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contributes to a range of human dis-
eases, especially in processes that involve 
mechanically active cells such as smooth 
muscle cells, cardiomyocytes, and cancer 
cells.[2] The development of drugs that 
directly target the underlying mechani-
cally mediated pathology represents a 
nascent and growing focus of drug devel-
opment. Underscoring this growing 
interest, the term mechanopharmacology 
was recently introduced to describe the 
study of drugs that target cell mechanics 
or the study of how a cell’s mechanical 
state influences its sensitivity to a par-
ticular drug molecule.[3]

One of the challenges in mecha-
nopharmacology pertains to the lack of 
molecular tools that can directly quan-
tify forces in living cells; thus moving 
away from traditional tissue-scale muscle 
strip contractility assays[4] or muscle thin 
film measurements.[5] As a result, many 
drugs that target mechanical processes 
are assayed using secondary chemical 
reporters, such as intracellular calcium, 

cyclic nucleotides, and protein expression levels, all of which 
are indirectly associated with mechanics.[6]

There are two categories of single cell techniques that have 
been applied to study mechanopharmacology. The first cat-
egory includes methods that measure changes in intrinsic 
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1. Introduction

Cellular forces play a central role in many biological processes 
ranging from immune recognition to cell differentiation and 
wound healing.[1] Accordingly, mechanical dysregulation 
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mechanical properties (i.e., young modulus) of the cells upon 
drug treatment, for example, atomic force microscopy (AFM),[7] 
optical/magnetic tweezers,[8] and magnetic twisting cytometry.[9] 
Here, the “experimenter” applies forces (e.g., tensile, bending, 
and twisting forces) to deform the cells and thus probe their 
mechanical properties. Recently introduced microfluidic-based 
cell deformability cytometry based on inertial forces are prom-
ising for mechano-phenotyping and mechanopharmacology,[10] 
but they are more appropriate for screening cells that are 
anchorage independent. The second category of techniques can 
be described as passive methods, reporting the cell-generated 
traction forces on an artificial substrate. Thus far, traction force 
microscopy (TFM) and micropost array detectors (mPADs) 
are widely used for passive measurements and are particularly 
important for studying cell–extracellular matrix (ECM) interac-
tions[11] and juxtacrine signaling pathways.[12] Importantly, TFM 
screening of small molecule-treated cells has shown promise in 
discovering new drugs that modulate cell contractility.[13] How-
ever, the main challenges in TFM are the inherent nN force sen-
sitivity, the need to create homogenous polymer films, and the 
computationally intense downstream analysis.

To circumvent some of the limitations of TFM, we introduced 
molecular tension force microscopy (MTFM) to map pN traction 
forces exerted by individual cells.[14] In general, MTFM probes 
are comprised of a molecular spring, such as DNA,[15] poly-
ethylene glycol (PEG),[16] or protein,[17] flanked by a fluorophore 
and a quencher. The head of the spring is conjugated to a ligand 
that targets a receptor of interest, while the tail of the spring is 
anchored to the substrate. Forces applied to the ligand separate 
the fluorophore and quencher, resulting in restoration of the flu-
orescence signal.

In this paper, we demonstrate that MTFM can serve as a 
viable mechanopharmacology platform to study the impact of 
drugs on cell mechanics. Given that the majority of lung dis-
eases include modulation of lung mechanics, we chose to focus 
on human airway smooth muscle (ASM) cells. Within the lung 
tissue, contractile forces are transmitted through the cellular 
cytoskeleton to the extracellular matrix (ECM) through focal 
adhesion (FA) complexes that are comprised of hundreds of 
signaling and structural proteins nucleating around integrin 
receptors.[18] Integrins play an important role in lung physi-
ology by regulating various downstream signaling pathways 
that mediate ASM cell phenotype, proliferation, hypertrophy, 
as well as cell adhesion and migration.[19] ASM cell contraction 
significantly contributes to the development and progression of 
asthma, a chronic lung disease characterized by airflow obstruc-
tion and bronchoconstriction.[20] Beta-2 adrenergic agonists, 
such as albuterol, are the first-line therapy to relieve asthma 
symptoms by acutely relaxing ASM cells in the event of a bron-
chospasm.[21] Since the mechanical contractility mediates the 
symptoms of asthma, we hypothesized that adhesion receptor 
tension measurements would provide a direct approach to 
determine bronchodilator efficacy. In addition, an ongoing 
debate in asthma exists between whether enhanced mechanical 
contractility of individual ASM cells or increased numbers of 
ASM cells (airway thickening) plays a greater role in the asthma 
phenotype.[22] Thus, mechanical contractility measurements at 
the single cell level are required to answer this question, and in 
part, this particular need motivates the present work.

