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■ INTRODUCTION
From “Lab on a Chip” to “Lab on a Particle”. The

miniaturization and automation of life science laboratory
operations has leveraged fabrication advances in the integrated
circuit industry, using planar substrates or “chips”. The term “lab
on a chip” was coined to articulate this merger and has
encompassed research on continuous flow, droplet, and digital
microfluidic approaches (Figure 1a).1−7 Lab on a Particle (LoP)
technologies are emerging as complementary approaches to
performmicroscale reactions to analyze molecules and cells.8−12

Unlike microfluidic chips, LoP platforms utilize microparticles
to confine samples and facilitate reactions within compartments
that are fully suspendable and can be highly parallelized (Figure
1b). These compartments can be analyzed using easily accessible
instruments, like flow cytometers, fluorescence activated cell
sorters (FACS), microscopes, and other imaging platforms
(Figure 1d). The microparticles used for LoP assays are often
manufactured with unique shapes and/or chemistries, enabling
functions such as templating droplets; capturing molecules,
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cells, and secretions; or barcoding reactions (Figure 1c).
Materials and structures essential for assay functions are
imprinted in each particle, eliminating the need for custom
chips or specialized instruments, thus making LoP platforms

compatible with standard laboratory instrumentation and

infrastructure. In this way, the microparticles in LoP

technologies act in a similar manner as a software application,

Figure 1. From lab on a chip to lab on a particle. (a) Lab on a chip technology uses microchambers or droplets to confine reactions, enabling the
analysis of target cells or molecules with high precision. Parallelization and scale-up rely on the 2D surfaces of chips and custom instrumentation, which
often lead to reduced analysis throughput. (b) Lab on a particle technology enables millions of microparticle-based compartments to be scaled in 3D in
standard tubes, where fluidic operations are performed using standard laboratory equipment. (c) Operations on particles include cell loading and
encapsulation, analyte binding, reagent exchange and washing, and templating of water-in-oil emulsions. Signal enrichment can occur on particles
through reactions that are either confined or locally bound. Microparticles are barcoded by shape, size, pattern, color, or other means to enable time-
variant analysis as reactions or cell behavior progresses over time. (d) Microparticles are analyzed using standard analytical instruments compatible
with cells, such as microscopes, flow cytometers, fluorescence activated cell sorters and single-cell sequencing instruments.
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or App, running on ubiquitous life science instrument hardware,
fueling more rapid adoption and expanded impact.

Advantages of Lab on a Particle Systems. One of the
main advantages of LoP systems is facile integration into current
laboratory instruments and experimental workflows, resulting in

more rapid and easy adoption by scientists.13 These platforms
simplify and parallelize complex workflows by replacing intricate
microfluidic circuitry,14 valving,4 and other flow control
operations with straightforward methods like pipetting, mixing,
and centrifugation aligned with standard lab practices (Figure

Figure 2. Evolution of cell encapsulation in hydrogel drops for single-cell analysis. (a) Some of the first hydrogel microparticles for cell and protein
screening were made using bulk emulsification methods, producing polydisperse agarose particles called gel microdrops (GMDs). [Reprinted with
permission from Macmillan Publishers Ltd.: Nature, Weaver, J. C., et al. Nat Biotechnol 1988, 6 (9), 1084−1089 (ref 41) Copyright 1988.] Droplet
microfluidics became popular in the early 2000s [Reprinted with permission from ref 42. Anna, S. L., et al. Applied Physics Letters 2003, 82 (3), 364−
366, 2003 licensed under a Creative Common Attribution (CC BY) license], which was later used to encapsulate cells in uniformGMDs [Reproduced
from On-Chip Alginate Microencapsulation of Functional Cells Workman, V, et al. Macromol. Rapid Commun. 2008, 29 (2), 165−170 (ref 43)
Copyright 2008 Wiley]. The first studies of aqueous two-phase systems in microfluidic droplets started in the early 2010s. Scale bar is 50 μm.
[Reproduced from Vijayakumar, K., et al.Chemical Science 2010, 1 (4), 447−452 (ref 44) with permission from The Royal Society of Chemistry.] This
led to the development of hollow hydrogel microparticles that form around encapsulated cells. Scale bar is 50 μm. [Reproduced from Leonaviciene, G.,
et al. Lab Chip 2020, 20 (21), 4052−4062 (ref 45) with permission from The Royal Society of Chemistry.] (b) Bulk emulsion GMDs: Formation of
polydisperse GMDs by vigorously mixing an ungelled polymer solution in oil, to create water-in-oil emulsions. These emulsions, once stabilized, are
gelled to form nonuniform GMDs. The oil is removed, and the GMDs are transferred to an aqueous solution. Scale bar is 20 μm. [Reprinted with
permission from ref 46. Copyright, 1990 American Society for Microbiology.] (c) Microfluidic GMDs: A microfluidic droplet generator is used to
create monodisperse water-in-oil droplet emulsions consisting of ungelled polymer precursors. Subsequently, the solution undergoes gelation to form
uniform GMDs. After gelation, the oil is removed, and the GMDs are transferred into an aqueous solution. Scale bar is 100 μm. [Reproduced from
Morimoto, Y., et al. Lab Chip 2009, 9 (15), 2217−2223 (ref 47) with permission from The Royal Society of Chemistry.] (d) Core−shell particles: An
aqueous two-phase system is employed within a microfluidic droplet generator to produce core−shell microparticles featuring a hollow inner cavity.
Polyethylene glycol (PEG), dextran, and a cross-linker are combined to form a water-in-oil emulsion using themicrofluidic droplet generator. PEG and
dextran undergo phase separation; dextranmoves toward the center, while PEG aligns at the surface of the emulsion. Subsequently, the PEG-rich phase
is cross-linked to create a solid outer shell. Afterward, the particle is transitioned from oil to water. During this transfer, the inert dextran escapes
through the pores of the outer shell, resulting in a hollow interior. Scale bar is 50 μm. [Reproduced with permission from Proceedings of the National
Academy of Sciences USA van Zee, M, et al. Proc. Natl. Acad. Sci. U.S.A. 2022, 119 (4), e2109430119 (ref 48).]
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1b). Following simple pipetting and centrifugation operations to
prepare samples, the small size of microparticles ensures
compatibility with commercial instruments that have been
developed previously to analyze cells. Instead of developing new
instruments, LoP workflows rely on a breadth of high-precision
and widely available instruments, like flow cytometers,15

FACS,16 imaging flow cytometers,17 image-activated cell
sorters,18 and single-cell sequencing instruments (Figure 1d).19

Additionally, microparticles in these systems can be
suspended in oil-free aqueous environments, enabling reagents
and unbound molecules to diffuse in and out and facilitate
solution exchange that is often difficult to achieve using
microdroplet20 or microwell technologies.21 Signals can be
accumulated in or on the particles over time, which can aid in
time-variant measurements or workflows where signal amplifi-
cation is necessary.9,22 Emulsification of particles driven by
simple mixing steps can further seal compartments if needed for
an assay, rapidly generating millions of drops in parallel.11,23,24

By enabling millions of compartmentalized reactions within a
few hundred microliters of assay volume, microparticles can
improve efficiency in biological workflows by speeding up
experiments, minimizing reagent consumption, and reducing
costs while enabling high-throughput, massively parallelized
analysis.11 The degree of flexibility and control in handling
complex biological processes makes advanced assay systems
more accessible via LoP technology.
Along with making assays easier to perform, LoP systems

enable novel analytical measurements that were previously
unattainable or challenging using Lab on a Chip-based methods.
Microparticles in LoP platforms serve as multifunctional
reaction substrates that can be adapted through different
chemical modifications to integrate various cellular and
biomolecular workflows. This includes the functionalization of
the solid-phase compartments with small molecule affinity
agents like biotin, peptides, extracellular matrix (ECM) proteins,
antigens, antibodies, nucleic acids, or other biomolecules.
Specifically, microparticle surfaces functionalized with peptides
linked to major histocompatibility complex (MHC) proteins
have been shown to mimic antigen-presenting cells, activating
immune cells in an LoP-based workflow.25 Notably, compart-
ments formed by microparticles can be tailored for single-cell
profiling of both adherent and suspension cell types and their
secretions.9,25−27 High-sensitivity detection of analytes is
enabled by digitization of amplified signals generated by
reactions in a confined volume.24,28 The range of detectable
analytes encompasses proteins, enzymes, antibodies, and DNA/
RNA molecules detected through traditional sandwich immune
complexes,9,11 enzyme-linked immunosorbent assays
(ELISA),22,29 or DNA/RNA hybridization30 and amplification
methods.28 Additionally, microparticles can be barcoded for
multiplexed detection, by shape12 or using unique oligonucleo-
tide sequences.9,26,31 Oligonucleotide barcodes can also be
incorporated into assays to link proteomic and transcriptomic
analyses using standard single-cell sequencing instruments.9,26

Furthermore, with advancements in high-throughput and high-
content instruments such as imaging flow cytometry32−34 and
image-activated cell sorters,35−40 LoP platforms can unlock
novel analytical functions, including observing morphological
changes of cells adhered within particles or cell−cell interactions
or binding. The ability to incorporate varied functionalities that
are critical to numerous biological workflows enables a
multifaceted approach to accelerate life science research using
LoP technology.

■ EVOLUTION OF HYDROGELS FOR CELL
ENCAPSULATION

GelMicrodrops as Early Lab on a Particle Systems.One
of the earliest “lab on a particle” systems for analyzing biological
materials was gel microdrops (GMDs, Figure 2a).41 During the
1990s, flow cytometers became widely accessible tools for high-
throughput analysis and sorting of cells.49 However, they were
primarily limited to characterizing cells based on surface labels
and required fixation and permeabilization to interrogate
intracellular markers. These approaches provided no intrinsic
capabilities for growth and secretion-based characterization.
Developing a method for long-term cell compartmentalization
could expand the scope of flow cytometry, extending it to
extracellular molecular and colony-level phenotypic analysis.
In the early 1990s, various research groups developed

strategies to embed cells within agarosemicroparticles.41,46,50−52

By mixing molten agarose with mineral oil and vortexing,
scientists were able to create 10−100 μm diameter emulsions
that were subsequently gelled by cooling to 4 °C to form GMDs
(Figure 2b). Single cells were entrapped in the agarose particles
by including them in the molten agarose at a sufficiently low
concentration prior to vortexing, following Poisson statistics.
The GMDs were then separated from mineral oil for processing
via FACS and analysis of the small fraction of GMDs containing
cells.

