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Mechanical force is an essential feature for many physical and biological processes'”,
and remote measurement of mechanical signals with high sensitivity and spatial
resolution is needed for diverse applications, including robotics®, biophysics®'°,
energy storage' and medicine'**, Nanoscale luminescent force sensors excel at
measuring piconewton forces, whereas larger sensors have proven powerful in probing
micronewton forces™ ¢, However, large gaps remain in the force magnitudes that can
be probed remotely from subsurface or interfacial sites, and no individual, non-invasive
sensor is capable of measuring over the large dynamic range needed to understand
many systems™*". Here we demonstrate Tm**-doped avalanching-nanoparticle® force
sensors that canbe addressed remotely by deeply penetrating near-infrared light and

can detect piconewton to micronewton forces with adynamic range spanning more
than four orders of magnitude. Using atomic force microscopy coupled with single-
nanoparticle optical spectroscopy, we characterize the mechanical sensitivity of

the photon-avalanching process and reveal its exceptional force responsiveness. By
manipulating the Tm** concentrations and energy transfer within the nanosensors, we
demonstrate different optical force-sensing modalities, including mechanobrightening
and mechanochromism. The adaptability of these nanoscale optical force sensors,
along with their multiscale-sensing capability, enable operation in the dynamic and
versatile environments present in real-world, complex structures spanning biological
organisms to nanoelectromechanical systems.

Engineered and biological systems, such as integrated nanoelectro-
mechanical systems, developing embryos, energy storage units and
migrating cells, experience multiple scales of force as a consequence
of their inherently complex, multicomponent designs that span dis-
parate length scales>®'"°2* The ability to study force-dependent
processesin such systems is essential for understanding their central
mechanisms®?. Remotely addressable probes are needed for in situ
detection of changes or malfunction in these processes, particularly
below surfaces or at nanoscale interfaces*%, At such interfaces,
environmental constraints or sample fragility render direct force meas-
urements and electrical data transmission impractical or impossible.

Optical methods excel at minimally invasive mechanical sensing
and can detect force-induced displacements with exquisite sensitiv-
ity'®*?, However, their spatial resolutions are limited by the diffrac-
tion limit'®*%, Single luminescent nanoprobes may act as reporters
of local forces, but with limited dynamic ranges'*", so that no single
probeis capable of measuring the range of forces existing in complex
systems (Fig. 1a). Although luminescent force sensors have proven
usefulinunderstanding the molecular forces within cells™, challenges
remain with limited photostability (restricting continuous force

monitoring) and reliance on visible wavelengths (inhibiting subsur-
face or deep-tissue measurements).

Todevelop astable, near-infrared force-sensing systemwithalarge
dynamic range, we took advantage of unexpected observations that
avalanching nanoparticles (ANPs) undergo significant changes in emis-
sionwhen tapped with atomic force microscopy (AFM) tips. ANPs!830-3+
are aclass of steeply nonlinear upconverting nanoparticles (UCNPs),
which arelanthanide-based nanocrystal phosphors that convert mul-
tiple sequentially absorbed near-infrared photons into higher-energy
emitted photons, and show no overlap with sample autofluorescence,
no on-off blinking and no measurable photobleaching, even under
prolonged lasing or single-particle excitation®*°, Calculations show
that ANP quantumyields can reach45% (of 50%, for 2-photon upconver-
sion)™®, and like other shelled UCNPs, they are efficiently excited with
continuous-wave excitation'®*’, and can be imaged with no measurable
background® and with little or no sensitivity to ambient chemicals*.
Because of their steeply nonlinear relation between pump power and
emission intensity, ANPs are able to amplify minute changes in signal
input to giant changes in output (that s, /. = /;,"; where I is intensity
and nonlinear order s >10)'*¥3°3* Recentstudies have shown thatboth
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Fig.1|Photon-avalanche-based nanoscale force sensors.a, Comparison of
force dynamic range and sensor size with previously reported™>*”#’ luminescent
force sensors. QD, semiconductor quantum dot; FRET, Forster resonance
energy transfer; RBC, red blood cell; MEMS, microelectromechanical systems;
ECM, extracellular matrix. b, Acombination of changesin electronic level
positions and splittings (6), interionic distance (d) and vibrational mode
energy (hw) withina Tm*-doped NaYF, nanoparticle under applied force

leads to three optical readout modalities (depictedin c-e), depending on the
intrinsic Tm**-doping concentration. Subscripts 0 and F refer toinitial (no force
applied) and final (after forceis applied) states, respectively. Light grey balls
surrounded by red shading represent optically active Tm**ions. A, reduced
Planck constant; w, vibrational mode angular frequency. ¢, Moderately

doped (4.5-8% Tm>*) ANPs show steeply nonlinear emission versus excitation
curves that shift with applied force, enabling observation of large emission
signal change with minute applied force. d, Lower-doped (4% Tm>*) pre-ANPs
transform from their energy-looping state to an avalanching state, prompting
substantial emission enhancementwith applied force. e, Highly doped (15% Tm**)
piezochromic ANPs emit light from two Tm* energy levels with intensities that
vary differently under applied force, enabling ratiometric optical readout of
appliedforce.

the photon-avalanche threshold and the degree of nonlinearity s can
be modified by manipulating the lanthanide concentration’s*°>.,

To determine the mechano-optical response of thulium (Tm**)-doped
sodiumyttrium fluoride (NaYF,) ANPs, we studied them as single ANPs
under ambient conditions, using AFM tips for force application, in
combination with an inverted optical microscope for near-infrared
excitation and emission measurements (Fig. 1b). To minimize quench-
ing or energy transfer between the ANPs and the tip or other surround-
ing components*>*, we synthesized all ANPs in this study with thick
(>5nm)undoped NaYF, shells (Supplementary Note 1, Supplementary
Table1and Supplementary Fig.1).

ANPs access a wide dynamic range of forces

The photon-avalanching process and the lowest laser intensity at which
aphoton avalanche is observed depend on several factors, includ-
ing the ANP Tm* concentration, the vibrational energy modes of the
ANP material, and the influence of crystal field symmetries on Tm**
electronic energy levels'®3%344%_ We considered that such factors
could be sensitive to force. For example, compressive force should
slightly decrease the interionic distances within the ANP, possibly
affecting energy transfer rates (Supplementary Notes 2 and 3, and
Supplementary Figs. 2-4). It could also increase the energy of the
ANP vibrational modes and hence the non-radiative rates**™*® (Sup-
plementary Notes 4 and 5), which would shift the avalanche onset to
higher excitation intensities' (as in Fig. 1c). To test this hypothesis,
we measured the emission intensity versus excitation fluence for a
single ANP, with and without applied force (Fig. 2a). We find that the
excitation-emission curve measured at an applied force as low as
200 nN is markedly shifted from the one measured without apply-
ing force; the same emission intensity measured at ambient force is
acquired at an excitation intensity 62% larger when 200 nNis applied
to the ANP.

