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ABSTRACT: Today, biomolecular nanoparticles are prevalent as diagnostic tools and Label-free trapping in ISABEL

molecular delivery carriers, and it is particularly useful to examine individuals within a

Mass via scattering

=

sample population to quantify the variations between objects and directly observe the /F £
molecular dynamics involving these objects. Using interferometric scattering as a highly ©
sensitive label-free detection scheme, we recently developed the interferometric & Chemistry via fluorescence

scattering anti-Brownian electrokinetic (ISABEL) trap to hold a single nanoparticle in
solution for extended optical observation. In this perspective, we describe how we : s '
implemented this trap, how it extends the capabilities of previous ABEL traps, and how Time (s)

we have begun to study individual carboxysomes, a fascinating biological carbon fixation

nanocompartment. By monitoring single nanocompartments for seconds to minutes in the ISABEL trap using simultaneous
interferometric scattering and fluorescence spectroscopy, we have demonstrated single-compartment mass measurements, cargo-
loading trends, and redox sensing inside individual particles. These experiments benefit from rich multiplexed correlative
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o

measurements utilizing both scattering and fluorescence with many exciting future capabilities within reach.

1. INTRODUCTION

Nanoparticles are increasingly being engineered and employed
to carry out precise functions such as enhancing detection
sensitivity of target molecules," drug delivery,” heterogeneous
catalysis,3 reaction engineering,4 single-photon emission,” and
quantum sensing.” While particle uniformity is typically
desired, a sample can display various forms of structural or
kinetic heterogeneity, e.g.,, in terms of chemical reactivity or
photophysical dynamics.” These heterogeneities can reveal
fascinating behavior about particle assembly, but a population
of abnormal particles can result in limited efficacy in the
desired application.2 As a result, it is important and
illuminating to observe individual nanoparticles to uncover
distributions of properties and monitor dynamics. Here, we
focus on individual particles in solution with emphasis on size
and optical properties. Solution-based monitoring techniques
include dynamic light scattering (DLS),® fluorescence
correlation spectroscopy,” and nanoparticle tracking analysis
(NTA)," which enable hydrodynamic sizing and minimize
perturbations to delicate biomolecular systems. However, these
measurements are either ensemble-averaged'"'” or have
difficulty detecting scattering intensity from particles smaller
than ~50 nm."”">'* In all of these cases, rare processes or
dynamics with long characteristic timescales (seconds—
minutes) are inaccessible for these solution-based measure-
ment techniques.
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To control the position of a single particle in solution, anti-
Brownian electrokinetic (ABEL) trapping was developed'”
(along with other trapping schemes'®'”), which implements a
negative feedback loop on a particle’s position to hold it in
solution for extended periods of time. Briefly, the position of a
fluorescent object is rapidly estimated, and feedback forces
guide the particle back to the center of a trapping region to
counteract Brownian motion (further details in Section 2).'°
Since the initial demonstration in 2006,'> ABEL trapping has
allowed the extended monitoring and dynamical study of
numerous individual molecular systems such as bacteriophage
A-DNA,"® chaperonin proteins,'” and a variety photosynthetic
complexes and assemblies.””~>* More recently, ABEL trapping
has produced high-precision and highly multiplexed single-
molecule FRET sensing.zs’26 Additionally, the fluorescence
sensitivity, efficient position estimation, and a rapid feedback
loop even allow the trapping of single fluorophores in
solution.””** Extended monitoring also enables multiple
simultaneous spectroscopic and transport readouts from a
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single object, including the fluorescence brightness, fluores-
cence lifetime, emission spectrum, diffusion coefficient, and
electrokinetic mobility.”**”

While ABEL trapping was among the earliest solution-phase
techniques for extended single-particle observation, many
other methods now extend our capabilities for single-molecule
trapping in a variety of configurations and contexts.'” Real-
time 3D single-particle tracking (RT-3D-SPT)*° introduces
feedback to the microscope stage’s position to track individual
nanoparticles in complicated environments. This allows
relatively deep axial observation and direct observation of
particle migration such as of a virus landing on a cell
membrane.”’ For high-throughput and parallelized single-
molecule trazpping, convex-lens induced confinement (CLiC)
microscopy’~ physically traps single molecules and nano-
particles in a microwell array with the additional ability to flow
in new analytes or buffers.””** Label-free, passive feedback
schemes such as geometrﬁy—induced electrostatic trap;)ing,35
thermophoretic trapping,™ self-induced back action,”” and
plasmonically enhanced optical tweezers in metallic nano-
apertures®® allow for particle trapping and extended observa-
tion on objects that are not fluorescently labeled. However, for
the strategies described above that rely on fluorescence
observation, long-term monitoring is still limited by
fluorophore bleaching or blinking, and nanoplasmonic devices
require close proximity to locally enhanced optical fields.