Applications of Gel Microdrops. Early applications of
GMDswere for growth and enzymatic activity-based assays. The
Weaver group was one of the first to demonstrate that bacterial,
fungal, and mammalian cell species can be grown in GMDs and
used the system to characterize drug resistance and nutrient
sensitivity of various cell types.53 Other groups used the ability
to screen cells based on growth rates,54−57 speed up antibiotic
susceptibility testing,58,59 and perform viability measurements.60

The Nir group used GMDs to grow monoclonal colonies of
Escherichia coli (E. coli) expressing β-galactosidase (β-gal),
exposed the enzymes to substrate, and sorted out colonies
producing enzyme with high catalytic activity for sequencing
and downstream analysis.50

Biotin affinity sites can also be attached to GMDs, enabling
the embedding of probes that could be used for assay functions,
such as capturing cell secretions. Several research groups have
used GMDs to capture antibodies for antibody discovery and
cell line development.61,62 GMDs have also been used to
characterize cytokine secretions from T cells using similar
workflows.63

One challenge with these initial systems was microparticle
polydispersity, indicated by a high coefficient of variation (CV)
in droplet diameter greater than 40%. The nonuniformity of
particles made handling, processing in flow, and data analysis
difficult. This difficulty was largely due to the challenge of
controlling the size of the droplets formed by vortexing.
Additionally, using filters to isolate particles below a certain
size threshold would result in the loss of a significant fraction of
particles and cells. Although attempts were made to use
membrane emulsification to create more uniform GMDs,
these methods were found to be inconsistent and challenging
to implement.64

The emergence of droplet microfluidic technology allowed for
the creation of monodisperse droplets enabling the formation of
uniform GMDs (Figure 2c).43,47,65 Microfluidic droplet
generators were used to create uniform water-in-oil emulsions.
By introducing a hydrogel precursor into the aqueous phase and
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allowing it to gel after droplet formation, GMDs with consistent
diameters can be fabricated. The uniformity improved the
throughput and precision in analysis of GMDs via FACS-based
readouts, opening up new avenues of research, including genetic
applications,23,66,67 emulsion polymerase chain reaction
(PCR),68,69 microbial community screening,66 biosensor
screening,70 aptamer screening,71 growth selection,72 3D cell
culture,73 secretion analysis,74 and coculture systems.75 GMDs
also became adopted in the private sector by companies such as
FGen (Ginkgo Bioworks) and Amyris to increase production of
various bioproducts and coculture for biologic discovery.

Limitations of Gel Microdrops. Despite the successful
exploration of a wide variety of applications, several limitations
still restrict the potential implementation of traditional GMD
workflows in cell-based analysis. A notable challenge is the
premature release and escape of cells from particles during
extended assays, particularly long-term growth studies.76 This
issue is exacerbated in the case of microbes, which possess
enzymatic machinery (proteases, amylases, etc.) capable of
degrading biological hydrogels. Furthermore, cells initially
encapsulated in GMDs often gravitate toward the edges due
to buoyancy differences, rather than remaining centralized.
Additionally, current strategies for controlled cell release
predominantly involve elevating temperatures above 37 °C,
detrimentally impacting cell viability for subsequent growth or
molecular assessments.76 The encapsulation of cells in 3D
hydrogels also disrupts the natural spreadingmorphology typical
of adherent cell types, potentially altering cell behavior and
hindering growth. This presents a significant barrier for studies
aimed at elucidating genetic mechanisms or replicating real-
world cell interactions. Moreover, engineering agarose hydro-
gels with capture probes, genetic barcodes, and other functional
motifs essential for single-cell screening workflows is challeng-
ing. When achieved, there is a limited dynamic range and poor
reproducibility, limiting the use of agarose-based particles for
complex cell-based functional assays.
To address some of the limitations associated with GMDs,

synthetic hydrogels such as poly ethylene glycol (PEG) can be
utilized as alternatives to biobased hydrogels. Cells lack the
machinery required to break down synthetic polymers, which
circumvents the issue of premature degradation. While
encapsulating cells in completely solid synthetic hydrogels
may impede cellular growth and function compared to biological
hydrogels, creating voids within the synthetic hydrogel particles
allows for unrestricted cell growth and functionality, more
closely mimicking a native environment. Furthermore, a variety
of engineering tools can be leveraged to modify the porosity of
synthetic hydrogels to enable optimal nutrient exchange as well
as enable the linking of functional binding sites to aid in cell
screening assays.

Fabrication of Core−Shell Particles. Aqueous two-phase
systems (ATPS) have been utilized to create microstructured
particles with unique morphologies, enabling the formation of
functional compartments for discrete cellular and molecular
analysis. This typically involves mixing a reactive polymeric
phase with a nonreactive interpolymer, utilizing phase
separation between these solutions to polymerize and form
morphologically distinct particles. To produce core−shell
particles featuring a hollow interior, a reactive PEG polymer is
combined with dextran and a cross-linker in set concentrations
within a microfluidic droplet generator (Figure 2d). Within the
microfluidic channels, the individual solutions undergo phase
separation and are subsequently cross-linked downstream to

create hollow hydrogel particles that exhibit a core−shell
architecture.44 When the PEG is gelled and the oil is removed,
the dextran separates from the particle and leaves behind an
empty void, which is filled by the aqueous culture media.77−80

TheWeitz group has shown that the structure, core position, and
pore size can all be modified by changing the microfluidic
fabrication and hydrogel properties.81,82 This adjustment allows
for the encapsulation and growth of cells within a synthetic
matrix that avoids premature degradation (Figure 2d), offers
easy functionalization, and enables solution transfer across the
particles that enable multistep cell screening workflows.
Moreover, the addition of cleavable functional groups, such as
disulfide or peptide linkages, to the outer PEG shell enables the
controlled breakdown of the particles, facilitating the release of
encapsulated cells or their products.

Applications of Hollow Hydrogel Particles. Bacteria,
yeast, microalgae, and mammalian cells have all been
demonstrated to remain viable and proliferate within hollow
microparticles. van Zee et al. have shown that the cell growth in
hollow microparticles is significantly improved over aqueous-in-
oil microfluidic droplets.48 The stability of these particles
facilitates easy multistep processing, essential for exposing
encapsulated cells or their products to various solutions. This is
crucial, for instance, in determining the dynamic response range
of encapsulated protein sensors to analytes. Additionally, the
hollow interior offers a 2D surface that allows adherent cell types
to attach, and the adherence can be further improved by
incorporating various moieties, such as arginine-glycine-
aspartate (RGD) and poly-L-lysine (PLL), into the interior
shell surface.83 Due to their resilience under harsh physical
conditions, such as vigorous shaking or high shear forces, these
particles are suitable for use in novel environments like
bioreactors. This allows scientists to select cells based on
environmental conditions that previously could not be
replicated in microfluidic microwell or droplet systems.
Moreover, the ability of these particles to withstand high
temperatures enables one to conduct PCR and loop-mediated
isothermal amplification (LAMP) within intact particles,
thereby opening up new possibilities in molecular screening.
The first applications of hollow microparticles have been the

selection of cells based on growth,48 RNA cytometry,84 drug
delivery,85 cell delivery,86,87 water treatment,88 and enzymatic
analysis.89 Atrandi Biosciences has commercialized instruments
and microfluidic kits for sequencing microbes using hollow shell
particles.90 This underscores one of the limitations of hollow
microparticles: the necessity for end-users to possess micro-
fluidic equipment to encapsulate their cells during the droplet
formation process. However, considering the unique advantages
in characterizing growing cell colonies, it is expected that hollow
microparticles will continue to find exciting applications in the
coming years.

■ NANOVIALS: CAVITY-CONTAINING HYDROGEL
PARTICLES

Microparticles designed with an open cavity exposed to the
surrounding environment facilitate direct cell loading, making
LoP platforms more accessible without necessitating micro-
fluidic instruments and devices. Compared to hollow particle
systems that depend on microfluidic-based encapsulation,
nanovials offer an off-the-shelf solution for researchers aiming
to conduct multistep cell screening workflows.
The fabrication of particles with a crescent-shaped cross

section was first reported in 2012 by Ma et al. The open cavity
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was used to load smaller polymer beads matching the size of the
cavity.91 Similar to the hollow microparticles, crescent-shaped
particles were fabricated using an ATPS consisting of polymeric
reactive and inert phases in a microfluidic cross-junction droplet
generator followed by UV cross-linking of the photopolymer-
izable polymer. In 2019, Liu et al. also reported production of
large crescent-shaped microparticles, referred to as “micro-
buckets”, to use as living cell carriers owing to their propensity to
self-orient with the cavity side facing upward.92 Since then, there
have been innovations in the manufacturing, chemistry, and
spatial patterning of such cavity-containing microparticles,
leading to increasing functionality. de Rutte et al. reported
functionalized crescent-shaped particles termed “nanovials” for
single-cell screening and secretion analysis workflows using
commercial FACS-based instruments for sorting of nanovial-
containing cells and associated secretions.11 Functionalizing the
nanovial surface with cell adhesion motifs, antigens, and/or
antibodies through widely available biotin−streptavidin non-
covalent interactions allows for the capture of individual cells
and their corresponding secretions. The most recent iteration of
nanovials uses a PEG-gelatin ATPS, which results in a localized
gelatin layer in the nanovial cavity which can be functionalized to
capture both cells and their secretions with reduced crosstalk.93

The general advantages of nanovials include a hydrogel
surface and a confined volume to concentrate and capture
molecules as well as compatibility with standard cell culture and
analysis instruments.11 The small volume of the nanovial cavity
and local capture surface allows for rapid concentration of
secreted products, shortening the incubation time required to
generate detectable levels of secreted molecules and reducing
crosstalk to neighboring nanovials. Nanovials allow for a highly
modular assay platform and simple workflow which relies on

standard laboratory equipment, such as micropipettes, micro-
scopes, and FACS. Nanovial assays are compatible with both
adherent and suspension cells while providing protection against
damage and high stresses during droplet-in-air sorting.9 Unlike
droplet microfluidic assays leveraging water in oil emulsions,
cells used in nanovial assays can be kept in their preferred media
to maintain their viability over long periods of time (multiple
days). Nanovials with adhered cells can be sorted based on their
secretory function at rates of millions of events per hour.