The marked shift of the ANP excitation-emission curve with force
implies that a large change in ANP emission will be observed per unit
force for a given pump power, offering high mechano-optical sensi-
tivity. To quantify the response, we measured the force-dependent
optical emission for a series of forces, at a constant pump power. We
repeated this measurement for different pump powers, in the avalanch-
ing regime (where the degree of nonlinearity s > 10) and in the satura-
tionregime (where s = 2) of the single ANPs (Fig. 2b and Extended Data
Figs.1and 2). We find that the mechano-optical response of an ANP
is exceptionally large for all pump powers, enabling the detection of
620-pN forcesinthe avalanching regime and single-digit nanonewton
forces in the saturation regime (Fig. 2c,d, Supplementary Note 7 and
Methods).

To determine the dynamic range of forces measurable with an ANP,
we applied O to 2.5-uN forces upon each ANP, and optically meas-
ured the lowest and highest detectable forces. The lowest detectable
force, namely, the noise-defined resolution, is shot-noise-limited
and is fundamentally dependent on the noise-equivalent sensitivity
(NES)**° of the ANP—a figure of merit corresponding to the small-
est detectable change in signal over a 1-s integration (Methods and
Supplementary Note 7). We detect 620 pN within 3 s, and the NES
of an ANP may reach 480 pN Hz™2 within the avalanching regime
of the ANP (Fig. 2¢c, Extended Data Fig. 1b,c, Supplementary Fig. 8,
and Supplementary Notes 7 and 8). The highest detectable force,
namely, the force range, is dark-noise limited and is fundamen-
tally dependent on the intrinsic quantum yield of the ANP and the
nanocrystal elastic limit (Supplementary Note 8). We detect 1.7 uN
of force within the saturation regime of these ANP compositions. We
observe no optical degradation resulting from plastic deformation
or photobleaching, for up to 25 compression cycles (the maximum
number of cycles attempted) measured within this 2.5-pN force range
and these measurement times and pump powers (Supplementary
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Fig.2|Optical force sensing over four orders of magnitude by asingle ANP.
a, Emission (800 nm) versus excitation (1,064 nm) intensities measured for
asingle4.5% Tm>" ANP, withand withoutapplied force. The dashed lines are
photon-avalanche differential rate equation model fits (Supplementary Note 6
and Supplementary Tables 2and 3). The larger (smaller) change in signal per
unitforce, represented by the left (right) arrow, occursin the avalanching
(saturation) regime of the ANP. b, Emission intensity as a function of applied
force for asingle 7% Tm>* ANP excited at avalanching and saturating intensities.
¢, Highest detectable force (range) and lowest detectable force (resolution) for
23 compression cycles for 7 single 7% Tm*" ANPs measured at different excitation
intensities. Standard errors of the mean are derived from the linear fits to

the emissionintensity versus applied force graphs (asinb), each containing
10-200 data points. Both compression cycles from the single ANPinbare
enlarged and colour-coded asinb. d, Emission spectra (left) and their peak
magnifications (right) measured at the start and end of acompression cycle, for
a7%Tm>" ANP excited at saturating intensities. Left: 30 force-dependent spectra
(grey traces) measured between13 nN (teal) and 1.4 puN (pink) of the compression
cycle. Right:log-scale representation of peaks fromthe13-nNand 1.4-uN
spectraintheleft panel, with the equation for noise-defined resolution, where
Pisphoton count (integrated intensity), Fis force and P, is the photon count at
F=0.The13-nNspectrumisfit to asum of Gaussians centred at Tm*" transitions
(R*=0.99).Integrationtimes are 3 s for all measurements.

72 | Nature | Vol 637 | 2 January 2025

Note 8, Supplementary Fig. 8 and Extended Data Fig. 2). We find
that the highly nonlinear mechano-optical response, which is maxi-
mized at the avalanching regime, enables the detection of hundreds
of piconewtons to hundreds of nanonewtons forces at lower pump
powers (Fig.2cand Supplementary Note 10). Meanwhile, the ANP high
emission, which is maximized at the saturation regime, allows the
detection of single-digit nanonewtons to single-digit micronewtons
at higher pumpintensities (Fig. 2c,d). The same large dynamic range
spanning three orders of magnitude of force is maintained through-
out all pump intensities for all single ANPs measured (Fig. 2c), and a
single ANP can detect four orders of magnitude of force by pump-
power tuning.

Mechanobrightening through UCNP-to-ANP
transformation

Motivated by these results, we predicted that photon-avalanching
behaviour could be initiated by applied force, resulting in mechano-
brightening nanosensors. We envisioned creating non-avalanching
UCNPs with Tm?** concentrations just below those sufficient to attain
photon avalanche atambient conditions, and transforming theminto
avalanching UCNPs through the utilization of force.

It was previously found that ANPs with 8% Tm>" show a signature
photon-avalanching response'®. But for lower concentrations of 1%
to 4%, a threshold intensity was less apparent, and the nonlinearities
observed inthe emission versus excitation curves were much smaller'®,
Asphoton avalanchingis sustained through efficient cross-relaxation
(a form of energy transfer) between the emitting lanthanides',
which is influenced by interionic distances, phonon-mediated
processes and excited-state absorptions, we posited that applica-
tion of force could enhance this process, and hence transform a
pre-avalanching nanoparticle (pre-ANP) into an ANP. We therefore
designed a set of particles with Tm** concentrations ranging from
7% to 4%, in search of the pre-avalanching concentration. We find
that when pressing upon particles with Tm*" concentrations down
to 4.5%, the emission decreases with applied force. In addition, 4.5%
Tm* nanoparticles show steeply nonlinear emission versus excita-
tion (Fig. 2a, Supplementary Fig. 5b and Supplementary Table 3),
deeming them ANPs at ambient conditions. However, when press-
ing upon 4% Tm>* nanoparticles, which do not avalanche at ambient
conditions (Supplementary Figs. 5a and 6), the emission intensity
increases and is enhanced 4-fold for asingle force ramp of only about
400 nN (Fig. 3a).

To test the viability of mechanobrightening for force sensing,
we repeatedly applied forces of 0 to 2.5 pN upon single pre-ANPs,
excited at various pump powers (Extended Data Fig. 3). We find that
the transformationintoan ANP occursataround 400 nN, after which
the now-ANP follows conventional ANP response to force—that of
emission decrease. This yields a mechanobrightening force range of
about 400 nN for pre-ANPs. The steep increase in emission per unit
forceenables the detection of forces aslow as 475 pN within 3 s (Fig. 3a,
inset), yielding an NES of 368 pN Hz 2 for pre-ANPs (Supplementary
Notes 7, 8 and 10, and Methods). The ability to detect forces at such
high sensitivities, over wide ranges, with an amplifying emission sig-
nal, along with the robustness and repeatability of the signal under
continuous pumping and force application (Fig. 3b and Extended
Data Fig. 3e) make pre-ANPs highly attractive for remote mechanical
sensing.