Label-free observation has revolutionized single-nanoparticle
detection in the past two decades. In particular, the
phenomenon of interferometric scattering (known as
iSCAT* or IRIS*) amplifies single-particle scattering by
homodyning the scattering signal with a local oscillator
reflection at the interface between the buffer and cover
glass.*’ A key benefit of this homodyning is the approximate
scaling of the interferometric scattering signal with the particle
volume versus squared-volume scaling for dark-field scattering,
described more precisely below. This has opened up a variety
of applications in particle detection and imaging, such as
optical detection of 5 nm gold nanoparticles,"” optical mass
measurements of single proteins,43 single-particle trackin§ with
composition  sensitivity,"** single-protein detection® and
diffusional observation,**™° and even label-free whole-cell
imaging.’”> A recent approach using a combination of
forward- and backscattered light has enabled estimation of
the single-particle effective radius and aspherical geometry,
addiné new measurement dimensions to label-free techni-
ques.”

The label-free nature of interferometric scattering detection
provides a mechanism to further expand the systems and
observables amenable to anti-Brownian trapping. By shifting
particle detection from fluorescence to the universal phenom-
enon of interferometric scattering, a broader range of sample
types can be localized and thus be trapped. Importantly,
interferometric scattering can, in principle, provide indefinite
trapping time without the blinking or photobleaching
complications seen in fluorescence. Moreover, scattering’s
sensitivity to an object’s refractive index and volume provides
new measurement axes to characterize single objects and assess
for heterogeneity. Finally, with careful choice of the scattering
wavelength, it is feasible to still incorporate fluorophores for
their spectroscopic reporting ability, retaining the benefits of
the information-rich multiplexed readout of the ABEL trap
with more flexibility in the types of fluorescence reporters that
can be used.

In this review, we summarize the first few experiments that
have demonstrated the capabilities of the newly developed
interferometric scattering ABEL (ISABEL) trap. We first
present the principles of electrokinetic feedback as imple-
mented with fluorescence in the ABEL trap and then describe
scattering detection and the particular needs for using
interferometric scattering to estimate a position for feedback.
We also describe how scattering contrast can be calibrated to
determine a particle’s scattering cross section and how we have
also incorporated simultaneous fluorescence monitoring. We
then demonstrate trapping on an ~100 nm bacterial
nanocompartment called the carboxysome, revealing how the
ISABEL trap can be used to measure single-object masses
(here, in MDa) and how carboxysome loading can be
characterized with a core-localized fluorescent reporter. We
then present a study where we introduced a redox-sensitive
green fluorescent protein (GFP) mutant to sense the redox
environment inside individual carboxysomes, allowing us to
monitor the permeation kinetics of small (300 Da) reductants
into carboxysome interiors. Finally, we conclude with an
outlook for potential future directions with this methodology.
These initial experiments demonstrate how anti-Brownian
trapping can reveal exquisite detail from a single biomolecular
nanoparticles, enabling a whole host of new experiments on
these types of systems.

2. IMPLEMENTATION OF AN INTERFEROMETRIC
SCATTERING ABEL (ISABEL) TRAP

We first review the key features of an ABEL trap: electrokinetic
feedback forces (provided by DC voltages) are applied to the
solution to directly counteract random Brownian movements
extracted from a 2D confocal fluorescence image (Figure 1).
When the feedback is off, particles diffuse randomly through
the excitation and trapping region, producing random short
bursts of signal on a photodetector (Figure 1a, left). When
teedback is on, the particle’s position only slightly fluctuates
around the center of the trap and provides steady fluorescence
output (Figure la, right). To trap a particle, the particle
position must be continuously monitored, and feedback forces
are applied to restore the particle position toward the center of
the trap in a closed-loop feedback scheme (Figure 1b).

In the typical implementation of an ABEL trap, a quartz
microfluidic cell positioned atop an inverted microscope holds
dilute (~pM) samples, which are excited by a confocal beam
rapidly scanned across a shallow trapping region (~700 nm
height, ~2 ym X 2 pum). When a single particle enters the
trapping region, fluorescence is collected with a high-NA
objective and sent to one or more avalanche photodiodes
(APDs) for photon-by-photon detection. The arrival of each
photon is converted to a new position estimate according to
the scan pattern and calibrated lag, and a Kalman filter
provides an updated estimate of the particle position. Two
pairs of electrodes positioned along the x and y axes of the
microfluidic cell apply computer-controlled closed-loop feed-
back voltages, which provide electric fields to move the particle
back toward the center of the trap either by electrophoresis
(Figure 1c) or electro-osmosis (Figure 1d), as previously
described.”” The electrokinetic nature of the feedback forces
enables fast feedback and the trapping of even single molecules
if detection can be sufficiently fast and sensitive.

