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Nanonet force microscopy for measuring forces 
in single smooth muscle cells of the human aorta

ABSTRACT A number of innovative methods exist to measure cell–matrix adhesive forces, 
but they have yet to accurately describe and quantify the intricate interplay of a cell and its 
fibrous extracellular matrix (ECM). In cardiovascular pathologies, such as aortic aneurysm, 
new knowledge on the involvement of cell–matrix forces could lead to elucidation of disease 
mechanisms. To better understand this dynamics, we measured primary human aortic single 
smooth muscle cell (SMC) forces using nanonet force microscopy in both inside-out (I-O intrin-
sic contractility) and outside-in (O-I external perturbation) modes. For SMC populations, we 
measured the I-O and O-I forces to be 12.9 ± 1.0 and 57.9 ± 2.5 nN, respectively. Exposure 
of cells to oxidative stress conditions caused a force decrease of 57 and 48% in I-O and O-I 
modes, respectively, and an increase in migration rate by 2.5-fold. Finally, in O-I mode, we 
cyclically perturbed cells at constant strain of varying duration to simulate in vivo conditions 
of the cardiac cycle and found that I-O forces decrease with increasing duration and O-I 
forces decreased by half at shorter cycle times. Thus our findings highlight the need to study 
forces exerted and felt by cells simultaneously to comprehensively understand force modula-
tion in cardiovascular disease.

INTRODUCTION
Smooth muscle cells (SMCs) receive mechanical and chemical stim-
uli from the extracellular matrix (ECM) via integrin-mediated focal 
adhesions (Moiseeva, 2001). For a vascular SMC, this interaction 
plays an important role in modulating vascular resistance and tone, 
thereby affecting the resistance of a vessel. SMCs generate forces 
via actomyosin contractions, which impart a mechanical force on the 
surrounding ECM (Gunst and Zhang, 2008). This leads to vasocon-
striction or dilatation of vessels, affecting overall systemic vascular 
resistance. Furthermore, in the arterial system, particularly in the 
aorta, there is an ECM-directed force generated by contraction in 

the cardiac cycle, which is experienced by the SMCs. The pulsatility 
causes the collagen and elastin microarchitecture to stretch, and the 
resulting stretch force is transmitted through the focal adhesions to 
the cytoskeletal network.

Establishing a contextually relevant fibrous platform to under-
stand cell-generated (inside-out [I-O]) and ECM-generated (outside-
in [O-I]) forces is integral to the study of disease states. At the tissue 
level, for example, characteristic histopathological features defining 
the pathophysiology of ascending thoracic aortic aneurysms include 
degeneration of the elastin matrix, noninflammatory loss of SMCs, 
and biomechanical weakening of the aortic wall (Nataatmadja et al., 
2003). In this regard, our previous work revealed distinctions be-
tween the aneurysmal patient cohorts and nonaneurysmal, healthy 
aortic specimens at the cell, ECM, and tissue levels. Specifically, an-
eurysmal aortic specimens exhibited higher tensile strength, lower 
delamination strength, and anisotropic collagen and elastin fiber 
microarchitecture, and SMCs were more susceptible to oxidative 
stress than SMCs from degenerative aneurysm specimens and non-
aneurysmal aortas (Phillippi et al., 2009, 2010, 2014; Pichamuthu 
et al., 2013; Tsamis et al., 2014).

At the single-cell level, SMCs aid in supporting the surrounding 
ECM by generating contractile forces, or I-O forces, and resisting 
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RESULTS
I-O forces during migration and 
contractile state of SMC adhesion 
strength
Fused-fiber nanonets were fabricated using 
the nonelectrospinning STEP technique. 
Owing to the absence of an electric source 
in the fiber-spinning process, STEP enables 
precise control of fiber diameter, spacing, 
and orientation (Nain and Wang, 2013; 
Wang and Nain, 2014). Using STEP, we de-
veloped nanonets at ∼15- to 20-µm spacing, 
to which cells attached in parallel morpholo-
gies with focal adhesions clustered predom-
inantly at the poles (Sheets et al., 2013). 
Cells use their focal adhesions to exert force 