To further understand how force transforms pre-ANPs into ANPs, we
characterized the emission versus excitation profile of a pre-ANP with
and without applied force. Unlike ANP excitation-emission curves,
which shift to the right upon application of force (Figs. 1c and 2a)—
pre-ANP excitation-emission curves shift upwards, with increased
nonlinearity, manifested in the larger excitation-emission curve slope
(Figs.1d and 3c). This distinct change in the excitation-emission profile,
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each full compression cycle consists of 75 force-emission measurements and
lasts 4 min), demonstrating reproducible pre-ANP-to-ANP transitions.
Symbols (closely packed, so appearing as solid lines) are mean + standard
deviation. ¢, Integrated emission (at 800 nm) versus excitation (at1,064 nm)
intensities measured for asingle pre-ANP with and without applied force. The
dashedlines are photon-avalanche differential rate equation model fits
(Supplementary Note 6 and Supplementary Tables2and 3).Ina-c, theerror
bars for the excitation and emission intensities are based on excitation-area
determination (+0.04 /;,) and signal Poissonian statistics (approximately v/,,,),
respectively. Theintegration timeis 3 s for allmeasurements.

observed only for pre-ANPs under applied force, highlights their transi-
tion from pre-avalanching to avalanching (Supplementary Note 6 and
Supplementary Fig. 5).

Mechanochromic nanosensors

With a goal of expanding utility for abroader range of applications,
we next set out to design mechanochromic nanosensors, with a
dual-wavelength ratiometric readout of force. The aim was a sensor
for which the signal does not depend solely on the intensity of one
emission wavelength, but instead on the intensity of two emission
wavelengths thateach showadifferent force response. The wavelengths
should be spectrally proximal to enable their simultaneous detec-
tion, yet far enough apart to not overlap, yielding a force-dependent
signalthat depends onthe ratio of these two emissions (the ‘colour’ of
emission). Mechanochromic self-calibrated signals of this type pro-
vide a built-in control against environmental interference, which can
disrupt single-wavelength intensity readout. The internal calibration
provided by mechanochromism makes it well suited for deeply sub-
surface mechanical sensing.
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Theintegrationtimesare 50 s (ANP1),20 s (ANP2) and 30 s (ANP 3). ¢, Mechano-
optical response distribution (response, 54 + 7% uN; data, mean £ s.e.m.).

d, Forceresolutiondistribution (resolution, 13 + 2 nN; data, mean +s.e.m.).
Thedataincanddarederived from 21compression cycles (each consisting
0f10-1,000 emission versus force data points) on 8 piezochromic ANPs.
Theintegrationtimesare3-50s. The dashed lines are Gaussian fits to the
histograms. e, The main Tm*" electronic levels and transitions involved

when considering piezochromic dual-wavelength emission. The solid lines are
absorption and emission. The wavy and dashed lines represent multi-phonon
relaxation and cross-relaxation, respectively.

To design mechanochromic nanosensors with substantial emission
from both the main photon-avalanche level (*H,) and anearby energy
level (F;), we increased the Tm* concentration within the ANPs. We
find that for 15% Tm*', there is sizeable emission at 700 nm (°F, level)
and 800 nm (*H, level) (Fig. 4a and Extended DataFig. 4) and hereafter
refer to 15% Tm> nanoparticles as ‘piezochromic ANPS'.

When subjected to force, the relative emission from the *H, level
increases compared with that from the *F; level (Fig. 4a), and the overall
emission from a piezochromic ANP decreases with force (Extended
Data Fig. 5a) as with the lower-Tm**-content ANPs (Fig. 2). The ratio
between these two emission lines, therefore, reports on the applied
force. The mechano-optical response, manifested in the percent
change of the 800 nm/700 nm emission ratio per unit force, is the
same within error for different single particles probed during dif-
ferent integration times (Fig. 4b and Extended Data Figs. 5b-f and
7a,b), and is on average 54% uN™ (Fig. 4¢). For each piezochromic
ANP, the response, ambient-force brightness and ambient-force
dual-emission ratio remain unchanged under continuous pumping
at high excitationintensities and after repeated compressionto 2.5 uN
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(Extended DataFigs. 6 and 9a-d). The large mechano-optical response
and ambient-force brightness, together with the low ambient-force
dual-emission ratio found for piezochromic ANPs (Extended Data
Figs. 6, 8 and 9a-d) enable the detection of single-digit nanonew-
ton forces within less than 1 min (Fig. 4d and Extended Data Fig. 9e),
and yield an NES of 6.8 nN Hz "2 (Supplementary Notes 7 and 8 and
Extended DataFig. 8).

Discussion

The steep nonlinearity of the photon-avalanche process in addition
to the high intrinsic quantum yield of ANPs'® enables the detection
of three orders of magnitude of force at any pump intensity utilized.
Overall, we demonstrate that four or more orders of magnitude of
force canbe probed with the same single ANP by simply adjusting the
pump intensity—allowing for remote multiple-scale force sensing of
nanoscale environments. While many experimental measures of force
are macroscopic or ensemble measurements™'”*5°, we have carried
out single-ANP experiments here, allowing for quantitative charac-
terization of ANP responses, and for precise control of applied forces
over many orders of magnitude with an AFM tip. Single-ANP studies
can be useful for applications needing deeply subwavelength spatial
mapping® or tracking of force variations. Innate nanoparticle varia-
tions®*2will present alimiting factor on quantitative precisionin such
studiesand will be akey aspect for future optimization (Supplementary
Note 9 and Supplementary Figs. 9-12). As with many remote sensors,
sensitivity to other external factors such as temperature canalso pre-
sent issues**. New ANP architectures**** may address this challenge,
offering the potential for self-calibration using other lanthanide spe-
cies or ratiometric detection to independently track and disentangle
confounding external effects.

The ability to transform a conventional UCNP into an ANP and back
through the application and release of force, respectively, further
highlights the strong dependence of the photon-avalanche mecha-
nism on factors such as interionic distance, phonon energy and elec-
tronic energy-level splittings and symmetries. Only 400 nN of force
arerequired to observe a 4-fold emission increase at ambient condi-
tions. Although emission intensity increase with pressure has been
shown in previous hydrostatic pressure studies of lanthanide-doped
UCNPs****, an enhancement of 1.7-fold was observed at most, using
orders of magnitude larger forces. Those changes in signal were attrib-
uted to modifications of the crystal field symmetry, as the nanoparti-
cles under study were of cubic phase, and hence centro-symmetric
in nature. Compression of hexagonal-phase nanoparticles in those
studies did not yield a measurable increase in signal with pressure.
Because the pre-ANPs in this study are hexagonal-phase nanoparti-
cles, we speculate that the observed changes rely on the complex,
photon-avalanche-related interactions. Analysis of the experimental
data using an extended differential rate equation model including
all Tm* levels involved in 800-nm avalanche emission (Supplemen-
tary Note 6) results in accurate fits for the mechano-optics of all Tm**
concentrations in this study (Supplementary Tables 2 and 3, Supple-
mentary Fig. 5 and Extended Data Fig. 7c). These show increases in
non-radiative relaxation and cross-relaxation rates upon force appli-
cation that are consistent with expected changes in phonon ener-
gies and interionic distances (Supplementary Notes 3-5), pointing
towards the primary mechanisms responsible for the force-induced
transition to avalanching, that results in the mechanobrighten-
ing and detection of the wide range of forces (475 pN to 400 nN)
observed here.