The key difference between an ISABEL trap and a regular
ABEL trap is that in an ISABEL trap, interferometric scattering
rather than fluorescence is used to localize the trapped particle
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Figure 1. (a) Illustration of the position and signal of simulated
diffusing fluorescent particles in and near the region of interest (ROI)
when trapping feedback is off (left, blue) and on (right, green; only
one particle is selected). (b) Principle of closed-loop feedback for
ABEL trapping (top view). (c) Electrophoretic and (d) electro-
osmotic feedback forces (side view) can move the particle toward the
trap center. Figure adapted with permission from ref 16. Copyright
2018 Springer.

(Figure 2a). Illumination and detection paths for scattered
laser light are p- and s-polarized, respectively, and are separated
by using a polarizing beam splitter and quarter waveplate so
that circularly polarized light illuminates the sample (Figure 2a,
bottom right). In contrast to many wide-field iSCAT setups, in
an ISABEL trap, the illumination laser is scanned in a confocal
geometry using a pair of acousto-optic deflectors (AODs) to
generate an iSCAT signal on a point detector with
spatiotemporal information faster than sCMOS or EMCCD
scientific cameras (Figure 2b). When the trapped particle is
present within the incoming illumination field, E;, a scattered
field E, is generated from interaction with the particle
according to its size and the complex polarizability of the
material. Ideally, the primary reference field, E, is provided by
the reflection from the coverslip—water interface due to a short
coherence length of the excitation laser (Figure 2c). In
practice, reflections from other nearby interfaces, such as the
upper water—quartz interface or quartz—air interface, may also
contribute to the detected iSCAT signal. The detected signal
intensity, I, depends on both E  and E, and their relative
phase 0:

I  IE, + EJ* = |E > + 2IE|lIEJcos @ + |EJ* (1)

Note that a particle will exhibit position-dependent @ as it
explores the trap in %, y, and z.

The photodiode signals from the combined scattered and
reference fields at each illumination beam position, Sy, reveal
the location of the particle by comparison (flat-fielding) with a
background scan, Sy, in which no particle is present. The
absolute fractional scattering contrast after flat-fielding, C, at
each point is then calculated as (note that the absolute value
maintains a positive sign needed for feedback):

a .* . . = n
.-*° |b Topview,.**"| |€  Side view d g
PC: s 005 &
Labview | Electrodes ret E 600ps 004 3
(B ¥} = . 0.03 g'
. >5 50 X 3
FPGA . - 25 |- - -Waterf o 002 8
Microfluidic —* Quartz| 3 001 8
cell 100xail | ", il = o 5
1.35NA * . Q -1 0 1 -1 0 1 a
“ X Position (um) X Position (um)
Detection e f g,
g Frame|l  0.16 N=1402| & | ---d6scaling
i 8 0.05 - s |
Photodiode 0 \ = lgvffs c S | —d3scaling
t 5004 S 012 o0
T 003 8 2 |
Scatter lllumination st S 002 i 0.08 2.l
=N 102
P/l Na ] 0.04 g0
& 001 : <
CW Laser F 0 0 2 10,3' .
<
22 24 26 28 30 32 34 36 0 002 004 006 20 30 40 50 60
PBS Time (s) Absolute Fractional Contrast Bead Diameter (nm)

