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ABSTRACT OF THE DISSERTATION 

 

 

 

 

Democratized Microdroplet Technologies for the  

Analysis of Single Immune Cell Secretions  

 

By 

 

Robert Dimatteo 

Doctor of Philosophy in Bioengineering 

University of California, Los Angeles 2021 

Professor Dino Di Carlo, Co-Chair 

Professor Harold Monbouquette, Co-Chair 

 

 Variations in protein secretions between individual cells directly influences their 

functional activity in many applications. However, the inherent complexity associated with the 

accurate detection and quantification of secreted factors leaves these proteins vastly 

underutilized as phenotypic markers today. 

 Here we report on the development, optimization, and application of novel, easy-to-use, 

droplet-based technologies for the detection and isolation of single viable immune cells based on 

their secreted factors. We first demonstrate that rapid compartmentalization significantly 
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improves the resolution and accuracy of single-cell secretion studies. Using an ultra-high 

throughput microfluidic step emulsifier, we encapsulated 1,000 cells/second into uniformly sized 

70 µm droplets, providing an environment to rapidly concentrate molecules and prevent 

intercellular diffusion. When combined with a commercially available cytokine capture reagent, 

droplet encapsulation reduced >99% of false positive signals generated during a screen of IL-2 

production from primary T cells. Cells remained viable throughout analysis and could be sorted 

using standard fluorescence activated cell sorting, providing an easy method of isolating 

functionally unique clones for downstream analysis. 

Next, we detail the development of a novel lab-on-a-particle platform which enables the 

assessment of single cell secretions using only standard laboratory equipment and without the 

need for specialized knowledge of microfluidic device fabrication or operation. In this approach 

precisely engineered hydrogel nanovials are utilized as a surface to bind cells, partition them into 

uniform compartments, and capture their secreted products. The utility of this platform is 

initially highlighted by screening differences in the total antibody production levels of individual 

cells within a producer cell line (CHO-DP12), revealing that antibody titers can be increased by 

50% through a single selection and expansion of high-producers. Subsequently, we highlight the 

platform versatility through the successful detection of antigen specific antibodies from 

hybridoma and primary plasma cells, as well as cytokine secretions from primary T cells. 

Finally, we detail methods to optimize parameters for the sorting of our hydrogel nanovials 

across commonly utilized commercial flow sorters.  

As a whole, this work explores methods to democratize droplet based single cell analysis 

to develop open-source screening tools which will advance basic immunological science and 

inform novel cell based biotechnology applications. 
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Chapter 1. Introduction: Understanding Protein Production from Single 

Cells 

Decades of advancement in genetic engineering, bioprocessing, and basic medical 

science, have fostered the emergence of cellular therapeutics as a novel pillar of medicine[1]. 

These approaches transform populations of cells into armies of living drugs which can expand 

within a patient and provide long term treatments against otherwise intractable chronic and 

systemic illness. However, as the field continues to progress, it is becoming clear that we are still 

fundamentally limited in our understanding of the phenotypic traits that endow cells with 

therapeutically beneficial properties[2-5]. The intricacies of cellular biology enable the execution 

of complex tasks which cannot be achieved with small molecule drugs or biologics. In optimal 

scenarios, populations of therapeutic cells can home to sites of infection, integrate environmental 

cues to modulate the intensity of their response, and survive and proliferate to prevent disease 

relapse. Unfortunately, the complexity of these behaviors also renders design and 

characterization of such drugs immensely more difficult[6-8]. Unlike small molecules or 

proteins, functional potency of cells cannot be ascertained from simple metrics like primary 

structure or affinity. Mutations at both the genetic[9] and epigenetic[10] levels may confer 

functional advantages on select cell clones which translate to variations in biological potency in 

vivo. Similarly, differences in expansion protocols may result in exhaustion or selective 

proliferation of subsets of cells. Further advancements, through rational design and 

standardization of cellular therapies will rely on foundational technologies which can, (1) rapidly 

and reliably probe cellular phenotype to identify the quality metrics critical for therapeutic 

design and, (2) and enrich for cells with desirable properties to standardize optimal drug 

formulation. 
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Perhaps the most direct metric of functional potency, can be found by measuring the 

propensity of cells to secrete bioactive proteins. Indeed, the vastness of the secretome 

underscores its importance in a wide array of biological processes. Of the ~20,000 protein coding 

genes, ~3,000 proteins are predicted to be secreted, compared to ~5,000 membrane bound 

proteins[11]. These secreted factors lead to outsized biological effects compared to membrane 

bound molecules because of their ability to diffuse and rapidly remodel signaling between many 

nearby cells and tissues (Figure 1-1). Local increases in growth factor concentrations can aid the 

regeneration and maturation of vasculature, enabling tissue regrowth after traumatic injury. 

