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Nanofibre optic force transducers with
sub-piconewton resolution via near-field
plasmon-dielectric interactions

Qian Huang', Joon Lee?’, Fernando Teran Arce?34, llsun Yoon™, Pavimol Angsantikul’, Justin Liu?,
Yuesong Shi?, Josh Villanueva', Soracha Thamphiwatana’, Xuanyi Ma3, Liangfang Zhang'25,
Shaochen Chen'?3, Ratnesh Lal>3*# and Donald J. Sirbuly"?*

Ultrasensitive nanomechanical instruments, including the
atomic force microscope (AFM)™* and optical and magnetic
tweezers>-3, have helped shed new light on the complex mech-
anical environments of biological processes. However, it is dif-
ficult to scale down the size of these instruments due to their
feedback mechanisms®, which, if overcome, would enable
high-density nanomechanical probing inside materials. A
variety of molecular force probes including mechanophores'®,
quantum dots", fluorescent pairs'?>'3> and molecular rotors'#-16
have been designed to measure intracellular stresses;
however, fluorescence-based techniques can have short operat-
ing times due to photo-instability and it is still challenging to
quantify the forces with high spatial and mechanical resolution.
Here, we develop a compact nanofibre optic force transducer
(NOFT) that utilizes strong near-field plasmon-dielectric inter-
actions 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. la. SnO, nanofibre waveguides (WGs)!” were placed on a sub-
strate (silica or quartz) and gold nanoparticles (~80 nm diameter)
were directly attached to the bare nanofibre via electrostatic forces
to serve as reference nanoparticles (NP eference). The sensor nano-
particles (NP.,s0r) Were attached by covalently linking cystamine-
functionalized NPs to a polyethylene glycol (PEG) monolayer
grafted to the WG (Supplementary Section 1). The scattering inten-
sity of NP sor is strongly dependent on the WG-NP separation dis-
tance. Therefore, to quantitatively read-out forces on NP, 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 statistically
measured a 0.55+0.05 ratio of the average scattering intensities
between NPgnsor and NPjegerence (Fig. 1b) and determined that
the mechanical stiffness of the PEG films is stable up to two
weeks when kept in phosphate-buffered saline (PBS) solution
(Supplementary Fig. 1).

White defect emission is launched down the WG by exciting one
end of it with a light source above the bandgap of SnO, (3.6 eV)

(ref. 17). Since the position of the plasmonic nanoparticles can be
optically tracked in the far-field with dngstrom-level spatial resol-
ution'®, 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 NP0 can be calculated by multiplying the distance sensitivity
(Dsensitivity) and the spring constant (kpgg) of the PEG film.
Deensitivity is determined by the minimum discernible intensity and
the relationship between intensity and distance, such that
Diensitivity = (A0/14)/ Sgistance» Where Ao/u is the change in the coeffi-
cient of variation from the average scattering intensity (u) of
NPgensor> and Sgistance 18 the local slope of the scattering intensity
versus WG-NP distance curve. As shown in Fig. 1c, the curves of
o/y versus p for both NP eference and NP0, follow similar trends
indicating that there is no observable thermal-related vibration
from NPgensor on the polymer. This is likely due to the dense
polymer brush underneath NP, and an increased drag coeffi-
cient close to the surface!®®. From the noise level of these two
curves, Ac/u 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 cali-
brate the force response of the NOFT. Due to the difficulty of repro-
ducibly applying force directly on a NP5, with a bare AFM tip,
which often caused the NP to dislodge from the polymer film
(Supplementary Fig. 2), we simultaneously measured the optical
signal from a single-NP-modified AFM tip (spring constant
k=9.4pNnm™) and force-distance curves. Previous work has
showed that the AFM tip does not influence the scattering intensity
during interaction of the NP with the WG (Supplementary Fig. 3)%.
As the modified tip approaches the WG, the scattering intensity
increases, plateauing with larger intensity fluctuations when the
polymer is fully compressed (Fig. le 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 nanofibre)?. The force-scattering intensity versus time-retrac-
tion curve (latter 50 s in Fig. 1e) can be converted to force-scattering
intensity versus distance (Fig. 1f) as 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
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Figure 1 | Nanofibre optic force transducer calibration. a, Schematic showing a NP, eference directly on a nanofibre and a NPgeso linked to a compressible
PEG film grafted on the nanofibre. The scattering intensity of NPensor is directly related to its distance from the WG and the distance is strongly dependent
on the applied force. b, Transmission electron microscopy images of a NP cterence (top left) and NPgqnsor (bottom left). Scale bars, 20 nm. Scattering images
of two NP ¢erence (Middle) and several NPgesor (red boxes) attached to a PEG film in the presence of the NP qterence (right). €, The relationship between the
coefficient of variation (6/u) and the average scattering intensity (u) of NPeference (black squares) and NPg.nsor (red squares). The grey and pink 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 NPgenso, attached either to an AFM tip (calibration mode) or PEG film (sensing mode). Inset: scanning electron
microscopy image of a single gold nanoparticle attached to an AFM tip. Scale bar, 200 nm. PSD, position sensitive detector. e, Relationship of scattering
intensity (black dots) and force (red dots) with time. The grey 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 (decay constant takes on a value of 33 nm). Inset: relationship between the spring constant kpgg and the distance fitted with the Alexander-de Gennes
model. The contact section of the AFM retraction curve is highlighted with a red box in e and f.
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Figure 2 | Detection of bacterial motile force. a, Left: photograph of a microfluidic chip that houses the NOFT device for detecting the force induced by

