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Abstract

Monoclonal antibodies (mAbs) are a growing class of therapeutics known for their high specificity
and diverse functional mechanisms, including agonism and antagonism. Although microwell array
technologies and droplet microfluidics are employed to pair antibody-secreting cells (ASCs) with target
cells for therapeutic mAb discovery, existing methods suffer from limited throughput or inadequate
functional assessment. To address these limitations, we applied PicoShells, hollow media-permeable
hydrogel microparticles, to evaluate mAb function by co-culturing assay of hybridomas with reporter cells
for 24 hours. Using this workflow, we identified hybridomas secreting antibodies that modulate the
expression of nuclear factor of activated T cells (NFAT) in co-encapsulated reporter cells. High-throughput
fluorescence activated cell sorting (FACS) of PicoShells containing cells from a spiked population
identified active clones, which were sorted, expanded, and validated post-selection, demonstrating 79.4%
T cell activation, a 5.2-fold enrichment in functional clones over the starting spiked population. This
approach integrates functional assessment with scalable processing, offering a robust solution for screening
antibody libraries and accelerating therapeutic discovery.

Introduction

Antibody therapeutics have transformed modern medicine, with over 100 mAbs, produced by
ASCs, approved worldwide!. Traditional methods for developing effective mAbs focus on identifying
binders based on affinity to a target (e.g. using phage/yeast display or antigen baiting of memory B cells),
followed by labor-intensive functional testing using cellular reporter assays to identify leads with desired
activities, such as pathway activation or cell growth stimulation®. The effectiveness of antibodies relies on
the ability to not only bind to specific molecular targets, but also elicit functional cellular responses,
modifying intracellular gene expression through agonism or antagonism?. Especially in T cells, antibodies
can regulate complex signal transduction pathways*, neutralize soluble cytokine signaling molecules, and
recruit immune effector functions upon binding—all crucial factors that influence therapeutic efficacy.
Performing affinity assays and functional screening separately leads to costly re-expression of many
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candidates and can miss rare antibodies with critical therapeutic effects. To address these challenges,
numerous efforts are currently focused on developing high-throughput, function-first strategies that assess
ASC:s for their effects on target cells.

Compartmentalized co-culture systems, which pair single ASCs with target reporter cells, provide
an approach for assessing antibody function. Existing microwell formats can achieve pairing but lack the
scalability needed to assess larger libraries of ASCs comprehensively’#. Conventional systems like the
Beacon® Optofluidic System (Bruker, Billerica, MA, USA) have limitations for high-throughput co-culture,
including non-standard culture conditions, limited scalability (~10,000 cells), high cost, and dependence on
proprietary reagents and training®. Droplet microfluidics, widely used in single-cell high-throughput
screening and sequencing workflows, have been used for functional antibody screening!'®-'*. However, the
platform faces challenges that limit the timeframe to study antibody effects, due to the limited stability and
suboptimal gas and nutrient exchange in water-in-oil emulsions!4!>, making it challenging to evaluate
functional cellular responses or cell-cell interactions mediated by secreted antibodies. Additionally,
conventional droplet systems require specialized, often unavailable custom sorters, which increase the risk
of droplet coalescence or rupture and thus limit sorting rates to prevent breakage'#!%!7. Although
researchers have applied hydrogel microparticles to encapsulate single ASCs enabling high-throughput
screening on standard flow sorters, target-expressing cells that can report on the function of the secreted
antibodies were not co-encapsulated'®!?. These previous works evaluated antibody affinity and binding,
rather than directly assessing functional signaling in target cells.

To overcome the limitations of existing functional screening platforms, we employed PicoShells—
polyethylene glycol (PEG)-based core—shell hydrogel microparticles?>—as a scalable system for antibody
screening (Figure 1). These picoliter-sized hollow compartments allow nutrient transport, support
microscale co-culture, and are compatible with standard fluorescence-activated cell sorting (FACS). While
PicoShells have previously been used for selecting fast-growing or high metabolite-producing algae or yeast
cells, their application to functional assays involving cell—cell interactions have not been explored. To
enable such assays, we first characterized key parameters—co-encapsulation efficiency, cell viability, and
potential antibody transport across the hydrogel matrix—to ensure reliable co-culture conditions and
functional antibody detection.

