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Ultrasensitive nanomechanical instruments, including the atomic force microscope (AFM)14

and optical/magnetic tweezers5-8, have helped shed new light on the complex mechanical

environments of biological processes. However, it is difficult to scale down the size of these
instruments due to their feedback mechanisms9, which if overcome would enable highdensity nanomechanical probing inside of materials. A variety of molecular force probes
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including mechanophores10, quantum dots11, fluorescent pairs12,13, and molecular rotors14-16
have been designed to measure intracellular stresses; however, fluorescence-based
techniques can have short operating times due to their photo-instability and it is still
challenging to quantify the forces with high spatial and mechanical resolution. Here we
develop a compact nanofiber optic force transducer (NOFT) that utilizes strong near-field
plasmon-dielectric interactions to measure local forces with a sensitivity of <200 fN. The
NOFT system is tested by monitoring bacterial motion and heart cell beating as well as
detecting infrasound power in solution.
The design and working principle of the NOFT is shown in Fig. 1a. SnO2 nanofiber
waveguides (WGs)17 were placed on a substrate (silica or quartz) and gold nanoparticles (~ 80
nm diameter) were directly attached to the bare nanofiber via electrostatic forces to serve as
reference nanoparticles (NPreference). The sensor nanoparticles (NPsensor) were designed by
covalently linking cystamine-functionalized gold nanoparticles to a polyethylene glycol (PEG)
monolayer grafted to the WG (Supplementary Section 1). The scattering intensity of NPsensor is
strongly dependent on the WG-NP separation distance. Therefore, to quantitatively read-out
forces on NPsensor via an optical signal, a link must be established between 1) the scattering
intensity and polymer thickness and 2) the polymer thickness and the force applied on the
nanoparticle. Both of these links can be achieved by initiating an accurate calibration model. We
have statistically measured a 0.55 ± 0.05 ratio of the average scattering intensities between
NPsensor and NPreference (Fig. 1b) and determined that the mechanical stiffness of the PEG films is
stable up to two weeks when kept in PBS solution (Supplementary Fig. 1).
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White defect emission can be launched down the WG by exciting one end with a light source
above the band gap of SnO2 (3.6 eV)17. Since the position of the plasmonic nanoparticles can be
optically tracked in the far-field with angstrom-level spatial resolution18, forces on the
nanoparticles can be extracted by monitoring the scattering intensity assuming the mechanical
properties of the polymer cladding are well characterized. The force sensitivity of the NPsensor can
be calculated by multiplying the distance sensitivity (Dsensitivity) and the spring constant (kPEG) of
the PEG film. Dsensitivity is determined by the minimum discernible intensity and the relationship
between intensity and distance, such that Dsensitivity = (Δσ/μ)/Sdistance, where Δσ/μ is the change in
the coefficient of variation from the scattering intensity of NPsensor, and Sdistance is the local slope
of the scattering intensity vs. nanoparticle-WG distance curve. As shown in Fig. 1c, the curves of
σ/μ vs. μ for both NPreference and NPsensor follow similar trends indicating that there is no
observable thermal-related vibration from NPsensor on the polymer. This is likely due to the dense
polymer brush underneath NPsensor and an increased drag coefficient close to the surface19,20.
From the noise level of these two curves, Δσ/μ is consistently centered at 0.005, independent of
whether there is a PEG layer underneath or not.
An AFM integrated with an optical microscope was used to calibrate the force response of the
NOFT. Due to the difficulty of reproducibly applying force directly on a NPsensor with a bare
AFM tip, which often caused the nanoparticle to dislodge from the polymer film (Supplementary
Fig. 2), we simultaneously measured the optical signal from a single nanoparticle-modified AFM
tip (spring constant k = 9.4 pN/nm) and force-distance curves. Previous work showed that the
AFM tip does not influence the scattering intensity during interaction of the nanoparticle with the
WG (Supplementary Fig. 3)21. As the modified tip approaches the WG, the scattering intensity
increases, plateauing with larger intensity fluctuations when the polymer is fully compressed
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(Fig. 1e and Supplementary Fig. 4). The increased modulation is likely caused by small sliding
of the tip along the WG surface (contacting slightly different regions of the nanofiber)22. The
force-scattering intensity vs. time retraction curve (latter 50 s in Fig. 1e) can be converted to
force-scattering intensity vs. distance (Fig. 1f) since the speed of the cantilever is known. During
retraction of the AFM tip, we observed a 30% drop in the intensity (decay constant of 33 nm)
from its maximum point within 10 nm, which corresponds to the thickness of the PEG
monolayer in the force curve. We obtained an average PEG thickness of 15 ± 1 nm and a PEG
chain density of 0.036 ± 0.006 chains/nm2 by fitting the force curve with an Alexander-de
Gennes model for brush polymers23,24 (Supplementary Section 2 and Supplementary Fig. 5).
From the scattering intensity profile, a NPsensor sitting on a 15 nm thick PEG film corresponds to
a 55% decrease in scattering intensity compared to NPreference, agreeing well with the measured
scattering intensity ratio in Fig. 1b. This result indicates that the NOFT platform detects forces
prior to the AFM, and demonstrates that the AFM indentation experiments underestimate (10 nm)
the real thickness of the PEG film (15 nm) underneath NPsensor. From the scattering-distance
relationship we extracted a value of 0.019 nm-1 for Sdistance and 2.6 Å for Dsensitivity at a distance of
15 nm from the WG. We obtained a value of ~ 160 fN for the force sensitivity (Fsensitivity) using
Alexander-de Gennes’ model and evaluating the first derivative of the force at the contact point
(kPEG = 6.3x10-4 nN/nm).
To demonstrate the performance of the calibrated NOFT in quantifying forces25, we placed
NOFTs in a solution of Helicobacter pylori (H. pylori) bacteria (Fig. 2a and Supplementary
Section 3). We recorded the scattering intensity of NPsensor with and without bacteria (see
Methods) and plot the relationships of σ/μ vs. μ in Fig. 2b. Because UV excitation can induce
some fluorescence, causing a slight increase in background noise, we developed a statistical
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method to discriminate the background noise from the true signal. When the background noise δ
is small compared to the signal, σ/μ increases linearly with respect to 1/μ2 (Fig. 2c). The slopes of
the lines reflect the noise level of the system, and the intercept with the vertical axis corresponds
to the root mean square (RMS) of the deformation depth ratio ∆