Figure 2. ISABEL trap overview. (a) Schematic of the ISABEL trap layout. Laser: orange. Hardware: gray. Microfluidic cell: light blue. Electrodes:
red and black. Trapped particle: maroon. (b) Top view of the ISABEL 32-point illumination grid (orange), showing the knight’s tour scan pattern
(arrows, gray circles), the trap center (black x), and the particle position (maroon). (c) Side view of a particle in the ISABEL microfluidic cell,
showing incident (E;) and scattered (E,) fields along with the reference field (E,). (d) Flat-fielded representation of interferometric scattering data
from the ISABEL trap, showing the point of highest contrast at the location of the particle. Left: The particle is located toward +y relative to the
trap center (black x), resulting in application of a restoring force (cyan F) on the electrodes. Right: On the next update loop, the applied feedback
successfully returned the particle position to coincide with the trap center. (e) Raw and filtered data from a working ISABEL trap. Particles from a
mixture of 20, 30, and S0 nm gold beads are observed to enter the trap one at a time when feedback is on (white background), causing a sharp step
up in scattering contrast (orange). Contrast remains high during trapping and returns to the background level upon switching off the feedback (gray
background). The darker orange trace has been filtered at 100 Hz; the bold brown trace denotes the values of maximum-likelihood-estimated levels
for each trapping event. (f) Fractional contrast for each trapping event should correspond to particle size; an all-particles histogram of the data from
panel (e) illustrates three distinct peaks. (g) Peak positions for gold nanoparticles of known diameter (blue x, blue error bars) confirm d* scaling
(solid line fit) rather than d° scaling (dashed line fit). Panels (a—c) adapted with permission from ref 66. Copyright 2022 American Chemical
Society. Panel (g) adapted with permission from ref 54. Copyright 2019 American Chemical Society.
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Figure 3. Calibrating normalized scatter to the scattering cross section for single nanoparticles. (a) Measured scattering levels on a series of gold
and polystyrene beads, normalized for reflectivity. (b) Power law fit to the 30 nm gold beads, 80 nm polystyrene beads, and 50 nm gold beads to
create a calibration to the scattering cross section. (c) Measurements from (a) converted to single-particle scattering cross sections. (d) Two
polystyrene bead samples from (c) not used for calibration converted to single-particle diameters. The diameters as measured by TEM are 108 + 6
and 130 + 2.4 nm. Figure adapted with permission from ref 60. Copyright 2022 American Chemical Society.
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In one simple implementation of a feedback algorithm, the
point of the largest scattering contrast is taken as the
approximate location of the particle so that a proportional
restoring force can be applied in the direction of the trap
center (Figure 2d, left). The confining effect of the applied x
and y voltages may be confirmed on a subsequent scan (Figure
2d, right).54
The presence or absence of a trapped particle may be
monitored using the maximum scattering contrast present in
any given scan; when particles are absent, the scattering
contrast matches background levels, but when a particle enters
the trap, the maximum scattering contrast rises sharply (Figure
2e,f). The three peaks arise from a mixture of three different
sizes of gold beads with diameters of 20, 30, and 50 nm. Due to
the sensitivity of an interferometric scattering signal to the
phase of the interference term and therefore sensitivity to the
exact x, y, and z positions of the trapped particle relative to the
focus, this signal is noisy. Nevertheless, filtering and level
finding clearly illustrate that each trapped particle exhibits a
characteristic average iSCAT contrast, which is proportional to
its volume (~d®) as expected (Figure 2g). Using only
interferometric scattering to guide closed-loop trapping
feedback, the original ISABEL trap was able to confine gold
nanoparticles of <20 nm diameter in free solution, removing
key requirements for strong target fluorescence that can
constrain ABEL trap samples.54

3. EXTRACTING THE SCATTERING CROSS SECTION
BY CALIBRATING FRACTIONAL CONTRAST

The interferometric scattering scaling with particle polar-
izability raises the possibility of measuring the masses of single

20278

particles and even single proteins, following the success of both
mass photometry by interferometric scattering*”*> and nano-
fluidic scattering microscopy (NSM).’° The ISABEL trap
offers an additional benefit: since single-nanoparticle masses
can be measured without any labeling and by moving
scattering to the near infrared, the entire visible spectrum is
available for complementary fluorescence measurements (see
Section 4). This provides an advantage over the mechanical
oscillator/cantilever and electron microscopy-based single-
particle mass measurements, which are difficult to multiplex
with other modalities.”*>” The aqueous environment coupled
with long observation times also allows for repeated measure-
ments of both scattering and fluorescence variables for
increased precision.

For sufficiently small particles in the ISABEL trap (typically
a few times smaller than the wavelength), the scattering
process can be fully characterized by the scattering cross
section of the particle. Compared to typical single-protein mass
measurements with iSCAT, which calibrate contrast directly
against the mass of the scattering protein, the ISABEL
scattering signal is additionally normalized for the reflectivity
of the surface and then calibrated against the known scattering
cross sections of polystyrene and gold nanoparticles of defined
compositions and measured sizes (Figure 3a).° This generates
a conversion from measured scattering signal to the single-
particle scattering cross section in the form of a power law
(Figure 3b). The scattering cross section scales approximately
as the square of the signal, reflecting the fact that the
interferometric scattering contrast is linear in the scattered
field. This measurement can be used to convert the scattering
signal to inferred scattering cross sections (Figure 3c), and the
samples not used for calibration can be used to verify the
performance by converting to single-particle diameters with
the well-characterized material refractive index and comparing

https://doi.org/10.1021/acs.jpcc.4c05878
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Figure 4. (a) Optical diagram of an augmented ISABEL trap that incorporates simultaneous fluorescence spectroscopy. Wide-field fluorescence
excitation illumination is spatially overlapped via dichroic mirrors (DCM) with the knight’s tour scan pattern used to detect scattering particles.
Emitted fluorescence is spatially filtered through a pinhole, spectrally purified, and detected on an avalanche photodiode (APD). (b) Example
trapping trace from carboxysome nanoparticles (see below), highlighting simultaneous scattering and fluorescence information. Carboxysomes are
observed to enter the ROI and become trapped one at a time when the feedback is on (white background), causing a sharp step up in both
scattering contrast (orange) and fluorescence (green). Contrast remains high during trapping and returns to the background level upon switching
off the feedback (gray background). (c) A single 100 nm polystyrene bead labeled with Alexa Fluor 647 is trapped stably for nearly 15 min, even
though the fluorescence photobleaches over time. The trapped bead is replaced with a bead with larger contrast and unbleached fluorophores.
Panel (b) adapted with permission from ref 60. Copyright 2022 American Chemical Society.
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these results to those measured from electron microscopy of
the same samples (Figure 3d).

