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Precise force measurement is critical to probing biological events and physics processes, spanning from

molecular motor’s motion to the Casimir effect' and the detection of gravitational wave’. Yet, despite


mailto:fanwang@buaa.edu.cn

extensive technology developments, the 3D nanoscale measurement of weak forces in aqueous solutions
poses a significant challenge. Techniques that rely on the optically trapped nanoprobe are beset with
difficulties, including low light scattering for force measuring and high localization error from their
Brownian motion. Here, we report the measurement of the long-distance electrodynamic force on single
nanocrystals suspended in aqueous solution with only 11 net charges. To achieve this, we develop an
upconversion photonic force microscope that encompasses a diffraction-limited tracking-based force
sensing theory and the advance of lanthanide ion resonance force probe’*. The tracking method is based
on neural network empowered super-resolution localization, where the position of force probe is
extracted from the optical astigmatism modified point spread function (PSF), enabling the
measurement of trap stiffness for nanoparticles through equipartition theorem with a force sensitivity
down to 592.9 attoNewtons (aN), that is, 5 times lower than the reported best sensitivity value®. We
further demonstrate that the technology can measure a single nanocrystal's electrophoresis force and
zeta potential, experimentally verifying Loeb's empirical relationship. This work offers new
opportunities for detecting single-charge dynamics over long-distance and sub-cellular single molecular

level biomechanical force.

Weak force measuring in physiological solutions with high spatial resolution is the ultimate goal of
biomechanics in investigating biological events. Tens of nano-Newton force have been used to quantify the
magnitude of contractile forces generated by tissue and cells®’. Tens of pico-Newtown force measuring are
applied to study the traction forces imparted by contractile during the single cell migration®'°. Sub-pico-

Newton force is associated with a string tension of a single DNA molecule and the organization of

12-15 16-19

chromosomes'!. Cantilever-based force microscopy and microtube force spectroscopy are popular

tools yet have limited spatial mapping dynamics; molecular force microscopy is powerful while having a
limited dynamic force range®??; optical tweezers are often used as a dynamic tool to trap a force probe for
measuring and generating nano-Newtown to femto-Newtown force in three-dimensional (3D), namely a
photonic force microscope ** (PFM, Fig. 1a). The fundamental limitation of the PFM is the reduced scattering

signal of the force probe with the decrease of its size. As a result, simultaneously achieving high spatial

resolution and high force sensitivity remains a challenge.

24,25

Trapping in vacuum?*** and active feedback cooling>?° are efficient ways to circumvent Brownian motion,

achieving zepto-Newton?* force sensing by tracing the variation of the motion power spectrum. While
obviously, these methods cannot be used for bio-force sensing since living cells cannot survive in a vacuum.
In physiological solution, another limitation of force sensing is the feeble scattering intensity of nanoparticles

23,27-32

since most of methods are to sense the signal change in scattering , and the Rayleigh scattering cross-

section is related to a nanoparticle’s size by the power of six. Based on materials with higher refractive

33:3% or noise reduction, the smallest force sensitivity can only go down to 2.4 - 8 femto-Newton’*> by

indices
PFM, yet far from the sub-femto-Newton that is required for emerging fields of far-field charge interaction®.

Beyond that, the heat generated by trapping metallic particles will hinder PFM’s bio-application®’.
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Figure 1. Diagram of the upconversion photonic force microscope. a, Diagram of a traditional photonic force
microscope that relies on the detection of the scattering signal from the large particle with force sensitivity down to the
femto-Newton range. b, The upconversion photonic force microscope utilizes the upconversion nanoparticle as the force
probe and detects its statistical trapping centre displacement from the diffraction-limited emission spot. With the
advances in astigmatic PSF modulation and deep neural network, the force sensitivity has been enhanced to sub-femto-

Newton, achieving a single charge regime.