Cytokines and chemokines work in concert to coordinate the activity of immune cells as they 

respond to pathogens. Proteolytic enzymes catalyze reactions in the cellular microenvironment, 

proving critical in functions such as extracellular matrix (ECM) remodeling. Unfortunately, 

functional profiling and selection of cellular therapeutics is not standard in drug development 

pipelines[12]. Furthermore, in the small fraction of cases where profiling approaches are carried 

out, researchers focus on selection via differentially expressed surface molecules, factors which 

allude to cellular role, but are not fully descriptive of inherent bioactivity[13]. There is still a 

critical need for techniques which can augment current selection approaches with this 

complimentary set of secretory data. Recently, numerous proof of principle approaches have 

been reported in the literature, but are not yet broadly available. The continued design and 

optimization of such phenotyping technologies, particularly platforms that profile individual cell 

clones massively in parallel, will become invaluable design tools for the engineering of more 

complex next-generation cell therapies.   
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Figure 1-1 Overview of cellular secretions.  

Cells secrete numerous factors, including proteins and extracellular vesicles into their surroundings to 

shape their local microenvironment. Small families of proteins such as growth factors and cytokines 

signal to other types of cells to coordinate tissue regeneration and differentiation, or coordinate 

immunological responses to infection. Specialized molecules known as antibodies are produced by B cells 

and serve to inhibit pathogen function while simultaneously alerting the immune system to their presence. 

Matrix metalloproteinases (MMPs)  degrade extracellular matrix (ECM) proteins to break down tissues, 

and new ECM proteins can also be secreted to reform them after injury. Exosomes are small vesicles 

which deliver intracellular proteins, RNAs and DNAs directly to the cytoplasm of receiving cells, altering 

their behavior. The development of novel systems to study the types and relative amounts of products 

secreted by individual cells will yield tremendous benefits for advancing basic biological understanding 

and novel cellular therapeutic applications.  
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1.1. Single-Cell Profiling Concepts and Design 

Single cell secretion assays rely on three critical processes: (1) partitioning of single cells 

into individual compartments, (2) detection of secreted proteins via biochemical reporter 

molecules and, (3) measurement of the detection signals and isolation of cells based on these  

Readouts (Figure 1-2). In this section we will provide a background behind the fundamental 

concepts and design considerations used to achieve each of these functions. 

1.1.1. Compartmentalization 

The partitioning of cells into uniform compartments serves several fundamental purposes 

in the design of single cell secretion profiling systems. First, physical segregation of cells 

eliminates crosstalk between neighboring cell clones ensuring that readouts generated in each 

compartment represent only the physical properties of the cells contained within. Second, 

localization of cells within small volume (often nano- or picoliter scale) containers allows rapid 

concentration of secreted products, shortening the incubation time required to generate detectable 

levels of molecules. Lastly, maintaining uniformity in both the size and shape of formed 

compartments normalizes assay conditions between cells, enabling direct comparison of 

generated signals across populations. Although there is no ideal compartmentalization strategy 

for all scenarios, factors such as the desired number of cells to be screened, the average protein 

production rate, and whether cell recovery is needed, can help dictate the type and size of 

compartments used. 

The two most prevalent compartmentalization strategies are physical confinement, using 

microfabricated wells and channels[14], or through the formation of aqueous droplets within an 

immiscible oil solution[15].  
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Figure 1-2 Fundamental Principles of Single Cell Secretion Screening  

Analysis of secreted products from individual cells relies on three fundamental principles. 1. Cells must 

be compartmentalized into individual containers so that their secreted products are rapidly concentrated 

and cannot intermix with secretions from neighboring cells. This can be accomplished using 

microfabricated compartments, aqueous emuslions, or hybrid particle templated approaches. 2. The 

presence of secreted molecules must be converted into detectable signals. One common method to label 

secreted proteins is by using a fluorescent ELISA, where antibodies concentrate secretions onto a solid 

phase where they can be detected with secondary fluorescently labeled detection antibodies. For bioactive 

molecules like enzymes, substrates that fluoresce upon cleavage can also be used. 3. Finally to recover 

cells of interest, each compartment must be assessed and sorted based on the intensity of the accumulated 

secretion signal. To recover cells from microwells low throughput liquid handlers are needed. Droplets 

are typically sorted directly on microfluidic chips using techniques such as dielectrophoresis. Hybrid 

technologies compatible with commercially available high throughput flow sorters are starting to emerge 