4. SIMULTANEOUS SCATTERING AND
FLUORESCENCE REPORTING

Recent work has demonstrated the advantages of combined
scattering and fluorescence microscopy.él_ * For instance,
fluorescence labeling provides a way to introduce species
selectivity since scattering is generated regardless of object
identity. After the first demonstration of the ISABEL trap,”* we
shifted interferometric scattering detection to 800 nm in the
near IR to allow simultaneous monitoring with fluorescence. In
addition to the optical path shown in Figure 2a, we introduced
wide-field fluorescence excitation at various wavelengths (405,
488, 561, and 638 nm) spatially overlapped with the knight’s
tour confocal scan for scattering detection (Figure 4a, only one
excitation wavelength illustrated here). Fluorescence emission
was spectrally separated, spatially filtered through a pinhole,
and collected on avalanche photodiodes. In Figure 4b, we show
data from individual trapped carboxysomes with internalized
superfolder GFP (sfGFP), which is pumped by 488 nm to
provide fluorescence. We see that along with scattering, many
trapping events simultaneously show fluorescence, such as in
event i, confirming that the object is indeed a carboxysome.
Conversely, residual impurities (such as the object trapped in
event ii) do not display fluorescence and can be separated later
in data analysis. Intentional fluorescent reporter design also
introduces a means to selectively probe specific nanoparticle
regions (Section S) or infer internal chemistry via spectro-
scopic reporting (Section 6). Finally, this configuration
recovers the ABEL trap’s capability for parallelized time-
resolved fluorescence spectroscopy. However, by removing
fluorescence for localization as in previous ABEL traps, this
expands the reporter palette since signal/background require-
ments are less stringent.

While fluorescence aids specificity, it comes with the
inevitability of photobleaching. In Figure 4c, we show a trace
from a single trapped polystyrene bead that has been surface-
labeled with Alexa Fluor 647. Because the scattering wave-
length is nonresonant with the bead’s electronic transitions, the
scattering signal maintains the same average value over the
nearly 15 min of trapping, while the fluorescent labels
photobleach even with weak illumination (~1 W/cm?). In
this example, we also see that the original particle is lost only
when a larger object (with fresh fluorophores) replaces it at the
very end of the trace shown. This supports the notion that in
principle, a particle can be localized and trapped indefinitely
via interferometric scattering.

5. SINGLE-NANOPARTICLE MASS MEASUREMENTS
WITH CARBOXYSOMES

The carboxysome presents a rich target for ISABEL trap
experiments and measurements of the masses. The carbox-
ysome is a self-assembled bacterial microcompartment, with
hundreds of copies of the enzyme rubisco colocalized with the
enzyme carbonic anhydrase, all encapsulated within a semi-
permeable protein shell ~100 nm in diameter (Figure Sa,b).**
We obtained carboxysomes heterologously expressed in
Escherichia coli (E. coli) with an sfGFP variant targeted to
the interior. Carboxysomes were held in the ISABEL trap with
near-IR illumination for interferometric scattering combined
with 488 nm excitation for GFP fluorescence. By cycling

feedback on and off; a set of individual carboxysomes can be
trapped, and the heterogeneity can be sampled. Trapping
events are identified with level finding as described in Figure 2
above, and true carboxysome trapping events can be identified
by a combination of the presence of fluorescence and
scattering signal in an appropriate range.

The measured scattering signals can be converted to
scattering cross sections with the calibration described above
and converted to sin§1e-partic1e masses with additional
modeling (Figure 5¢).*" The carboxysome can be approxi-
mated as a spherical protein shell around a protein core with
each of the components modeled as an averaged density or
refractive index. The density of the protein can be converted to
a refractive index, and using structural studies, the carbox-
ysome can be modeled with two free parameters: the total
diameter and the core refractive index. For these experiments,
the total diameter distribution was measured separately from
the ISABEL trapping by cryo-TEM, and it was used to inform
the single carboxysome masses. We took two approaches to
calculating the carboxysome masses. In the first approach, the
diameter was assumed to not be correlated to the scattering
cross sections. For any measured scattering cross section, core
densities were calculated with the full distribution of diameters,
giving a probability distribution of the mass for each
carboxysome.

In a second approach,’’ we used the fluorescence signal to
constrain the carboxysome models and obtain higher
confidence for the underlying parameters. The key insight
here is that the scaling of fluorescence vs scattering signal
informs us about the relative contribution of the fluorescent
core and nonfluorescent shell to the total mass. We generated
correlated distributions of the scattering cross section and the
total diameter (Figure Sd), parametrized by the degree of
correlation, and generated ensembles of carboxysomes with
scattering signals and fluorescence, assuming fluorescence
proportional to the mass of material in the core. We selected
the ensemble (correlation) where the power law fit to
simulated fluorescence versus scattering signal (Figure Sf)
best matches the measurement on the carboxysome sample of
interest (Figure Se).