Video tracking microscopy>® allows the calculation of trap stiffness from the trajectory of optically
trapped particles, circumventing the measurement of the weak scattered field. Adopting fluorescence video
tracking, we developed a force sensing technology herein based on precisely measuring the statistical centre
of the position distribution of an optically trapped nanoparticle. Compared with tracking the trapping centre
displacement (Fig. 1a) used for nano-Newton force sensing such as cell deformation, detecting the variation
on the statistical centre of the diffraction-limited point spread function of the trapped nanoparticle has the
opportunity to achieve atto-Newton force sensing with nanometre spatial resolution (Fig. 1b). The key is to
achieve the super-resolved 3D tracking localisation which is a challenge for optically trapped nanoparticle
due to the Brownian motion induced localisation error. Inspired by 3D single molecular localisation
microscopy>’, we build astigmatism optical tweezers with deep neural network-empowered calibration for
super-resolved localisation. The resultant force sensing method encompasses the benefits of high spatial

resolution and force sensitivity with potential advantages in sensing long-distance electrodynamic interaction.
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Figure 2. Monte Carlo trapping simulation to analyse the force sensitivity. a, 3D positions and the projections
of a single trapped nanoparticle. The black and red dots in the inset indicate the origin of coordinates and the distribution
centre, respectively. The shift of the central location (5eq) for x-, y- and z-axis are 0.7429, 1.0859, and 1.6386 nm,
respectively. b, The statistic histogram of &4 by repeating the measurement in (a) for 800 times. ¢, The role of trap
stiffness (y-axis) on force sensitivity. Upper, the schematic of the trapped nanoparticle’s position distribution with low
and high trap stiffness. Bottom, the simulated force sensitivity and position shift accuracy vary with trap stiffness. Here
0y is 0. d, The role of data number on force sensitivity. Left, the schematic of the trapped nanoparticle’s position
distribution with different data numbers. Right, force sensitivity varies with the data number for x- (i), y- (ii) and z-axis
(iii). Here g, is 0. e, The role of localization accuracy on force sensitivity. Left, the schematic of the trapped
nanoparticle’s position distribution with high and low localisation accuracies. Right, the force sensitivity varies with
localization accuracy for x- (i), y- (ii) and z-axis (iii). The nanoparticle radius used here is 23.3 nm. The laser power for
a, b, d, and e is 35.8 mW and for ¢ is from 10 to 90 mW. The data number is 1,610. (a), 10,000 (¢) and 20,000 (e). The
trap stiffnesses for 35.8 mW are 0.137, 0.05, and 0.026 pN/um/mW for x-, y- and z-axis, respectively. The insets in d

(i-ii1) and e (i-iii) are the statistic histogram of &, for different data numbers and localization, respectively.



We first simulate the force sensitivity and employ lanthanoid ions doped nanoparticles (Ln-NPs), also
called upconversion nanoparticles, as the force probe since these particles have strong trap stiffness® and high
emission intensity while less heat generation*®*!. According to the equipartition theorem*?, the position of an
optically trapped nanoparticle has a 3D Gaussian distribution. Any constant external force will push the
distribution centre’s location to generate restoring force and balance this external driving force. Therefore, the

external force can be directly measured by detecting the shift of the central location (84) away from its
original equilibrium position, with F,, = k&,4, where k is the trap stiffness. The force sensitivity is AF,, =

kSD,q, where SD,, is the standard deviation of the detected distribution shifts (8,4). Fig. 2a shows simulated

eq>
position distribution of the optically trapped nanoparticle with trapping centre at the origin (black dots in the
inset), while the averaged position centre (red dots in the inset) shows offsets from the origin. Note that the
offsets come from the random distribution by Brownian motion rather than from the external force. Repeating

the measurement of 6., for 800 times, the histogram of offsets (Fig. 2b) indicates a Gaussian distribution with
standard deviation SD,,. Similar to the localisation accuracy for single molecule localization microscopy®’,
the SD, is calculated by considering the errors introduced by distribution probability and the uncertainty of

the statistic points. Here the probability of one nanoparticle shown at the detected position is a convolution of
the trapping potential well induced position distribution and the emitter’s detecting location distribution (see

Supplementary Information S2 for detail). The formular of force sensitivity is derived as:

ko,)? + (kgT)k
AF,, = kSD,q = (ko) (33) (D
N—==
Ny

where k is the trap stiffness, g, is the imaging localisation accuracy, kg is the Boltzmann’s constant, T is the

experimental temperature, NN is the total scatters’ number and Nj, is the binning number for histogram.