H. pylori bacteria. Right: schematic showing a zoom-in of the NOFT sensor traversing a microfluidic channel. The bacteria (blue) periodically swim nearby the
NPgensor (red dots) causing optical modulations. b, Plot showing the relationship of the coefficient of variation (6/u) with respect to the average scattering
intensity (1) in PBS without bacteria and with active bacteria. Solid lines are a guide to the eye. ¢, Comparison of ¢/ with 1//42 in PBS with and without
bacteria. Solid lines are a guide to the eye. The dashed lines are linear fits to the data points below 1x 1078, d, AFM deflection images obtained without
feedback control in PBS with and without bacteria. e, Time-course of cantilever deflection in PBS with and without bacteria. f, Comparison of measured
forces using AFM (deflection r.m.s. multiplied by the spring constant (k =40 pN nm™)) in PBS with and without bacteria. The error bars are the standard

deviations from ten different time-courses.
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Figure 3 | Acoustic frequency detection. a, Left: scheme showing an AFM tip acting (oscillating) as an acoustic source nearby a NPge,so- Right: example of a
force mapping image (~300 pN force) that was used to locate a NP, and then the AFM tip was moved away to generate the acoustic wave. The double-
headed arrow shows the movement of the AFM tip up and down to generate the acoustic wave. b, Fourier transformations of the NPe.sor Scattering
intensity after oscillating the AFM tip at two different frequencies (1 and 2 Hz). ¢, Top left: cross-sectional side view of the microfluidic chamber used to
house the NOFT and cardiomyocyte cell cluster. The UV laser was focused through the quartz cover onto the NOFT without illuminating the cells, and
scattering signals were collected back through a top-mounted microscope objective (pictured on the right). Bottom left: optical image of a sample containing
the 3 mm x 3 mm x 250 pm cardiomyocyte cell cluster (black arrow) that was placed ~100 pm away from the NOFT in the microfluidic chamber.

d, Fourier transforms taken from the end facet of the NOFT with and without cardiomyocytes.

of the PEG monolayer in the force curve. We obtained an
average PEG thickness of 15+1nm and a PEG chain density
of 0.036 +0.006 chains nm™ by fitting the force curve with the
Alexander-de  Gennes model for brush  polymers?*?*
(Supplementary Section 2 and Supplementary Fig. 5). From the scat-
tering intensity profile, a NPy, sitting on a 15-nm-thick PEG film
corresponds to a 55% decrease in scattering intensity compared with
NP eference> 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 (15nm) underneath NPy, From the scattering-distance
relationship we extracted a value of 0.019 nm™" for Sgiance and
2.6 A for Dqensitivity at a distance of 15 nm from the WG. We obtained
a value of ~160 fN for the force sensitivity (Feensitivity) using the
Alexander-de Gennes model and evaluating the first derivative of
the force at the contact point (kpgg = 6.3 x 10~*nN nm™).