The piezochromic ANPs designed here are an order of magni-
tude more sensitive than the state-of-the-art nanoscale ratiometric
force sensors at ambient conditions***°, However, piconewton-scale
forces, easily detectable with pre-ANPs and ANPs, were not detected
with piezochromic ANPs with the same experimental conditions
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(Extended Data Fig. 10). This contrasting behaviour could originate
from different or additional underlying mechanisms behind the
mechanochromism ratiometric change. Concentration-dependent
measurements (Extended Data Fig. 4a,b) and modelling (Extended
Data Fig. 4c) indicate that the emergence of 700-nm emission from
theF, level arises from the increased cross-relaxation rates present
in high-lanthanide-content nanoparticles owing to shorter average
interionic distances. Our models suggest that the force sensitivity in pie-
zochromic ANPs could then stem from anincrease in the non-radiative
relaxation rate between the °F; level and the *H, level (Supplementary
Fig.7) resulting from anincrease in the vibrational energy of the host lat-
ticeuponappliedforce, asseenin previous studies of lanthanide-doped
NaYF, (refs. 46,47,55).

Directional compressive forces are prevalent in many phenomena
and processes ranging from synaptic transmission® to robotic tactil-
ity*® to cellmigration and differentiation' ' Photon-avalanche-based
sensors facilitate the remote detection of such forces from nanoscale
environments. As the ANPs undergoing axial compression also undergo
orthogonal expansion owing to the Poisson effect (Supplementary
Note 2), the avalanche-related observations in this study may be fur-
ther amplified under other conditions such as hydrostatic pressure.
Adedicated study of nano-confined photon avalanche under different
forms of mechanical force, such as hydrostatic or tensile force, will
benefitapplications where these forces are the more predominant ones.

To conclude, by leveraging the high nonlinearities of photon ava-
lanches, we design nanoscale, remotely controlled, near-infrared-input,
near-infrared-output, high-dynamic-range force sensors with force
sensitivities falling within previously inaccessible force ranges of
existing optical nanosensors'*. Different modalities of readout
(from mechanobrightening to mechanochromism), with different
forceresolutions (from piconewtons to nanonewtons), can be utilized
by choice of nanosensor Tm** concentration. The ability to remotely
and accurately probe local forces on these multiple scales will enable
advancesinbothfundamentalinvestigations and critical applications,
allowing discovery and precision study of local mechano-induced pro-
cesses and, ultimately, their quantification, nano-mapping of spatial
distributions, and early detection of malfunction, in technological
devices and physiology.
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Methods

Below we provide the detailed experimental methods used in this
work. Much recent work has gone into development of diverse ANP
compositions, consisting of different lanthanide species and vari-
ous host materials'®?'3*453357%8 n this study, we concentrated on one
specific composition class—Tm**-doped NaYF, (ref.18)—with the goal
of showing how the photon-avalanche properties in general may be
utilized for wide-dynamic-range force sensing of nanoscale environ-
ments. We anticipate that photon-avalanche-based force sensors will
contribute to adiverse range of applications, spanning medicine!>">*
to biophysics”%%0-¢¢ and robotics® to batteries™**”%8, With these spe-
cific ANP compositions, we detect previously remotely undetectable
piconewton to micronewton forces—a complementary range to those
of many other cutting-edge luminescent force-sensing methods that
have been developed, which together cover forces from attonewtons
to miCronewtonSlO,14717,26,28,29,69776‘

Materials

Sodium trifluoroacetate (98%), gadolinium (1lI) chloride (GdCl;,
99.9%+), thulium (IlI) chloride (TmCl;, 99.9%+), yttrium (IlI) chloride
(YCl;,99.9%+), ammonium fluoride (NH,F, 99.9%), oleic acid (90%), octa-
decene (ODE, technical grade, 90%) and hexane (anhydrous, 99.5%) were
purchased from Sigma-Aldrich. Sodium oleate (>97%) was purchased
from TCI. All chemicals were used without any further purification.

Core synthesis

NaYF,:Tm>* core nanoparticles were synthesized using a previously
described synthesis, with some modification®. NaYF:4% Tm* cores
were synthesized as described further, and cores with other Tm** dop-
ing amounts were prepared analogously by varying the stoichiomet-
ric amounts of YCI; and TmCl,. YCI; (0.96 mmol, 187.5 mg) and TmCl,
(0.04 mmol, 11.0 mg) were added together with oleic acid (6 ml) and
ODE (18 ml) toadry 50-ml 3-neck round-bottom flask. The mixture was
stirred, placed under avacuum and heated to100 °C for 1 h, causing the
solution to become clear. The flask was then filled with nitrogen (N,),
and sodium oleate (2.5 mmol, 761.1 mg) and NH,F (4 mmol, 148.1 mg)
were added. The flask was subsequently placed under vacuum and
the mixture was stirred for another 20 min, followed by N, flushing
(x3). The reaction was heated to 320 °C and allowed to react under
N,. After 60 min of reaction time, the flask was rapidly cooled toroom
temperature by astrong stream of air, and nanoparticles were isolated
using ethanol (20 ml) and centrifugation (3,000 rpm, 5 min). The nano-
particles were additionally washed with hexane:ethanol (1:1 v/v) twice
and redispersed in4 ml of hexane for storage.

Preparation of shell precursors

Epitaxial NaYF,:20% Gd** shells were grown on the doped NaYF,:.Tm>"
coresinaN,-filled glovebox with laboratory automation robot Work-
station for Automated Nanocrystal Discovery and Analysis (WANDA)"".
Precursor solution, corresponding to the composition of the epitaxially
grownsshelllayer, was prepared by heating stoichiometric amounts of
lanthanide chlorides (LnCl;, 2.5 mmol of total amount) to 110 °Cinoleic
acid (10 ml) and ODE (15 ml), and stirring for 15 min under vacuum.
The flask wasfilled with N, and heated to 160 °C for 30 minto allow the
LnCl;to dissolve, which was followed by another 15 minat 110 °C under
vacuum, rendering a 0.1 M solution of stoichiometric mixture of lan-
thanide oleates. Inaseparate flask,aNaand F precursor was prepared
by dissolving sodium trifluoroacetate (8 mmol, 1,088 mg) in oleic acid
(20 ml) and ODE (20 ml) and applying vacuum at room temperature for
60 min, resulting ina 0.2 M sodium trifluoroacetate oleate solution.

Synthesis of core/shell NaYF,:Tm*'/NaYF,:20% Gd** nanoparticles
NaYF,:20% Gd** shells of 5-9 nm thickness were grown on the core
nanoparticles using a layer-by-layer protocol similar to that used in

ref. 78. In brief, for a shell thickness of 6 nm, 6 ml ODE and 4 ml oleic
acidwereaddedto the dried cores and heated to 280 °C at 20 °C min™*
inthe WANDA glovebox. The automated protocol alternated between
injections of a 0.2 M sodium trifluoroacetate oleate stock solution
and a 0.1 M stock solution of20% gadolinium and 80% yttrium oleate.
One injection was performed every 20 min for a total of 32 injections
(16 injections for each precursor). Following the last injection, each
reaction was annealed at 280 °C for an additional 30 min and then
cooled rapidly by N, flow. The particles were isolated and purified
according to the purification protocol described for the cores.