We use Monte Carlo trapping simulation to verify the developed formula and investigate the best
sensitivity. According to equation (1), the force sensitivity can be optimized by tuning the parameters. To
obtain the impact of trap stiffness on sensitivity, we assume the imaging localisation is absolutely accurate
(0p=0). The measured SD,., shows the power of -1/2 relation with trap stiffness, as shown in Fig. 2¢ orange
square, matching with prediction. The minimum sensible force increases with trap stiffness with a power of
1/2 (labelled by blue circles), which indicates that the smallest trapping stiffness should be used to obtain the
highest sensitivity. To this end, the axial force sensing will have better sensitivity due to smaller stiffness.
Experimentally, the minimal trap stiffness for stable and long-time trapping of a single 50 nm UCNP is 4.9,
1.79, and 0.93 pN/um for x, y, and z-axis, respectively. Fig. 2d shows that a larger data number narrows down
the histogram (inset), with $D,, hyperbolically decreases. Here we take the minimal experimental localisation
error 0,=0 to show the highest achievable sensitivity. In this condition, the simulated sensitivity values for x,

v, and z-axis (Fig. 2d i-iii) decrease with data number with a power of -1/2, consistent with the simplified

equation AF,, = \/kgTk/N. This result suggests that minimum data numbers 20000, 7000, and 3800 are



required to achieve a force sensitivity below 1fN for x, y, and z axes, respectively. Fixing the trap stiffness as
the minimum experimental value, and the data number as 20000, the optimized sensitivities are obtained by
considering the minimal experimental d;,, according to equation 1. Smaller g,, (higher localization accuracy)
offers smaller SD,, (Fig. 2e, inset) and better force sensitivities (Fig. 2e i-iii). To maintain the sensitivity

below 1000 aN, the localization accuracy has to be higher than 4, 64, and 137 nm for the x, y and z axes,

respectively.
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Figure 3. Axial localisation estimation by fluorescence-based astigmatism-enhanced optical tweezers. a, schematic
of astigmatism-enhanced optical tweezers. A cylindrical lens (CL) is introduced for optical astigmatism (see
Supplementary Information S6). QPD, quadrant photodiode detector, SLM, spatial light modulator. b, Experimentally
measured power spectrums for optically trapped 1pm polystyrene sphere (PS) bead (FluoSpheres™ carboxylate red
fluorescent (580/605), ThermoFisher Scientific) and lanthanide-doped nanoparticle (NaYF4:20%Yb,2%Er, diameter, 58
nm). The power of 976.5 nm laser is 10 mW for the PS bead (two-photon absorption excitation) and 80mW for the Ln-
NP, respectively. Data acquisition rate is 1,000,000 Hz for both PS bead and Ln-NP. The trap stiffness of the PS bead
calculated by fitting the spectra is 2 pN/um/mW for y-axis and consequently the frequency corner f; is 379.22 Hz. The
trap stiffness of the Ln-NP is calculated by the video tracking method as 0.0485 pN/um/mW, and the calculated
frequency corner f; is 634.65 Hz (see Supplementary Information S4 for the details). ¢, Video intensity tracking of
optically trapped particles. For 1um PS bead, the laser power is 10 mW, and the exposure time is 0.1 s. For Ln-NP, the
laser power is 80 mW and the exposure time is 0.001s. d, Lateral variations of the PSF width at different z positions.
976.5-nm laser power is 96 mW, and the exposure time is 0.01s. z=0 stands for the axial trapping centre. e, The y-x ratio
of PSF width varies with the axial position (z), which is the calibration curve for finding the axial position of a trapped

emitter. The error arises from the Brownian motion of the trapped particles. f, Location errors of an optically trapped



emitter at different axial positions, according to the calibration curve (e). Note that using the PSF of particles on glass
slide with aberration correction to create the calibration curve would decrease the localisation error (see Supplementary

Fig. 6) yet not achieving the required resolution.

We further developed astigmatism optical tweezers to achieve the desired nanoscale localization accuracy
for sub-femto-Newtown force sensing. Figure 3a shows the optical system, where a QPD (quadrant
photodiode detector) is used to detect the scattering field, and the camera captures the focus images for
extracting the 3D location. Tracking voltage change in QPD** can exact the 3D position, but the weak
scattering and the Brownian motion of nanoparticles lead to considerable errors in the localisation. Large
particles such as 1um polystyrene sphere bead with a high scattering cross-section could have a good signal-
to-background ratio as shown on the power spectrum (Fig. 3b, upper). While nanoparticles (e.g. Ln-NPs) have
much weaker scattering strength. As a result, the high-frequency region (including the corner frequency range)
of its power spectrum curve is undistinguished from the background (Fig. 3b, bottom); hence the corner
frequency and trap stiffness of trapped Ln-NPs cannot be obtained by fitting the curve. As a contrast, both
dye-stained sphere and nanoparticle have an eminent signal-to-background ratio during multiphoton
fluorescence image (Fig. 3¢c). Indeed, video tracking of nanoscale fluorophores generally have a great signal-
to-background ratio that is optimised by super-resolution microscopies. The large anti-Stokes excitation of

Ln-NPs can further suppress the background.