The combination of these experiments gives us a picture of
carboxysome heterogeneity, combining both the total mass and
core loading. The mass distribution is peaked at 130 MDa and
ranges between 100 and 250 MDa with ~10% variance for a
given single-particle mass (Figure Sc). These single-particle
measurements complement other estimates of the mass of
carboxysomes: measurements based on counting the relative
abundance of proteins are typically limited to ensemble
averages. Mass measurements with scanning TEM are limited
to samples frozen in vitreous ice with no possibility of
measuring dynamics simultaneously and limitations on
determining the composition of the particles. Meanwhile,
counting proteins in individual carboxysomes in cryo-TEM
cannot resolve many of the smaller unstructured proteins that
contribute to the carboxysome mass. This application
demonstrates the power of the ISABEL trap to combine
interferometric scattering-based single-particle mass measure-
ments with correlated fluorescence measurements. Ongoing
work entails simultaneous radius estimation in the ISABEL
trap either from the feedback needed to suppress lateral
diffusion or from axial diffusion, estimated by analyzing time-
dependent fluctuations in the (signed) contrast. Better
estimates of the single-particle radius along with the single-
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6. REDOX SENSING WITH RATIOMETRIC
FLUORESCENCE INSIDE SINGLE TRAPPED
CARBOXYSOMES

As described in Section 4, shifting the scattering illumination
beam to the near-infrared region opens the visible region
(~400—750 nm) for flexible fluorescence reporting (Figure 4).
This enables us to monitor biochemical status and dynamic
chemical changes in and around single nanoparticles, using the
many existing fluorescent biosensors that respond to small-
molecule species.”” We recently took advantage of this
capability to monitor the redox environment inside individual
carboxysomes.”® Redox chemistry is being increasingly
appreciated as necessary for regulating carboxysome formation
and carbon concentration activity by carbonic anhydrase
(CA)."7° Given that carboxysome assemblies are structurally
heterogeneous, particularly when expressed recombinantly in
E. coli,®* we wanted to explore how structural variation could
impact chemical heterogeneity, for example, by heterogeneity
in shell permeability. Therefore, we set out to measure the
redox properties inside individual carboxysomes (Figure 6a).
Compared to the experiments from Section S, we examined
carboxysomes with responsiveness to the introduced reductant.

These trapping experiments were enabled using simulta-
neous near-IR scattering for carboxysome detection and
fluorescence from an internalized redox-sensitive GFP mutant.
The redox reporter, roGFP2,”"”* is an example of a ratiometric
fluorescence excitation reporter (Figure 6b), where the
excitation spectrum changes in response to the redox
environment. To internally reference the signal (Figure 6c¢),
we took the ratio of the brightnesses in the green band (500—
570 nm) upon excitation with two wavelengths, here 405 and
488 nm. In this scheme, high fluorescence ratios indicated
oxidizing environments, low ratios arose from reducing
environments inside the carboxysome, and ratios can be
converted to redox potentials.49 While trapping a carboxysome,
we employed alternating excitation and tagged each detected
photon with its excitation channel.

This dual-channel fluorescence scheme incorporated into
the ISABEL trap provided both scattering and spectroscopic
characterization of individual carboxysomes (in 1 mM TCEP,
Figure 7a). For a given trapping event, the scattering level
reported on the carboxysome’s size, while the 405 and 488 nm
fluorescence excitation levels encoded the redox information.
With the long observation times afforded by trapping, we
achieved reasonably precise estimates of the fluorescence
brightness in each channel. This was particularly important in
the 405 nm channel, where signal/background and signal/
noise were both especially low. These multiparameter
measurements could be visualized as a series of two-
dimensional scatter plots showing the fluorescence ratio
R,0s/4s5 versus the carboxysome scattering contrast (Figure
7b). The ratios for reduced carboxysomes all trend around the
same central value, demonstrating the benefit of self-referenced
ratiometric signals.

When we trapped carboxysomes in an oxidizing environ-
ment, we found that the ratios trend to higher values, as
expected, but there was also an unexpectedly large spread in
the ratiometric fluorescence (Figure 7c). We ruled out
potential sources of extraneous heterogeneity and demon-
strated with sfGFP-loaded carboxysomes that ratiometric
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Figure 6. (a) Schematic of a carboxysome with internal roGFP2. (b)
Bulk fluorescence excitation spectra from roGFP2 demonstrate
changes in the fluorescence with redox conditions. Vertical arrows
indicate the excitation wavelengths used in this study. (c) The bulk
ratiometric fluorescence readout from roGFP2 decreases with the
added reductant. Figure adapted with permission from ref 66.
Copyright 2022 American Chemical Society.