Structural characterization

Transmission electron microscopy images were obtained by a trans-
mission electron microscope (JEOL 2100 F) withan accelerating volt-
age of 200 kV. Powder X-ray diffraction patterns were acquired witha
Bruker AXS D8 Discover GADDS X-ray diffractometer, using Co Ka radi-
ation. The Tm*" doping concentration in the cores was measured by
elemental analysis usinginductively coupled plasma optical emission
spectroscopy (measurements performed by Galbraith Laboratories).

Single-particle sample preparation

A volume of approximately 40 pl of 0.02-0.1 nM particle suspen-
sion in hexane was spin-coated at 1-3 krpm for 1 min on sterilized
poly-L-lysine-coated 170-pm-thick glass coverslips (Electron Microscopy
Sciences 72292-20). Prepared single-particles-on-glass samples were
stored at ambient conditions before AFM and optical measurements.
The single-particle dispersity (about 2 pm between particles) of the
sample was verified by AFM scanning and optical scanning of the sample.

Mechano-optical set-up

Allmeasurements were carried out with a custom-designed combined
AFMatopaninverted optical microscope, based onaHoriba Trios system,
operatinginambient conditions. Modifications were made to accommo-
date usage of thin, transparent samples and high-numerical-aperture oil
immersive objectives without experiencing mechanical vibrations. Elimi-
nation of acoustic noiseincluded the design of screw-in, small (diameter
of about 4 mm) aperture, sample holders and an acoustic-foam-lined
isolation chamber. Reduction of structural vibrations was attained by
high-mass supportfor the microscope base, aheavy base for the micro-
scope objective and Sorbothane isolation of the microscope breadboard.

Mechano-optical measurements

After location of a single particle and verification of a single, rather
than clustered, entity by ensuring its brightness was lower than the cut-
off maximal brightness expected for a single particle at the corre-
sponding excitation intensity or by AFM scanning at high resolution,
its power-dependent emission was characterized at ambient condi-
tions. For power-dependent measurements, agradient neutral-density
wheel was rotated by a computer-driven program; excitation powers
were measured by diverting about 10% of the excitation power exit-
ing the neutral-density wheel to a power meter by a thin glass slide
placed at an angle to the excitation-path axis. Excitation intensities
were calculated using measured excitation powers and dividing by the
area calculated from the image of the focused laser spot. Excitation
ofthe sample and collection of its emission were both through a x60,
1.4-numerical-aperture, oil objective (Nikon CFI Plan Apochromat
Lambda) located beneath the sample. Excitation of the particles was
carried out with a continuous-wave 1,064-nm laser diode (QPhoton-
ics), after filtering with 900-nm long-pass and 950-nm long-pass fil-
ters. Emission from the particles was filtered with 850-nm short-pass,
945-nm short-pass and 950-nm short-pass filters, before it was meas-
ured by the LabRAM spectrometer FIVS Synapse EM-CCD camera
(EM-CCD:; electron multiplying charge coupled device). A full spec-
trum was recorded by a row of 1,600 active pixels within the CCD
array. Integrated intensities were calculated by performing Riemann



sums over the desired spectral ranges (while each pixel corresponded
to about 0.125 nm), subtracting the root mean square of the dark
counts (integrated intensities of the background level), dividing by
the electron-multiplier gain (adjustable photon-to-count number
multiplication factor; electron-multiplier gain <10), and correcting
for the wavelength-specific quantum efficiency (QE(A1) < 0.5) of the
camera. Silicon AFM force-modulation probes with spring constants
of 0.8-8.9 N m™and resonance frequencies of 36-98 kHz (ACCESS-FM
Probes, Applied Nanostructures) were utilized for tapping mode scan-
ning and for force application. Cantilever resonance frequencies were
measured and spring constants were determined via the Sader method.
Force versus tip—sample distance sweeps were performed for force
calibration of the probes. The tip radius of curvature according to
the specifications was 6 nm; application of 2.5-uN force (the maxi-
mum force applied in this study) increased tip bluntness and radius
of curvature, as the force magnitude was larger than silicon’s plastic
deformation threshold (Supplementary Note 8). Application of force
on a particle was gradual (force increments <125 nN), to prevent par-
ticle displacement. Optical scanning of the particle before and after
compression cycles was carried out to ensure no sample drift or parti-
cle displacement occurred owing to force application; inconsistency
between these scans rendered the data acquired in between discard-
able. Decompression cycles were not analysed for this study, as all
the measurements were carried outatambient conditions, where the
adhesion force arising from the condensed meniscus upon the tipand
particle’®® opposes tip retraction.

Data analysis

Single-particle spectra were fit to a sum of two to six Gaussians, as
appropriate, for each Tm*" transition. Emissions at 800 nmand 700 nm
wereintegrated from 760-840 nm and 675-720 nm, respectively, with
CCDelectron-multiplier gain and QE(A) corrections. Each particle was
compressed several times at each excitation intensity. For both the
pre-ANPs and ANPs, each compression cycle of 800 nm emission (P)
versus force (F) dataset was fitted to a linear polynomial of the form
P=aF +b,where b=I,tand a=/,tR. The particle response R, as well as
the force resolution !__1 were derived from the fit a and b val-

ues. Theaccessible force ragge was derived fromthefit FvalueatP=0
for the ANPs; the force range for the pre-ANPs was that yielding the
fit with the maximal positive slope. For the piezochromic ANPs, each
compression cycle 800 nm/700 nm emission ratio («) versus force
(F) dataset was fitted to a linear polynomial of the form a =aF + b,
where b=a,and a = a,R. The particle response R, as well as the force

_Irap ,were derived from the fit @ and b values. The
| R| Jlotag

accessible force range was determined by the 700-nm emission signal-
to-noise ratio, such that the signal-to-noise ratio was about 1. NES
values were derived from multiplication of the measured noise-derived
forces by the square roots of measurementintegration times (Supple-
mentary Note 7). Standard errors on each of the values were propagated
fromthestandard errors on the fit values, which were derived from Aa
and Ab, which are 95% confidence intervals of the fitted values.

resolution

Data availability

All data generated or analysed during this study, which support the
plots within this paper and other findings of this study, are included
in this published article and its Supplementary Information. Source
data are provided with this paper.

Code availability

The code for modelling the force-dependent photon avalanche
using the differential rate equations described in Supplementary
Information is freely available on Zenodo at https://doi.org/10.5281/
zenodo.13380752 (ref. 81).

57. Skripka, A. et al. Intrinsic optical bistability of photon avalanching nanocrystals. Nat.
Photon. https://doi.org/10.1038/s41566-024-01577-x (2025).

58. Wang, C. et al. Tandem photon avalanches for various nanoscale emitters with optical
nonlinearity up to 41st-order through interfacial energy transfer. Adv. Mater. 36, 2307848
(2024).

59. Kaushik, S. & Persson, A. I. Unlocking the dangers of a stiffening brain. Neuron 100, 763-765
(2018).

60. Romani, P., Valcarcel-Jimenez, L., Frezza, C. & Dupont, S. Crosstalk between
mechanotransduction and metabolism. Nat. Rev. Mol. Cell Biol. 22, 22-38 (2021).

61. Jain, S. etal. The role of single-cell mechanical behaviour and polarity in driving
collective cell migration. Nat. Phys. 16, 802-809 (2020).