(the ratio of the distance

fluctuation Δx to 33 nm, which is the scattering decay constant of the nanoparticle)
(Supplementary Section 4). When active bacteria are present, ∆

increases by 0.016, which

translates to a force of ~ 400 fN by the bacteria (a very similar value to the propulsion force of a
single bacterium26). The detected force is likely due to i) the microflow forces induced by
bacteria swimming in the vicinity of NPsensor, and/or ii) the interaction of bacteria with the PEG
cladding, thus producing oscillations of NPsensor. A direct collision between a bacterium and
NPsensor is unlikely to occur due to the small cross-section of NPsensor (Supplementary Section 5).
Accordingly, no binding of the bacteria to the NOFT was observed (Supplementary Fig. 6). To
verify that the measured force originated from motion of the bacteria, and not Brownian forces,
dead bacteria were tested, resulting in a similar optical response as bacteria-free experiments
(Supplementary Fig. 7). These results were compared with AFM measurements (Supplementary
Section 6, Fig. 2d). The RMS of the AFM cantilever deflection in a solution without bacteria was
0.55 Å (Fig. 2e) giving a RMS force sensitivity of 2.2 ± 0.2 pN (k = 40 pN/nm). After adding
bacteria, the induced force was approximately 10 pN (Fig. 2f). Interestingly, the calculated
average stress on NPsensor is four orders of magnitude higher than on the AFM cantilever
(Supplementary Section 7). This is likely due to the small size of the nanoparticle (i.e., small
drag coefficient) which doesn’t filter as much of the higher frequency signals as the bulk
cantilever27. This demonstrates that the NOFT is capable of monitoring sub-pN forces from
microorganisms in a dynamic environment.
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We subsequently explored the ability of the NOFT to detect acoustic signatures from both
micromechanical and biomechanical systems28. An AFM tip was employed to generate small
acoustic oscillations near a NPsensor by vertical modulation at low frequencies (Fig. 3a). The
small applied forces (~ 300 pN) did not produce any measurable vibration of the WG
(Supplementary Figs. 8 and 9), but once the tip was moved close to NPsensor (at a distance of ~
500 nm), Fourier transforms of the scattering intensity resolved the oscillation frequencies of 1
Hz and 2 Hz that were applied to the AFM cantilever (Fig. 3b). From these experiments we
estimate that the NOFT can detect sound pressure levels down to -30 dB in water
(Supplementary Section 8). With this sensitivity, acoustic signatures from many different
biomechanical systems could be detectable. To explore this we placed a NOFT ~ 100 μm away
from a small assembly of neonatal mouse cardiomyocytes (Fig. 3c, Methods, and Supplementary
Section 9) and resolved beating frequencies of 1-3 Hz from the cells (Fig. 3d)29. We also
observed that the cardiomyocytes stopped beating after about 30 min as the cell culture solution
cooled down30 (Supplementary Fig. 10). The large spread in beating frequency is anticipated
(supported by results from optical imaging techniques) as a smaller array does not have complete
coherence and will show cycling variations from cell to cell. This demonstrates that the NOFT
platform is quite versatile and could lead to in vivo stethoscopic applications.
In summary, we developed a novel NOFT platform that leverages the optical response of
plasmonic nanoparticles attached to a compressible cladding embedded in the evanescent field of
a nanofiber. We achieved angstrom-level distance sensitivity and a force sensitivity of 160 fN.
After fully calibrating the system, the NOFT was used to detect sub-pN forces from the
swimming action of bacteria, and acoustic signatures from beating cardiomyocytes with a
sensitivity of -30 dB. With the ability to tune the force and dynamic range via the mechanical
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response of the compressible cladding, detect forces from multiple nanoparticles on a single
fiber, and a geometry that can be inserted into small volumes, NOFT will become a valuable tool
for biomechanical and intracellular studies.
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Figure 1 | Nanofiber optic force transducer calibration. a, Schematic showing a NPreference
directly on the nanofiber and a NPsensor linked on a compressible PEG film grafted on the