As amodel ASC, we used OKT3 hybridomas, which secrete the widely used anti-CD3 monoclonal
antibody?!. OKT3 and NFAT-reporter T cells were co-encapsulated in hydrogel shells, where secreted
functional antibodies activated TCR signaling, inducing GFP expression in T cells. We first confirmed
efficient co-encapsulation and high post-fabrication viability. GFP signals were detected only when
functional hybridomas were present, validating assay specificity. Using a 1:10 mixture of functional to non-
secreting cells, we demonstrated successful enrichment of antibody-secreting clones. Finally, we confirmed
that sorted hybridomas remained viable and expandable. Together, this PicoShell-based approach provides
a robust, high-throughput platform for highly functional screening of antibody-secreting cells based on
biologically meaningful interactions—offering a streamlined strategy to isolate rare, high-potency clones
even from monoclonal populations.

Experimental Section

Cell Line and Culture
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OKT3 cells were acquired from the American Type Culture Collection (ATCC, Manassas, VA, USA).
HyHELS cells were provided by Richard Willson from the University of Houston Department of Biology
and Biochemistry. MF20 was purchased from the Developmental Studies Hybridoma Bank (DSHB; lowa
City, 1A, USA). Reporter Jurkat cells, namely Jurkat-NFAT-GFP and Jurkat-NFAT-GFP-F5 TCR, were
obtained from the Witte lab at University of California, Los Angeles??. All hybridomas were cultured in
Iscove’s Modified Dulbecco’s Medium (IMDM; Gibco, Grand Island, NY, USA), while Jurkat cells were
maintained in Roswell Park Memorial Institute Medium (RPMI; Gibco). All culture media were
supplemented with 10% non-heat-inactivated fetal bovine serum (FBS; Gibco, Grand Island, NY, USA)
and 1% antibiotics-antimycotics (Gibco, Grand Island, NY, USA). During the culture, the cells were
incubated at 37 °C in a humidified atmosphere containing 5% CO..

Reporter Cell Line (Jurkat-NFAT-GFP-TCR), CD3 expression level assay

The Jurkat-NFAT-GFP-TCR line was engineered from CD3-expressing reporter Jurkat cells by
introducing a plasmid encoding GFP under the control of the NFAT promoter. Upon engagement of the T
cell receptor (TCR) with functional anti-CD3 antibodies, the cells express GFP (Figure S1, 2).

PicoShell Fabrication

Microfluidic devices were fabricated from polydimethylsiloxane (PDMS; Dow, Torrance, CA,
USA) using standard soft lithography techniques. To prevent nonspecific adsorption to channel surfaces,
devices were treated with 1% trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Millipore Sigma, Burlington,
MA, USA) dissolved in Novec™ 7500 (3M, Maplewood, MN, USA). The PicoShell encapsulation system
comprised four input phases: (i) an aqueous cell suspension phase, containing 9.0 mM 40 kDa dextran
derived from Leuconostoc spp. (Millipore Sigma, Burlington, MA, USA); (ii) a hydrogel precursor phase,
containing 19.1 pM 10 kDa 4-arm polyethylene glycol-maleimide (PEG-Mal; Laysan Bio, Arab, AL,
USA); (iii) a cross-linker phase, containing 50 mM dithiothreitol (DTT; Millipore Sigma, Burlington, MA,
USA); and (iv) an oil phase, composed of 0.4% (v/v) Pico-Surf surfactant (Sphere Fluidics, Cambridge,
UK) in Novec™ 7500.

All aqueous reagents (dextran, PEG-Mal, and DTT) were prepared in phosphate-buffered saline
(PBS; pH 6.4, Gibco, Grand Island, NY, USA) supplemented with 5.0 mg/mL glucose (Millipore Sigma,
Burlington, MA, USA). Encapsulation was performed using flow rates of 1.2 pL/min (aqueous dextran
phase), 0.6 uL/min (PEG-Mal phase), 0.6 uL./min (DTT phase), and 15 uL./min (oil phase). All fabrication
and encapsulation procedures were completed within maximum 1.5 hours following initial mixing of the
cells with the dextran solution.