fluorescence could be measured with high precision (Figure
7d). This left us to propose that peptides inside the
carboxysome interfere with the ratiometric fluorescence of
the internalized roGFP2, perhaps due to intermolecular cross-
linking. Each roGFP2 protein derives its redox sensitivity via
an engineered pair of surface cysteine residues, whose redox-
dependent configuration modulates the chromophore’s fluo-
rescence excitation spectrum. We hypothesize that there is a
probability for either of these cysteines to form disulfide bonds
with cysteines on other proteins inside the carboxysome. With
the low copy number of roGFP2 in each carboxysome (Nggp ~
3—15), we could expect a wide variation of the ratiometric
response between carboxysomes. With a higher fluorophore
copy number, we would expect these effects to average out and
produce a narrower redox response, suggested by the narrowed
ratiometric response in carboxysome dimers. Together, these
experiments have revealed intriguing behavior underscoring
the sensitivity of fluorescence reporters to their surrounding
molecular environment.

Finally, we used redox sensitivity to investigate the kinetics
of small-molecule reductants crossing the shell into carbox-
ysomes. Small reductants such as glutathione (307 Da), DTT
(154 Da), and TCEP (250 Da) are smaller than typical organic
fluorophores (~1 kDa), so fluorescently labeling the
reductants themselves would perturb the entry kinetics.
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However, by introducing roGFP2 into the interior, we could
track the reduction inside the carboxysome once small
molecules had entered. We mixed air-oxidized carboxysomes
with a reducing solution, quickly loaded the mixture into the
trap, and trapped many individual carboxysomes for ~1 s each
over the course of an hour. Figure 7e shows that carboxysomes
are internally reduced on a roughly 15 min timescale,
consistent with subsequent work monitoring other small
molecules permeating carboxysomes.”> To confirm that this
timescale is limited by the shell and not the kinetics of
roGFP2, we also reduced carboxysomes with the shell
pentamer knockout ACsoS4,”* introducing open gaps at the
carboxysome shell vertices. These carboxysomes with porous
shells displayed full internal reduction at the initial measured
time point, demonstrating that the minutes-long internal
reduction of intact carboxysome resulted from a kinetic barrier
imposed by an intact shell.

7. DISCUSSION AND OUTLOOK

The experiments presented here demonstrate the utility of the
ISABEL trap to sense multiple properties from individual
nanoparticles in solution with a high precision. With a
straightforward calibration of the scattering, single-particle
mass measurements can be achieved, and fluorescence can
report on compartment loading or the redox environment. As
shown by trapping “ultrauniform” gold nanoparticles in Figure
2f, extended measurement of scattering provides highly precise
estimates of single-particle contrast, producing narrow contrast
histograms. Additionally, ISABEL robustly traps single nano-
particles for several minutes (Figure 4c), in principle only
limited by replacement by larger particles, the frequency of

20282

which can be tuned by adjusting the sample concentration. On
top of these capabilities, strengths of the traditional ABEL trap
can also apply here, such as using feedback statistics to
estimate a particle’s diffusion coefficient and electrokinetic
mobility****
rescence lifetime and anisotropy.”> These sensing capabilities
can be obtained either from single fluorophores within a

or using time-resolved fluorescence for fluo-

trapped nanoparticle or with multiple reporters producing a
small ensemble-averaged fluorescence from a single object for
higher brightness.

For single nanoparticles, detection by interferometric
scattering overcomes many of the limitations of fluorescence-
based particle localization. Chief among these limitations is
that fluorescence is not universal so that particle detection has
required either intrinsic fluorescence or the chemical attach-
ment of an emissive label. Also, the inherently finite photon
budget”> of an organic fluorophore ensures that a labeled
object cannot be trapped indefinitely. Furthermore, long-term
trapping requires the use of strong emitters, ie., those with
high brightness and no blinking, typically requiring solution
additives for oxygen scavenging and triplet quenching.’’
Finally, the environment around the single object must
produce minimal background photons, which introduce false-
positive detections that can throw off feedback.”® For
nanoscale biomolecular objects labeled with a bright organic
fluorophore such as Alexa Fluor 647, trapping times can extend
to a few tens of seconds, though trapping times are more
typically in the 100 ms or few-second regime. At the same
time, interferometric scattering requires objects of sufficient
size to generate a detectable scattering signal, and the best way
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to detect and trap single small organic molecules remains to be
fluorescence.”’

By delegating particle position estimation to scattering, one
can significantly relax the constraints described above to design
more flexible fluorescence spectroscopic schemes. Additional
fluorescence reporting has already provided many advantages
to scattering-based particle detection, with more capabilities
within reach. First, since interferometric scattering is not a
specific phenomenon, fluorescence detection provides a way to
confirm the identity of a particular trapped particle, which has
proven useful in identifying trapped particles as in Figure 4b.
Also, intentional fluorescent reporter design introduces a
means to selectively probe specific nanoparticle regions
(Section S) or infer internal chemistry via spectroscopic
reporting (Section 6). As seen in Figure 7a, the 405 nm-excited
fluorescence exhibits low signal and high background but does
not impede the trapping ability. Also, intermittent fluorescence
excitation can be employed to monitor the progress of slow
kinetics (e.g, accumulation of a labeled protein) while
mitigating photobleaching. Finally, pulsed fluorescence ex-
citation recovers the capability for parallelized time-resolved
fluorescence spectroscopy like in the ABEL trap. Recent
advances in nanoflow cytometry with spectral measurement
corroborate the advantages of combining fluorescence and
scattering measurements on single biological nanoparticles for
multivariate characterization.””