Fabrication of Nanovials. In order to fabricate millions of
nanovial particles at scale, uniform droplets containing an ATPS
surrounded by oil are generated using a microfluidic droplet
generator (Figure 3a). The ATPS consists of two precursor
polymer phases: (1) reactive PEG mixed with a photoinitiator
and (2) inert dextran or gelatin. When mixed at predetermined
ratios, the two solutions undergo phase separation into an outer
PEG-rich and inner dextran- or gelatin-rich phase (Figure 3a).
Hester et al. identified the role fluid flow and buoyancy play in
achieving rapid phase separation of the two precursor
polymers.94 Exposing these phase-separated droplets to a UV
beam cross-links the PEG-rich layer, and subsequent washing
steps remove the internal water-soluble dextran or gelatin.
Millions of nanovials can be produced within hours and stored
for later use over months to years, thus eliminating the need for
microfluidic device fabrication and operation for each experi-
ment.11 Nanovials have been shipped around the world at
ambient temperature without any detectable loss of function,
enabling laboratories without microfluidics experience to
perform nanovial-based assays.
Recent nanovial fabrication efforts have been focused on

localizing cells and their secretions to the internal nanovial
cavity.93 Initial PEG-dextran nanovials did not take full

Figure 3.Nanovial fabrication and experimental workflow. (a) An aqueous phase consisting of reactive PEG precursor and photoinitiator is coflowed
with a second aqueous phase consisting of gelatin or dextran solution in a microfluidics droplet generator resulting in uniformmonodispersed aqueous
two-phase water-in-oil droplets. The phase-separated droplets are exposed to UV light downstream to polymerize the PEG phase. The dextran or
gelatin sacrificial phase is removed during washing steps resulting in an open cavity and final crescent-shaped cross-sectional morphology. (b) If
fabricated with gelatin, the nanovials will have a localized gelatin layer at the cavity surface. The gelatin or PEG surface can be functionalized with biotin
and streptavidin moieties to attach peptides, proteins, or antibodies to localize cells and their secretions to individual nanovials. (c) Various cell types
with a wide diversity of secreted products can be loaded onto and analyzed on nanovials. Cells are loaded onto nanovials in tubes or well plates in bulk,
and unbound cells can be filtered out. (d) Fluorescent and/or oligo-barcode labeled detection antibodies are incubated with cells on nanovials to detect
their secretions. (e) Single-cell secretion analysis is performed with microscopy, FACS, and/or single-cell sequencing techniques. Scale bar is 100 μm.
[First two images reproduced from de Rutte, J., et al. Suspendable Hydrogel Nanovials for Massively Parallel Single-Cell Functional Analysis and
Sorting. ACS Nano 2022, 16 (5), 7242−7257 (ref 11) Copyright 2022 American Chemical Society. Last image reprinted with permission from
Macmillan Publishers Ltd.: Nature, Udani, S., et al. Nat. Nanotechnol. (ref 9) Copyright 2023.]
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Figure 4. Screening secreted cellular products on nanovials. (a) Antibody secretions can be captured from hybridoma lines, producer cell lines, and
primary antibody-secreting B cells. Schematic shows cells are captured, e.g., with antibodies specific to cell surface markers, and secreted antibodies are
captured onto antigens or antibodies on the nanovial surface. Images show antigen-specific IgG bound on nanovials (magenta) secreted by HyHEL-5
cells, while 9E10 cells secreting an off-target IgG (blue) do not have corresponding signal on nanovials. Flow scatter plot highlighting the gate used to
sort antigen-specific IgG secretors. Presort and postsort microscopy images are shown. The table shows sort enrichment of spikedHyHEL-5 cells. Scale
bars are 100 μm. [Reproduced from de Rutte, J., et al. Suspendable Hydrogel Nanovials for Massively Parallel Single-Cell Functional Analysis and
Sorting.ACSNano 2022, 16 (5), 7242−7257 (ref 11). Copyright 2022 American Chemical Society.] (b) Schematic showingmultiple cytokines can be
captured in parallel from activated T cells that are engaged through TCR interactions with peptides loaded onto class I major histocompatibility
complex (p-MHC). Images and FACS plots show T cells captured using p-MHC and screened for IFNγ and TNFα production. Fluorescence peak
area vs height scatter plots showing gates used to differentiate nanovial staining vs cell staining of permeabilized cells. Scale bars are 100 μm. [Reprinted
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advantage of the particle geometry as cell binding motifs were
decorated throughout the nanovial, allowing cells to bind and
secrete outside of the cavity, leading to higher convective
transport of secretions and increased binding to neighboring
particles, resulting in nonspecific signal. The PEG-gelatin
nanovials ameliorate this issue; a thin layer of cavity-localized
gelatin is advantageously left behind after washing.93 This can
then be leveraged to selectively functionalize the surface of the
nanovial cavity using N-hydroxysuccinimide-ester (NHS-ester)
bioconjugation to the lysine residues on the gelatin layer (Figure
3b). Therefore, the cavity of nanovials can be specifically
decorated with NHS-conjugated biotin, allowing streptavidin
binding, followed by immobilization of biotin-conjugated cell-
and secretion-capture antibodies and/or molecules. In addition,
the localized gelatin layer serves as a binding motif for some
adherent cell lines, such as mesenchymal stromal cells,
macrophages, CHO-K1, and 293T cells.9,93

General Workflow for Nanovial Secretion Assays. Cell
Loading and Binding on Nanovials. Single cells are
stochastically loaded into nanovials by simply mixing cells and
nanovials or by seeding cells on top of nanovials resting on the
bottom of a vessel.11 The number of cell-loaded nanovials
follows a Poisson distribution. When the cavity size approaches
that of a single cell, single-cell loading is favored, such that the
fraction of nanovials that contain single cells exceeds the
expectations from the Poisson distribution.93 Nanovials can be
functionalized to bind specific cell types in a mixed population,
e.g. using gelatin or RGD for integrin-based adhesion, antibodies
against cell surface markers, or antigens/peptide-major histo-
compatibility complexes (p-MHC) molecules specific to
chimeric antigen receptors (CARs) or T cell receptors
(TCRs) (Figure 3c).

Secretion Capture and Labeling. Sandwich immunoassays
are used to assess the secretion levels of cells loaded onto
nanovials. Secretions are bound by capture antibodies
immobilized on the cavity of the nanovial. Secreted analytes
captured on the nanovial are then stained with fluorescently
labeled and/or oligonucleotide-labeled detection antibodies
(Figure 3d). Multiple capture antibodies against different
secretions can also be immobilized on a single nanovial for
multiplexed analysis.95

Readout, Sorting, and Downstream Analysis. Fluorescent
signals from sandwich immunoassays on nanovials are analyzed
and/or sorted by flow cytometry or FACS (Figure 3e).
Nanovials have been successfully used with a wide range of
commercially available cytometers such as the SONY SH800S,
BD FACSAria, On-chip Biotechnologies On-chip Sort, Union
Biometrica Biosorter, and Cytek Biosciences ImageStream
MKII.13 Sorted cells in nanovials can then be recultured or

used in further downstream analysis, such as single-cell and
nucleic acid sequencing (Figure 3e).

Nanovials as a Platform for Antibody Discovery.
Monoclonal antibody (mAb) discovery, whether utilizing
immunized animals for hybridoma generation96 or antigen-
baiting of memory B cells,97 or protein surface display platforms
like phages or yeast,98 still necessitates multiple confirmation
steps to ensure mAb specificity and function. Further screening
of potential mAbs is a limited-throughput endeavor and
bottleneck in the process. Typical hybridoma screening involves
initially screening supernatant samples from pooled cells
followed by serial dilution screening of the top performing
pools. Pooling is necessary to screen the millions of hybridomas
produced from a single animal. However, this approach can
result in low-affinity, high-secreting cells masking the perform-
ance of higher-affinity antibodies secreted at lower rates.99

Additionally, antigen specificity screening is performed in
microwell plate ELISAs, which are low-throughput compared
to single-cell approaches like FACS.
Nanovials address these antibody discovery challenges by

facilitating the screening of individual cells and their
corresponding secretions, which are captured on discrete,
solid-phase particles. These particles are designed to be
compatible with analysis and sorting in a high-throughput
manner using FACS.11,93 Sandwich immunoassays can be
conducted on the nanovial surface to quantify antigen-specific
immunoglobulin G (IgG) from antibody-secreting cells. Due to
the small volume of the nanoliter-scale particle cavity, antibody
accumulation occurs much more rapidly, allowing for a decrease
in incubation time from days or weeks to 30−60 min (Figure
4a).
Nanovials have been used for an antigen-specific hybridoma

screening workflow yielding both high purity and high
enrichment rates (Figure 4a). de Rutte et al. showcased the
ability to isolate antigen-specific antibody-producing cells from a
nonspecific background hybridoma.11 In their experiment,
HyHEL5 hybridoma cells, which secrete antibodies specific to
Hen Egg Lysozyme (HEL), were spiked into a 9E10 (antimyc
tag secretors) at a ratio of 1:25. By employing an antimouse IgG
capture antibody to collect secreted IgG antibodies and labeling
with fluorescent recombinant HEL protein for detection, a
distinct and specific signal was associated with the HyHEL5
subpopulation. Over 1 million nanovial events were analyzed
within hours, yielding a postsort population enriched to over
90% HyHEL5 cells. Single cells sorted into 96 microwell plates
could be clonally expanded and antibody sequence information
from over 50% of the sorts could be amplified through single-cell
reverse transcriptase PCR. The successful application of
nanovials for characterizing hybridomas, as described in this