2. Results and Discussion

We first characterized the integrin traction forces of human 
ASM cells using a gold nanoparticle (AuNP) titin-based MTFM 
probe.[17] The titin-based sensor provides the most chemically 
stable unfolding probe developed thus far.[17] The core of the 
titin sensor is comprised of an I27 immunoglobulin domain, 
a β-sandwich protein with 89 residues, derived from the sar-
comeric protein of striated muscle that exhibits spring-like 
properties.[23] We engineered this I27 domain with an N-ter-
minal RGD (Arg-Gly-Asp) peptide, which binds to integrin 
receptors on the cell surface, and two tandem cysteines at the 
C-terminus.[2b,17] The cysteine residues allow for immobiliza-
tion onto 9 nm AuNPs on a PEGylated glass coverslip [0.5% 
(w/v) lipoic acid-NHS for gold binding and 5% (w/v) mPEG-
NHS for passivation] (Figure 1A,B). Additionally, we site-
specifically incorporated an organic fluorophore (Cy3) to the 
I27 protein. The surface immobilized AuNP can effectively 
quench the fluorescence of Cy3 through nanometal surface 
energy transfer when I27 is folded into its native β-sandwich 
structure.[24] The RGD-Cy3-I27 probe (30 nM) was incubated 
on AuNPs in the presence of passivating mPEG-SH at 1:5 
([RGD-Cy3-I27]:[mPEG-SH]) molar stoichiometry for 1 h at 
room temperature (RT) to “backfill” the surface of AuNP. Each 
particle presents an average of ≈5 protein sensors, which corre-
spond to a density of ≈1500 protein sensors/µm2 as previously 
reported.[17] These doubly PEGylated surfaces are nonfouling 
and thus greatly minimize nonspecific protein adsorption.

When human ASM cells, derived from the lungs of healthy 
human donors (Table S1, Supporting Information) were cul-
tured on the RGD-Cy3-I27 probe surface for 1 h, we observed 
significant fluorescence enhancement at the cell perimeter as 
indicated by reflection interference contrast microscopy (RICM) 
(Figure 1C). This enhancement in fluorescence signal demon-
strates that integrin-mediated forces mechanically unfolded the 
I27 domain and separated the Cy3 from the AuNP quencher. 
To verify whether sensor unfolding is due to direct integrin 
engagement, we generated a variant protein sensor, in which 
the RGD was mutated to RGE. This single point mutation abro-
gated cell adhesion, showing that the RGD motif is required 
for integrin binding and I27 unfolding (Figure S1A, Supporting 
Information). Treatment with Rho-associated protein kinase 
inhibitor (Y-27632, Figure 1C) and myosin light chain kinase 
inhibitor (ML-7, Figure 1D) greatly suppresses the tension 
signal by ≈80% and ≈60%, respectively (Figure 1E). Representa-
tive tension images collected over a 6 h duration showed that 
the cell morphology and tension distribution were dynamic as 
cells spread on the substrate (Figure S2, Supporting informa-
tion). Together, these results confirm that the I27 tension probe 
reports real time integrin traction forces in ASM cells.

To confirm that the unfolding of the I27 tension probe 
coincides with FA proteins, we cultured ASM cells expressing 
GFP-tagged FA proteins such as vinculin and paxillin for 1 h 
and compared the distribution of these molecules with the 
tension signal. We observed the Cy3 tension signal highly 
mirrors the distribution of FA proteins vinculin (Figure 1F) 
and paxillin (Figure S1B, Supporting Information), and also 
with the tips of actin filaments (Figure S1C, Supporting 
Information), indicating the unfolding of the tension probe 
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is driven by traction forces generated and transmitted by the 
cytoskeleton and FA proteins.

Asthma is characterized by thickening of airway walls and 
enhancement in contractility, but it is unknown whether indi-
vidual ASM cells exhibit altered contractility at the single cell 
level. Intrinsic differences between healthy and asthmatic ASM 
cells exist, such as dysregulation in Ca2+ levels[20,22,25] and an 
increase in mass;[25b,26] therefore, we wanted to investigate the 
mechanical differences among these types of samples at the 
single cell level. Accordingly, we measured integrin-mediated 
I27 unfolding in ASM cells isolated from healthy individuals 
and asthmatic patients (Table S1, Supporting Information). 
ASM cells were plated on the tension sensing substrates for 
1 to 2 h. Tension imaging revealed that the signal was simi-
larly localized to distal edges of both normal and asthmatic 
cells and this pattern mirrored that of the location of FAs 

(Figure 2A). However, when we integrated the fluorescence 
intensity generated by single cells derived from seven donors, 
we observed that ASM cells from asthmatic patients generated 
greater levels of tension signal compared to the normal donors 
(Figure 2C,D).

