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ABSTRACT: Nanoparticles are ubiquitous, and methods that
reveal insights into single-particle properties are highly desired
to enable their advanced characterization. Techniques that
achieve label-free single-nanoparticle detection often lack
bandwidth or do not provide quantitative information. Here,
we present a cavity-based dispersive sensing method that
achieves a high bandwidth to capture all relevant time scales
of translational diffusion and a sensitivity to detect and size
single particles with diameters down to 3 nm. We develop an
analytical model describing the autocorrelation function for
particle diffusion in a standing-wave sensing geometry and
propose a method to address the challenges posed by the transient nature of single-particle signals. With this, we achieve
quantitative particle sizing with high precision and accuracy and provide an important tool to analyze single-particle diffusion.
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INTRODUCTION remarkable sensitivity has allowed for single protein detection,
the extraction of information relating to the size or shape with
this approach has remained limited to the statistics obtained
from many detection events. In addition, the influence of the
photothermal response that convolves with the signal makes a
quantitative and unbiased evaluation challenging.

Here, we operate a fiber Fabry—Perot microcavity locked on
the slope of a resonance in the linear dispersive regime. Using a
high finesse of around 55,000 and a high stability with cavity
length fluctuations of about 300 fm, we achieve a sensitivity
capable of detecting individual 3 nm gold nanoparticles that
diffuse through the cavity mode. With a detection bandwidth
that is in principle limited only by the decay rate of the cavity
(~500 MHz), we can obtain sufficient statistics from single-
particle transits through the cavity mode to calculate the
autocorrelation function (ACF) for further analysis.

While such an analysis is well established for ensemble
techniques such as fluorescence correlation spectroscopy
(FCS) and dynamic light scattering (DLS),"” the scenario
studied here raises two central aspects that require careful
attention: first, the probing volume in FCS is well

Nanomaterials are often heterogeneous, and methods that give
direct access to single particle properties can open up the view
into the details of the distribution, reveal features that are
otherwise washed out in ensembles, and enable the studies of
dynamical behavior. Therefore, a range of label-free single-
particle sensing techniques has been developed. For example,
interferometric scattering microscopy (iSCAT)"” has enabled
the detection of single nanoparticles and biomolecules’ with
sizes below 10 kDa using machine learning algorithms* and the
tracking® or sizing6 of single nanoparticles down to 10 nm in
diameter.

Another approach is the use of nanoplasmonic hot spots,
e.g. at the tip of gold nanorods,”® or whispering gallery mode
(WGM) resonators with high-quality factors such as micro-
spheres,g’10 which enable real-time detection of single particles
as well as quantitative particle sizing."' Very high sensitivity is
achievable by combining WGM cavities with nanoplasmonic
hot spots.'” However, most of these sensors are based on the
interaction of the analyte with the near-field and thus the
sensor surface, which may constrain and modify diffusion. This
can preclude a precise quantification of, for example, the
hydrodynamic radius. Open access microcavities avoid this
limitation, *~"> but the larger mode volume compared to
nanoplasmonic sensors has so far restricted detection and
sizing to particles >100 nm. Only recently, open cavities could
achieve sensitivities for single molecules down to ~1 kDa using
a highly nonlinear photothermal regime.'® Although this
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approximated by a 3D Gaussian that can be treated with an
analytical model for the ACF, while a cavity standing wave has
a more complex structure that requires a reformulation of this
model. Second, the extraction of diffusion time constants and
hydrodynamic radii from the ACF relies on the assumption of
a stationary system, which can be satisfied by an ensemble with
a constant average concentration. In contrast, single particle
events are intrinsically nonstationary. We address both aspects
and propose an analytical model for the ACF of particle
diftusion through a standing wave probe volume and introduce
an analysis that minimizes undesired influence of the transient
single-particle behavior. With this methodology, we perform
quantitative particle sizing for a range of nominal particle
diameters and obtain size distributions that are in good
agreement with reference measurements performed with DLS
and transmission electron microscopy (TEM). This opens the
way to quantitatively assess nanomaterials such as unlabeled
biomolecules in their native environment and could allow
further dynamic processes such as rotation and conformational
changes to be investigated in the future.