on their substrate to spread or migrate. To calculate the vertical 
forces exerted by cells on fibers, the adhesion cluster lengths are 
modeled as point loads (Sheets et al, 2016). We observed that cells 
stretched between parallel fibers migrated by forming protrusions 
synchronously or asynchronously in an oscillatory manner on either 
fiber (Figure 3 and Supplemental Movie S3). This behavior was 
maintained among all three patient samples, thus suggesting an 
overall conserved behavior in cell migration on fibers. Next, to de-
termine the contractile state of the cell, we averaged the total verti-
cal force over 1 h for each cell and then averaged the forces for at 
least 11 cells per patient sample group. The average forces of the 
SMCs were found to be similar: 12.4 ± 2.4, 14.5 ± 1.4, and 12.9 ± 0.8 
nN (p = 0.30; Figure 3C). Thus the average I-O force (12.9 ± 1.0 nN) 
for the three cell populations established the baseline contractile 
force for SMCs.

O-I force provides SMC–fiber adhesion strength
Using the same parallel-cell morphology, we measured the vertical 
O-I force by uniformly stretching the cell using custom dual probes 
positioned on either side of the cell. The probes were moved at a 
constant stretch rate of 2 µm/s, thus creating an active and passive 
fiber system (Figure 2B and Supplemental Movie S2). To measure the 

cell–fiber adhesion strength, we stretched 
cells until they detached from either of the 
two fibers. By using the two-point load 
model for the deflection of the passive fiber, 
we were thus able to calculate the maximum 
adhesion (O-I) force at detachment. A repre-
sentative force–time plot in O-I perturbation 
shows an increase in the force, whereas ad-
hesion integrity is maintained, followed by a 
sharp decrease, indicating cell–fiber adhe-
sion failure (Figure 4A). O-I forces were cal-
culated for the three cell lines with sample 
sizes of ≥7 cells/population to evaluate con-
sistency across patients and develop a base-
line SMC–fiber adhesion strength metric 
(Figure 4B). The mean O-I forces of the three 
populations were not statistically different 
(p = 0.32). Therefore we combined the O-I 
forces from the three populations to find 
an average maximum SMC O-I force of 
57.9 ± 2.5 nN. Although the O-I forces were 
similar, during the experiments, we visually 
observed variations in cell sizes and that 
larger cells tended to produce higher forces 

blood pressure expansion forces, or O-I forces (Chiu and Chien, 
2011; Pasta et al., 2013; Pichamuthu et al., 2013). Using our previ-
ously reported nonelectrospinning spinneret-based tunable engi-
neered parameters (STEP) technique (Nain et al., 2008, 2009; Nain 
and Wang, 2013; Wang and Nain, 2014), we recently developed 
nanonet force microscopy (NFM; Figure 1) to measure both I-O 
and O-I forces at single-cell resolution (Sharma et al., 2014; Sheets 
et al., 2016). In this work, we apply the NFM platform to measure 
and compare I-O and O-I forces of SMCs (Figure 2 and Supple-
mental Movies S1 and S2) from three healthy human patient sam-
ples to evaluate baseline cell health. Furthermore, because reac-
tive oxygen species (ROS) have been implicated in aneurysmal 
disease (Phillippi et al., 2009; Folkersen et al., 2011; Branchetti 
et al., 2013) and potentially affect a cell’s ability to produce and 
withstand forces, we determined the influence of ROS exposure 
on the SMC adhesive forces, thus providing further insight into the 
relationship between SMCs and ECM and how disease mecha-
nisms could be studied using this platform. Measurement of hu-
man patient single-cell forces attached to ECM-mimicking fibers 
provides new means to calibrate cell forces across multiple pa-
tients, thus allowing the framework to study disease states and 
response to drugs.

FIGURE 1: Fused-fiber nanonets. Scanning electron microscope images of nanonets spun over 
a hollowed-out scaffold such that large-diameter (∼1000 nm), widely spaced fibers are 
orthogonal to and overlay small-diameter (250 nm), closely spaced fibers. Both fiber layers are 
fused at the intersections as shown by the red dashed oval. In such a configuration, cells interact 
exclusively with suspended fibers.