nanofiber. The scattering intensity of NPsensor is directly related to its distance from the WG and
the distance is strongly dependent on the applied force. b, TEM images of a NPreference (top left)
and NPsensor (bottom left). Scattering images of two NPreference (middle) and several NPsensor (red
boxes) attached to a PEG film in the presence of the NPreference (right). c, The relationship
between the coefficient of variation (σ/μ) and average scattering intensity (μ) of NPreference (black
squares) and NPsensor (red squares). The gray (NPreference) and pink (NPsensor) regions are the
exponential decay fits to the experimental data with a change of 0.005. d, Scheme showing the
simultaneous detection of nanoparticle scattering intensity, distance and force with a NPsensor
attached either to AFM tip (calibration mode) or PEG film (sensing mode). Inset: SEM image of
a single gold nanoparticle attached to an AFM tip. e, Relationship of scattering intensity (black
dots) and force (red dots) with time. The gray dots indicate the optical saturation region when the
PEG layer is fully compressed. f, Relationship of scattering intensity (black dots) and force (red
dots) with respect to distance. The blue line is an exponential fit to the scattering intensity decay.
Inset: relationship between the spring constant kPEG and the distance fitted with Alexander-de
Gennes’ model (the contact section of the AFM retraction curve is highlighted with a light red
box in e and f).
Figure 2 | Force detection from bacteria motion. a, Photograph (left) of a microfluidic chip
that houses the NOFT device for detecting the force induced by H. pylori bacteria. Schematic
(right) showing a zoom in of the NOFT sensor traversing a microfluidic channel. The bacteria
(black squiggly lines) periodically swim nearby the NPsensor (red dots) causing optical
modulations. b, Plot showing the relationship of the coefficient of variation (σ/μ) with respect to
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average intensity (μ) in phosphate-buffered saline (PBS) without bacteria (black dots) and with
active bacteria (red dots). Solid lines are drawn to guide the eye. c, Comparison of σ/μ with 1/μ2
in PBS with (red dots) and without (black dots) bacteria. Solid lines are drawn to guide eye. The
dashed lines are linear fits to the data points below 1x10-8. d, AFM deflection images obtained
without feedback control in PBS with (right) and without (left) bacteria. e, Time-course of
cantilever deflection in PBS with (red) and without (black) bacteria in PBS. f, Comparison of
measured forces using AFM [deflection RMS multiplied by the spring constant (k = 40 pN/nm)]
in PBS with (red) and without (black) bacteria. The error bar is the standard derivations from 10
different time-courses.
Figure 3 | Acoustic frequency detection. a, (left) Scheme showing an AFM tip acting as an
acoustic source nearby a NPsensor. (right) Example of a force mapping image (~ 300 pN force)
that was used to locate a NPsensor and then the AFM tip was moved away to generate the acoustic
wave. b, Fourier transformations of the NPsensor scattering intensity after oscillating the AFM tip
at two different frequencies (1 Hz and 2 Hz). c, (top left) Cross-sectional side view of the
microfluidic chamber used to house the NOFT and cardiomyocyte cluster. The UV laser was
focused through the quartz cover onto the NOFT without illuminating the cell culture, and
scattering signals were collected back through a top-mounted microscope objective (pictured at
right). (bottom left) Optical image of a sample containing the 3 mm x 3 mm x 250 μm
cardiomyocyte cell cluster (denoted by white arrow) that were placed ~ 100 μm away from the
NOFT in the microfluidic chamber. d, Fourier transforms taken from the end facet of the NOFT
with (red) and without (black) cardiomyocytes.
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Methods
Integrated AFM/Optical Setup. AFM/optical measurements were done using a Dimension
Hybrid XYZ scanner (Bruker, CA) on a Zeiss Axiovert 135TV inverted light microscope (Fig.
1d). The AFM scanner was run by Nanoscope software 5.31R1 (Bruker) and has a scan range of
90 x 90 µm2. The 325 nm line from a continuous-wave helium cadmium laser (~ 2 mW) was
launched through a quartz slide from underneath at an angle of ~ 45° relative to the sample plane.
The scattering intensities were collected through a 10x objective with a 600 nm short pass filter
and recorded by an EMCCD camera (Andor Technology).