RESULTS

The Locked Optofluidic Microcavity. Fabry—Perot
microcavities with high finesse strongly enhance the interaction
between light and matter in the cavity mode volume and
therefore are powerful tools for the label-free detection of
single nanoparticles in aqueous dispersion. Similarly to
previous work,"'> we use a fiber-based optofluidic microcavity
comprising two single-mode optical fibers inserted into a fiber-
optic ferrule, with a microfluidic channel drilled into the ferrule
perpendicular to the fibers, such that the cavity between the
two fiber tips is immersed in water (see Figure la,b). The
optical fibers are processed by laser machining to produce
concave profiles with radii of curvature between 20 ym and 80

=3

Oscilloscope

Figure 1. (a) Hlustration of gold nanospheres diffusing through an
optofluidic fiber Fabry—Perot microcavity. (b) The optoelectronic
setup for active cavity stabilization. The two cavity fibers are
inserted into a glass ferrule with a lateral microfluidic channel.
Piezoelectric transducers (PZT) driven by an arbitrary function
generator (AFG) and proportional-integral-derivative (PID) feed-
back controller allow to tune the cavity mirror separation and to
actively stabilize the cavity on the slope of a resonance,
respectively. For a detailed description, see Methods. (c)
Detection of dispersive resonance shifts induced by nanoparticles
via changes in transmission of a locked cavity.
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pum and then coated with a highly reflective Bragg mirror
having transmission 7= 20 ppm in air."®

We implement an actively stabilized cavity locked on the
side of a resonance using a side-of-fringe-lock with an FPGA-
based feedback circuit with a unity-gain bandwidth of 80 Hz,
which is well below the frequency range covered by
nanoparticle diffusion (see Supporting Information, Figures
S3 and S4). In comparison to previously reported length-
modulated cavities,">"> the locked cavity offers the possibility
of measurements at much higher bandwidth, limited essentially
only by the cavity line width.

The cavity lengths used in our experiments were 3.7—4.5 ym
and the cavity finesse in water was 4.5 X 10* to 5.8 X 10%
Under active stabilization, the microcavity shows a root-mean-
square optical length instability of ~300 fm, which corresponds
to about 5% of the line width, over several hours. The
intracavity power circulating in the locked cavity is on the
order of 50 mW. A cavity-locked transmission trace is
illustrated in Figure 1. We note that even the passively stable
cavity shows high stability on short time scales (up to
seconds), providing a low noise background for the measure-
ments.

Detection of Single Nanoparticles. A small particle with
polarizability o diffusing though the optical field produces a
relative resonance frequency shift of the cavity of
Av/v = —R(a)U(x,)/2¢,,V,, where U(r,) is the value of
the normalized optical field distribution at the position ry of
the nanoparticle, V,, is the cavity mode volume, and ¢, is the
relative electric permittivity of the surrounding medium. For
spherical particles in the Rayleigh regime with radius R and
relative permittivity €, the polarizability is given by «
4ne,R (e, — €,)/(g, + 2¢,). Small dispersive shifts Av
produced by nanoparticles in the mode volume are translated
into measurable changes Ay in cavity transmission (Figure 1c).

We use the microcavity to detect single citrate-stabilized
spherical gold nanoparticles (GNP) in aqueous dispersion with
specified diameters ranging from 3 to 20 nm. The stock sample
was diluted to a concentration of 50 pM, so that there is on
average less than one particle in the cavity mode at any time.
The resulting suspension is injected into the microcavity, and
the cavity transmission y(f) is monitored with an avalanche
photodiode on a 12 bit digital storage oscilloscope. Examples
of single nanoparticle events are shown in Figure 2a and the
top panels of (c) and (d) as well as Figure SS in the Supporting
Information.