A sCMOS camera captures the fluorescence image, and we place a cylinder lens (CL) into the imaging
path to introduce optical astigmatism, thereby encoding the axial position information into the 2D image. The
cylinder lens adds a parabolic phase in the horizontal direction of the image that shifts the horizontal focus
and modifies emitters’ point spread function (PSF) to an “elliptical” shape when the emitters are out of focus
(Supplementary Information, S6 and Fig. 6). Typically, the pre-characterized PSF waist sizes (both x and y)
are used to deduce emitters’ axial position™**, However, due to the Brownian motion, this typical
characterisation method is not working efficiently for optical tweezers. The optically trapped particle can be
treated as inside a 3D harmonic potential well, leading to a Gaussian distribution of the position on each axis.
The spatial light modulator (SLM) controls the central position of the distribution but not the individual
transient positions. This, in turn, results in a large error on the PSF waist (Fig. 3d) and the waist ratio (Fig. 3e)
from the axial position variations. In extreme cases, when the waist ratio is 0.99, the localisation error is as

large as 395 nm. Fig. 3f is the localisation error for different distances, which cannot afford an aN sensitivity.
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Figure 4. Deep neural network-empowered optical astigmatism video tracking method. a, Construction of a

machine learning model, where the astigmatic PSF features are recognized and classified via recording the videos of the

trapped nanoparticles at different z positions. The SLM controls z position (Z; to Zx) (see Supplementary Information

for more details, S7). b, 3D trapping stiffness measurement of single nanoparticles at an unknown z position. Axial

trapping stiffness is obtained by machine learning, and lateral stiffness is achieved by a centroid method (see

Supplementary Information for more details, S7). ¢, Measured 3D position distribution of an optically trapped Ln-NP



under 96 mW of a 976.5-nm laser. Insets are the histogram of the position on x, y, and z-axis. d, Axial positions of the
trapped single nanoparticles obtained by our machine learning algorithm. The pink circles denote the averaged axial
position value using our algorithm, the dashed line is the truth value of the set averaged axial position, and the bisque
area represents the distribution of the transient position of the trapped single nanoparticles. The truth value is controlled

by the SLM. e, 3D positions accuracies by our deep neural network model.

Here we build a deep neural network*’ to improve the localisation accuracy of the astigmatism optical
tweezers. In the training stage (Fig. 4a), a single nanoparticle is initially trapped at the z=0 position (arbitrary
trapping position above the coverslip). Modulated by SLM, the trapping centre/laser centre is actively moving
to the axial positions from Z; to Zn, while the imaging plane is fixed on z=0. Due to the Brownian motion, the
trapped nanoparticle is moving around the trapping centre within a range. The network would learn the spatial
features from the group of images. Note that the position label refers to the central position of the distribution
rather than the individual positions for each image. The weight of each image is regulated by the repeatability
of characteristic (increase weight) on a single central position and the overlapping of characteristic (increase
weight) between different positions. As a result, the regulated weights would train the network to predict the
central position of a single 2D frame. In the applying stage (Fig. 4b), a single nanoparticle is trapped at z=0
position, while its instant position varies within a small range with time. Taking a video of the emission
patterns for 100s will generate a series of images (e.g., 10000 slides), and the trained DNN can convert each

image into axial position values. The lateral trap stiffnesses are extracted from these images through the

2
centroid finding method*®. The statistic of positions can be fitted into P(x) « exp (— %) (see
B