FIGURE 2: Optical image of SMCs attached to nanonets. (A) I-O force measurement in parallel 
shapes on two and three-fiber groups, and (B) O-I of single cell stretched by two probes on 
either side (black circles). Red arrows show representative fused-fiber intersections. 
Experimental measurements are shown only for the O-I case. The dashed white line represents 
the undeflected position of the fiber and δa, δb, a, and b the physical measurements made to 
estimate cell forces.
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stretch (cell not detaching from fiber) for 1-, 
5-, 10-, and 20-min intervals before a final 
O-I pull to failure (cell detaching from fiber). 
For all tested cyclic time intervals, we ob-
served a decrease in both the passive con-
tractile force and the O-I force (27.8 ± 3.9 vs. 
57.9 ± 2.5 nN; p < 0.01; Figure 5, C–F). The 
reduction in I-O forces was consistent with 
our previous observation on reduction in 
forces with cyclic perturbations (Sheets 
et al., 2016). I-O forces were reduced by 
similar amounts at 1- and 5-min cycles (6.8 ± 
2.6 and 10.4 ± 2.8%; p = 0.378) but de-
creased significantly over long cycles (24.8 ± 
4.2 and 64.8 ± 0.7% for 10 and 20 min, re-
spectively; p < 0.02). However, of interest, 
the decrease in O-I forces occurred even at 
short intervals. Because cells tend to form 
focal adhesions at their poles on fibers, our 
data suggest that cyclic perturbations cause 
an active rearrangement of adhesions early, 
leading to reduced cell–fiber adhesion 
forces even at short cyclic times.

DISCUSSION
The platform presented here, to the best of 
our knowledge, is the first to measure hu-
man SMC single-cell–fiber forces in both 
passive and perturbed states. With our 
nanonet force platform, we established a 
baseline SMC contractile vertical force of 
12.9 ± 1.0 nN across populations isolated 
from multiple patients. In the arterial sys-
tem, particularly the aorta, tissue must also 
be able to withstand high O-I stretch forces 
that result from pulsatile contractions. By 

perturbing the cells, we established a reference vertical force of 
57.9 ± 2.5 nN for healthy, nonaneurysmal SMCs. These passive and 
perturbed force calibrations could provide new insights in under-
standing, diagnosing, and developing preventive strategies for pa-
tients with cardiovascular disease.

SMCs bind to and interact with elastin and collagen fibers of the 
vascular ECM by exerting I-O contractile forces through actin–myo-
sin contractions. The cells’ ability to maintain these forces is neces-
sary to preserve structural integrity and homeostasis of the tissue. 
For example, specimens of human aneurysm were shown to exhibit 
a loss of structural integrity, as demonstrated by decreased delami-
nation strength of ascending aortic tissue, particularly for the aor-
topathy associated with bicuspid aortic valve (BAV; Nataatmadja 
et al., 2003). Specimens from BAV-related aneurysm also exhibit a 
unique anisotropic ECM microarchitecture (Phillippi et al., 2014), 
consistent with marked increases in unaxial tensile strength com-
pared to normal, healthy specimens (Pichamuthu et al., 2013). Thus 
there is a critical unmet need to develop enabling technologies that 
can recapitulate contextual in vivo environments while simultane-
ously affording access to cells for manipulation and study of putative 
disease pathways. Such new knowledge on cell–matrix interactions 
could have a major effect on public health, as 1–2% of the United 
States general population have BAV (Ward, 2000; Gleason, 2005), 
which carries a heightened risk of developing an aneurysm and is 
likely incited by different effector molecules than those causing 
degenerative aneurysm. In turn, presence of aneurysm places the 

at failure. We performed linear least-squares regression analysis and 
found cell area and force at failure to be moderately correlated, with 
R2 = 0.494 (Figure 4C) across all populations. This suggests that the 
size of individual cells may be related to the maximum O-I adhesion 
force. Combining the results, we find an approximately fivefold in-
crease in the cell–fiber O-I compared with the passive contractile I-O 
forces (p < 0.01; Figure 4D).