We calculate the ACF G(7) of the measured signal and
observe characteristic decays of the correlation on two
separated time scales (see Figure 2b). This differs from the
autocorrelation typically observed by other methods when only
translational diffusion is present,'” and we now analyze and
model this behavior in detail to enable a fit of the data and
extract physical quantities of interest, such as the hydro-
dynamic radius. As a first step, we use autocorrelation to enable
the detection of nanoparticles, even when the signal-to-noise
ratio of the measured cavity transmission time trace does not
allow a direct identification of nanoparticle events. For this
purpose, we compute the autocorrelation of short segments of
the data with duration T 10 ms and evaluate the
correlation amplitude G(57), where 67 is the shortest temporal
delay in the autocorrelation, for each segment. The middle
panels of Figure 2c and d show examples of G(57) for 20 and
10 nm particles, respectively, while the lower panel shows the
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Figure 2. (a) Example of the transmission of a locked cavity disturbed by the diffusion of a 20 nm nanosphere through the optical mode. (b)
Autocorrelation of the nanoparticle signal and its fit to the analytical ACF developed in this work, along with the relatively flat background
autocorrelation. (c,d) Time traces (top panel), correlation amplitudes G(67) (middle panel), and autocorrelograms (bottom panel) of 20
and 10 nm nanosphere events, respectively. (e) Each nanoparticle can be mapped onto the two-dimensional space of nanoparticle diameter

and autocorrelation amplitude contrast AG(67).

merging of ACFs of the segments into a time-resolved
autocorrelogram. Whenever a particle is present, G(57)
shows a value significantly larger than that without a particle
since the empty-cavity background signal is largely uncorre-
lated. We thus use the autocorrelation amplitude contrast
AG(67) = Gyp(67) — Gyg(67) between the peak correlation
amplitude Gyp(67) of such a segment and the background
correlation amplitude, Gp(67), as a measure of the particle
presence. The statistical distribution of AG(67) for GNP
events with different particle sizes is shown in Figure 2e, where
a roughly exponential correlation of AG(67) with particle size
can be observed. This shows that AG(67) alone already allows
one to differentiate particles of different size, but only
qualitatively and with comparably large uncertainty. We note
that the background value Gyg(57) for times where no particle
is present changes slightly between measurements due to
changing noise levels (see Supporting Information, Figure S5f).
However, the background remains a factor of ~2 smaller even
for 3 nm GNPs. The use of the signal correlation contrast is
thus a powerful way to detect very small particles, whose signal
would otherwise remain masked by noise. While it enables
highly sensitive particle detection, provides qualitative size
information, and does not require any modeling of the ACF, it
does not provide a quantitative characterization of the
particles. In addition, the magnitude of AG(57) is dependent
on parameters of our measurement system, such as cavity
geometry, measurement bandwidth, and the background, and
hence does not allow the determination of nanoparticle
properties without a priori knowledge or calibration measure-
ments. We therefore proceed to develop a proper model to
enable accurate particle sizing.

Autocorrelation Function of Diffusion in a Standing
Wave Field. Autocorrelation-based analysis of diffusional
motion is a widely used technique to determine the size of
particles in suspensions by analyzing their diffusional motion,
for instance in FCS."”~*' For the accurate determination of
time constants of diffusion, it is imperative to first determine
the theoretical ACF for the optical mode geometry involved.

A typical FCS setup has a Gaussian focal spot, which is
approximated by the normalized intensity profile Wecs(x,y,2) =
exp(—2x*/w()exp(—2y*/wg)exp(—22%/z;), where 2w, is the
focus diameter and 2z, the depth of focus. The normalized
ACF of particles with diffusivity Dy is then

-1
T
] [1 .
(1)

In FCS, the fluorescence F(t) of particles diffusing through
the focal spot of the excitation laser is measured, which is
proportional to the time-dependent concentration C(t) of
fluorophores in the focal volume. Since the average
concentration of particles is {(C(t)) > 1, the fluctuation signal
can be extracted from the measured fluorescence, SF(t) = F(t)
— (F(t)), where (F(t)) is the steady-state average fluorescence
signal. Fitting the autocorrelation of SF(t) to Gpcg(7) (eq 1)
allows the determination of the translational diffusion
coefficient Dy. This directly yields information about the
average hydrodynamic radius of the particles via Stokes—
Einstein relation Dy = kT/(671R), where 7 is the viscosity of
the surrounding fluid and T is its temperature.