Droplet De-emulsification and PicoShell-Cell Culture

Following successful fabrication and particle formation within individual droplets, PicoShells were
de-emulsified using 20% (v/v) Pico-Break (Sphere Fluidics, Cambridge, UK), a biocompatible demulsifier,
in a Novec™ 7500. Afterward, the PicoShells were collected through a 100 um cell strainer (Corning,
Corning, NY, USA) and resuspended in fresh culture media at 37 °C with 5% CO,. After about 2 or 3
weeks of culture, the PicoShells burst, allowing for recovery and further culture of hybridoma cells.
PicoShell formation is done at room temperature and polymerization is complete once the particles exit the
device without any additional incubation.

Flow Cytometry
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Single-particle fluorescence analysis was conducted using an SH800 Cell Sorter (Sony, Tokyo,
Japan). Droplet throughput was first calibrated to 2000 events per second, and during measurements,
samples were diluted with PBS to maintain event rates between 100 and 800 events per second. For
PicoShell sorting, we adjusted the event rate to ~150 Hz, ensuring single-PicoShell sorting. Flow cytometry
data were analyzed using the fluorescence Area or Height intensity, which represents the integrated signal
across the duration of each event, or the maximum fluorescence peak Height.

Functional Assay

Functional validation of OKT3 was achieved through co-culturing with reporter T cells stained
with 1 puM CellTracker Deep Red and hybridoma cells stained with 200 pM CellTracker Blue. Initially,
2.0 x 105 reporter T cells and 1.0 x 10° hybridoma cells were mixed, maintaining an equal cell count for
each cell type. After 24 hours of co-culture, flow cytometry was performed to determine the GFP-positive
ratio among Cy5-positive reporter cells, providing a measure of OKT3 functionality. Each dot in the
figure represents a technical replicate from the same sample, measured independently to confirm
consistency.

Results and Discussion
Hybridoma and reporter T cell co-encapsulation within PicoShells

We co-encapsulated OKT3 with engineered reporter T cells during PicoShell fabrication using a
microfluidic droplet generator (Figure 1B, C, Figure S3A-B). Cells suspended in a dextran solution were
co-flowed with 4-arm PEG-maleimide and dithiothreitol (DTT) solutions before droplet generation,
allowing the PEG-maleimide to phase separate and crosslink into an outer hydrogel shell (Figure S3C-E)
with exposure to DTT. Dextran phase separates to the core remaining uncrosslinked and later diffuses
outside of the PicoShells. The cells remain encapsulated within the hollow cavity of the PicoShells, which
did not contain any polymerized PEG material (Movie S1, S2). With a fabrication rate of ~2 kHz, we
produced ~7.2 million PicoShells per hour. Additional PicoShells can be continuously produced by
exchanging the dextran/cell mixture periodically to expand screening capacity. The fabricated PicoShells
had a uniform diameter of 49.5 um with a coefficient of variation (CV) of 6.8% (n = 2467) (Figure S3F).
We quantified the number of hybridoma and reporter T cells encapsulated within individual PicoShells at
a 1:2 ratio (Figure 2, n = 2371; Table S1). The analysis revealed that 4.6% of PicoShells encapsulated
hybridomas, 18.2% contained reporter T cells, and 2.1% co-encapsulated both cell types, resulting in an
estimated double encapsulation of approximately 144,000 PicoShells containing both hybridomas and
reporter T cells within one hour of encapsulation, enabling sufficient throughput for large-scale screening.
Further improvements in double encapsulation frequency may be achievable using microfluidic designs
that order cells prior to encapsulation?*-2°, because the encapsulation ratio follows a Poisson distribution.
This distribution can occasionally result in undesired combinations, such as co-encapsulation of target, off-
target, and reporter cells, producing GFP signals associated with a mixed population of ASCs. Following
encapsulation, the PicoShells were removed from the emulsions and incubated in suitable media.