as alternative options. 
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Microfabricated geometries are beneficial in that each compartment is coupled with a solid 

phase, such as a well plate bottom, rendering them compatible with both adherent and suspension 

cell types. Additionally, microfabricated compartments can be made with removable lids[16], or 

coupled with pumps and valves[17-19] to perform washing steps and deliver reagents to cells 

after compartmentalization[20]. In contrast, addition of reagents into stably formed water-in-oil 

emulsions is non-trivial, limiting most reactions carried out in aqueous droplets to a one-pot 

format where all necessary reagents are pre-mixed and encapsulated simultaneously. Even so, a 

major advantage of microdroplets is that they can be formed rapidly and continuously, with the 

final number of compartments limited only by the precursor liquid volume, instead of the 

footprint of a physical mold which is not easily scaled. Droplets are also easily stored and can be 

precisely manipulated using microfluidic systems.  

Recently, several groups have developed novel hybrid compartmentalization systems in 

which shaped polymeric microparticles can be used to template the formation of uniform 

aqueous droplets within a surrounding oil phase through simple mechanical agitation[21-25]. 

These techniques preserve many of the best facets of both microfabricated and droplet-based 

approaches, by enabling washing steps and reagent exchange while retaining the ability to 

manipulate and in some cases even sort the formed compartments. A particularly interesting 

study by Destgeer and colleagues demonstrated that pooled populations of particles with slightly 

varied geometries can be used to multiplex droplet screens[23]. For example, the morphology of 

a particle cavity can be altered to serve as a visual barcode denoting the analyte a droplet is 

measuring, and the cavity size can be tuned to manipulate the assay dynamic range and limit of 

detection. These types of physical barcodes may one day be used to perform functional assays 

against distinct protein targets from a single population of cells simultaneously. 
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1.1.2. Detection 

Once cells are confined, the accumulation of secreted products must be transduced into a 

detectable signal to enable the qualitative or quantitative assessment of protein production. The 

most common approach to carry this out is through the use of sandwich immunoassays. Here, 

solid surfaces functionalized with antigen specific antibodies are utilized to concentrate target 

proteins from the surrounding solution, enabling localized detection of the analytes with 

fluorescent or enzymatically labeled reporter antibodies. In both microfabricated and hybrid 

particle-based compartmentalization schemes capture antibodies can be conjugated directly to 

the surface of the chamber or particle, enabling signal generation from any sub-volume 

containing a cell[26, 27]. In contrast, droplet-based technologies require secondary solid capture 

phases, often in the form of antibody coated polymeric microparticles, to be co-encapsulated 

alongside individual cells[28, 29]. Notably, in order to preserve the fidelity of single cell assays 

it is often desired to restrict the number of compartments containing more than one cell. This is 

typically done by diluting the input cell population such that most generated droplets are empty 

and a small subset of droplets (~10-30%) contain a cell. Such loading inefficiencies grow 

exponentially in detection schemes relying on co-encapsulation of both a single cell and a single 

capture phase, and can significantly reduce the fraction of an analyzed cell population which can 

be assayed[30]. While in principle it is feasible to circumvent some of these issues by loading 

capture particles in extreme excess such that each droplet will contain a multitude of particles, in 

practice the resolution of multi-particle platforms typically suffers as signals are diffusely 

scattered throughout each compartment and can be masked by background fluorescence. An 

interesting workflow reported by Chokkalingam et al. was able to circumvent these limitations 

by forming droplets in an agarose rich aqueous phase. This enabled gelation of droplets after 
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formation, allowing the researchers to wash away background signal from the sample while 

retaining the secreting cell and capture beads within the gel mesh[31].  

Alternatives to fluorescent sandwich immunoassays have also been reported and may be 

preferred depending on the type of analyte being studied and the limit of detection required. For 

example, targets with proteolytic activity such as matrix metalloproteinases can often be 

measured using fluorescence energy resonance transfer (FRET) approaches, where initially 

quenched fluorescent peptide substrates are cleaved by secreted enzymes to generate signal[32-

34]. FRET analysis typically offers lower limits of detection compared to fluorescent ELISA as 

individual enzymes can cleave multiple substrate molecules before losing activity, amplifying 

generated signals. However, this phenonmenon can also easily lead to increases in the assay false 

positive rate as even a few molecules encapsulated in a compartment away from the secreting 

cell can generate detectable levels of fluorescence signal. Carefully designed microfluidic 

systems can be used to wash samples, either passively[35] or actively[36]. Additional approaches 

which have also recently gained traction in the literature include plasmonic sensor based 

immunoassays[37] which function by measuring the shift in resonance frequency of 

nanoparticles conjugated to antibodies and do not require washing steps, and active particle 

clustering strategies which leverage surface functionalization[38] or externally applied magnetic 

forces[39] to create large localized particle clusters in the presence of antigen that are 

subsequently optically or fluorescently detected.  