Optical setup for the measurement of bacteria motion force: After placing a SnO2 nanofiber
(via micromanipulation) across a silica trench, it was fixed to the substrate using
polydimethylsiloxane (PDMS), and PEG was grafted on the suspended nanofiber. A cured
PDMS ring was placed around the channel, forming a reservoir that could be filled with the
bacteria solution or just the PBS solution. The bacteria concentration was held fixed at 1.65 x 107
CFU/mL for all experiments. After covering the PDMS ring with a thin fused silica chip (~ 170
μm thickness), one end of nanofiber was excited by 325 nm UV light (~ 10 mW) at an angle of ~
45° relative to the sample plane. The scattering intensity signals were collected through a 50x
objective and recorded by an EMCCD camera (Andor Technology). The sampling frequency
was ~ 66 Hz, and the recording period was ~ 15 seconds.

Optical setup for the measurement of cell beating frequency: 325 μm thick PEG gels
containing neonatal mouse cardiomyocytes in a GelMA hydrogel were placed in a microfluidic
chamber containing NOFTs in the cell culture solution (74% DMEM Fluobrite, 25% M199
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medium without phenol red, 0.5% penicilin/streptomycin solution (Gibco), 0.5% 1 M HEPES
buffer). A similar excitation and collection setup to the bacteria experiment was used to detect
the beating frequency of the cardiomyocytes. The sampling frequency was ~ 19 Hz, and the
recording period was ~ 52 seconds.