To directly compare the contractility of normal and asthmatic 
ASM cells, we employed a “clamped” version of I27 tension 
probes that is mechanically locked by a disulfide bridge (RGD-
Cy3-I27G32C-A75C). The cells were cultured on the clamped 
MTFM probe surfaces for 2 h. At this stage, the probes were 
partially unfolded by integrin forces but unable to reach the 
fully extended state, thereby only leading to partial fluores-
cence enhancement. To infer the relative cellular forces applied 
by integrins, the kinetics of RGD-Cy3-I27G32C-A75C disulfide 
reduction (fluorescence increase) were recorded as a function 
of the concentration of dithiothreitol (DTT). Single exponential 
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Figure 1. Measuring airway smooth muscle (ASM) cell integrin forces using titin-based molecular tension probes. A) Schematic illustration of the 
RGD-Cy3-I27 MTFM sensor and its mechanism of reporting integrin forces. B) Representative AFM image of 9 nm AuNPs immobilized on a PEGylated 
[5% (w/v) mPEG-NHS and 0.5% (w/v) lipoic acid-PEG-NHS] glass substrate. Scale bar, 200 nm. C,D) Representative RICM and fluorescence images of 
human ASM cells on the tension sensing substrate before and after treatment with ROCK kinase inhibitor Y-27632 (40 × 10−6 m) or ML-7 (40 × 10−6 m) 
for 30 min. Scale bar: 10 µm. E) Plot shows the normalized tension signal, defined as Idrug/Iuntreated, of the same cells (same ROI) before and after 
ROCK inhibitor and ML-7 treatment. Masks were created to isolate tension signal from background. Lines represent mean ± SEM from n = 9 cells for 
Y-27632, and n = 5 cells for ML-7 treatment from three independent surface preparations, **P < 0.01 (Y-27632) and ***P < 0.001 (ML-7) by Wilcoxon 
signed-rank test. F) Representative RICM and fluorescence images of human ASM cells transfected with GFP-vinculin incubated on the tension sensor 
before and after treatment with ROCK kinase inhibitor Y-27632 (40 × 10−6 m) for 3 min. Scale bar: 10 µm.
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fitting yielded a rate constant of protein unclamping (kobs) of 
18.9 m−1 s−1 for ASM cells, in contrast to 25.8 m−1 s−1 for asth-
matic ASM cells (Figure S3A, Supporting Information). The 
difference in the unclamping rate indicates that asthmatic ASM 
cells exhibit enhanced contractility. To investigate the cellular 
mechanism of the enhanced contractility in asthmatic cells, 
we assayed the total myosin light chain expression (tMLC) in 
both normal (n = 3) and asthmatic ASM cells (n = 4) by western 
blot. We found that asthmatic cells have higher expression level 
of the tMLC than the normal cells (Figure S3B, Supporting 
Information). This further supports our tension measurement 

showing that asthmatic ASM cells are more contractile than 
normal ASM cells. Nonetheless, our data is consistent with 
bronchial smooth muscle cell (BSMC) shortening experiments 
demonstrating that BSMC from asthmatic subjects exhibit 
enhanced contractility.[27]

