin films, in the form of an
organ on a chip, are effective for evaluating new pharmaceu-
tical compounds, identifying disease mechanisms, and
performing mechanism-based searches for therapeutics.
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