Figure 4. continued

with permission from ref 95. Copyright, 2022 D. Koo.] (c) MSCs are captured based on binding to gelatin on nanovials and screened based on
extracellular vesicle secretion. Scale bars are 20 μm (top) and 100 μm (bottom). [Reprinted with permission from ref 27. Copyright, 2023 D. Koo.]
Imaging flow cytometry of MSCs and captured EVs, stained with an antibody against the tetraspanin, CD9 (red), showing EV secretion positive and
negative populations. The viability dye, calcein AM, is used to stain live cells (green). Bottom panel images show calcein AM-stainedMSCs (green) on
nanovials stained with anti-CD9 (magenta) following FACS sorting based on EV-specific secretion signal gates (low, medium, high secretors). (d)
Secretion is associated with single-cell RNA sequencing data (SEC-seq) by using oligo-barcoded detection antibodies and droplet single-cell barcoding
of cDNA libraries. Imaging flow cytometry of nonsecreting and IgG-secreting cells. Flow cytometry histograms of VEGF-A signal on nanovials from a
VEGF-A concentration sweep or signal from secreting cells over time. Signal is dependent on the presence of a VEGF-A capture antibody. Scale bar is
50 μm. [Reprinted with permission fromMacmillan Publishers Ltd.: Nature, Udani, S., et al.Nat. Nanotechnol. (ref 9). Copyright 2023.] SEC-seq data
shows transcriptome-based clustering of single-cell expression profiles and corresponding IgG or VEGF-A secretion signal. [Reprinted with permission
from Macmillan Publishers Ltd.: Nature, Cheng, R., et al. Nat. Commun. (ref 26) Copyright 2023.]
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study, lays the foundation for their potential utility in the
discovery and enrichment of other antibody-secreting cells, such
as plasma cells, which are a good target to discover affinity
matured, high-affinity antibodies. Partillion Bioscience is
commercializing antibody discovery kits for use with hybridoma
and plasma cells, leveraging LoP-based nanovial technology.100

Nanovials as a Platform for Functional Character-
ization of Cell Therapies. Cell-based therapeutics are an
emerging modality offering the potential to treat intractable
diseases such as cancer. Recent advancements have expanded
the scope of these therapies beyond oncology, into areas such as
inflammation and autoimmune conditions. However, the
efficacy of therapeutic cells is often driven by functions such
as their secreted products, including cytokines, growth factors,
and extracellular vesicles (EVs).8 Therefore, characterization
and selection of functioning cell populations can lead to more
potent cell therapies. Conventional potency assays for cell
therapies typically rely on bulk cell assessments, which do not
account for single-cell heterogeneity.
Nanovials have been demonstrated as a platform for high-

throughput single-cell analysis to isolate and select cells based on
secretory function while enabling the recovery of cells
postanalysis. A study by Koo et al. demonstrated analysis of
four markers simultaneously: two surface markers (CD4+ and
CD8+) and two secreted proteins (interferon gamma (IFNγ)
and interleukin-2 (IL-2) or tumor necrosis factor alpha
(TNFα)).95 This approach demonstrated the ability to analyze
and select viable polyfunctional primary T cells at a high
throughput (up to 1 million nanovials were analyzed and sorted
within 1 h). In addition, the cells with a polyfunctional
phenotype were successfully recovered, regrown, and shown
to proliferate for up to 7 days postsort. Therefore, the linkage
between secretion phenotype and surface markers associated
with specific T cell subsets can be explored with the nanovial
platform.
The preceding approach can be applied and further expanded

to sort antigen-specific T cells or CAR-T cells based on a
combination of their affinity toward p-MHCs or antigens and
the level of secreted proteins, to discover functional TCRs or
CARs. Single cells can be loaded into nanovials prefunctional-
ized with p-MHC (TCR) or an antigen of interest (CAR-T) as
cell binding and activation motifs (Figure 4b). As a result,
nanovials can serve as artificial antigen-presenting cells to
specifically bind and activate cells of interest. Activation through
p-MHC or antigen induces bound cells to secrete cytokines
which can then be accumulated and captured within the cavity of
the nanovials. This approach enables high-throughput selection
of cells based on both surface binding and function. Cell
functionality can be quantified by classic T cell activation
markers, such as IFNγ, IL-2, TNFα, and granzyme B (GrB). Koo
et al. employed this approach to sort live cognate T cells based
on CD3+ and CD8+ surface markers and IFNγ secretion
utilizing p-MHC functionalized nanovials.25 Moreover, the
authors were able to sequence the TCRs of sorted cells on
nanovials and recover paired αβ-chains using existing 10X
chromium microfluidics-based single-cell sequencing. Cell-
containing nanovials with different p-MHCs were precoated
with unique oligonucleotide-barcodes and were directly input
into the 10X platform postsort. This approach enabled linking
TCR sequences to targets with 100% accuracy and greatly
improved the true positive rate for recovery of rare cancer-
specific TCRs.

Nanovials can be employed to analyze and sort single cells
based on their EV secretion levels showing the long-term
maintenance of this therapeutic phenotype (Figure 4c). Koo et
al. compared the gene expression differences between high EV
secretors and low EV secretors from a population of
mesenchymal stem cells (MSC), identifying pathways for EV
biogenesis, cell proliferation, and regeneration through single-
cell transcriptomic analysis.27 Moreover, the high-secreting
MSCs exhibited enhanced EV secretion phenotypes and
paracrine repair activity in vivo in amurinemyocardial infarction
model when compared to low-secreting cells, showing promise
for enhancing cell therapies.

Nanovials as a Platform to Link Secretions to
Transcriptomes. Secretion encoded single-cell sequencing
(SEC-seq) is a novel method which leverages nanovials and
standard single-cell RNA sequencing (10X Genomics) to retain
and analyze both transcriptome and secretion information from
single cells. In SEC-seq, mRNA can be captured and quantified
from individual cells in the presence of oligo-barcode tagged
secretions captured on nanovials (Figure 4d). Using SEC-seq,
Udani et al. investigated the relationship between secretion of
vascular endothelial growth factor splice variant A (VEGF-A)
and the underlying transcriptome state inMSCs under normoxic
and hypoxic conditions.9 VEGF-A secretion was found to be
heterogeneous among the cell population and weakly correlated
with the VEGF-A transcript level. Interestingly, it was also
discovered that the VEGFA mRNA was not correlated with the
level of secretion. Instead, another set of genes, including a few
surface markers, were highly correlated with VEGF-A secretion
and marked a small cell subpopulation with higher secretion
levels largely independent of VEGFA expression. Cheng et al.
also applied SEC-seq to analyze IgG secretion levels from
human B cells.26 A new surface marker, CD59, associated with
plasma cells secreting higher levels of IgG was uncovered, along
with other pathways associated with higher IgG levels including
metabolism, misfolded protein response, and endoplasmic
reticulum generation. SEC-seq technology can link cell secretion
to its surface markers and transcriptomes at the single-cell level
which can lead to the discovery of previously unknown gene
networks useful to modulate cellular secretion for therapeutic
development.
While the protected cavity of nanovials is well-suited to

capture cells and prevent convection of secretions from the
captured cells, surrounding nanovials in an oil phase leads to
further accumulation and segmentation of secretion signal.11

Due to the uniform outer diameter of nanovials, droplets formed
that surround nanovials can be highly uniform following
emulsification, with CVs of 3.2% and 4.0% for 35 and 85 μm
nanovials, respectively.11 Similar templating of monodisperse
emulsions can also be achieved with spherical hydrogel particles,
allowing for accumulation of reactants and amplified molecular
assays.

■ SPHERICAL PARTICLES AS SUBSTRATES FOR
ASSAYS

LoP applications can extend beyond cell selection to molecular
assays in diagnostics, life science research, and environmental
monitoring. LoP-basedmolecular assays have several advantages
over traditional assays, including ease-of-use, accessibility,
additional multiplexing capabilities, and amplified readouts.

History of Particles as Molecular Sensors. Luminex
pioneered the use of fluorescent dye-doped particles by
developing one of the first particle-based molecular assays in
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1997 known as Flowmetrix that could detect up to 64 distinct
analytes.101,102 In FlowMetrix, a carboxylate-modified polystyr-
ene microsphere is attached to a specific capture reagent, which
when combined with its corresponding analyte and dye-labeled
detection antibody creates a fluorescent sandwich. The
microspheres are doped with various concentrations of orange-
and red-emitting fluorochromes to create distinct microsphere
classification profiles while a green fluorochrome is used for the
analyte detection.101 When excited by a two-laser flow
cytometry system, a quantitative signal of analyte binding
associated with a specific particle type is created.
To extend multiplexing capabilities, Microplex microspheres

were encoded with two or three fluorescent dyes at distinct
ratios, expanding the gradient of unique colors that can be
detected to 100 or 500 distinct color sets, respectively.103 Both
Flowmetrix and Microplex were an improvement to precursor
technology published in the late 1970s that used particles of
different sizes and fluorescent dye compositions to detect
analytes; however, they were limited to a small number of
analytes and not able to differentiate between aggregates of
different-sized microspheres. Although these Luminex tech-
nologies are widely referenced, there are limitations to the
technology. Notably, the assays on these beads are mostly direct
binding assays and incorporate no amplification chemistries,
resulting in a higher limit of detection (LOD) for the analyte.
Although dependent on the antibodies used, Luminex particle-
based assays, as reported by the Vignali research group, can
achieve a sensitivity of ∼3 pg/mL, whereas traditional ELISAs
can detect cytokines down to∼0.1 pg/mL.102 Another challenge
for fluorescent particle-based assays is antibody cross-reactivity.
Cross-reactivity for a multiplexed assay occurs when any of the
affinity reagents bind to other target molecules or other capture
molecules creating a false positive signal. This challenge can be
seen when sample sera contains nonspecific antibodies such as
heterophile antibodies.104 Lastly, because these assays employ
fluorophores with some spectral overlap within and between
particles, crosstalk can occur.105

Particle-Templated Amplification Assays. By encapsu-
lating spherical particles in droplets surrounded by oil, reactions
occurring on each particle can be partitioned, enabling signal
amplification and improved limits of detection (picomolar
scale).28 This expands the capabilities beyond measuring direct

binding of an analyte to capture reagents on particles through
labeled detection antibodies.106 The monodispersity of the
particles used in the assay is crucial because each particle
templates a droplet around it that ensures that there are uniform
conditions for reactions on each particle enabling direct
comparison or detection of amplified products.24 Compartmen-
talized reactions have included nucleic acid amplification tests
and ELISAs.23,24,28 The compartmentalization reduces crosstalk
between neighboring compartments as reaction products
remain localized within the templated droplet. A significant
characteristic of spherical particle-templated assays is the ability
to rapidly generate numerous subnanoliter compartments in
parallel, which is critical for digital assays. For example, Wang et
al. showed the ability to create >500,000 compartments (drops)
within 2 min using simple pipetting to create a particle-
templated emulsion.24 This is an essential component of this
technology as it allows for digital assays, where the presence of
single molecules within a subset of the confined drops can be
amplified and detected through counting compartments with
signals above a threshold.