Effects of oxidative stress and cyclic mechanical stress 
on adhesion force
To explore the influence of oxidative stress conditions in our force 
measurement platform, we exposed the SMCs to a pretreatment 
with hydrogen peroxide in the culture medium (oxidative stress con-
ditions). The presence of hydrogen peroxide decreased both the 
single-cell I-O and O-I forces of human SMCs (Figure 5). The calcu-
lated I-O force in cells exposed to hydrogen peroxide was de-
creased by about one-half that of SMCs under normal culture condi-
tions (5.6 ± 0.7 vs. 12.9 ± 1.0 nN; p < 0.01). We also observed a 
marked increase in the migration rates of cells under oxidative con-
ditions (168.3 ± 18.1 vs. 70.7 ± 10.4 µm/h; p = 0.011; Figure 5A, in-
set, and Supplemental Movie S4). The effect of peroxide on O-I 
adhesion force was similar to that determined for I-O forces (30.2 ± 
2.3 vs. 57.9 ± 2.5 nN; p = 0.011; Figure 5B).

Next we investigated the role of cyclic perturbation on passive 
contractile and cell–fiber adhesion strength modulation (Supple-
mental Movie S5). The cells were exposed to a cyclic, subfailure 

FIGURE 3: (A) Optical time-lapse images showing oscillatory pattern of protrusions on parallel 
fibers during cell migration. Time is shown in hours:minutes:seconds:thousandths. (B) Forces of 
top and bottom protrusions at the leading edge. (C) Average inside-out force values among 
three human patient samples. Statistically, these values were not significantly different (p = 0.30). 
Error bars represent standard error.
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patient at risk for aortic catastrophe in the 
form of dissection and rupture, requiring im-
mediate surgical intervention.

In pathological conditions, SMCs can be 
exposed to environmental stress (e.g., oxi-
dative stress, reactive oxygen species [ROS], 
etc.); thus it is important to understand how 
I-O and O-I forces change in response under 
such conditions. In addition to the intracel-
lular response, in this study we showed that 
exposure to oxidative stress reduces both 
I-O and O-I forces by about half that of cells 
under normal culture conditions. When we 
exposed the nonaneurysmal SMCs to cyclic 
loading, we observed that transient cell 
forces (both I-O and O-I) decreased over 
longer time intervals as cell stretch in-
creased. Of interest, we found that cyclic 
loads and oxidative stress reduced the O-I 
forces to a similar degree. These findings in 
primary SMC and the enabling techniques 
support and enable our ongoing investiga-
tions related to SMC force mechanisms in 
the setting of BAV-associated aortopathy.

Oxidative stress has been of increasing 
interest in cardiovascular disease, with ROS 
linked to hypertension, atherosclerosis, and 
atrial fibrillation (Sahoo et al., 2016). Our 
prior observations of human aortic speci-
mens noted that medial SMCs isolated from 
specimens of BAV-associated aneurysm ex-
hibited more oxidative stress–induced cell 
death than with normal aortic specimens 
and specimens of degenerative aneurysms 
(Phillippi et al., 2009, 2010). Furthermore, 
primary SMCs isolated from BAV patients 
also exhibited down-regulation of the anti-
oxidant metallothionein compared with nor-
mal aortic SMCs, implicating a role for oxi-
dative stress response in BAV-associated 
aneurysmal disease. In addition, Branchetti 
et al. (2013) found that increased wall stress 
results in ROS accumulation, causing vascu-
lar smooth muscle cells to change toward a 
synthetic phenotype. The force measure-
ment method described here for primary 
human SMCs will help us to further under-
stand how SMC vulnerability to ROS in BAV-
associated aortopathy influences the cell–
matrix biomechanics that contribute to 
biomechanical integrity of the aortic wall. In 
addition, our nanonet approach to measur-
ing SMC force generation will allow for test-
ing the effect of modulating various cellular 
and matrix-related mechanisms toward our 
long-term goal of preventing or abating an-
eurysmal formation.

In conclusion, our studies emphasize that 
a combinatorial strategy of measuring both 
I-O and O-I forces should be implemented to 
develop a comprehensive understanding of 
the role of forces in cardiovascular disease. 

FIGURE 4: (A) Typical transient force response curve for a cell undergoing O-I perturbation, 
with a drop at 60 s indicating the maximum cell–fiber adhesion strength. Included in the figure 
are images of the same cell under different stretched conditions. Scale bars are 20 µm. (B) Average 
O-I forces for the three populations, with no significant variation. (C) Linear least-squares 
regression analysis shows failure forces and area at failure to be moderately correlated across all 
SMC populations undergoing O-I perturbation (R2 = 0.494). (D) I-O and O-I vertical force 
comparison, with force values averaged across the cell populations, showing a fivefold 
difference in the I-O and O-I forces (p < 0.01). Error bars represent standard error.