Given that certain inhaled substances, such as cigarette 
smoke, promote a contractile phenotype of human ASM 
cells by increasing Ca2+ concentrations and enhancing the 
expression levels of contractile proteins,[28] we investigated 
how chronic delivery of nicotine changes the cell adhesion in 
normal and asthmatic ASM cells. We first treated both normal 
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Figure 2. Integrin mediated forces are enhanced in the asthmatic human ASM cells and in the presence of nicotine. A) Representative RICM and 
integrin-mediated tension images of normal and asthmatic human ASM cells incubated on the RGD-Cy3-I27 tension probe for 2 h. Scale bar: 10 µm. 
B) Representative RICM and tension images of normal and asthmatic ASM cells treated for 72 h with nicotine (50 µg mL−1), for 24 h with doxycycline 
(4 µg mL−1) and incubated on the titin-based tension probe for 2 h. Scale bar: 10 µm. C) Scatter plot quantifying the integrated fluorescence intensity 
of FAs from normal and asthmatic donors with and without addition of nicotine for 72 h. Each circle represents data collected from a single cell. The 
red line indicates the mean, while the box shows the SEM, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 using Student’s t-test. D) Scatter 
plot showing the integrated fluorescence intensity of FAs pooled from three normal and four asthmatic donors with and without addition of nicotine 
for 72 h. ****P < 0.0001 using Mann-Whitney test.
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and asthmatic ASM cells with a daily dose of nicotine at 
50 µg mL−1 (total nicotine = 0.5 mg in 10 mL culture media) 
for three consecutive days at a 24 h interval and measured 
the changes in the cell morphology using optical microscopy 
(Figure S4A, Supporting Information). In this experiment, 
we observed that both cell types became more elongated and 
aligned when treated with nicotine compared to untreated cells. 
This phenotypic transition suggests changes in cell mechanics. 
To validate these observations at the protein level, we measured 
the amounts of phosphorylated myosin light chain (pMLC) by 
western blot (Figure S4B, Supporting Information) and found 
a significant increase of pMLC in nicotine treated ASM cells. 
These results confirmed that nicotine treatment of ASM cells 
promoted a phenotypic change accompanied by enhanced 
expression of contractile proteins. To further elucidate how 
nicotine modulates integrin traction forces, we plated nicotine 
treated cells on the tension sensing substrate. Unexpectedly, 
we observed loss in Cy3 intensity below the background level 
(Figure S5A, Supporting Information). This was exclusively 
observed after chronic nicotine treatment. As previous studies 
on nicotine treated vascular smooth muscle cells showed 
enhanced degradation of ECM by upregulating matrix metal-
loproteinases (MMPs),[29] we speculated that the negative signal 
was due to probe degradation by local release of MMPs. To 
test this hypothesis, we prepared binary surfaces comprised of 
RGD-Cy3-I27 and RGE-A647-I27 tension probes (Figure S5B, 
Supporting Information). Here, the mutant RGE probes do not 
engage integrins, and therefore do not experience tension from 
the integrin receptors. However, both the RGD and the RGE 
probes are sensitive to local release of MMPs as they only differ 
by a single point mutation. When ASM cells spread on the 
binary sensor surface after chronic nicotine treatment (t = 72 h, 
1 dose per 24 h interval), we observed the negative fluorescence 
signal under the distal edges of the cells in both RGD (Cy3) and 
RGE (A647) fluorescence channels, suggesting that a subset of 
these sensors were degraded by proteases. By using integrin 
blocking antibodies, we further determined that degradation of 
I27-tension probes was dependent on α5β1 integrin signaling 
(Figure S5C, Supporting Information).[30] Further evidence of 
protease release is revealed by the pre-treatment of ASM cells 
with doxycycline (4 µg mL−1, 24 h), a known inhibitor of MMP 
expression[31] (Figure S5D, Supporting Information). Inhibiting 
MMP expression led to a marked increase in Cy3 tension signal 
and the absence of dark signal at the cell perimeter. Note that 
doxycycline treatment did not significantly change the inte-
grated tension signal (Figure S5D, Supporting Information). 
Because it was shown that nicotine upregulates MMP-2 and 
MMP-9 through the α7-nAChR,[29c,32] we set out to examine the 
role of α7-nAChR in nicotine-driven protease expression. When 
ASM cells were treated with nicotine and α-bungarotoxin, an 
irreversible antagonist of α7-nAChR, for 72 h and plated on 
the tension sensing surface, there was only positive fluores-
cence signal under the cell perimeter and no detectable dark 
signal (Figure S5E, Supporting Information). Taken together, 
these findings verify that nicotine drives the release of MMPs 
in direct proximity to mechanically active α5β1 integrins in an 
α7-nAChR-dependent process.

We next compared the traction forces between normal and 
asthmatic cells after chronic treatment (t = 72 h) with nicotine. 

Nicotine treated ASM cells were incubated with the MMP inhi-
bitor doxycycline 24 h before the measurement. On the next day, 
the cells were harvested and plated on tension sensing surfaces 
for measurement. Representative RICM and tension images 
are shown in Figure 2B and their respective fluorescence sig-
nals are plotted in Figure 2C,D. The data show that stimulation 
with nicotine caused the cells to become more polarized and 
this further enhanced integrin tension in both normal and asth-
matic ASM cells. There was approximately a 60–90% increase 
in tension signal in both cell types, suggesting that the number 
of receptors applying tension above the I27 unfolding threshold 
increases following nicotine treatment. Note that because the 
tension probe only responds to a threshold of tension that leads 
to I27 unfolding, the tension signal is not linearly proportional 
to the integrated traction forces.

Our next goal was to apply the protein tension probes as 
a readout to study the mechanopharmacology of asthma. We 
tested the effects of known bronchodilator drugs on integrin 
tension by plating asthmatic ASM cells on the tension sensing 
substrates for 2 h and then adding albuterol (100 × 10−6 m) and 
isoproterenol (100 × 10−6 m), short acting bronchodilators that 
target the β2 adrenergic receptor, for 15 min. Treatment with 
these bronchodilators rapidly extinguished the tension signal 
(Figure 3A–C). The results show that addition of the ASM relax-
ants led to a significant decrease in cell contractility and thus 
caused the refolding of the protein tension probes. In all subse-
quent experiments, we used albuterol to investigate the mecha-
nopharmacology of ASM cells.