Data availability. The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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1. Tin dioxide (SnO2) nanofiber chip preparation
The SnO2 nanofiber waveguides (WGs) were synthesized via a thermal vaporization process in
the presence of trace amounts of O2 as described elsewhere1. The WGs have cross-section

1

dimensions of 200 – 400 nm. Before placing the SnO2 nanofiber WGs on a quartz or silica
substrate, the substrate was sonicated in ethanol and rinsed thoroughly with deionized (DI) water.
The substrates were then placed in a RCA1 solution that consisted of ammonium
hydroxide/hydrogen peroxide/DI water (1:1:5 vol/vol), heated at 75 °C for 10 min, followed by a
rinsing with copious amounts of DI water and dried under airflow. The substrates were then
placed in a piranha solution containing sulfuric acid/hydrogen peroxide (3:1 vol/vol), heated at
75 °C for 10 min, followed by a rinsing with DI water and dried under airflow. After placing the
SnO2 nanofiber WGs on the substrate, the substrate was hydrolyzed under oxygen plasma
treatment for 10 minutes, and rinsed with water and dried under airflow. An atomic layer of
amine

groups

was

formed

on

the

SnO2

nanofiber

WGs

by

evaporating

aminepropyltrimethoxylsilane (APTMS) in a dry box chamber for 1 hour followed by heating at
100 °C for 10 minutes. A solution containing 0.2 mM COOH-PEG-COOH (5 kDa) (Laysan Bio,
Inc), 1 mM EDC, and 1 mM TEA in DMF was placed on top of the nanofiber chip overnight to
graft PEG monolayer on the nanofiber. The substrate was then rinsed with copious amounts of
methanol and blown dry. For the attachment of gold nanoparticles on the PEG layer of the WGs,
1 mL of a citrate-capped gold nanoparticle solution (~ 7.8 x 109 particles/ml, ~ 80 nm nominal
diameter, Sigma-Aldrich) was first mixed with 1 mL of DI water containing 7.5 mg of
cysteamine and stirred for 1 hour to functionalize the gold nanoparticles with thiol groups. After
centrifugation and rinsing with DI water (x3), the nanoparticles were covalently linked to the
carboxylate groups on the PEG polymer via EDC and NHS chemistry.

2

2. Alexander-de Gennes’ force model
The Alexander-de Gennes’ force model calculates the force between two equal surfaces
containing polymer brushes using scaling laws2. Butt et al. derived an equation for only one
polymer-coated surface3:
50

2

where F is the force, kB is the Boltzmann constant, T is the temperature (room temperature for
our measurements), RT is the radius of tip 40 nm, s is the separation between the AFM tip and
substrate, L0 is the thickness of the polymer, and σ is the polymer chain density. L0 and σ are the
fitting parameters. This model works in the distance range of 0.2 < s/L0 < 0.9. The fittings were
done for 10 different force curves with an error of < 1%.

3. Preparation of H. pylori bacteria
H. pylori Sydney strain 1 (SS1) was used in this study. The bacteria were maintained on a
Columbia agar supplemented with 5% (vol/vol) laked horse blood at 37 °C under microaerobic
conditions (10% CO2, 85% N2, and 5% O2), as previously described4. For experiments, fresh
colonies of H. pylori bacteria were subcultured from the agar plates in BHI broth containing 5%
(vol/vol) fetal bovine serum (FBS) and cultured overnight at 37 °C under microaerobic
conditions with moderate reciprocal shaking. The bacteria were harvested by centrifugation at
4,000 × g for 10 min, resuspended and adjusted to a concentration of 1.65 x 107 CFU/mL
(determined by OD600 measurement, OD600 = 1.0 corresponding to ∼ 1 × 108 CFU/mL) using
phosphate-buffered saline (PBS) containing calcium and magnesium. The fluorescein
isothiocyanate (FITC) labeled bacteria were prepared using a protocol previously described5 with
some modifications. Briefly, the bacteria suspension was adjusted to 8 x 108 CFU/mL in PBS
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and 16 µL FITC (1 mg/mL in DMSO) was added to 8 mL of the bacteria solution and incubated
at 37 °C under dark, microaerobic conditions with moderate reciprocal shaking. After 12h, the
FITC-labeled bacteria were washed 3x in PBS with 0.1% Tween-20. Finally, the bacteria were
resuspended and the concentration was adjusted to 1.65 x 107 CFU/mL using PBS.