62. De Belly, H., Paluch, E. K. & Chalut, K. J. Interplay between mechanics and signalling in
regulating cell fate. Nat. Rev. Mol. Cell Biol. 23, 465-480 (2022).

63. Qiu, Y., Myers, D. R. & Lam, W. A. The biophysics and mechanics of blood from a materials
perspective. Nat. Rev. Mater. 4, 294-311(2019).

64. VanHelvert, S., Storm, C. & Friedl, P. Mechanoreciprocity in cell migration. Nat. Cell Biol.
20, 8-20 (2018).

65. Firmin, J. et al. Mechanics of human embryo compaction. Nature 629, 646-651(2024).

66. Yeoman, B. et al. Adhesion strength and contractility enable metastatic cells to become
adurotactic. Cell Rep. 34, 108816 (2021).

67. Huang, W. et al. Onboard early detection and mitigation of lithium plating in fast-charging
batteries. Nat. Commun. 13, 7091 (2022).

68. Doux, J. M. et al. Stack pressure considerations for room-temperature all-solid-state
lithium metal batteries. Adv. Energy Mater. 10, 1903253 (2020).

69. Brockman, J. M. et al. Mapping the 3D orientation of piconewton integrin traction forces.
Nat. Methods 15, 115-118 (2018).

70. Serwane, F. et al. In vivo quantification of spatially varying mechanical properties in
developing tissues. Nat. Methods 14, 181-186 (2017).

71.  Stabley, D.R., Jurchenko, C., Marshall, S. S. & Salaita, K. S. Visualizing mechanical tension
across membrane receptors with a fluorescent sensor. Nat. Methods 9, 64-67 (2012).

72. Nickels, P. C. et al. Molecular force spectroscopy with a DNA origami-based nanoscopic
force clamp. Science 354, 305-307 (2016).

73. Ringer, P. et al. Multiplexing molecular tension sensors reveals piconewton force gradient
across talin-1. Nat. Methods 14, 1090-1096 (2017).

74. Campas, O. et al. Quantifying cell-generated mechanical forces within living embryonic
tissues. Nat. Methods 11, 183-189 (2014).

75. Polacheck, W. J. & Chen, C. S. Measuring cell-generated forces: a guide to the available
tools. Nat. Methods 13, 415-423 (2016).

76. Vian, A. et al. In situ quantification of osmotic pressure within living embryonic tissues.
Nat. Commun. 14, 7023 (2023).

77.  Chan, E. M. et al. Reproducible, high-throughput synthesis of colloidal nanocrystals for
optimization in multidimensional parameter space. Nano Lett. 10, 1874-1885 (2010).

78. Levy, E. S. etal. Energy-looping nanoparticles: harnessing excited-state absorption for
deep-tissue imaging. ACS Nano 10, 8423-8433 (2016).

79. Wallace, A. Scanning Probe Microscopy. Analytical Geomicrobiology: A Handbook of
Instrumental Techniques 121-147 (Cambridge Univ. Press, 2019).

80. Xiao, C. et al. Thickness and structure of adsorbed water layer and effects on adhesion
and friction at nanoasperity contact. Colloids Interfaces 3, 55 (2019).

81. Fardian-Melamed, N. et al. Infrared nanosensors of pico- to micro-newton forces. Zenodo
https://doi.org/10.5281/zenodo.13380752 (2024).

Acknowledgements We thank K. W. C. Kwock and R. G. Stark for assistance with the set-up
configuration. N.F.-M. acknowledges support from the European Union’s Horizon 2020 research
and innovation programme under the Marie Sktodowska-Curie grant agreement number 893439,
the US Department of State - IL Fulbright Scholarship Program, the Zuckerman-CHE STEM
Leadership Program, the Israel Scholarship Education Foundation (ISEF), the ISEF - de Gunzburg
International Science Fellowship Program, and the Weizmann Institute’'s Women’s Postdoctoral
Career Development Award. B.U. and P.J.S. acknowledge support by the National Science
Foundation under grant number CHE-2203510. A.S. acknowledges the support from the
European Union’s Horizon 2020 research and innovation programme under the Marie Sktodowska-
Curie grant agreement number 895809 (MONOCLE). Work at the Molecular Foundry was
supported by the Office of Science, Office of Basic Energy Sciences, of the US Department of
Energy under contract number DE-AC02-05CH11231. X.Q., B.E.C. and E.M.C. were supported in
part by the Defense Advanced Research Projects Agency (DARPA) ENVision programme under
contract HRO011257070, and C.L. and P.J.S. under DARPA ENVision contract HRO0112220006.
T.P.D. and P.J.S. also acknowledge support for scan-probe instrumentation and measurement
capabilities from Programmable Quantum Materials, an Energy Frontier Research Center funded
by the US DOE, Office of Science, Basic Energy Sciences (BES), under award DE-SC0019443.

Author contributions Conceptualization: N.F.-M. and P.J.S. Experimental design: N.F.-M.

and P.J.S. Experimental set-up: N.F.-M., B.U., T.P.D. and C.L. Mechano-optical measurements:
N.F.-M., MW., J.M.G. and P.J.S. Mechano-optical data analysis: N.F.-M., B.U. and C.L. Theoretical
modelling and simulations: N.F.-M., EM.C., A.S., C.L., P.J.S. and B.U. Advanced nanocrystal
synthesis and structural characterization: A.S., AT, X.Q., B.E.C. and E.M.C. Single-nanocrystal
sample preparation: N.F.-M. and C.L. Paper writing: all authors.

Competing interests The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-024-08221-2.

Correspondence and requests for materials should be addressed to Natalie Fardian-Melamed,
Bruce E. Cohen, Emory M. Chan or P. James Schuck.

Peer review information Nature thanks Andries Meijerink, Jon R. Pratt and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer reviewer
reports are available.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://doi.org/10.5281/zenodo.13380752
https://doi.org/10.5281/zenodo.13380752
https://doi.org/10.1038/s41566-024-01577-x
https://doi.org/10.5281/zenodo.13380752
https://doi.org/10.1038/s41586-024-08221-2
http://www.nature.com/reprints

Article

a Fun b

Excitation Intensity: 10 =
2 B kW/em? 208 ‘\
9] YA
1 i 061* \‘%,O
@ Y o
N ¢ <
0 S04 4
700 800 900 £ Y
Wavelength (nm) 5 0.2 *
= A
38 kW/cm?
500 1000 1500 2000
Force (nN)
C 0 x10*
. ° 35 Q---? noise o VP
1.5 s F, 7
-~ 290N R, —~ \ resolution = 75~
= ) = N ar
© © \, <620pN
= z
g 1 2 \\\
2 L _—
£ £ 2 Lar
° b}
5 2 N
» 0.5 o \
8 =] :
@ %
; 8 '
130 kW/cm? \
. «
0
I ~ 0.5 £
Force 760 780 800 820 840 130 180
I Range Wavelength (nm) Force (nN)