To quantify the dose-response function for albuterol, we 
titrated the drug and measured the corresponding tension signal. 
Briefly, we cultured donor ASM cells on the tension sensing 
substrate for 2 h and then added graded doses of albuterol 
that ranged from 0.01 × 10−9 m to 1 × 10−3 m. The albuterol was 
added to the cell media at 5 min intervals (Figure 3D), which 
was sufficient to allow the tension signal to approach equi-
librium. Tension maps in the Cy3 channel showed a gradual 
decrease of the fluorescence intensity under the cell perimeter 
with increasing drug concentration (Figure 3D; Figure S6A, 
Supporting Information for the images of cells treated with nic-
otine). We then plotted the integrated tension signal as a func-
tion of albuterol concentration for individual cells. Sigmoidal 
fitting of the data produced a functional EC50 (concentration 
of a drug that gives half-maximal response), or mechano-
EC50, for each cell incubated in the presence and absence of 
nicotine. These single cell mechano-EC50 measurements were 
performed for the ASM cells derived from normal (Figure 3E) 
and asthmatic (Figure 3F) donors before and after nicotine 
treatment. Note that each data point is collected from a single 
cell on a different substrate. Figure 3G summarizes mechano-
EC50 values of albuterol pooled from the dose-dependent curve 
of individual ASM cell from normal or asthmatic donors. All 
together, these findings reveal that 1) asthmatic-donor derived 
cells had higher average EC50 than normal cells, and 2) nico-
tine increased mechano-EC50 values for both normal and asth-
matic cells. Moreover, the mechano-EC50 for normal donor 
cells (EC50 = 305.8 × 10−9 ± 27.8 × 10−9 m) was fourfold greater 
than that for untreated cells (EC50 = 70.5 × 10−9 ± 9.7 × 10−9 m)  
(Figure 3H). The nicotine-induced enhancement of tension 
is likely underestimated because we found that addition of 
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Figure 3. Bronchodilators dose-dependently inhibit tension signal in both normal and asthmatic ASM cells. A,B) Representative RICM and tension 
images of asthmatic ASM cells seeded on the RGD-Cy3-I27 tension sensor and treated with 100 × 10−6 m of albuterol and 100 × 10−6 m of isoproterenol 
for 15 min. Scale bar: 10 µm. C) Plots show the normalized tension signal, generated by individual cells before and after bronchodilator treatment. Line 
represents mean ± SEM. from n = 17 cells for albuterol treatment, and n = 13 cells for isoproterenol treatment from four independent surface prepara-
tions ***P < 0.001 and ****P < 0.0001 by Wilcoxon signed-rank test. D) Representative RICM, integrin tension, and overlay of RICM and tension images 
for a single, asthmatic ASM cell adhered on the RGD-Cy3-I27 tension surface and treated with a stepwise addition of albuterol (0.01 × 10−9 –1 × 10−3 m). 
Scale bar: 10 µm. E,F) Representative dose-dependent curves for (E) normal donors and (F) asthmatic donors with and without the presence of nico-
tine (50 µg mL−1). R2 values associated with both fits were >0.98. EC50 was determined by sigmoidal fitting. Error bars represent SEM of EC50 values 
obtained from n = 10 cells for each donor collected from ten surfaces. G) Scatter plot quantifying EC50 values from dose-dependent curves of normal 
(n = 3 donors) and asthmatic ASM cells (n = 4 donors) stimulated with nicotine (50 µg mL−1) for 72 h and doxycycline (4 µg mL−1) for 24 h, cultured on 
the tension sensor and treated with the stepwise addition of the albuterol. Each circle represents data collected from a single cell. The red line indicates 
the mean, while the box shows the SEM, n.s. = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 using Student’s t-test. H) EC50 
values were pooled from all normal and asthmatic donors with and without the addition of nicotine for 72 h, ****P < 0.0001 by Mann-Whitney test.
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doxycycline to the cells decreases EC50 values by around 30% 
(Figure S7, Supporting Information). Strikingly, some donors 
displayed up to one order of magnitude enhancement in the 
EC50 of albuterol following nicotine treatment, while other 
donors showed minor changes in EC50. Our single-cell mecha-
nopharmacology measurement indeed highlights the heteroge-
neity within the same population (and across different popula-
tions) of cells in response to drugs. Nonetheless, these results 
show that albuterol dose-dependently inhibited traction forces 
in both asthmatic cells and asthmatic cells treated with nico-
tine; however, a higher concentration of albuterol was required 
to inhibit the tension for nicotine-treated cells, suggesting nico-
tine drives a more contractile phenotype in both normal and 
asthmatic ASM cells. Importantly, the mechano-EC50 value 
is a more direct, functional readout of albuterol potency than 
conventional assays measuring secondary chemical reporters. 
For example, Hirst and co-workers reported that the albuterol 
concentrations producing half-maximum attenuation of eosin-
ophil-activating cytokines, including Granulocyte-macrophage 
colony-stimulating factor (GM-CSF), Chemokine (C-C motif) 
ligand 5 (CCL5), and eotaxin, from human ASM cells were 
in the range of 10–20 × 10−9 m using ELISA.[33] Hall and co-
workers showed that the concentration of albuterol necessary 
for driving half-maximum cyclic AMP formation in human 
ASM cells was 0.6 × 10−6 m.[34]