Principles of Particle Fabrication. Similar to hollow shell
particles and nanovials, microfluidic droplet generators are used
to create monodisperse spherical hydrogel particles suitable for
particle-based emulsion assays (Figure 5a). By adjusting the flow
rate of polymer precursor and oil phases, the viscosity of fluids,
and the geometry of the channels, the size and stability of
particle generation can be fine-tuned. Commonly used precursor
solutions of the dispersed polymer precursor phase include
acrylamide monomers,107 PEG-based derivatives,108 and
agarose.23,68 Categorized by channel geometry, flow-focusing
devices109 and step emulsifier110 devices are themost commonly
used. In the step emulsifier, particle formation is driven by
Laplace pressure differences arising from the geometric structure
of the microchannel. The generation of particles can be further
enhanced by parallelization of the dispersed phase channels,
achieving high-throughput production of particles.111,112

Emulsification and Functionalization of Particles.
Water-in-oil emulsions can be formed around spherical particles,
making particle-templated emulsions (PTEs) that can be used
for molecular assays. The commonly used method to form these
templated emulsions is creating a mixture of particles, reagents,
and immiscible oil phase, followed by vortexing or pipetting

Figure 5. Schematic of spherical particle-templated assays. (a) Particle fabrication methods using microfluidic devices for creating spherical hydrogel
microparticles. Commonly used designs include flow focusing and step emulsification devices. Brightfield image of example microparticles produced.
(b) Analytes used in particle-templated assays including nucleic acids, proteins, and single cells. (c)Methods for creating particle-templated emulsions
using readily available lab instruments, which include vortexing and pipetting, resulting in uniform emulsification. Brightfield image with fluorescent
overlay of an example particle-templated emulsion. Scale bars are 100 μm.
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vigorously to achieve emulsification (Figure 5c).24,28 This
method excludes the use of microfluidic systems, expanding
access to particle-templated emulsification. With the large
surface area of particles, more enzymes and substrates could be
immobilized and concentrated locally to increase the efficiency
of reaction compared to microwell systems. Furthermore,
compared to agitation-based emulsification without particles,
particle-templated emulsification creates more homogeneous
droplets, enabling consistent reaction conditions.24,28

There are several strategies for functionalizing particles with
enzymes, capture antibody, or aptamer.28,106 Since the func-
tional groups in the polymer backbone can be easily
manipulated, particles can be decorated with aldehyde, thiol,
vinyl sulfone, or other groups to enable various chemical
conjugation strategies such as Schiff base and thiol−ene
reactions.113,114 Furthermore, chemically modified biotin and
streptavidin can be bound to the particles, allowing for the

particles to be coated with a wide range of biotinylated antigens
and antibodies.

Applications of Particle-Templated Droplets. Particle-
templated assays present advancements over direct sandwich
assays on microparticles as they can detect as low as femtomolar
concentrations of proteins and provide more accurate absolute
quantification.115 Here, we summarize some of the applications
for nucleic acid, protein, and single-cell analysis (Figure 6).

Particle-Templated Droplets for Nucleic Acid Quanti-
fication. Particle-templated droplets can be used for digital
nucleic acid amplification to yield higher sensitivity and accuracy
for targeted nucleic acid detection and quantification compared
to conventional quantitative PCR (qPCR).116 Digital nucleic
acid amplification (dNAA) uses compartments (e.g., chip
chambers, droplets, and particles) to fractionate a sample
resulting in zero or one nucleic acid sequence into each
partition.117 This enables calculation of the sample concen-
tration based on Poisson statistics. Chambers and droplets for

Figure 6.Molecular and cellular assays using particle-templated emulsions. (a) Using PTEs to perform droplet digital PCR (ddPCR). The schematic
shows droplets positive (green fluorescence) and negative (no fluorescence) for nucleic acid amplification using ddPCR. The fluorescence microscopy
images show the amplification of yeast genomic DNA at varying dilutions in a digital regime where the fractions of positive droplets (with fluorescence)
correspond with the DNA concentration. Scale bars are 200 μm. [Reproduced from Hatori, M., et al. Particle-Templated Emulsification for
Microfluidics-Free Digital Biology. Anal. Chem. 2018, 90 (16), 9813−9820 (ref 28) Copyright 2018 American Chemical Society.] (b) Using PTE to
perform ddELISA. The schematic shows droplets positive (green fluorescence) and negative (no fluorescence) for analyte binding and enzymatic
amplification using ddELISA. The fluorescence microscopy images illustrate particles (magenta) and fluorescence signal from enzymatic turnover
(grayscale) where an increasing fraction of positive droplets corresponds with an increasing concentration of a heart failure protein biomarker. Scale
bars are 100 μm. [Reprinted with permission from ref 119. Copyright, 2023 V. Shah.] (c) Using PTE to perform single-cell RNA sequencing. The
schematic illustrates coencapsulation of particles and cells in droplets, where color indicates different oligonucleotide barcodes on particles. Similar cell
clustering and marker genes are observed for PIP-seq compared to 10X Chromium V3 workflows for cells from healthy breast tissue. [Reprinted with
permission from Macmillan Publishers Ltd.: Nature, Clark, I. C., et al. Nat Biotechnol. 2023, 41 (11), 1557−1566 (ref 31). Copyright 2023.]
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dNAA are either limited in scale by the footprint of the chip or
require a serial process of droplet generation. To resolve these
issues, Hatori et al. employed particle-templated emulsification
for microfluidics-free dNAA (Figure 6a).28 In contrast to qPCR,
which can be used to detect low concentrations but relies on a
standard curve for quantification and has challenges with
measuring small concentration differences, particle-templated
dNNA has the ability to quantify absolute concentrations via the
digital readout of the positive and negative compartments,
enabling the detection and quantification of low-concentration
analytes in diverse biological samples.

Particle-Templated Droplets for Protein Quantifica-
tion. Particle-templated droplets include both a solid-phase
comprising high-specificity affinity reagents as well as a
compartment that limits transport and promoting accumulation
of amplification reactions, creating the opportunity for sensitive
protein quantification assays (Figure 6b).24 This can be useful
for clinical applications such as blood tests where the target
protein may be of low abundance. Digital ELISA approaches
apply similar Poisson loading statistics of individual analytes into
compartments to directly quantify concentrations by counting
amplified compartments. Early digital ELISA demonstrations by
Rissin et al. yielded protein detection limits in serum at <10−15

M, which is much lower than the detectable concentrations of
conventional ELISA.118 Microparticles were seeded into
microchambers in these pioneering experiments, and custom
optical analysis systems were used for readout, which has been a
limitation for widespread adoption. Wang et al. were able to use
particle-templated droplets to streamline the assay and increase
the number of compartments while maintaining femtomolar
detection limits for single enzymes. These assays can be
multiplexed by changing the particle shape, size, or fluorescent
label on each particle, allowing for the simultaneous measure-
ment of multiple targets within a single sample, which is a step

beyond the capabilities of plate-based, or even digital
ELISAs.24,119

Particle-Templated Droplets for Analyzing Cells. Early
work from Richard Mathies’ lab used particle-templated
emulsions to perform nucleic acid amplification on individual
cells encapsulated in solidified agarose droplets, although this
was initially limited to a few target molecules.23 The advent of
single-cell RNA sequencing (scRNA-seq) using microfluidic
droplets or wells has enabled the study of the entire
transcriptome of individual cells, significantly expanding the
ability of templated droplets for nucleic acid analyis.23,31

Performing scRNA-seq has required microfluidic expertise or
commercial instruments such as the 10X Chromium or BD
Rhapsody systems. To improve ease of use and access, the Abate
group developed particle-templated instant partition sequencing
(PIP-seq, Figure 6c).31 This approach is scalable and is an
instrument-free scRNA-seq method that can compartmentalize
cells into oligonucleotide-barcoded hydrogel particle templated
droplets without microfluidics. The accuracy of these systems is
comparable to the current gold standard, the 10X Chromium
workflows, as demonstrated by Clark et al., yielding similar
results in classification, marker identification, and gene
expression levels.31 Nevertheless, challenges persist with cells
encapsulated in particle-templated emulsions (PTEs), notably
the unclear impact on the yield of starting cell populations,
potentially due to cell shearing from particle surfaces during
emulsion formation. Moreover, high fluid shear stress may
damage cells, leading to the risk of mRNA release and cross-
contamination between compartments.120 Fluent BioSciences
has developed a PIP-seq product that is currently commercially
available to perform particle-templated sequencing.121

Strategies for Multiplexing of Assays on Spherical
Particles. Labeling particles facilitates the simultaneous
multiplexing of various assays on a singular particle platform.
For instance, oligonucleotide barcoding, with its high fidelity