In a Fabry—Perot cavity, the normalized intensity has a
distribution given (up to the slowly varying beam waist) by

4D

2
Wo

Gpes(T) = [1 +
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Wep(x,y,2) = exp(=2(x* + y*)/wg)cos*(kz), where k = 27/2,
and the autocorrelation integral has no analytical solution.
Instead, a numerical ACF for a standing wave field can be
calculated. Since an analytical function is essential for a fit-
based analysis of the autocorrelation of particle diffusion, we
propose an approximation of the analytical ACF by replacing
the standing wave antinodes by a series of Gaussians separated
by the standing wave period 1/2,

cos’(kz) — i e_s(kz_mTu)z q—
m=—q (2)

The scaling factor s = 2(cos(1/e)) ™ is introduced to match
the 1/¢? levels of the two functions. Taking into account a
finite number of antinodes, g < oo, allows the ACF to be
expressed as a closed-form analytical function

Gsw(‘f) = b J7E
0

2 2q
V2k” s e’“O/’“(l " Z bmeam/x)
m=1 (3)

where x = 1 + 2Dk’ and a,, b,, are analytically determined
constants. In Figure 3c, we compare the ACFs arising from
different numbers of Gaussian antinodes used. We note that
when g = 1, the ACF corresponds to a single three-dimensional
Gaussian focus and is identical to that used in FCS (eq 1).
When q > 1, a second decay appears, which arises from
diffusion through to multiple antinodes, ie., due to the
periodicity of the field seen by the nanoparticle. Additionally,
the ACF converges as q >> 1, justifying the simplification we
used to obtain eq 3. Furthermore, the transverse dimension of
the cavity mode leads to a third decay time constant, shown as
a gray dotted line in Figure 3. However, it overlaps with the
multiple-antinode decay for our cavity geometry and cannot be
resolved. We verify that the approximations introduced do not
cause systematic errors in subsequent ACF evaluation by
Monte Carlo simulations (see Supporting Information, Figure
S1).

Autocorrelation of Single Particle Events. We now turn
to the aspect of treating a transient signal with possible
contributions from the lock, which requires additional
considerations and signal processing.

In the first step, the offset of the lock set point and the
influence of small external disturbances or of the locking
mechanism in long particle events are removed by baseline-
correcting the particle signal (Supporting Information).

Second, a single nanoparticle event occupies only a part of a
typical measurement, and we wish to select only this segment
for calculation of the ACF. For larger particles, this region of
interest can be identified by monitoring the amplitude of
fluctuations above the background noise level; however, for
smaller particles (R < 10 nm), this is not reliable due to the
small signal-to-noise ratio they produce. Therefore, we
calculate G(67) as introduced above and use this value as a
measure of particle presence in the trace segment, similar to
the approach of Asgari et al.”* Segments with a low correlation
amplitude are excluded from further analysis. It can be seen
from Figure 2c¢ and d that segments exhibiting higher
correlation than the background can thus be effectively
identified and extracted for further processing. This method
for automatic nanoparticle recognition reduces bias toward
larger particles or agglomerates compared to amplitude-based
recognition and allows the extraction of particle signals with
fluctuation amplitudes comparable to the noise background.
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Figure 3. (a) Calculated normalized intensity of the cavity mode
field. (b) The standing wave is modeled as a series of Gaussian
functions with separation A/2. The dashed line shows the deviation
from the standing wave weighted with the normalized intensity.
(c) Analytical ACF for diffusion through an optical field with
varying numbers of Gaussians. The case of a single Gaussian
corresponds to the ACF used in FCS.