To assess whether the fabrication process affects cell viability, we performed a live/dead assay on
hybridoma cells before and after encapsulation in PicoShells (Figure S4). Prior to encapsulation, cell
viability was 98.6%. Immediately after encapsulation, viability was 98.4%. These results indicate that the
fabrication process—including exposure to surfactants and DTT—does not significantly compromise cell
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viability. The use of biocompatible reagents such as PicoSurf® and PicoBreak™, along with the rapid
maleimide-thiol crosslinking reaction and moderate pH, helps preserve cell health during encapsulation?’.
In addition, nutrients can freely diffuse into the PicoShells, supporting continued cell viability as cells grow
over multiple days (Figure S4 and Figure S5). After three days of culture, viability was 97.4%. The apparent
increase in viability may be attributed to challenges in quantifying overlapping cells appearing as double-
positive in 2D fluorescence images due to stacking within the hollow hydrogel structure (Figure S4B). We
also evaluated T cell proliferation within PicoShells over a 3-day culture period (Figure S5). These data
confirm that both hybridoma and T cells remain viable and capable of growth for several days within the
PicoShells.

T cell activation with antibody secreted from OKT3 hybridoma in PicoShells

After a day of co-culture, co-encapsulated OKT3 and reporter T cells were analyzed by FACS to
assess whether the secreted mAbs could bind and cluster CD3/TCRs, thereby triggering NFAT activation.
PicoShells containing cells showed higher forward scatter (FSC) and side scatter (SSC) values than empty
PicoShells which had lower FSC and SSC values (Figure 3A). Within these high FSC/SSC events, gated
as “cell-containing PicoShells” in Figure 3A (upper gate), were further segmented based on CellTracker
Blue and CellTracker Deep Red fluorescence, which respectively labeled hybridoma and T cells. The
population located between the empty and cell-containing PicoShell clusters on the scatter plot likely
represents free, non-encapsulated cells that were never encapsulated or were released from PicoShells.

Three PicoShell sub-populations were observed: CellTracker Blue-negative/CellTracker Deep
Red-positive (reporter T cells only), blue-positive/deep red-negative (OKT3 hybridomas only), and double-
positive (both cell types), together accounting for 6.68% of the cell-containing events (Figure 3B).
Microscopy of sorted PicoShells confirmed the presence of cells in each sub-population. The GFP positivity
threshold was determined based on the distribution of GFP area signal in T cells identified under the blue-
negative/deep red-positive population. While only 1-2% of PicoShells containing either hybridomas or T
cells alone were GFP-positive, approximately 34% of the double-positive PicoShells (labeled with
CellTracker Blue and Deep Red) showed GFP expression (Figure 3C). While this may in part reflect
biological heterogeneity among the OKT3 clones, including differences in antibody secretion kinetics or
levels, technical factors also contribute to this detection rate. For example, OKT3 functionality may be
masked due to false negatives from slow antibody kinetics, or variability in reporter cell responsiveness. In
addition, flow cytometry may not reliably detect low or borderline GFP signals, which are determined based
on predefined GFP intensity thresholds. Taken together, the observed detection rate likely underestimates
the true frequency of functional clones; nevertheless, the platform’s high-throughput screening capability
combined with functional evaluation of antibody-secreting cells offers valuable potential for use in antibody
discovery and development pipelines.

To evaluate antibody containment, we incubated encapsulated or free reporter T cells with OKT3
hybridomas. After 24 hours, encapsulated T cells co-cultured with free OKT3 showed no GFP expression,
whereas free T cells displayed elevated GFP (Figure S6A-B). However, T cells within PicoShells could
still be activated by phorbol-12-myristate-13-acetate (PMA), a small-molecule protein kinase C (PKC)
activator, confirming reporter T cells functionality under the 24-hour assay conditions (Figure S6C). These
results demonstrate selective T cell activation by anti-CD3 antibodies secreted from co-encapsulated OKT3
hybridomas, with minimal antibody crosstalk to other PicoShells in the same media environment.
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Spiked population screening using HyHELS as off-target hybridoma

Functional OKT3 clones were recovered by selecting PicoShell events based on reporter T cell
activation from a mixed hybridoma population. We constructed a mixed library (1:10) of on-target and off-
target hybridoma including OKT3 clones secreting anti-CD3-specific mAbs and HyHELS clones producing
HEL-specific mAbs, which do not activate reporter T cells (Figure 4A). The mixed population was co-
encapsulated with reporter T cells in PicoShells, cultured for 24 hours, and analyzed via flow cytometry to
measure GFP expression as a marker of T cell activation. Populations were gated by GFP intensity (Figure
4B), allowing us to distinguish pre-stained OKT3 or HyHELS fractions within each gate (Figure 4C). Ata
GFP signal threshold of 10°, the fraction of OKT3 clones increased from the initial 1:10 ratio to 82.1%,
saturating at ~95% for the most stringent GFP gates. Higher GFP levels were strongly linked to OKT?3 cells,
confirming that GFP expression was specifically driven by OKT3 antibodies and not non-specific activation
due to co-culture with hybridomas. These results demonstrate that GFP-based T cell activation reliably
differentiates on-target hybridomas (such as OKT3) from non-functional ones (such as HyHELS),
validating the assay for high-throughput screening of functional antibody-secreting hybridoma.