FIGURE 5: (A, B) Effect of oxidative stress on force modulation of SMCs for both I-O and O-I 
modes (p < 0.01 for both cases). Inset in A shows the higher migration rate of cells under 
oxidative conditions (p < 0.01). (C, D) Representative transient profiles of cyclic perturbation, 
showing decrease in force with increasing number of cycles and the detachment of the cell from 
the fiber in the O-I mode (arrow). (E) I-O forces decrease with increasing number of cycles. 
(F) O-I forces decrease with cyclic perturbation.
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was taken to image cells in the parallel shape and avoid imaging 
cells in contact with other cells.

O-I forces were measured by placing glass micropipette probes 
mounted on a MP-285 motorized manipulator (Sutter) on either side 
of a parallel cell. To capture O-I force measurements, time-lapse im-
ages were taken every 600 ms. As with I-O forces, images were 
taken under 20× magnification. In oxidative stress condition experi-
ments, cells were imaged for 15–20 min before adding the H2O2 
medium to visualize transient force modulation. Force data were 
analyzed using a custom MATLAB code and the software ImageJ 
(National Institutes of Health, Bethesda, MD).

Force measurement
As cells attach and spread between parallel nanonet segments, the 
individual fibers deflect (Figure 2 and Supplemental Movie S1). In 
this configuration, cells form cell–fiber adhesion clusters on the pe-
riphery on each fiber (Meehan and Nain, 2014). Owing to these clus-
ters, we assume that a cell applies two point loads on the fiber—one 
on each end of the cell–fiber interface (where the focal adhesions 
cluster)—which both contribute to overall fiber deflection (Sheets 
et al., 2016). Thus the experimentally measured deflections, da and 
db (Figure 2B), can be related to their associated vertical loads, Pa 
and Pb (Sheets et al., 2016):
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with the dependent variables defined in Table 1.
As cells migrate, they apply contractile forces on outer fibers, 

causing them to deflect (Figure 2A), from which I-O forces can 
be calculated. In the present study, we considered only cells at-
tached to a two-fiber system. To develop the contractile force of 
the cell at any instant, we summed the individual fiber forces. To 
compare forces across different cells within and across SMC 
populations, we collected the I-O contractile forces and aver-
aged them over 1 h of imaging. We compared these forces for 
three different human patients with a sample size of ≥11 cells/
population.

O-I force is measured from cells in the same parallel morphology 
by uniformly pulling one of the fibers with a force probe until cell 
detachment, thus creating an active and passive fiber system (Figure 
2B and Supplemental Movie S2). The deflection of the passive fiber 
is used to calculate force, and the point of cellular detachment from 
the passive fiber is considered the maximum O-I adhesion force of 
the cell to the fiber. The probes were fixed with their tips ∼200 µm 
apart to account for larger cell widths and at a 45° angle to prevent 
the fiber slipping vertically during pulling. Using the manipulator, we 
positioned the probes parallel to and evenly spaced about the cell, 
providing uniform stretch to the cell in single and cyclic force pertur-
bation modes. For cyclic mode, cells were cyclically stretched by 
programming 1-, 5-, 10-, and 20-min intervals at a strain rate of 
2 µm/s before being pulled to adhesion failure. The cells were 

With our contextually relevant nanonet force platform, we demon-
strated that oxidative stress conditions result in perturbed adhesion 
forces in healthy, nonaneurysmal SMCs in complex in vitro structures 
that mimic the ECM milieu. The capability to alter the in vitro fibrous 
dimensions and measure corresponding force generation in human 
SMCs will be invaluable in understanding aortic wall integrity via cell–
matrix adhesion. To our knowledge, this approach has never been 
applied to understand mechanisms of aortic aneurysmal disease. In 
the future, we plan to incorporate this platform to expand our studies 
of cell–cell and cell–matrix interactions in aortic disease pathologies 
at the cell–cell junctions and focal adhesion level, respectively, to aid 
in the development of therapeutic strategies to prevent progression 
of aneurysm and rupture of aorta.