4. Statistical analysis of scattering intensity
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Here x0 is the average distance of NPsensor away from the waveguide, Δx is the instantaneous
distance fluctuation of NPsensor on the polymer, i is the instantaneous scattering intensity of
NPsensor, and I0 is the average intensity of NPreference directly on the waveguide. t0 and Δt are the
ratio of x0 and Δx with respect to the nanoparticle scattering decay constant (~ 33 nm),
respectively. μ is the average scattering intensity, σ is the standard derivation of the scattering
intensity, δ is the instantaneous background noise of the system, and N is the number of data
points in the time course. Taylor expansions were used for

∆

and

∑∆

∑
∆

∆

1 to give
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the approximate solutions. The term

∑∆
∆

is considered negligible because Δt is a small ratio and

δ is a random number around zero.

5. Number of bacteria (N) directly interacting with nanoparticle per second

where the surface area of NPsensor is ~ 2 x 104 nm2, v is the speed of bacteria ~ 5.2 m/s [average
velocity tracked from video recording which is comparable to values reported for H. pylori (~ 20
m/s at 25 °C)6 and other bacteria7]), c is the concentration of bacteria ~ 1.65 x 107 CFU/ml, V is
the volume of the bacteria solution, therefore N = 1.7 x 10-6 bacteria/s.

6. Force detection with a free-standing AFM cantilever
After immersing an AFM cantilever (spring constant k = 40 pN/nm) in PBS buffer for 1 hour to
stabilize the system, the deflection sensitivity of the cantilever was measured, and the cantilever
was moved away from the surface so that the deflection feedback could be measured. The
imaging size was set to zero and the deflection data were recorded with/without bacteria at room
temperature.

7. Average stress applied on NPsensor and AFM cantilever
The spring constant (k) for a rectangular beam can be derived from Euler-Bernoulli beam theory8,

4

5

where E is the Youn
ng’s modulu
us of the beaam, w is the width of thhe beam, t iss the thickneess of
beam, L is the length
h of the beaam. Thereforre, the averaage stress (qq) applied onn the rectanngular
n be expresseed as:
cantileveer beam9 can
AFM cantilever
c

4.7
7 x 10

pN//nm2

where x is
i the averag
ge fluctuation
n of the canttilever beam
m.
The crosss-section area of NPsenssor is ~ 5 x 10
1 3 nm2, theerefore the aaverage stresss applied oon the
NPsensor can
c be expressed as:
NP
P

8.1 x 1
10

pN/nm
m2

SEM image of
o the AFM ccantilever

8. Sound
d pressure leevel estimattion using an oscillatingg AFM tip
We assum
med a spherre of radius of 2.2 μm (same volum
me as the A
AFM tip) waas oscillatedd at a
frequency
y of 1 Hz ~ 500 nm awaay from a NP
Psensor. With tthis assumpttion the sounnd pressure ccould
be estimaated using th
he following expression10:
p

2

where a is the radiuss of the spheere, ρ0 is thee density of water, θ is tthe angle beetween the spphere
on direction with the lin
ne between oscillation
o
ccenter and nanoparticle, r is the disstance
oscillatio
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between the oscillating sphere and the nanoparticle, and dν/dt is the acceleration of the
oscillation. The sound pressure level (SPL) can be expressed in decibels:
SPL

20

where the reference pressure Pref = 1 x 10-6 N/m2 in water. Thus the estimated SPL that the
NOFT detect is ~ -30 dB.