Functional evaluation after Picoshell screening of a spiked hybridoma population

Building on the successful identification of functional hybridoma from an initial spiked population,
we screened an unstained mixed population containing 10% OKT3 hybridomas, sorted GFP-positive
events, regrew clones, and tested mAb function from hybridoma culture supernatant. This experiment
simulates library screening, using reporter T cells activation as an indicator of functional antibody activity
to identify and select antibody-secreting clones for monoclonal antibody development. To validate and
expand the top-performing clones for downstream applications, we conducted an off-chip T cell activation
assay to evaluate the functional capacity of enriched clones in a format that closely reflects their intended
use.

To assess functional activity, we co-cultured cells for rapid 24 hours, sorted PicoShells with the
highest GFP levels, and expanded them in 96-well plates (Figure 5A, B). Over two weeks for the subsequent
long-term off-chip expansion of selected clones, selected hybridoma clones expanded to stretch the
PicoShells to an average diameter of about 290 pm before bursting the PicoShells and expanding throughout
the wells (Figure 5C). To evaluate the functionality of the expanded clones under off-chip conditions, we
compared T cell activation in the recovered clone to both the initial 10% OKT3-spiked and 100% OKT3
controls. The recovered clone exhibited a 5.2-fold increase over the starting population and even an 11%
increase in functional improvement over the 100% OKT3 group (Figure 5D), which may indicate loss of
secretory capacity in a fraction of clones from the initial OKT3 pool. Our results demonstrate that
hybridoma clones with enhanced functional activity, as indicated by T cell activation, can be efficiently
sorted within PicoShells at high throughputs (~ 540,000 events per hour) and subsequently recovered for
downstream validation and selected clone expansion. Although cell expansion can be prolonged and limited
by stress or hypoxia, hydrogel degradation post-sort can release cells immediately for oxygen-sensitive
applications®. Notably, the activation level of the selected hybridoma populations in our screens was higher
than that of an unselected OKT3-only population, suggesting the potential to isolate functionally superior
antibody-secreting clones even within a monoclonal population. This underscores the potential of high-
throughput screening to identify hybridoma clones that both functionally respond to target cells and produce
high antibody titers, and the platform may also be applied to screen for ASCs derived from differentiated
memory B cells?’.
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Conclusions