Figure 7.Workflow for the fabrication and use of shaped particles. (a) Fabrication of shaped microparticles in microfluidic devices using photomasks
and UV polymerization. Representative shape-encoded particles used for biomolecular detection. [From Pregibon, D. C., et al. Multifunctional
Encoded Particles for High-Throughput Biomolecule Analysis. Science 2007, 315 (5817), 1393−1396 (ref 30) reprinted with permission from AAAS;
Kim, L. N., et al.Chem. Commun. 2015, 51 (60), 12130−12133 (ref 133) with permission fromThe Royal Society of Chemistry; andDestgeer, G., et al.
Lab Chip 2020, 20 (19), 3503−3514 (ref 22) with permission from The Royal Society of Chemistry.] (b) Schematic representation of assay workflow
using shaped microparticles including incubation and signal amplification steps. (c) Readout of assay results on individual microparticles using
standard instrumentation such as microscopes, cell phones, or scanners. [Reproduced from Destgeer, G., et al. Lab Chip 2020, 20 (19), 3503−3514
(ref 22) with permission from The Royal Society of Chemistry; Derveaux, S., et al. Anal. Bioanal. Chem. 2008, 391 (7), 2453−2467 (ref 135) with
permission from The Royal Society of Chemistry; and Svedberg, G., et al. Lab Chip 2017, 17 (3), 549−556 (ref 134) with permission from The Royal
Society of Chemistry.]
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Figure 8. Shaped particle fabrication methods by flow-lithography from oldest to newest. (a) Continuous flow lithography particles. The fabrication
system requires a computer-controlled shutter and continuous flowing pumps. Scale bar is 30 μm. [Reprinted with permission from Macmillan
Publishers Ltd.: Nature, Dendukuri, D., et al. Nature Mater. 2006, 5 (5), 365−369 (ref 10) Copyright 2006.] (b) Maskless lithography particles. The
shutter is replaced with a dynamicmask. Scale bar is 100 μm. [Reprinted with permission from ref 143. Anna, S. L., et al.Applied Physics Letters 2003, 82
(3), 364−366 licensed under a Creative Common Attribution (CC BY) license.] (c) Stop flow lithography particles. A computer-controlled valve is
introduced to control flow, resulting in higher resolution particles. Scale bar is 30 μm. [Reproduced from Chung, S. E., et al. Applied Physics Letters
2007, 91 (4), 041106 (ref 144) with permission from The Royal Society of Chemistry.] (d) Two-photon continuous lithography particles. This
fabrication system requires both a focused laser and a motorized stage. Scale bar is 20 μm. [Reproduced from Stop-Flow Lithography in a Microfluidic
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and vast sequence possibilities, is particularly suited for extensive
particle barcoding, such as encoding mRNA from thousands of
single cells. Further, polyacrylamide-based hydrogel particles
can be labeled using custom acrydite-modified primers, followed
by the sequential assembly of the barcode sequences using split
and pool techniques.121 Labeling particles with colors is
beneficial for direct visualization and detection using optical
approaches.106,122 Strategies to achieve this include embedding
nanophosphors,123 quantum dots,124−126 fluorescent,127,128 or
photonic nanoparticles129,130 into the particle templates.
Notably, the Fordyce group has reported the most extensive
spectral barcode library to date, comprising over a thousand
unique codes, by using lanthanide nanophosphors (LNs) in
varying ratiometric quantities.131 In constructing these barcoded
particles, four different LNs are mixed in varying ratios, with one
LN consistently integrated at a fixed concentration to serve as a
baseline for comparing the relative intensities of the other colors.
LNs offer distinct advantages over traditional spectral barcodes,
such as excitation at a single wavelength, narrow emission
spectra, and resistance to photobleaching and quenching unlike
organic fluorophores. However, it is important to note that these
advanced barcoding techniques often require specialized
instruments for readout.
Multiplexing capabilities for spherical particles using standard

instruments, like flow cytometers, are limited since, besides
fluorophore spectral barcoding, the only additional tunable
geometric factor is the spherical particle diameter. Thus,
alternative particle barcoding methods are needed to further
expand the multiplexing levels possible, such as particle-shape
barcoding.

■ FLOW-LITHOGRAPHY PARTICLES AND
SHAPE-BASED BARCODING

Shape-barcoded particles have emerged as a solution to extend
multiplexing capacity, using physical shape as a barcode instead
of�or in addition to�fluorophores. Strategies for shape-based
barcoding have been developed to create uniquely identifiable
structural or graphical variations, such as (1) particles with
different outlines or through-hole shapes; (2) particles with
distinct graphical features such as characters, pictograms,
numbers, and “QR codes”; and (3) particles that incorporate a
combination of shape, graphical, and spectral barcoding.

General Workflow for the Fabrication and Use of
Shaped Particles. Fabrication of Shaped Particles. Flow
lithography techniques are used to polymerize shaped particles
within microfluidic channels. The process uses photopolymer-
izable polymer precursors that are formed into particles through
UV cross-linking, initiated by photoinitiators. Depending on the
channel structure and arrangements of coflowing streams,
specific flow patterns can be generated. Coflowing streams can
comprise single or multiple inert and/or reactive polymers to
define particle shapes within the microfluidic channel under UV
light projected through a photomask, forming predefined and

potentially multimaterial structures (Figure 7a). Additionally,
the use of multiple flow streams containing different cross-
linkable polymer precursors allows for the creation of multi-
material substrates, important for spatially selective reactivity or
hydrophilicity or chemical functionalization. The precursor
solution can be modified to include probes and detection agents
necessary for assay workflows;30,132 it can also incorporate
binding sites for conjugating the required reagents and probes
after particle fabrication.22,133,134 Similar to other LoP
technologies, biotin−streptavidin chemistry provides modular
binding sites for affinity assays or cell binding.22

Incubating with Samples and Detection Reagents.
Following fabrication, the probe-laden microparticles are
combined with a biospecimen, enabling the selective binding
of analytes to the corresponding probes on the particles (Figure
7b). The analyte is locally bound at the active binding sites on
the particles, facilitating solution exchange and wash steps to
introduce additional reagents or eliminate unwanted back-
ground, thereby enhancing specific signals. Multiple types of
particles, each having a unique shape, can be processed in a
single assay workflow enabling parallelization and multiplexing.
Detection and quantification of nucleic acids30,133,135 and
proteins29,134 have been demonstrated through the subsequent
binding of fluorescent labels. Detection of analytes that are low
in abundance is achieved through enzymatic amplification
techniques or localization of signal to a small fraction in the
particles to enhance the signal-to-noise. Moreover, shaped
particles offer an advantage over other two-dimensional or well-
based multiplexed assays due to their ability to be freely
suspended in solution, resulting in improved binding kinetics.136

Multiplexed detection of a wide range of biomarkers of
importance in health can help obtain comprehensive insights
in a cost-effective manner.137

Optical Readout of Shaped Particles. The final step in using
shaped microparticles for molecular diagnostics is optical
measurement (Figure 7c), which is typically through fluo-
rescence30,132 and/or brightfield134,135 imaging.29 This is
accomplished using microscopes and cameras or low-cost
readers, employing the economies of scale for consumer
electronics devices like cell phones and flatbed scanners. Such
readers can be deployed widely, making these technologies
accessible in resource-limited regions. By capitalizing on the
high multiplexing capacity of shape barcoding, multiplexed
assays can be achieved using a single fluorescent channel without
compromising the upper limit of the number of biomarkers of
interest.30 The use of multiple particles to detect the same
analyte also provides improved statistical certainty to measure-
ments, what is also referred to as “swarm sensing”.29 This
approach enhances the scale and accuracy of molecular
diagnostics in a variety of biological applications.

Advances in Flow-Lithography Particle Fabrication
Methods. The history of shape barcoding in LoP technologies
is centered around the patterning of photopolymerizable

Figure 8. continued

Device. Dendukuri, D., et al. Lab Chip 2012 7 (7), 818−828 (ref 145) Copyright 2012 Wiley.] (e) Inertial flow lithography particles. Before
fabrication, the device used to shape flow and the necessary photomask is predesigned using uFlow. Pillars in the device create complex flow
geometries, and a shaped photomask produces particles of the desired shape. Scale bar is 100 μm. [Reproduced from Two-Photon Continuous Flow
Lithography, Advanced Materials 2015 24 (10), 1304−1308 (ref 146) Copyright 2015 Wiley.] (f) Coaxial flow lithography particles. A 3D-printed
device shapes the coaxial flow. Scale bar is 100 μm. [Reproduced fromDestgeer, G., et al. Lab Chip 2020, 20 (19), 3503−3514 (ref 22) with permission
from The Royal Society of Chemistry.] Engineering systems and close-up views of particle fabrication region adapted from Lewis, C. L., et al. Anal.
Chem. 2010, 82 (13), 5851−5858 (ref 142) with permission from The Royal Society of Chemistry.
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materials. These materials transition from a liquid to a solid state
through light-induced cross-linking.138 Early shaped particles
were crafted using contact lithography, a technique involving the
use of a physical mask onto which the photopolymerizable
material was applied and cured.139,140 Replicamolding, a process
where a mold is used to pattern shaped particles, was also widely
used.141 However, these methods are low-throughput as the
speed of particle fabrication is limited by the two-dimensional
area of the mask or mold.142 The Doyle group addressed this
limitation with continuous-flow lithography. Continuous-flow
lithography (Figure 8a) combines microscope projection
photolithography with microfluidic flow of the precursor
polymer stream and inhibition of polymerization at the channel

walls, resulting in a high-throughput, precisely controlled, and
adaptable approach to creating microparticles, offering flexibility
in terms of size, shape, and composition.10 Due to continuous
operation, there may be a compromise in the resolution of
particles cured from the moving stream. The Kwon group
developed optofluidic maskless lithography (OFML), in
parallel, where a dynamic mask, composed of a digital
micromirror device, could generate diverse patterns with
single-pixel resolution (1.54 × 1.54 μm2) during a 0.1 s
exposure time (Figure 8b).143 The dynamic mask also allowed
for synchronizing exposure with a particle as it flowed
downstream during curing, reducing flow-induced blurring of
particle shapes.