To demonstrate the performance of the calibrated NOFT in
quantifying forces?®, we placed NOFTs in a solution of
Helicobacter  pylori (H. pylori) bacteria (Fig. 2a and
Supplementary Section 3). We recorded the scattering intensity of
NPgensor With and without bacteria (see Methods) and plotted the
relationships of o/u versus y (Fig. 2b). Because ultraviolet (UV) exci-
tation can induce some fluorescence, causing a slight increase in
background noise, we developed a statistical method to discriminate
the background noise from the true signal. When the background
noise § is small compared with the signal, o/y increases linearly
with respect to 1/u> (Fig. 2c). The slopes of the lines reflect the
noise level of the system, and the intercept with the vertical axis cor-
responds to the root mean square (r.m.s.) of the deformation depth
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ratio V(A#2) (the ratio formed by the distance fluctuations Ax over
the scattering decay constant (33nm) of the nanoparticle)
(Supplementary Section 4). When active bacteria are present,
V(A£) increases by 0.016, which translates to a force of ~400 fN
by the bacteria (a similar value to the propulsion force of a single
bacterium?®?’). The detected force is likely due to (i) the microflow
forces induced by bacteria swimming in the vicinity of NP or
and/or (ii) the interaction of bacteria with the PEG cladding, thus
producing oscillations of NP, A direct collision between a bac-
terium and NPg.,, is unlikely to occur due to the small cross-
section of NPg.sor (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 and Fig. 2d). The r.ms.
of the AFM cantilever deflection in a solution without bacteria was
0.55 A (Fig. 2e), giving a r.m.s. 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 NPg,o, 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 (which has a small drag coefficient)
that doesn’t filter as much of the higher-frequency signals as the bulk
cantilever?®. This demonstrates that the NOFT is capable
of monitoring sub-piconewton forces from microorganisms in a
dynamic environment.

We subsequently explored the ability of the NOFT to detect
acoustic signatures from both micromechanical and biomechanical
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systems®. An AFM tip was employed to generate small acoustic
oscillations near a NP, 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 NP, (at a distance of
~500 nm), Fourier transforms of the scattering intensity resolved
the oscillation frequencies of 1 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 um away
from a small assembly of neonatal mouse cardiomyocytes (Fig. 3c,
Methods and Supplementary Section 9) and resolved beating fre-
quencies of 1-3 Hz from the cells*® (Fig. 3d). We also observed
that the cardiomyocytes stopped beating after about 30 min as the
cell culture solution cooled down?®' (Supplementary Fig. 10). The
large spread in beating frequency is anticipated (supported by
results from optical imaging techniques) as a smaller cluster of
cells does not have complete coherence and will show cycling vari-
ations from cell to cell. This demonstrates that the NOFT platform is
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 com-
pressible cladding embedded in the evanescent field of a nanofibre.
We achieved angstrom-level distance sensitivity and a force sensi-
tivity of 160 fN. After fully calibrating the system, the NOFT was
used to detect sub-piconewton 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 response of the compressible
cladding, detect forces from multiple nanoparticles on a single
fibre, and with a geometry that can be inserted into small
volumes, NOFT will become a valuable tool for biomechanical
and intracellular studies.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

Integrated AFM—optical set-up. AFM-optical measurements were done using a
Dimension Hybrid XYZ scanner (Bruker) 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 um®. The 325-nm line from a continuous-
wave helium cadmium laser (~2 mW) was launched through a quartz slide
underneath a WG 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 set-up for the measurement of bacteria motion force. After placing a SnO,
nanofibre (via micromanipulation) across a silica trench, it was fixed to the substrate
using polydimethylsiloxane (PDMS), and PEG was grafted on the suspended
nanofibre. 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 10” c.fu. ml™" for all
experiments. After covering the PDMS ring with a thin fused silica chip

(~170 um thickness), one end of nanofibre 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's.

Optical set-up for the measurement of cell beating frequency. 325-um-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 medium without phenol red, 0.5% penicillin/streptomycin
solution (Gibco), 0.5% 1 M HEPES buffer). A similar excitation and collection
set-up 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 ~52s.

Data availability. The data that support the findings of this study are available from
the corresponding author upon reasonable request.
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