Importantly, while the ABEL trap was optimized with single-
molecule spectroscopy in mind, there are exciting and useful
developments for the ISABEL trap for the study of
heterogeneous nanoparticle samples. In particular, the
scattering amplitude of a single trapped nanoparticle can be
used for precise refractive index sensing, where this might be
helpful in determining the composition of complicated
biological samples such as extracellular vesicles, which contain
a mix of lipids and proteins.44 Also, the fluctuations of the
scattering contrast reflect diffusion in the axial direction where
we physically confine the sample in a microfluidic channel. The
high sensitivity of the z position inherent to interferometric
scattering could be exploited as an orthogonal measurement of
the hydrodynamic radius. The electrokinetic mobility meas-
ured from a single particle can be converted to its zeta
potential, commonly characterized in novel nanoparticles, and
reflects the presence of charged species around the particle’s
surface.”® Changes in electrokinetic mobility can also report on
changes in the particle charge state.”” Long-term label-free
trapping enables the following of each of these parameters in
time, which could be used to monitor the slow release of
molecular cargos, for example.

While there is now a wide variety of techniques for direct
detection of single nanoparticles, the design of the ISABEL
trap uniquely positions it to complement label-free observation
and sensing of scattering properties with time-resolved
fluorescence spectroscopic reporting. For instance, label-free
single-particle tracking measurements have demonstrated
sensitivity to particle polarizability and hydrodynamic
radius.**° With kHz frame rates,” even subsecond tracks
can produce impressive estimates of the particle’s hydro-
dynamic radius without trapping. For comparison, the
parallelized high-throughput characterization afforded by
CLiC microscopy allows the facile collection of particle
statistics using wide-field fluorescence detection on a scientific
camera.”” The trade-off with camera-based detection methods
is the limited frame rate (~50 fps)>* and inaccessibility of

time-resolved fluorescence spectroscopy. To compare to
another technique with point detection, RT-3D-SPT is distinct
in its ability for deep axial observation and for its ability to
follow a fluorescent nanoparticle through in vivo conditions,!
even if it is limited by the feedback speed of the stage to
objects with diffusion coefficients of ~10 ym?*/s.”” Conversely,
the design of anti-Brownian traps has demonstrated a trapping
ability for single small molecules with diffusion coeflicients up
to 300 um?/s, and active feedback statistics allow recovery of
not only the diffusion coeflicient but also the electrophoretic
mobility.””* Finally, single fluorescent photon detection by
APDs interfaced with time-correlated single-photon counting
(TCSPC) allows for ns-timescale measurements on single
objects.”” Access to these distinct properties gives ISABEL a
unique and complementary role to those of other techniques in
single-particle biophysical studies.

The capabilities enabled by the ISABEL trap open up new
types of experiments, revealing variation and single-particle
reaction dynamics involving single biomolecular nanoparticles.
Work is currently underway to continue exploration of the
shells of single carboxysomes. Also, the minutes-long trapping
affords us the ability to track slow processes like the formation
of a protein corona around a particular nanoparticle or the
release of a therapeutic payload from new drug delivery
nanoparticles. Various types of biocompatible drug delivery
nanoparticles such as polyplexes and RNA LNPs have
provided new ways of delivering genetic material into the
cell, and understanding the bioghysical principles for particle
formation®* and cargo delivery® is an active area of research.
Finally, trapping enables the detailed and multifaceted
characterization of individual viruses and virus-like particles,
where the heterogeneity of enveloped components and nucleic
acid loading is a key concern. Flexible characterization of
extracellular vesicles and their various constituents can provide
new measurements in the search for reliable diagnostic
markers. All of these ideas may also have parallels in
nonbiological nanoparticles as well.

Trapping individual nanoparticles enables a distinct and
detailed look at each object, revealing variation between
individuals and using that to gain deeper insight into the
organization and self-assembly principles for each class of
objects. This detailed look, in the form of a multiplexed
readout and long observation time, plays a distinct role in
single-particle spectroscopy. The experiments demonstrated
here show just a few examples of the technique’s capability,
with further updates within reach. Combining the best of label-
free particle characterization with spectroscopy afforded by
fluorescence reporting provides simultaneous nanoscale and
molecular-scale data on each particle. This rich character-
ization will be well-positioned to provide clarity on how to
engineer biomolecular nanoparticles for addressing global
challenges in the coming decades.
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