Figure 9.Application of shapedmicroparticles for multiplexed and cellular assays. (a) DNA detection on barcoded particles. The particle is subdivided
as follows: graphical barcode portion, detection section for DNA oligomer 1, control (should always be dark), detection for DNA oligomer 2. Particles
are approximately 90 μm in width and 180−270 μm in length. [From Pregibon, D. C., et al. Multifunctional Encoded Particles for High-Throughput
Biomolecule Analysis. Science 2007, 315 (5817), 1393−1396 (ref 30) reprinted with permission from AAAS.] (b) HPVDNAmutant detection where
each differently shaped particle is conjugated to probes for a unique HPV DNA mutant. Images of positive particles corresponding to the barcode for
HPV mutant 33. Scale bars are 200 μm. [Reproduced from Kim, L. N., et al. Chem. Commun. 2015, 51 (60), 12130−12133 (ref 133) with permission
from The Royal Society of Chemistry.] (c) Images showing miRNA detection (purple) from normal and tumor cells. The oncogenic miRNA, miR-21,
is seen in higher concentrations in the particles incubated with tumor lysate. Slightly elevated levels of miR-16, an endogenous standard in miRNA
analysis of colon cancer, was seen in the particles incubated with tumor lysate. miR-141 is a marker of poor prognosis associated with advanced colon
cancer. The probe cel-miR-54 was used as a negative control. Scale bars are 200 μm. [Reproduced from Derveaux, S., et al. Anal. Bioanal Chem. 2008,
391 (7), 2453−2467 (ref 135) with permission from The Royal Society of Chemistry.] (d) ELISA read out on optical scanner for the detection of
autoantibodies frommultiple sclerosis patients. ANO2 (1) serves as a positive control forMS autoantibodies, ANO2 (2) serves as negative control, and
ZFN688 is a secondary negative control. Particles have a diameter of 900 μm and a thickness of 150 μm. [Reproduced from Svedberg, G., et al. Lab
Chip 2017, 17 (3), 549−556 (ref 134) with permission from The Royal Society of Chemistry.] (e) Enzyme-linked assay in particle-templated drops
where the fluorescent product within a droplet supported by square particles accumulates while no fluorescent product accumulated in negative control
circular particles. Particles range in size from 340−400 μm with cavity dimensions of 100−200 μm. Scale bar is 500 μm. [Reproduced from Destgeer,
G., et al. Lab Chip 2020, 20 (19), 3503−3514 (ref 22) with permission fromThe Royal Society of Chemistry.] (f)MDA-MB-231GFP cells on collagen
patterned microcarriers. The first column shows cell proliferation on a microcarrier over time; the second column shows how cells on the nonshelter
region were removed via pipetting while cells in the shelter area were protected from pipetting shear forces. The third image shows how the
microcarrier orients in flow. Scale bar is 200 μm. [Reprinted with permission fromMacmillan Publishers Ltd.: Nature,Wu, C., et al.Microsyst. Nanoeng.
2018, 4 (1), 21 (ref 157) Copyright 2018.] (g) Wrinkled, nonspherical particles. The top row shows two different wrinkled particle shapes, while the
bottom row shows cell adhesion differences between a spherical nonwrinkled particle (left) and a wrinkled particle (right). Scale bar is 20 μm(top) and
30 μm (bottom). [Reprinted with permission from Macmillan Publishers Ltd.: Nature, Li, M., et al. Sci. Rep. 2016, 6 (1) 30463 (ref 159) Copyright
2016.] (h) LNCaP cells (magenta) encapsulated in amphiphilic particles. The fluorescence intensity of MMP-cleavable fluorogenic substrate (green)
increases with increasing number of encapsulated cells. Scale bar is 200 μm. [From Wu, C., et al. Monodisperse Drops Templated by 3D-Structured
Microparticles. Science Advances 2020, 6 (45), eabb9023 (ref 12) reprinted with permission from AAAS.]

Analytical Chemistry pubs.acs.org/ac Review

https://doi.org/10.1021/acs.analchem.4c01510
Anal. Chem. 2024, 96, 7817−7839

7831

https://pubs.acs.org/doi/10.1021/acs.analchem.4c01510?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c01510?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c01510?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c01510?fig=fig9&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.4c01510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The Doyle group advanced their previous technology by
introducing stop-flow lithography (SFL). This configuration
involves the use of a valve either upstream or downstream of the
device to halt the flow of the prepolymer solution before
polymerization (Figure 8c).144 This meticulous control leads to
an improvement in the resolution of the fabricated particles.
However, this resolution enhancement comes at the expense of
fabrication throughput. The need for the fluid to alternate
between stationary and flowing states introduces an inherent
limitation in the overall time and material efficiency of the
process.
By merging an older technology with microfluidics, the

Pisignano group introduced continuous-flow two-photon flow
lithography in 2012. This method combines two-photon
lithography with continuous flow, where an ultrafast laser
focused through an objective excites the polymer precursor fluid
and polymerizes it as the fluid flows (Figure 8d).145 Unlike other
fabrication methods, this technique allows for the creation of
high-resolution particles with highly complex 3D shapes without
the need for a sheath or inert layer. It can generate particle
geometries not previously demonstrated by other methods, such
as springs, and can achieve submicrometer features in three
dimensions (with surface roughness as low as 10 nm). However,
this sequential polymerization method is inherently lower
throughput and comes with more intensive technology
requirements: an ultrafast laser and a programmable stage
capable of movement in at least two dimensions (y and z).

Complex Multimaterial Particles. In 2015, the Di Carlo
group developed a technology capable of fabricating multi-
material three-dimensional structures in a flow-lithography
format. This technology, known as optical transient liquid
molding (OTLM), combines flow shaping using inertial
microfluidics and stop-flow lithography (Figure 8e).146 The
group introduced a flow design software named “uFlow”, where
users can adjust the optical mask and microchannel structure,
and the software predicts a final flow shape and particle
geometry. Multimaterial particles with inner cavities, 3D
structures, and spatially selective patterning of chemistry and
hydrophilicity were fabricated using these flow configurations.
Early applications of amphiphilic particles, featuring a hydro-
philic inner material and a hydrophobic outer material, included
spontaneous formation of uniform emulsions through stabilizing
aqueous droplets.12 However, the topology of particles
achievable using this technique is limited by the initial side-by-
side configuration of coflowing prepolymer streams.
Coaxial flow lithography enhances previously discussed

fabrication methods by employing a 3D printed microfluidic
device that shapes the flow, allowing multiple fluid streams to
flow coaxially and create streams within streams (Figure 8f).22

This enables the production of multimaterial particles with inner
cavities. Changing the 3D printed microfluidic device allows the
creation of multiple shapes with different inner and outer
geometries. Additionally, the particle surface can be patterned
using a photomask during the curing step. The overall workflow
is similar to a stop-flow lithography setup, making it accessible to
laboratories already capable of stop-flow lithography, with the
introduction of 3D printed devices for particle production.

Shaped Particles for Nucleic Acid Quantification. The
diversity of the microparticle types available increases
dramatically with shape.22,134,147 Utilizing the geometric
properties of microparticles to barcode diverse analytes unlocks
an almost unlimited number of possibilities for molecu-
lar30,126,148 and cellular multiplexing applications.149 For

instance, the Kwon group used magnetic color and shape-
barcoded microparticles to raise the multiplexing limit to the
level of billions.147 The scale is suitable for the tremendous
diversity of DNA and RNA sequences that are present in living
cells.

Shaped Particles for DNA Detection. The Doyle group
reported a graphical barcoding method to generate dot patterns
on a microcarrier particle encoding different DNA targets for
hybridization assays. As shown in Figure 9a, the particle
consisted of a dot pattern for barcoding, two DNA oligomer
probes (O1 and O2), and a negative control area.30 The results
showed that O1 and O2 targets can be detected simultaneously
with no crosstalk. This method allows for multiplexed, single-
channel fluorescence detection of DNA with high simplicity,
providing high-density information using a single sample.
The Kwon group developed a method to fabricate shaped-

encoded silica microparticles (SSMs) with OFML, coating
polymeric microparticles with a silica layer, and conjugating
hybridization probes.133 By harnessing the huge encoding
capacity of SSMs, they performed 10-plexed in vitro human
papillomavirus (HPV) genotyping (Figure 9b). Only the SSM
with probes complementary to the target sequence show strong
fluorescence signals by R-phycoerythrin conjugated streptavidin
that bound to biotinylated detection probes. The SSMs were
able to detect target HPV sequences with high specificity and
showed minimal noise from cross-hybridization or adsorption.

Shaped Particles for RNA Quantification. The Doyle group
demonstrated the detection of multiple human mRNA targets
using a single hydrogel particle. To enhance the sensitivity of
shape-barcoded particles to the femtomolar level, they increased
mRNA transport into the particles by enhancing particle
porosity through the incorporation of porogens.148 LoP-based
systems offer the advantage of tunable particle properties
beyond just shape and size, as factors like particle porosity,
hydrophilicity or hydrophobicity, and availability of active
binding sites can be modified during the fabrication process.
Shape-barcoded microparticles have shown significant utility

in the multiplexed detection of miRNAs, which are key in
understanding and diagnosing various diseases (Figure 9c).135

The Doyle group demonstrated a platform that uses shape-
encoded hydrogel particles, synthesized using stop-flow
lithography, for multiplexed miRNA detection, achieving
detection limits as low as 0.22 femtomoles for colon cancer
clinically relevant miRNAs.150 Expanding on this concept, the
limit of detection is further improved through a microfluidic
platform that isolates functional hydrogel microparticles in
monodisperse droplets, integrating an enzymatic amplification
scheme that enhances sensitivity by an order of magnitude
compared to direct labeling.150

Another advancement in RNA detection was the introduction
of a shape-barcoded particle-based RNA quality assay. The Yi
group pioneered this assay to assess bacterial rRNA titer and
RNA sample integrity by targeting rRNA sequences common to
all E. coli ribosomes. Their research demonstrated that the
fluorescence intensity of the shape-barcoded particles declined
as rRNA degradation increased.151