MATERIALS AND METHODS
Nonelectrospinning STEP fused-fiber nanonets
The previously reported nonelectrospinning STEP technique was 
used to fabricate suspended criss-cross polystyrene nanonet scaf-
folds with fused-fiber interactions (Figure 1). Previous work from our 
group demonstrated that cells on suspended nanofibers tend to 
spread between two parallel fibers if the gap between them is <20 
µm (Meehan and Nain, 2014). To increase the occurrence of this cell 
shape, the nanonets were configured such that strut-like, ∼1000-nm-
diameter fibers spaced ∼300 µm apart were spun orthogonal to and 
on top of smaller, ∼250-nm-diameter fibers with tighter spacing 
(15–20 µm apart).

Aortic tissue collection and SMC culture
Human ascending aortic specimens were collected from patients 
presenting for surgery to the Division of Cardiac Surgery, University 
of Pittsburgh Medical Center, for heart transplantation and were col-
lected under Institutional Review Board approval and with informed 
patient consent or from organ donors via the Center for Organ Re-
covery and Education. Aortic specimens were collected from one 
male and two female patients ranging in age from 41 to 62 yr. Pri-
mary medial SMCs were isolated as previously described (Phillippi 
et al., 2009). Three nonaneurysmal, cryopreserved SMC cell popula-
tions were reestablished in culture at passages 3–6 in 25-cm2 flasks. 
The STEP scaffolds were fixated to the culture well of a glass-bottom 
six-well plate and glass-bottom dishes using sterile vacuum grease 
for I-O and O-I experiments, respectively. The fibers were sterilized 
by adding 1 ml of 70% ethanol for 10 min, followed by washing with 
phosphate-buffered saline. The fibers were then coated in 4 µg/ml 
fibronectin (Invitrogen, Carlsbad, CA) for 1–2 h to assist with cellular 
attachment onto the fibers (Sheets et al., 2013). At 80% confluence, 
the cells were trypsinized and diluted in SMC medium (311K-500; 
Cell Applications) to a concentration of 30 × 104 cells/ml and then 
seeded on the scaffolds by placing 35 µl of droplets on top of the 
fiber grids. The cells were allowed to attach to fibers in an incubator 
at 37°C and 5% CO2 for 4–6 h. Afterward, 2 ml of SMC medium was 
added to immerse the scaffold. For inducing oxidative stress, the 
cells were exposed to 125 µM hydrogen peroxide (Sigma-Aldrich), 
freshly diluted SMC medium for 30 min (Lennon et al., 1991).

Imaging
For I-O and O-I measurements, after the cells were allowed to at-
tach to the STEP fibers and 2 ml of SMC media had been added to 
the six-well plate, the plate was placed into an incubating micro-
scope with a digital three-axis stage (AxioObserver Z1; Carl Zeiss, 
Germany). Cells were visualized using 20× magnification with an 
AxioCam MRm camera (Carl Zeiss). In I-O experiments, time lapse 
was performed with images captured at 1-min intervals, and care 
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stretched to induce an initial 20-nN force, resulting in a frequency of 
3 cycles/min.

Statistical analysis
I-O and O-I forces of the three populations were tested for statistical 
significance with one-way analysis of variance tests for difference of 
means to p ≤ 0.05 (unless otherwise noted). The same test and 
p value were used to evaluate the effects of oxidative stress and 
cyclic loading to unstressed and nonloaded populations. Linear 
least-squares regression was also used to evaluate trends in cell area 
versus O-I force. Error bars represent standard error unless other-
wise noted.

Variable Significance Value

L Segmental length of the fiber (distance between adjacent fixed ends) ∼300 (µm)

a Location of point load nearest to fiber-fiber intersection a L0 (µm)< <

b Location of other point load a b L0 (µm)< < <

da Fiber deflection at a Variable (µm)

db Fiber deflection at b Variable (µm)

λ Shape-dependent mechanics parameter S EI/ (m )1−

S Uniform pretensional load S d T( / 4) (µN)2π=

T Uniform pretensional stress, calculated from AFM residual stress measurements 4.1 MPa (Wang, 2015)

d Fiber diameter ∼250 nm

E Elastic modulus of the polymer (polystyrene) E = 0.97 (GPa) (Wang, 2015)

I Area moment of inertia I d
64 (m )

4
4π=

TABLE 1: STEP Nanonet force microscopy model parameters.
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