Supplementary Information for more details, S2), to extract the 3D trap stiffness. Figure 2¢ shows the 3D
position tracking of an optically trapped Ln-NP (500 frames), applying our trained DNN. Under the trapping
power of 35.8 mW, the calculated trap stiffness are 0.137, 0.05, 0.026 pN/um/mW for x, y, and z direction
respectively, which matches with the theoretically calculated values®. The position distribution is strongly
confined in x direction since the beam waist is smaller in x direction, while the beam is linearly polarized in y
direction. The weak trap stiffness in z direction leads to a large axial position distribution. Here we further use
the statistic centre of the axial position distribution to verify the axial localisation accuracy (Fig. 4d). The truth
statistic centre value is controlled by the SLM (dashed line), and the measured statistic centre (pink circle) is
estimated from the measured axial positions of different frames for each of axial positions. Benefiting from
DNN and astigmatism modulation, the root-mean-square errors (RMSE) in z direction between the truth value
and the measured value are below 30nm (Fig. 4e, bottom). The RMSE in x and y direction are obtained by
comparing the positions with the total averaged values, with the accuracy of about 5 nm (Fig. 4e, upper).
Combining the advantages of ion resonance upconversion nanoparticles, optical astigmatism based super-
resolved localisation, and deep neural network empowered optical tweezers, we define the technology as

upconversion photonic force microscope (UPFM).
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Figure 5. Measuring the electrodynamic force of a single trapped nanoparticle by UPFM. a-d, Investigation of the
trapped single nanoparticles under large applying electric potentials. a, Bottom, schematic setup of measuring
electrodynamic forces for the trapped single nanoparticles within the uniform electric field. The distance between two
electrodes is 1 cm. The potential applied between the electrodes is controlled in the range of -10 to 10 voltage (V) by a
homemade Labview program. Upper, the scatter plots of the trapped single nanoparticle under different applying
potentials. b, Position distribution of the trapped single nanoparticle on y-axis (low optical force direction) under
different applying potentials. ¢, The corresponding transverse trap stiffness calculated under different applying
potentials. d, Position shift and resultant force under different applying potentials. e, The effect of data number on the
calculated position shift. The lines with different colours represent different trapped nanoparticles under 0.1 V and 0.2
V electric potentials, respectively. f-h, Investigation of the trapped single nanoparticles under small applying potentials.
f, Measured zeta potential (i) of bulk solution of nanoparticles by the Zetasizer, the accordingly calculated trap stiffness
(i1) and force (iii) under 0.1 V and 0.2 V, respectively. g, The statistics value of zeta potential (i), trap stiffness (ii), and
force (iii) from the measured single trapped nanoparticles (at least 8 nanoparticles). The results represent the mean +
s.e.m. of n = § trapped single nanoparticles for 0.1 V, and n =9 for 0.2 V. h, The individual value of zeta potential (i),
trap stiffness (ii), and force (iii) from the single trapped nanoparticles. The used power of 976.5 nm laser is S0mW. Data

number is 500 for a-d and 20,000 for f-h.



According to Fig 2e-ii, 5 nm localisation in the y direction will induce a force sensitivity of 600 aN. We
use the electrodynamic force on single nanoparticles to verify the force sensitivity experimentally. The surface
double charged layer around nanoparticles, which induces zeta potential, can be converted into the surface net
charge®, in terms of analysing the electrodynamic force. Hence, placing electrodes around the nanoparticle
(Fig. 5a, bottom) and adding electric potentials would generate external force on particles and continuously
shift its statistic trapping centre (Fig. 5b). Though the centre is shifting, the transverse trap stiffness would
keep the similar values (Fig. 5¢). Figure 5d shows the centre shifting values under different potentials (labelled
light green), which is used to calculate the electrodynamic force (labelled brown). Taking the trap stiffness
variation (Fig. 5¢) under different potentials into account, the measured electrodynamic force shows a straight
line from 64 fN to -68 fN (the negative sign represents the force direction according to the electric field).
Verifying the capacity to detect hundreds of aN forces requires small electric potentials such as 0.2 V and 0.1

V, with high data accusation numbers.

Figure Se experimentally verifies how the data number affects the force sensing result. We have selected
individual nanoparticles to track their centre shifts with different data numbers under external potentials of
0.2 Vand 0.1 V, respectively. The shift value is gradually achieving the plateau with more data numbers. The
number 20,000 provides a stable central shift value for 600 aN force sensitivity (Fig. 2d). The synthesized Ln-
NPs have a zeta potential distribution from 15 to 60 mV with a mean of 35 mV (Fig. 5f-i, measured by a
Zetasizer). The simulation shows that increasing zeta potential will increase the trap stiffness (Figure 5f-i1),
but the trap stiffness would be in the range of 0.019 to 0.027 pN/um/mW. The electrodynamic forces on
particles with different zeta potential (Fig. 5f-iii) are calculated based on its Lorentz forces and Loeb's
empirical relationship®®>! (equation 2, also see Supplementary material S8 for details).