3. Conclusion

In summary, we used our recently developed nanoparticle ten-
sion probes to quantify integrin-mediated tension in ASM cells 
isolated from normal and asthmatic donors. We show that 
individuals with asthma develop ASM cells that are more con-
tractile than their non-asthmatic counterparts on our 2D ten-
sion sensing substrates. Kinetic unclamping experiments also 
confirmed this finding. Traction forces in both types of donors 
were further promoted in the presence of nicotine. Interest-
ingly, we also discovered that activation of α7-nAChR using nic-
otine induces local release of MMPs, where the α5β1 integrin 
pulling events occur. Most importantly, we present an MTFM-
based assay that quantifies the mechano-EC50 of drugs at the 
single cell level. We showed that albuterol has a fourfold higher 
mechano-EC50 value for the asthmatic ASM cells than the 
normal ones, indicating that asthmatic ASM cells are less sen-
sitive to albuterol treatment. The highest mechano-EC50 values 
were associated with cells that were incubated in the presence 
of nicotine, suggesting that some individuals are highly sensi-
tive to nicotine, and this exposure promotes a more contractile 
phenotype of ASM cells in vivo.

There are three limitations to the present work. First, 
the assay is performed using glass substrates, which lead to 
enhanced cell contractility and may bias the measured mech-
ano-EC50 values compared to physiological settings. Second, we 
performed these measurements using low densities of cells to 
facilitate single cell quantification. However, cell–cell contact 
may modulate traction forces and is not investigated in the 
current studies. Third, the tension probes used here are less 
suitable for long term tension tracking (>6 h). This is because 
the probe is comprised of a genetically engineered protein 

immoblized through thiol-gold interaction, and the activity of 
biological thiols in the media along with proteases can lead to 
probe dissociation and/or degradation.

Nonetheless, this approach is a platform technology and, 
in principle, could be broadly used for screening different 
drugs that modulate cancer cell invasion and cardiac myopa-
thies. As a proof-of-concept demonstration, we determined the 
mechano-EC50 values for Rho-associated protein kinase and 
myosin light chain kinase inhibitors in ASM cells (Figure S8, 
Supporting Information). Several other possible applications 
of this assay include diagnosing diseases characterized by 
abnormal cellular mechanics, and discovering drugs that mod-
ulate cell traction forces. Lastly, we envision that this approach 
may be used to complement quantitative polymerase chain 
reaction (qPCR) and immunohistochemistry of endobronchial 
biopsies, where patients’ samples are cultured to determine 
the mechanical drug efficacy. Obtaining ASM cells for ex vivo 
analysis is feasible in humans[35] as well as large animals.[36] 
Although implementing bronchoscopy to obtain endobronchial 
biopsies to characterize an individual’s ASM does require spe-
cific clinical infrastructure, this infrastructure already exists in 
many hospitals and academic centers.

4. Experimental Section
Reagents: Methyllycaconitine, ROCK inhibitor (Y-27632, ≥98.0%), 

dimethyl sulfoxide (99%), MLCK inhibitor (ML-7), DTT (99%), 
(3-aminopropyl) trimethoxysilane (97%, APTMS), the fluorescent 
dye dibenzocyclooctyne-Cy3 (DBCO-Cy3), potassium phosphate 
monobasic (≥99.0%), isoproterenol hydrochloride, α-bungarotoxin-
tetramethylrhodamine, unlabeled α-bungarotoxin (BGT), doxycycline 
hyclate (≥98%), salbutamol (albuterol), and nicotine (≥99%) were 
purchased from Sigma-Aldrich (St. Louis, MO). The antinicotinic 
acetylcholine receptor α7 antibody (ab10096) was obtained from Abcam 
(Cambridge, United Kingdom). The Slide-A-Lyzer Dialysis Cassettes 
and the fluorescent dyes: Alexa647 N-hydroxysuccinimidyl ester and 
Alexa647 DIBO alkyne were purchased from Life Technologies (Grand 
Island, NY). 4-Azido-l-phenylalanine was purchased from Chem-Impex 
International (Wood Dale, IL). Ni-NTA Agarose (#30210) was purchased 
from Qiagen (Valencia, CA). Lipofectamine LTX with Plus Reagent for 
cell transfection was purchased from Life Technologies (Carlsbad, CA). 
Number two glass coverslips were purchased VWR (Radnor, PA). Lipoic 
acid-PEG-NHS (MW 3400) and mPEG-NHS (MW 2000) were purchased 
from Nanocs (New York, NY). AuNPs of ≈9 nm in diameter were 
purchased from Nanocomposix (San Diego, CA). Sodium bicarbonate 
was purchased from EMD chemicals (Philadelphia, PA). P2 gel size 
exclusion beads were purchased from BioRad (Hercules, CA).