9. Cardiomyocytes sample preparation
Gelatin methacrylate (GelMA) was synthesized as previously described11. Gelatin (10%
wt/vol, Type A, 300 Gel Strength, Sigma-Aldrich) was dissolved in Dulbecco’s phosphate
buffered saline (DPBS, Gibco). The solution was allowed to stir for 1 hour at 60 °C and
subsequently degassed and purged with argon. Methacrylic anhydride (Sigma-Aldrich) was
added to the solution at a rate of 0.5 mL/min to a final concentration of 8% (vol/vol). The
solution was stirred for 3 hours and diluted 1:1 with warm PBS. The dilute solution was dialyzed
against DI water using 13.5 kDa cutoff dialysis tubing (Spectrum Labs) for 1 week at 40 °C.
Samples were frozen and free-dried via a lyophilizer (Labconco), and stored at -80 °C until used.
Photoinitiator, LAP was synthesized as previously described12. A solution of 2,4,6trimethylbenzoyl chloride (0.018 mol, Acros Organics) was added dropwise to an equimolar
amount of dimethyl phenylophosphinate (Sigma-Aldrich). The reaction was stirred continuously
for 18 hours at room temperature under argon. The solution was then heated to 50 °C and a fourfold excess of lithium bromide (Sigma-Aldrich) dissolved in 100 mL of 2-butanone was added.
After 10 minutes, a solid precipitate formed and the solution was allowed to cool. After 4 hours,
the filtrate was washed three times with 2-butanone (Sigma-Aldrich) and vacuum filtered.
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Neonatal mouse cardiomyocytes (NMVCs) were isolated from the hearts of neonates of CD-1
wild-type mice (Charles River Labs). In brief, hearts were surgically removed from 1-day-old
pups and digested in Hank's Balanced Salt Solution (Gibco) with 0.046% Trypsin (Affymetrix)
at 4 °C overnight. Blood cells were removed from hearts by type II Collagenase (Worthington)
after shaking at 37 °C for two minutes. A heterogeneous cell population containing
cardiomyocytes and fibroblasts was isolated after further digestion using type II Collagenase
(Worthington) at 37 °C for seven minutes. Fibroblasts were removed by pre-plating for 1.5 hours
on 75 cm2 plastic tissue culture flasks (Corning) in a humidified incubator at 37 °C with 5%
CO2. Isolated cardiomyocytes were resuspended in dark medium formulated by 75% DMEM and
25% M199 medium containing 10 mM HEPES, 10% horse serum (hyclone), 5% fetal bovine
serum (Gibco), and 1% 100x Penicilin/Streptomycin/L-Glutamine solution (Gibco).
A prepolymer solution consisting of 20% polyethylene glycol diacrylate (PEGDA 700 MW,
vol/vol, Sigma-Aldrich) and 0.1% LAP (wt/vol) in DPBS was added between 125 μm
polydimethylsiloxane (PDMS) spacers and a pretreated 3-(trimethyoxysilyl)propyl methacrylate
(TMPSA, Sigma-Aldrich) coverslip. A UV lamp (Brand, Intensity) was used to expose the
prepolymer solution for 30 seconds, forming a base layer. 10% GelMA (wt%/vol) and 0.2% LAP
(wt/vol) was dissolved in DPBS and subsequently mixed 1:1 with NMVCs cell concentrate to
produce a final concentration of 5% GelMA (wt%/vol), 0.1% LAP (wt/vol), and 20 million
NMVCs/mL.
The NMVCs were encapsulated in the GelMA hydrogel 3D printing. First a set of 250 μm
PDMS spacers were placed on top of a microscope slide followed by the PEGDA coverslip
facing down. The GelMA/NMVCs mixture was then added between the spacers and placed
under a custom-build digital micromirror device (DMD) system, which consisted of a LED light
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source (3
365 nm; Ham
mamatsu), a DMD chip
p (Texas Insstruments), m
motion contrroller (Newpport),
and a set of projectio
on optics. A digital bitmaap mask in tthe shape of a square waas made in A
Adobe
Photosho
op and loadeed to the DM
MD chip. A 3 mm x 3mm
m x 250 μm sslab was expposed to UV
V light
(88 mW//cm2) for 20
0 seconds, en
ncapsulating
g NMVCs inn the GelMA
A hydrogel. Constructs were
cultured in dark media, replacing
g the media daily.
d