Extended DataFig.1| Avalanche-shifting (7% Tm>') ANP mechano-optics at
theavalanching and saturationregimes. a. Emission spectraasafunction
ofapplied force, forincreasing excitation intensities, for single ANPs. Ateach
excitationintensity, 100 force-dependent optical spectraare measured per
2.5pNforceramp. Theaccessible force range (dashed line), and the relative
brightness of the ANP (note different scales) for each excitation intensity
correlate with avalanching behavior. b. Full compression cycles, each
consisting of 100 emission intensity versus applied force data points, for single
ANPs excited in their avalanching regime (27 kW cm™) and saturationregime
(85kW cm™).Each datapointis derived fromasingle force-dependent optical
spectrum (asinaand c). c. Two sequentially measured emission spectra (left)
andtheir correspondingintegrated intensities (right) as afunction of applied
force, foran ANP excited inits avalanching regime (18 kW cm™). Error bars for
integrated emissionintensities are based on signal Poissonian statistics. The
noise-definedresolution, retrieved froma full compressioncycle (asinaandb),
isdepicted (Pis photon counts (integrated intensity), F is force, P, is the photon
countatF =0).Integrationtimeis 3 s forall measurements.
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Extended DataFig.2|Mechano-optical response of single avalanche-
shifting (7% Tm>') ANPs. a. Excitation power dependence of the mechano-optical
response of asingle ANP. Each compression cycle (measured at adifferent
excitationintensity) consists of 100 data points, derived from 100 force-
dependentoptical spectrameasured at 3 sacquisition times. Force increment
step sizeis 25nN. Excitationintensities and fitted graph equations (where Pis
emissionintensity and F is force) for each compression cycle are depicted
withinthelegend.b.Mechano-optical response cyclability of asingle ANP.
Repeating compression cycles measured for asingle ANP at a specific
excitation power (27 kW cm™), for differentacquisition times. Each compression
cycle consists of 20 data points, derived from 20 force-dependent optical
spectrameasuredat2s(cycles1,2)and5s(cycles10,11,12) acquisition times.
Theforce-dependent optical responseis repeatable, for the 2.5-uN-force
cyclesapplied.No photodegradation or plastic deformation is measured under
these excitation and mechanical conditions, for up to 25 measured cycles per
particle. The differencein apparentambient particle brightness, and hence
emission-force graphs, derives from the different acquisition times (noted for
eachcycleinthe figurelegend). Normalization by the acquisition time yields
similar noise-equivalent sensitivity (NES) values for all cycles.



Article

o

~ x10* o oycle#t —~ x10*

= P=1.9"10% +128F 33! o cycle#6

s 9] cycle#2 L P =1.01"10% + 76F

> ——P=1.810% +92F > 3 cycle #7

@ B cycle#3 k7] ] P =094*10* + 90F

5 ——P=1810* +82F % a0 1) o cycle#8

< * cycle #4 € € ——P=0.98*10" + 78F

= —P=1.4"10* +70F > 8

E * oycle #5 a1 b

© ——P=1.2"10* +99F ®© ®

— = .

g g e

= : 5 = £0- - ; . . i

0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Force (nN) Force (nN)

c d |

o = i X10

557 o 41 kWiem? :@10'
S ——P=098"10% + 78F S 603 o

>4 8 52 kWiem? > “ 5"0‘,8“
B P=1.2*10% + 99F ‘@ .
$3 & © 75 KkWiom? E 7 X4 290 Vici

15 P =170+ 118F € 5% ——P=55"10"+ 99F
5 24 — o 1,595 kWiem? v 290 KW/cm?
2 § % ——P=5.1"10* + 104F —Pp =54*10" + 85F
% 1 ) S o 1,595 kW/cm? o 1,505 kW/cm?

3 % o) ——P=52"10%+99F ——p=5710%+9IF
£0 - - £0

0 500 1000 1500 2000 2500 0 200 400 600 800
Force (nN) Force (nN)

:

Cycle #9 Cycle #11

g

Emission Intensity (a.u.) m
g g

Emission Intensity (a.u.)
g
g

Emission Intensity (a.u.)
2
g
g

750 800 850

700 700 750 800
\Wavelength (nm)

7y, © 650
£ \Wavelength (nm)

® ® " so0 850
//147 0 650 //;47 0 gso 700 750

Wavelength (nm)
Extended DataFig. 3| Cyclability of single (4% Tm*') pre-ANP to ANP
transitions. a-b. Recurring compression cycles onasingle pre-ANP excited at
52kW cm™(a) and 41 kW cm2(b). For each cycle, once the particle reachesits
maximal emission (at the same force value, within the measurementerror),

its emission decreases with force following an ANP response to force. Cycle
number and fitted graph equations (where Pis emission intensity and F is force)
foreach compression cycle are depicted within the legend. c-d. Excitation
power dependent compression cycles for single pre-ANPs at the low-power
regime (c) and at the high-power regime (d). Excitation intensities and fitted
graphequations (where Pisemissionintensity and Fis force) for each
compressioncycle are depicted within the legend. For each cycle, once the
particlereaches its maximal emission (at the same force value, within the
measurement error), itsemission decreases with force following an ANP
responseto force. e. Emissionincrease force range of compression cycles #9,
#10,and #11, of a pre-ANP measured at -1,800 kW cm™. a-e. Integration time
per unit forcewas 3 s forall compression cycles.
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Extended DataFig.4|Measurements and simulations of the 800 nm/

700 nm-emission as afunction of Tm* concentration. a. Single particle
spectra, measured for different Tm®* concentration pre-ANPs/ANPs, at their
respective saturation regimes (excitation wavelength: 1064 nm; excitation
intensity:376 kW cm™ (4% Tm*"), 1,849 kW cm™ (5% Tm?*"), 517 kW cm 2 (15% Tm>*)).
b.800 nm/700 nm-emission ratio as a function of Tm*' concentration for
different Tm* concentration pre-ANPs/ANPs, measured at their respective
saturationregimes (excitation wavelength: 1064 nm; excitation intensity:

376 kW cm (4% Tm?>),1,849 kW cm2 (5% Tm?>*), 517 kW cm™ (15% Tm>")). Error
barsarethestandard deviations of three single-NP measurements. c. Photon
avalanche differential rate equation (DRE) model simulations of the 800 nm/
700 nm-emissionratio as afunction of Tm** concentration. The DRE simulations
for the different Tm* concentrations were performed with the respective
parameters (per Tm* concentration) extracted from fitting the emission

versus excitation graphs measured at zero applied force (Supplementary
Note 6, Table S3, and Fig.S5). Note that the DRE model predicts Tm* emissions
fromthese levels up to a certain excitation threshold, above which other,
higher-level, excited states are populated and thus must be taken into account.
Any discrepancies between the simulated values here and the measured ones
ina-bmay be accounted for by adding DREs for higher levels (above °F,). Other
factors - such as determination of exact concentrations and hence energy
transfer rates, or discernment of the precise 700 nm emission at lower
concentrationsand hence experimental 800 nm/700 nm -emission ratios -
may alsoreduce discrepancies between simulated and measured values. The
DRE simulations show that higher cross-relaxationrates, attained at higher
Tm?>* concentrations, decrease the 800 nm/700 nm -emission ratio by:
1.Populating °F, at a faster rate, which, in turn, populates >F, at a faster rate