Third, having identified a nanoparticle event in the
measured signal, the transient nature of a single-particle
event must be taken into account. The analysis of a fluctuation
signal as described earlier is valid for a stationary system, in
which the fluctuations in particle concentration are small
compared to the average concentration in the observation
volume. In the regime of a single-particle measurement,
however, the average concentration of particles in the
observation volume lies in 0 < (C(t)) < 1, depending on the
individual particle trajectory. As a result, one cannot arbitrarily
subtract the mean signal level to obtain the fluctuation signal.
Instead, we note from Figure 3c that the ACF derived for a
standing wave shows an initial decay corresponding to
diffusion through a single antinode of the optical field and a
second decay corresponding to motion between antinodes,
separated by a point of minimum slope. We empirically find
that the height of the point of minimum slope depends only on
the cavity geometry and not on the sample. We can thus use
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respectively. The averaged curves are shown darker, and the theoretical ACFs with the mean measured sizes are shown dotted. (d)—(h)
Particle sizes measured with nanoparticles having nominal diameters 20 nm, 15 nm, 10 nm, 5 nm, and 3 nm, respectively. For comparison,
the size distributions obtained from a commercial DLS device are shown as dashed lines. (i) Comparison of nanoparticle sizing methods: the
microcavity, DLS and TEM (10 and 20 nm only). Note that for clarity, the data points for different measurement methods are slightly

horizontally offset.

this point as a reference level to which the amplitude of the
first diffusion decay is normalized. This is done by subtracting
an offset y, from the measured signal time trace, which
effectively corresponds to (F(t)).

In Figure 4a—c, we show measured ACFs of single particle
events from particles with nominal diameters of 20, 15, and 10
nm, respectively. We fit the thus obtained experimental ACFs
with the analytical model introduced above over the extent of
the first diffusion decay (Figure 2b). The second decay is less
reliable due to the smaller statistics it represents. We use Dr as
the only fit parameter, which is directly related to the
hydrodynamic radius R via the Stokes—Einstein relation.
Hence, we can extract the size of the single particle from
each event. Exemplary fits are shown for the average ACFs, and
a fit to a single particle signal is shown in Figure 2b. We
emphasize the importance of our careful treatment by noting
that using the ACF for a single Gaussian as in FCS would lead
to systematic errors and increased uncertainty (see Supporting
Information, Figure S2 and Table S1).

39324

In this manner, we measured the diameters of several single
nanoparticles with specified sizes down to 3 nm and plotted
the obtained sizes in histograms; see Figure 4.

To verify the accuracy of our method, we compare our
results to measurements with a commercial DLS system and
TEM images, which are in excellent agreement as shown in
Figure 4d,e. The deviations of the measured sizes from the
nominal values point toward systematic uncertainties in the
nominal values given by the manufacturer. It can also be
observed that for the smallest two particle sizes, the cavity
measurement reproduces the right size trend and is very close
to the nominal diameter, while DLS shows an opposing trend,
pointing toward the limitation of the latter method. Also, we
note an intrinsic ambiguity in DLS results since the scattered
intensity due to a particle with radius R in an ensemble
measurement is proportional to R®. As a result, the directly
measured intensity-normalized distributions are highly vulner-
able to subpopulations of larger particles or agglomerates.
Instead, we have considered number-normalized distributions
which, while offering a more meaningful comparison in this
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work, are calculated using assumptions about some nano-
particle properties. They are thus dependent on a priori
knowledge of the nanoparticles and are susceptible to errors in
the provided data. Finally, in contrast to DLS measurements,
only microscopic sample volumes of a few hundred microliters
with ultralow concentration are required for the microcavity
experiments.

With the TEM measurements of N = 34 and 20 individual
GNPs of size 10 and 20 nm, respectively, we compare our
results to another single-particle technique, again with very
good agreement, as shown in Figure 4i. Notably, the width of
the size distribution obtained from cavity measurements
matches that from TEM measurements and is more narrow
than that from DLS. Also, the mean values of the particle size
agree very closely. This indicates the high precision and
accuracy of our method. Other precision single-particle sizing
measurements in the literature, such as nanoparticle tracking
analysis (NTA) and interferometric NTA (iNTA) experi-
ments, result in similar distributions.® We note, however, that
our measurements enable sizing of more than three times
smaller particles.