Supplem
mentary Fig
g. 1. Force curves
c
of a PEG monollayer in PBS buffer groown on a siilicon
substrate. The mechaanical stabiliity of the PEG monolayeer tracked ovver two weekks.
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Supplem
mentary Fig. 2. (left) A force mapping image oof a nanofibeer with NPseensor linked oon top
of a PEG
G monolayerr. (right) A time-coursee of the optiical scatterinng intensity during the force
mapping. The red lin
ne is drawn to guide thee eye. Theree is some moodulation inn the nanopaarticle
scattering
g intensity when
w
NPsensoor is contacteed by the AF
FM tip. Thee nanoparticlle was eventtually
moved aw
way by the AFM
A
tip.

mentary Fig.. 3. (left) Op
ptical image of a bare AF
FM tip (red outline) inddenting on a SnO2
Supplem
nanofiberr (location denoted
d
by white
w
dotted line). (rightt) Scatteringg intensity off a NPsensor oon the
nanofiberr and the AF
FM tip region
n during ind
dentation.
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Supplem
mentary Fig
g. 4. Scatteriing intensitiees of two N
NPsensor (blacck and blue traces) measured
simultaneeous while a nanoparticcle-modified
d AFM tip ((red trace) iis indented onto a nanoofiber
waveguid
de.

Supplem
mentary Fig
g. 5. Representative force curve off a PEG film
m using a ggold nanopaarticle
attached to an AFM
M tip (Black dot). The riising force pportion is hhighlighted w
with red, annd the
green porrtion is the fitting
f
region
n. The blue line is the fiit using Alexxander-de G
Gennes’ model for
a parabollic tip2.
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Supplem
mentary Fig
g. 6. (left) Dark-field
D
op
ptical imagee of a NOFT
T suspendedd across a trrench
(similar to
t Figure 2a in main tex
xt). (center/riight) Fluoresscence imagges (snapshoots from Movvie 1;
same reg
gion as left im
mage) using
g a 442 nm excitation
e
shhowing fluorrescein isothiiocyanate (F
FITC)
labeled H.
H pylori. Th
he 0 second snapshot
s
was taken 30 m
minutes afterr the NOFT w
was first expposed
to the baacteria solution. The wh
hite arrows are pointingg to two baccteria near tthe NOFT iin the
center im
mage and aree placed in th
he same locaation in the rright image, showing thaat the bacteriia are
still freelly moving an
nd no bacteriia are bound
d to the NOF
FT.

mentary Fig
g. 7. (left) Relationship
R
between thhe coefficiennt of variatioon (σ/μ) and the
Supplem
average intensity
i
(μ) in PBS for the
t dead baccteria (blue ddots). The soolid line is drrawn to guidde the
eye. (righ
ht) Plot of σ/μ
σ vs. 1/μ2 in PBS with
h dead bacteeria. The sollid line is drrawn to guidde the
eye. The dashed lines are linear fits
f to the daata points bellow 1x10-8. The dead baacteria were fixed
with 10%
% percent Fo
ormalin in PB
BS for 30 miinutes.
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Supplem
mentary Fig. 8. Representative forcee curve of a PEG film oon the WG uusing an AFM
M tip
at a frequ
uency of 2 Hz.
H

mentary Fig. 9. (left) Sccattering imaage of NPsennsor and end facet when AFM is runnning
Supplem
force mapping indenttation ~ 2.5 μm away fro
om the NPsennsor at a frequuency of 2 H
Hz. (right) Foourier
transform
ms taken from
m the NPsensoor (black) an
nd end facet oof the NOFT
T (red).
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Supplem
mentary Fig
g. 10. Fourieer transform
ms taken from
m the end ffacet of the NOFT witth the
cardiomy
yocyte clusteer after ~ 30 minutes at room
r
temperrature.
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