by direct excited state absorption. 2. Depopulating *H, at a faster rate.
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Extended DataFig.5|Mechano-optical response cyclability of single (15%
Tm?*) piezochromic ANPs. a. 800 nmand 700 nmintegrated emissionintensity
versus applied force, for 4 consecutive force cycles, attained for asingle
piezochromic ANP. A total ofupto1.5 pN force was applied on the particle
ateach compressioncycle. Each full compression cycle consists of10-50
force-spectrumdata points. Integration time per data pointwas: 3 s (cycle #1),
9s(cycle#2),20s (cycle#3),and 30 s (cycle #4). b-e. Hyperspectral imaging
ofasingle piezochromic ANP, before compression cycle #1 (b), #2 (c), and #9 (d),

f cycle #1
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cycle #9
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and after cycle #9 (e). Corresponding compression cycles displayedinf.
Samplingtime: 0.3s.f.800 nm/700 nm -emission ratio versus applied

force, for three forcecycles, attained for asingle piezochromic ANP (pre-and
post-imagingin a-d). A total of 1 uN force was applied on the particle at each
compression cycle. Each full compression cycle consists of 10-20 force-
spectrumdata points. Integration time per data point was: 30 s (cycle #1),50 s
(cycle#2),and 3 s (cycle #9). a-f. Excitation intensity: 1,131 £ 46 kW cm™.
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single (15% Tm>') piezochromic ANPs. a. Mechano-optical response (percent
change of the 800 nm/700 nm -emission ratio versus applied force), for

upto 9 compression cycles per particle, for 8 different piezochromic ANPs.
b-d.Mechano-optical response (b), normalized initial (F = 0) brightness (c),

and initial (F=0) 800 nm/700 nm-emission ratio (d) versus cycle #. Data

arederived from 21 compression cycles on 8 piezochromic ANPs (excitation
intensity: 1,131 + 46 kW cm™). Each compression cycle consists 0f10-1000
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derived from the 800 nm/700 nm -emission ratio versus applied force fit
values’95% confidenceintervals, while compression cycles consisting of a
lower number of emission-versus-force data pointsyield larger S.E.M.s. Data
pointsincarenormalized toa3sintegrationtimebaseline (i.e., divided by
theirrespectiveintegration times, and multiplied by 3 s), soas to conformto
dataacquired for the other (pre-avalanching and avalanching) particles in this
study - for comparison between particles (datain c was further normalizedtoa
1sintegration time baseline for NES derivation). Datainb, ¢,and d are colour-
codedasina(each colourrepresentsadifferent single particle).
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Extended DataFig.7|Measurements and simulations ofthe mechano-optical
response of single (15% Tm>') piezochromic ANPs. Measured 800 nm/700 nm-
emissionratio (a) and percent change of the 800 nm/700 nm -emission ratio
(b) versus applied force, for 5compression cycles originating from 5 different
piezochromic ANPs (excitation intensity: 1,131+ 46 kW cm™). Integration time
perdatapointwas:3s(NP#1),3s (NP#2),3s(NP#3),30s(NP#4),and50s

(NP #5). While their initial 800 nm /700 nm -emission ratios differ by up to +25%
(full statistics in Extended DataFig. 8), their mechanical responseis similar.
c.Photon avalanche DRE model simulations of the 15% Tm** piezochromic

ANP forceresponse. AllDRE parameters are listed in Supplementary Note 6,
Table S3.Zero-force simulation parameters are derived from fitting the
excitation (at 1064 nm) versus emission (at 800 nm) data measured for
piezochromic ANPs at ambient conditions (Supplementary Note 6, Fig. S5c).
Force dependence of all of the nonradiative relaxation and cross-relaxation
rates are derived from the equationslisted in Supplementary Note 6. Calculations
were performed for excitation intensities ca. 20-fold higher than threshold
intensities, in line with the excitation power densities used for the piezochromic
ANP measurementsin this study.
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Extended DataFig. 8| Mechano-optical parameter distributions for single
(15% Tm®') piezochromic ANPs. Initial (F = 0) 800 nm/700 nm -emission

ratio (a), noise-equivalent sensitivity (NES) (b), and force range (c) population
distributions, along with their histogram Gaussian fits, for 21 compression cycles
measured for 8 piezochromic ANPs (excitation intensity: 1,131+ 46 kW cm™).

Each compression cycle consists of 10-1000 emission versus force data points,
measured at differentintegration times (3-50 s). The normal distribution fits
yield meansandS.E.M.s of: Iggonm(Fo) / l00nm(Fo) =8.0 £ 0.7 (@), NES=9.2 £ 2.0 nN
Hz"?(b), and F,ypg. = 0.4 + 0.04 uN (c).
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Extended DataFig. 9|See next page for caption.



Extended DataFig.9|Mechano-optical response and resolutionasa
function of integration time for single (15% Tm*') piezochromic ANPs.
a.Mechano-optical response (percent change ofthe 800 nm/700 nm-emission
ratio versus applied force), for up to 9 compression cycles per particle, for 8
different piezochromic ANPs. b-d. Mechano-optical response (b), normalized
initial (F = 0) brightness (c), and initial (F = 0) 800 nm /700 nm -emission ratio
(d) versusintegration time. Data are derived from 21 compression cycleson 8
piezochromic ANPs. Data pointsincarenormalized toa3 sintegration time
baseline (see Extended DataFig. 6). Datainb, c,andd are colour-codedasina

(each colour represents a different single particle). e. Resolution of (15% Tm>*)
piezochromic ANPs as afunction of integration time. Resolutions are derived
from 7 compression cycles on two 15% Tm>* piezochromic ANPs with different
initial (F=0) brightnesses. a-e. Excitationintensity: 1,131+ 46 kW cm™.Each
compression cycle consists of 10-1000 emission versus force data points.
Error bars depict the extrapolated errors derived from the 800 nm/700 nm
-emission ratio versus applied force fit values’ 95% confidence intervals, while
compression cycles consisting of alower number of emission-versus-force data
pointsyieldlargerS.E.M.s.
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Extended DataFig.10 | ANP (7% Tm*') avalanche-shifting, pre-ANP (4% Tm**)
mechanobrightening, and piezochromic ANP (15% Tm**) mechanochromism
parameters versus excitationintensity. Force range (a), force resolution (b),
and noise-equivalentsensitivity (NES) (c), versus excitationintensity, derived
from 26 compression cycles and 6 power-dependent compressions on six 4%
Tm?** pre-ANPs (grey), 23 compression cycles on nine 7% Tm*" ANPs (teal), and 21
compression cycles on eight 15% Tm** piezochromic ANPs (purple). Different
symbolshapes represent different single NPs. Each compression cycle consists
0f10-1000 emission versus force data points, measured at 3 s (4% Tm*"),

35(7%Tm>),and 3-50 s (15% Tm*') integration times. Integration times for
power-dependent compressions are 3-7 s per excitation power. Error bars
representS.E.M.s, propagated from the (integrated intensity versus force -
for pre-ANPs and ANPs; 800 nm /700 nm -emission ratio versus force - for
piezochromic ANPs) linear fit value standard errors; compressions consisting
of alower number of emission-versus-force data points yield larger S.E.M.s.
d.Summary of ICP-derived doping concentrations, TEM-derived NP sizes,
and force measurement NES’s (mean + standard deviation, for 3 single NPs
measured at the same excitation intensity) for different sensing modalities.
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