In conclusion, we developed a high-throughput, functional antibody screening method using
PicoShells that leverages microfluidic co-encapsulation, co-culture within selectively permeable core-shell
microparticles over >24 hours and is compatible with standard cell sorters for accessible sorting. Our
microfluidic droplet generator produced PicoShells at rates of 2 kHz co-encapsulating OKT3 hybridomas
and reporter T cells, enabling extended culture (Figure 2). After a day culture, reporter T cell encapsulated
with OKT3 was activated and expressed GFP in a PicoShell for a day culture with minimal crosstalk
between PicoShells (Figure 3). When off-target HyHELS clones were spiked at a 1:10 ratio, GFP-based T
cell activation selectively enriched OKT3 to over 80% (Figure 4). Further screening of unstained spiked
populations isolated and expanded the functional populations, exhibiting 5.2-fold higher activation levels
from supernatants compared with the initial 10% spiked on-target ASCs library, highlighting this approach
for large-scale antibody discovery (Figure 5). Once encapsulated, cells can be cultured for several days to
promote mAb accumulation from antibody-secreting cells and robust gene activation in target cells. Unlike
typical droplet-based systems, PicoShells do not require water-in-oil specific FACS, enabling the isolation
of high-performing clones—including rare single-cell hybridomas—that exhibit superior functional activity
upon expansion. While several commercial platforms exist for functional screening in semi-confined
volumes, such as the Beacon® Optofluidic System (Bruker, Billerica, MA, USA), these systems often
require specialized instrumentation, user training, and proprietary reagents, and typically operate under
non-standard culture conditions. In contrast, our PicoShell-based platform functions with standard
incubators and media, is readily scalable by increasing the number of fabrication runs to match target library
sizes, and integrates with conventional FACS workflows using fluorescence-based assays—providing a
more accessible and flexible solution for high-throughput co-culture screening. Additionally, while
microfluidic expertise is required to generate cell-loaded PicoShells—unlike Nanovial-based approaches?®-
30— the fully encapsulated cells in PicoShells might enable higher mAb accumulation than porous
hydrogels particles like agarose, or Nanovials. Despite these limitations, the system provides unique
advantages as a robust platform for high-throughput functional screening, with long-term culture and assay
(>24 hours) capabilities and selective accumulation of secreted proteins. More broadly, PicoShell co-
encapsulation not only enables high-throughput functional screening of mAbs but also provides a platform
to model and analyze cell-cell interactions within a controlled microenvironment, potentially enabling
additional screens based on functional single-cell assays, like cell killing, cell growth, or gene expression
modulation in the future. The throughput of the assay can ultimately drive an exponential increase in data
generation from large scale pooled screens, such as genetic perturbation screens.
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Figure 1. Overview of the PicoShell co-culture screening workflow. (A) Schematic of the PicoShell
workflow for functional screening via co-culture of multiple cell types by co-encapsulation. Hybridomas
and reporter T cells were co-encapsulated within PicoShells, where reporter T cells were activated by
antibodies secreted by the hybridoma. GFP-positive PicoShells were sorted, reflecting T cell activation.
Hybridoma clones were recovered by continuous culturing of PicoShells until cell expansion. (B)
Fluorescent image of PicoShells with stained Hybridoma (blue, CellTracker Blue) and T cells (magenta,
CellTracker Deep Red). Scale bar = 100 pm and 10 um (insets). (C) Confocal image of a PicoShell (green)
encapsulating hybridoma (blue) and T cells (magenta). The scale is indicated in the image.
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Figure 2. Nested distribution of hybridoma and reporter Jurkat T cells in PicoShells as measured through
fluorescence microscopy for PicoShells (n = 2371).
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Figure 3. FACS analysis and sorting of reporter T cells co-encapsulated with OKT3. (A) Scatter plot
showing empty and cell-containing PicoShells. Gated regions were sorted to identify regions with loaded
vs. unloaded PicoShells. (B) Flow cytometry plot illustrating CellTracker Blue and CellTracker Deep Red
intensities for PicoShells encapsulating cells, with the double-positive population representing co-
encapsulated OKT3 and reporter T cells. Percentages of the total population within each gate are identified
on the plot. Fluorescence microscopy, brightfield, and overlaid images of events sorted from each gate are
shown. (C) Distribution of GFP intensity across empty events and PicoShells containing various
combinations of cells. Percent of events within the high GFP gate are shown for each condition. Scale bars
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Figure 4. Selection of functional hybridomas activating reporter T Cells within PicoShells. (A) Schematic
illustration of the spiked library workflow using a 1:10 ratio of OKT3 to HyHELS5 co-encapsulated with
reporter T cells. (B) Gating strategy based on GFP levels to select hybridomas activating reporter T cells.
(C) Purity of OKT3 and HyHELS cells across each selected gate, with cells identified using CellTracker
Deep Red or Blue staining. Percentages indicate the proportion of blue- or deep red- positive cells within
each gate.
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Figure 5. Spiked library screening with unlabeled 10% OKT3-spiked hybridoma library. (A) Cell sorting
strategy selecting cell-containing PicoShells based on forward scatter area (FSC) and side scatter area
(SSC). (B) PicoShells with the top 1% of GFP signal were sorted based on GFP Area. (C) Recovery of
sorted hybridoma from PicoShells and cell expansion in growth medium over 18 days. (D) Functional
validation of selected clones was performed by co-culturing the hybridoma clones with reporter T cells and
measuring activation through GFP expression. Each dot represents a technical replicate, obtained by
independently measuring the GFP expression levels for cells exposed to the same clone three times. Scale
bars = 100 um.
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