Shaped Particles for Protein Quantification. Shaped
microparticles are a promising solution to expand multiplexing
of protein immunoassays. Doyle’s group reported hydrogel
microparticles with graphical codes for multiplexed detection of
protein panels (IL-2, interleukin-4, and TNF-α) with very low
detection limits (1−8 pg/mL).132 This protein panel has clinical
value since cytokine signaling initiates immune responses and
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maintains immune system memory. The technology laid the
foundation for the Fireplex multiplexed particle-based assays,
currently commercialized by Abcam. FirePlex immunoassays
offer high multiplexing capacity, sensitivity, and specificity (a
detection range of 0.5 pg/mL over a 5-log dynamic range).152,153

This technique allows up to 70 analytes with a single 12.5 μL
sample. The FirePlex particles consist of three functional regions
separated by two inert spacers: both ends serve for encoding by
varying the combination of green and yellow, fluorescent dyes,
and the antigen-specific capture antibodies are bonded in the
center of the particles, as well as the spacers for reducing
fluorescent code interference to the fluorescent analysis of
central parts using a flow cytometer. The human cytokine panels
can detect 17 cytokines with high sensitivity.152,154

To reach even higher multiplexing, the Kwon group
developed lithographic encoded particles (LEPs), which achieve
up to two million codes through the patterning of four unique
numbers, characters, and symbols on the particles.134 Their
proof-of-concept panel utilized four different barcoded particles
for multiplexed detection of autoantibodies (ANO2(1) and
ANO2(2)) toward the ultimate goal of diagnosing multiple
sclerosis (MS) (Figure 9d). Using MS plasma and healthy
controls, the Kwon group demonstrated the ability to detect the
target autoantibodies with high specificity. As the assay was not
enzymatically amplified, the limit of detection was limited by the
direct detection of antigens.
Amphiphilic particles, as a class of shaped microparticles, are

composed of both a hydrophobic and hydrophilic region and
can spontaneously stabilize aqueous droplets when submerged
in oil.22,29,155 These particles can be fabricated using either
OTLM or coaxial flow lithography and are well-suited for
amplified immunoassays due to their amphiphilic na-
ture.22,146,155 During initial incubation steps, the particles can
be freely exposed to aqueous solutions sequentially, in the same
manner as a traditional ELISA. However, during signal
amplification, each particle can act as an individual droplet
compartment when submerged in oil by harnessing the inner
layer hydrophilicity to form uniform picoliter- to nanoliter-
volume droplets within the inner hydrophilic region. Amphi-
philic particles were fabricated with more than 12 shapes by
changing the 3D-printed nozzle designs, demonstrating capacity
for three-dimensional shape-based multiplexing.22 Initial proof-
of-concept assays demonstrated that particles with horseradish
peroxidase (HRP) bound to their inner cavity would form a
fluorescent substrate localized to the particle inner cavity droplet
with minimal crosstalk to their non-HRP-containing neighbors
(Figure 9e).22 Further studies demonstrated that these particles
could be used to measure the heart failure biomarker, N-
terminal pro-B-type natriuretic peptide (NT-proBNP), with
lower limits of detection than traditional binding assays.29

Shaped Particles for Cellular Analysis. Shaped particles,
especially cavity-containing shaped particles, can be used for
holding and analyzing cells and their products. Adherent cells
that spread over spherical particles were recently analyzed using
imaging flow cytometry, demonstrating unique morphological
features not observable for cells in a suspended state.156

However, the orientation of a spherical particle is not
controllable and affects the imaging plane for the adhered
cells. Furthermore, cells remain on the exposed particle surface
and are subject to fluid shear stresses. Shaped particles have been
used as cell carriers for adherent cells. Cell carriers designed
using inertial flow lithography were designed not only to shield
cells from shear forces with a recessed cavity but also to align in

flow, ensuring that cells are aligned properly in the channel for
consistent imaging of cell morphology (Figure 9f).157 Beyond
modifying particle shape, other groups have developed ways to
increase the adhesive properties of the particle surface. The
Irimia group used SFL to create anisotropic particles that
contain sections functionalized with ECM favorable to cell
adhesion. They demonstrated their ability to culture both
endothelial and breast cancer cells on the ECM-functionalized
particles.149 Another method of generating adhesive particles is
to use the acrylate groups unpolymerized after SFL and conduct
an aza-Michael reaction between these acrylate groups and
amines in cell adhesion promoters (such as PLL or RGD).158

Beyond adding proteins to the surface of particles, the surface
morphology of the particles can be modified to increase
roughness and aid cell adhesion (Figure 9g).159

Amphiphilic particles that template the formation of droplets
within oil were also used to quantify the secretions from cells
encapsulated within. A fluorogenic assay for matrix metal-
loproteases (MMPs) enabled the quantification ofMMP activity
from single cells over time using a fluorescence microscopy
readout (Figure 9h).12 The fluorogenic substrate was cleaved to
a fluorescent product by MMPs, and this product accumulated
within the particle-templated drops to detectable levels over
hours.

■ CONCLUSIONS AND FUTURE DIRECTIONS
Lab on a particle technologies represent a next step in scaling of
biological and chemical assays. Microparticles are sized to be
well-suited to analyze single cells and single molecules, the
ultimate “quanta” of biology. The small size of particles also
means millions of barcoded assays or separate compartments
can be analyzed in parallel even from a small sample volume. For
example, millions of nanovials can fit into a 500 μL volume.
Compared to the most highly parallelized multiwell plates, the
volume supported by each particle is more than a thousand times
smaller. These particle systems also forego the robotic
automation of microwell plates or engineered instruments that
interface with lab on a chip devices through fluidic ports or
electrodes and instead use standard liquid handling processes in
life science laboratories. Automation of analysis leverages
equipment suited to analyze single cells at high throughput
and with high precision (Figure 1d).
Building on knowledge from the biomaterials field, there are

numerous opportunities to modify particles to interface with
cells and molecules. The porosity of particles can be engineered
to selectively entrap and enrich particular biological entities.148

Particle stiffness and viscoelastic properties can play a role in
modulating the behavior and function of bound cells.160 Local
biochemical functionalization can be used to isolate specific cells
or molecules, where large surface areas of fractal surfaces and
porous hydrogels give unique opportunities for local concen-
tration enhancement and avidity effects.161 These effects are
expected to drive improved molecular assays and capture of
molecules released from cells.
Particles can also be modified to act as artificial cells. Adding

specific cell surface proteins can allow researchers to deconstruct
the interactions between cells and characterize secretions or
morphological changes that occur upon interacting with an
artificial cell. For some membrane proteins that are not easily
produced in a recombinant form, we anticipate extracellular
vesicles or virus-like particles can be linked to particle surfaces
instead to present the correct epitopes in a phospholipid bilayer
membrane. These approaches could be particularly interesting
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for studying the immune synapse between T cells and antigen-
presenting cells and critical elements leading to functional
responses, such as secretion of effector molecules. Similarly, the
immune synapse by which B cells interact with antigen through
clustering of B cell receptors could be further explored. These
platforms are ideal for functional screening and discovery of the
next generation of cell therapies based on engineered receptors
(TCRs, CARs, T cell engagers, etc.). Because particles are
compatible with flow cytometry and single-cell sequencing,
multiple different analysis modes can be pursued, or linked
modes, e.g., secretion and sequencing as demonstrated with
SEC-seq.9,26

Functionalization and design of particles will continue to be
an active area of research, opening up new applications. Ongoing
studies on the nanovial platform include screening of other
secreted products, such as MMPs, growth factors, and non-IgG
antibodies, to better understand how to engineer cells to secrete
specific therapeutic molecules. Particles can also be function-
alized with other ECM proteins to study cell−ECM interactions
in disease models, such as fibrosis. Including ECM matrix
components in the nanovials can further mimic the cellular
microenvironment. Methods to link and barcode a huge array of
biofunctional particle types in a simple workflow are still needed.
Most studies to date have focused on analyzing individual cells

on particles; however, characterizing how cells interact is also
feasible. By loading multiple cells into a particle cavity in a
sequential manner, multicell assays are possible. Applications
include characterizing (1) how cells interact and secrete
molecules during development; (2) how immune cells (T
cells, NK cells, neutrophils, macrophages) recognize target cells,
secrete molecules, and ultimately kill target cells; and (3) how
cells respond when exposed to pathogenic or commensal
microbes. Cell growth phenotypes in pure or mixed populations
are also able to be explored massively in parallel using these
techniques. A specific application of widespread interest is in the
antibody discovery field. Screening of antibody-secreting cells to
identify antibodies that bind to target cells expressing antigen
can leverage a multicell workflow. As a caveat, particles with
larger diameters may be needed for some of these multicell
assays, which may reduce the compatibility with some flow
cytometers that have narrow nozzles or certain single-cell
sequencing chips.
Beyond cellular assays, numerous molecular assays, especially

digital assays (nucleic acid and proteins) should benefit from
LoP approaches. In recent years, digital LAMP has become a
promising approach for precise and sensitive quantitation of
nucleic acids.162 These assays have been successful within
droplet formats and can potentially be adopted for the particle-
templated formats that will allow for further flexibility in
multiplexing and smaller partitions for higher specificity. One
challenge with these digital approaches is the current need to
encapsulate particles in an emulsion. This reduces the
compatibility with most flow cytometers. Techniques like
double emulsions applied to LoP systems may address this
challenge, or amplification chemistries or particle designs such
that the product of amplification is trapped on or within the
particle to preserve the reaction without formation of an
emulsion or after an emulsion is broken.
In total, the application space for LoP technologies should

span a similar breadth as lab on a chip technologies: single-cell
analysis, multicellular organoid models, to molecular diagnostics
and drug discovery�and the research is just getting started.
Finally, although a key advantage of current LoP technologies is

the ability to make use of standard instruments, the tuning or
design of instruments that are better suited to analyze and sort
large particles, and perform additional high-content analysis of
those particles (e.g., imaging, fluorescence lifetime, proteomic
assays, multiomic assays), will also accelerate the field and
expand the richness of data collected�optimized to feed the
data-hungry AI models that will shepherd future biological
discovery.
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