Cell Culture and Transfection: Diseased and healthy human ASM 
cells isolated from asthmatic and healthy donors using endobronchial 
biopsies were cultured in Dulbecco’s modified eagle medium (DMEM) 
(Mediatech) supplemented with 10% fetal bovine serum (FBS) 
(Mediatech), penicillin G (100 IU mL−1, Mediatech), and streptomycin 
(100 µg mL−1, Mediatech) at 37 °C in the presence of 5% CO2. Cells 
were passaged at ≈90% confluency and plated at a density of 50%. ASM 
cells were transiently transfected with either GFP-actin, GFP-vinculin or 
GFP-paxillin using Lipofectamine LTX with Plus reagent by mixing 1 µg 
of DNA with Lipofectamine LTX and Plus Reagent for each well in a 
24-well plate and incubated for 24–48 h. All cell lines were obtained from 
de-identified donors, and their use did not constitute human subject 
research as described by the Rutgers Institutional Review Board.

Western Blot: After overnight serum starvation, human ASM cells 
(Lonza, Switzerland) ± nicotine (50 µg mL−1, 72 h) and human ASM 
cells isolated from healthy and asthmatic donors were cultured in 
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serum-free media. Primary antibodies employed included polyclonal 
rabbit anti-MLC (1:1000, Cell Signaling Technologies), polyclonal 
rabbit anti-phospho-MLC (1:500, Cell Signaling Technologies), 
and polyclonal rabbit anti-GAPDH (1:10 000, Sigma). Secondary 
antibodies used were IRDye 680LT conjugated polyclonal donkey 
antimouse IgG (1:20 000, LI-COR Biosciences) and IRDye 800CW 
conjugated polyclonal goat antirabbit IgG (1:20,000, LI-COR 
Biosciences). Quantification of protein expression was performed by 
measuring integrated intensity using the Odyssey Infrared Imaging 
System (LI-COR Biosciences). Densitometry was used to quantify 
relative protein expression levels using Image J (National Institutes 
of Health). The band of the protein of interest was normalized to 
the appropriate loading control. Results are reported as fold change 
compared to untreated conditions.

Antibody Blocking: ASM cells were incubated with monoclonal 
antibodies selective for α5β1 (MAB1969, Millipore), αvβ5 (MAB1961, 
Millipore) and αvβ3 (MAB1976, Millipore) at 10 µg mL−1 for 30 min. 
Additionally, 10 µg of antibody was added to each functionalized surface 
for full inhibition of α5β1, αvβ5, and αvβ3 integrins.

Protein Engineering and Dye Labeling: I27 protein sensors expressing 
p-azidophenylalanine were designed with N-terminal ligand (either 
TVYAVTGRGDSPASSAA or TVYAVTGRGESPASSAA) and two C-terminal 
cysteines for attachment onto AuNPs. For kinetic studies, a I27 variant 
protein was used in which Cys47 and Cys63 were mutated to Ala. Also, 
Gly32 and Ala75 were mutated to cysteines to form disulfide bond as 
previously described.[17] The proteins were expressed in BL21(DE3) 
Escherichia coli cells, purified by Ni2+ affinity chromatography and kept 
at −80 °C in 0.1 m potassium phosphate buffer (pH 7.4). To label the 
protein sensors with the dye, I27 protein constructs were incubated with 
either DBCO-Cy3 or DIBO-A647 for 1 h at 37 °C, followed by overnight 
incubation at room temperature. To purify the dye-labelled protein 
sensors, P2 gel size exclusion beads were used and the labeling ratio 
was determined by UV–vis absorption.

Protein Expression with UAA Incorporation: The pET22b plasmid 
encoding MTFM with a TAG codon was cotransformed with pEVOL-
pAzF plasmid into electrocompetent BL21(DE3) E. coli cells.[37] Cells 
were grown at 37 °C in the presence of ampicillin, chloramphenicol, and 
0.2% glucose to an optical density (OD) of 0.2, at which 1 × 10−3 m of 
4-azido-l-phenylalanine was added. At an OD of 0.4, l-arabinose was 
added to a final concentration of 0.02% (w/v) and at an OD of 0.8, 
isopropyl β-d-1-thiogalactopyranoside was added to a final concentration 
of 1 × 10−3 m. Cells were shaken for 16 h at 30 °C and purified using Ni2+ 
affinity chromatography.