CONCLUSIONS

In this work, we have demonstrated a technique for measuring
and analyzing single, unlabeled, freely diffusing nanoparticles
down to a diameter of 3 nm, which corresponds to about 20
gold atoms across and an effective molecular weight of 160
kDa. We note that by operating far away from the plasmon
resonance wavelength of gold nanospheres (2500 nm), we can
neglect plasmon enhancement, and the GNPs behave
essentially like dielectric particles. Our smallest GNPs have
R () equivalent to a silica sphere with a diameter of about 8
nm. This approaches the single-molecule sensitivity recently
reported with a photothermally enhanced optical microcavity'®
while additionally offering the capability for precise and
accurate size determination. Using the modified autocorrela-
tion model described in this work, it is possible to
quantitatively extract information about single particles from
the autocorrelation of their event traces without the need for a
priori calibration measurements.

Furthermore, the high measurement bandwidth possible
with this method provides a temporal resolution orders of
magnitude better than imaging-based nanoscopy techniques’
and can enable not only the resolution of the motion of smaller
and thus faster particles but also of fast dynamics such as
rotation or internal motion such as conformational dynamics in
the future.

METHODS

Experimental Setup. The cavity fibers were machined in-house
with single-mode fibers according to the procedure developed by
Hunger et al,'® and the profiles had radii of curvature of 43 ym and
41 pm. The mirror coating was done by Laseroptik GmbH. The cavity
is probed with a grating-stabilized diode laser at 780 nm. Transmitted
light detected by an avalanche photodetector is monitored on an
oscilloscope and used as the error signal for cavity locking.

For cavity locking, we implement a slow stabilization scheme
designed such that rapid resonance shifts due to interaction with a
diffusing nanoparticle lie outside the locking bandwidth, pass out of
the cavity unattenuated, and are detected in the transmission signal.
Slower acoustic and mechanical jitter as well as thermal drifts are
corrected by the locking system. A detailed verification of this is
shown in the Supporting Information (see Figures S3 and S4).
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Cavity stabilization was carried out by a piezoelectric transducer
(PZT), called PZT 2, which is attached to one cavity fiber and driven
by a proportional-integral-derivative (PID) feedback signal £(t) (see
Figure 1). Since the travel range of the locking PZT is limited by the
PID controller output to about 100 nm, another PZT (PZT 1)
attached to the other cavity fiber receives a d.c. offset from an
arbitrary function generator (AFG) with a larger output range, which
is used to bring a cavity resonance into the range of the lock PZT.

Reference Measurements. Reference nanoparticle measure-
ments by DLS were performed with a Malvern Instruments Zetasizer
Nano ZS equipped with a 633 nm laser in disposable cuvettes. TEM
images of 10 and 20 nm nanoparticles were acquired with a FEI Osiris
electron microscope at 200 kV, with nanoparticles deposited on a
carbon-film-coated copper grid. Size analysis was performed with
Image].

Nanoparticle Samples. The gold nanospheres were purchased
from Nanopartz Inc. and are dispersed in a buffer of citrate in distilled
water. They have a specified polydispersity of 25% (diameter 3 nm),
20% (5 nm), and 10% (10, 1S, and 20 nm). The stock suspension was
diluted in an isotonic citrate buffer in distilled and filtered water, as
recommended by the manufacturer, to a concentration of about 50
pM, at which less than one particle resides in the mode volume on
average at any time.

Data Processing. Data measured by the oscilloscope were
smoothed with a Savitzky —Golay filter and resampled to 500 kHz
(5 nm—20 nm nanospheres) or 1 MHz (3 nm nanospheres).
Frequency filtering was performed to remove sharp peaks arising from
the noise sources. The data were then processed as described above
with a custom-written Python script. The autocorrelation was
computed using the multiple-tau algorithm.”® For details about the
data processing steps, see Supporting Information.
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