z¢ 4 yA0)

o(p) = gpek kZB—eT{Z sinh (7) + Etanh (T)} (2)

where gy is vacuum permittivity, € is relative permittivity (dimensionless) of the aqueous solution, kg is

Boltzmann constant, z is the valence of ion, e is the electron charge, ¢ = e /kgT is the reduced

e2nN 4+103

e , where n is the
B 0

(dimensionless) zeta potential. k™! is the length of the Debye Shield given by k? =

total concentration of ions (positive and negative), N, is Avogadro constant.

Experimentally, our force sensing technology also works as an in-suit zeta potential measuring method,
applying Loeb's empirical relationship. We measured 8 and 9 particles with electric potential of 0.1 V and 0.2
V, respectively, the mean value of zeta potential is 35.11 mV and 37.96 mV (Fig. 5g-1), respectively, matching
the characterized value. The averaged value of the measured trap stiffnesses are 0.0321 and 0.0261 pN/
um/mW within the predicted range. Figure 5g-iii indicates the force sensitivity verifying the result. The mean
of the measured electrodynamic forces is 592.9 aN and 1,281.9 aN for 0.1 V and 0.2 V, respectively, and the
error bar is mainly from the sample variation on the zeta potentials. These measured forces match with the

predicted value (Fig. 5f-iii), and the force difference of 689 aN induced by 0.2 V and 0.1 V could be clearly



recognized. The consistency between zeta potential, trap stiffness and electrodynamic force indicates that our
method’s accuracy and force sensitivity is down to at least 592.9 aN. It also verifies the Loeb’s empirical

relationship is valid for the nanoscale regime.

We further use the method to detect the force of individual particles. Our force estimation method shows
the measured individual zeta potentials range from 6.8 to 54.5 mV (Fig. 5h-i). The trap stiffnesses (Fig. Sh-ii)
are generally within the predicted range, and the higher stiffness for #4 (0.1 V) may result from a slightly
larger size. Fig. 5h-iii shows the detected electrodynamic force on each nanoparticle, where an extreme case
(a particle with a small zeta potential value) of 114.2 aN could be detected though the measuring accuracy is
around 600 aN. Note that the measurement works for all voltage values, and higher voltages produce larger
forces for the same zeta potential value. With 2V, an electrodynamic force of 363 aN is detected, which
indicates the particle has a surface net charge of only 11 charges (see Supplementary material S9). Further
increasing electric potential or decreasing the distance between the electrodes would push the detecting limit

down to a single charge.

In conclusion, we have demonstrated that UPFM, a reliably nanoscale 3D sub-fN force sensing
technology in a physiological solution, can be realized by adding a single astigmatism element to conventional
optical tweezers. By applying a deep neural network to extract the 3D position with nanometer resolution from
2D fluorescence video tracking a diffraction limit spot, the position distribution of the trapped nanoparticle
and the statistical centre shifting can be detected. The high accuracy of the localization with the high signal-
to-background ratio enables a force sensitivity as high as 600 aN which is 5 times more sensitive than the best-
reported value. We demonstrate that our technology can detect the electrodynamic force and the zeta potential
of a single nanoparticle with only 11 net charges, reducing the distance between electrodes would improve
the sensitivity to a single net charge (see Supplementary material S9). The strategy that leverages diffraction-
limited tracking of nanoparticles is predicted to be compatible with other types of fluorescent nanoparticles
and other imaging modality. The sensitivity could be further improved by further engineering the PSF* of
nanoparticles to increase the localisation accuracy. In part on the strength of video tracking, our method has
strong potential for large field multiple spots simultaneously force sensing by applying multiple trappings,
which also saves the force mapping time. The method could also work as one type of optical tweezers-based
scanning probe microscopy®?, and its working mode of detecting the fluorescence signal avoids the scattering-
induced localisation error. The aN sensitivity and the advent of Ln-NPs give our technology a promising future
in subcellular bio-nanosciences. The functionalized Ln-NPs could be linked to bio-particles such as exosomes
and integrins to detect the nanoscale minuscule force interaction. Our method also provides a way for
multifunctional perturbation sensing that correlates the temperature sensing>*, cooling™ and heating®® capacity

of Ln-NPs with the force sensing.
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