Fabrication of Protein-AuNP Surfaces: Glass coverslips (number 2, 
25 mm diameter; VWR) were rinsed with Nanopure water (18.2 mΩ), 
dried at 80 °C, piranha etched in a 3:1 mixture of sulfuric acid and 
30% hydrogen peroxide for 30 min (Caution: Piranha can be explosive 
if mixed with organic solvent!) and then functionalized with an APTMS 
solution in acetone for 1 h. The samples were then rinsed in acetone 
three times and baked in an oven at 80 °C for 30 min. After cooling, the 
substrates were incubated with a solution of 5% (w/v) mPEG-NHS and 
0.5% (w/v) lipoic acid-PEG-NHS in 0.1 m fresh sodium bicarbonate 
overnight at 4 °C. Subsequently, 12 × 10−9 m of tannic acid stabilized 
AuNPs (diameter = 9 nm) were added onto the lipoic acid coated 
surfaces and incubated for 20 min. The AuNP surfaces were then 
rinsed with water and incubated with the binary mixture of mPEG, 
SH(CH2CH2O)8COOH, and the protein sensor in 0.1 m potassium 
phosphate buffer (pH 7.4) at 1:5 molar stoichiometry for 1 h at RT. The 
protein surfaces were rinsed with 0.1 m potassium phosphate buffer 
(pH 7.4) to remove unbound protein sensors. Functionalized coverslips 
were then assembled into a Attofluor cell chamber (Thermofisher 
Scientific) and filled with cell media containing 0.5% FBS. The surfaces 
were used within the same day.

Fluorescence Immunostaining: ASM cells were gently rinsed with 
1 × phosphate buffered saline (PBS) in the imaging chamber, fixed with 
4% paraformaldehyde for 10 min, washed with 1 × PBS and then treated 
with 0.1% Triton X-100 for 10 min. Cells were next rinsed with 1× PBS 
and immunostained with 1: 220 dilution of α-Bungarotoxin-tetramethy

lrhodamine for 2 h at RT. Before imaging, cell samples were rinsed with 
1× PBS.

Drug Treatment: ASM cells were plated at ≈50% density and treated 
chronically with 50 µg mL−1 (1 dose per day) of nicotine for 72 h. A 
day before cell experiment, smooth muscle cells were incubated with 
4 µg mL−1 of doxycycline to prevent matrix metalloprotease release 
from cells. To obtain EC50, ASM cells were allowed to spread on the 
protein sensor functionalized surfaces for 2 h. Next, increasing amounts 
of Salbutamol (albuterol, 0.01 × 10−9–1 × 10−3 m) were added every  
5 min and fluorescence-dose response curves were generated, from 
which the EC50 values were determined using Origin dose response 
fitting function.

Live Cell Fluorescence Microscopy Imaging: For live cell imaging at 
37 °C, a Nikon Eclipse Ti microscope with Elements software was 
used, along with the warming apparatus consisting of an objective 
warmer and sample warmer. The microscope features a TIRF launcher 
with three laser lines: 488 nm (10 mW), 561 (50 mW), and 647 nm  
(20 mW), an Intensilight epifluorescence source (Nikon), an Evolve 
electron multiplying charge coupled device (EMCCD camera, 
Photometrics), and the Nikon Perfect Focus system that prevents losing 
focus during imaging. The microscope is equipped with TIRF 488, TIRF 
640, FITC, TRITC, and RICM filter cubes that were purchased from 
Chroma (Bellows Falls, VT).

Kinetic Unclamping Experiment: Kinetic measurements of S–S 
reduction were performed as previously described.[17] Briefly, normal 
and human ASM cells were cultured on a RGD-Cy3-I27G32C-A75C 
for 2 h. DTT at different concentrations (0, 0.25, 2.5, 5, 12.5, and 
25 × 10−3 m) was added to the chamber (t = 0) and the time lapse video 
of the fluorescence increase was recorded at the 300 ms exposure time. 
Next, single-exponential fits were used to determine rates of protein 
unfolding for each DTT concentration.

Data Analysis and Statistics: Background subtracted fluorescent images 
were first generated to eliminate signals from quenched probes. Masks 
of tension signal from individual spread cells before drug treatment 
were then isolated using Fiji ImageJ (Image → Adjust → Threshold). 
Raw intensities of the same cells before and after drug treatment were 
isolated and measured using the masks. Percent inhibition was defined 
by dividing the raw tension signals of an untreated cell to those of cells 
after drug incubation (Idrug/Iuntreated). For EC50 measurement, tension 
intensity was normalized after incubation of varying concentrations of 
drug to the raw tension intensity before treatment. EC50 was defined 
as the drug concentration that leads to half-maximal intensities of the 
tension signal.

All data were analyzed using built-in analysis methods in GraphPad 
Prism 6.0 (Graphpad Software. San Diego, CA) or Origin 9.0 (OriginLab, 
Northampton, MA). Two tailed Student’s t-test, Wilcoxon signed-rank 
test and Mann-Whitney test were used for statistical comparisons.  
P values were used to access the significance of the data, where  
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. All data with 
error bars were presented as mean ± standard error of the mean (SEM).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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