Finally, it should be mentioned that while variations to the aforementioned detection 

approaches exist, the use of antibodies to detect secreted proteins is a conserved feature across 

the majority of assays reported to date. Selection of the proper antibody or pairs of antibodies is 

imperative to proper assay performance. Low affinity (high dissociation constant, KD) antibodies 
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can result in false negatives or low signal[40]. Polyclonal antibody mixtures can improve signals 

by binding to multiple epitopes on the target antigen but also display higher rates of off target 

binding. When designing a secretion assay against a new target protein it is recommended to 

initially test several antibodies both for sensitivity and specificity towards the target antigen.  

1.1.3. Analysis and Sorting 

The ability to quantify secreted molecules and to sort cells of interest in real time based 

on these measurements is the final feature which must be considered during the design of single-

cell screening technologies. Here the performance of static microfabricated 

compartmentalization schemes deviates greatly from droplet-based technologies. 

Microfabricated wells and compartments are nearly always analyzed via fluorescence 

microscopy where the presence of antibodies or other biomolecular sensors can be detected 

through excitation of the compartment surface. The static nature of microwells combined with 

the high spatial resolution afforded by fluorescence microscopy enhances the multiplexing 

capabilities of microwell assays, as analytes can be detected based on combinations of emitted 

light wavelengths and localization, with some reports demonstrating detection of over 40 

analytes simultaneously in a single assay[41]. However, to date isolation strategies are highly 

inefficient and typically rely on automated liquid handlers which are limited to throughput on the 

order of 1 cell per minute[42]. Recently technologies have come to market which enable 

parallelized retrieval of cells from compartments using optical tweezers [43, 44] but these novel 

tools are still prohibitively expensive and not widely available.  

In contrast the inherent mobility of microdroplets renders them compatible with high-

throughput continuous sorting modalities. Fluorescence activated droplet sorting (FADS) is 

perhaps the most commonly utilized approach for microdroplet isolation[29, 45, 46]. In this 
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strategy an interrogating laser irradiates droplets as they pass through a microfluidic channel and 

the resulting fluorescence intensity is recorded. If the intensity of the analyzed droplet is 

sufficiently above a pre-selected threshold an electric field is applied as the droplet passes a 

downstream junction and droplets containing cells of interest are captured in collection 

reservoirs. While FADS offers significant improvements in both analysis and detection 

throughputs over microwell array-based sorting, it should be noted that FADS throughputs are 

typically reported in units of events/second, where an event is any analyzed droplet. While state 

of the art FADS sorters typically operate at throughput around 103 events/second most analyzed 

droplets will be empty to prevent multi-cell loading. The actual rate of cellular events analyzed is 

typically an order of magnitude less.  

Fluorescence activated cell sorting is still widely considered to be the gold standard 

technology for cell sorting, with typical sort throughputs on the order of 104 events/second. 

Unfortunately, standard flow sorters are incapable of processing water-in-oil emulsions, 

rendering translation of microdroplet based secretion assays difficult. Brower et al. demonstrated 

preliminary feasibility of sorting single-cell containing microdroplets using flow cytometry by 

forming water-oil-water double emulsions where an outer surfactant stabilized oil layer preserves 

droplet stability within the aqueous flow of the cytometer[47, 48], but the generation of such 

double emulsions is significantly more complex than their single-phase counterparts. Alternative 

approaches, such as gelation of aqueous droplets can also be utilized, but subsequent recovery of 

cells from within the microgel is non-trivial[31]. Hybrid, technologies utilizing micro-particles 

as cell carriers and templates for droplet formation are ideal candidates for enabling analysis of 

single cell secretions using flow cytometry, however the microparticle size is often a limiting 

factor in terms of the compatibility with flow cytometry. To date the dropicle platform described 
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below is the only hybrid secretion assay format with broad compatibility across commercial flow 

sorters. 

1.2. Commercial Technologies for Single Cell Secretion Profiling 

Historically, the use of single cell functional screening technologies has been mostly an 

academic pursuit, where scientists and engineers developed prototype systems to probe, identify, 

and enrich subsets of cells based on their production of model antigens. However, in recent 

years, several technologies have emerged to the forefront of the field, demonstrating broad utility 

in clinical and industrial scale applications, successfully transitioning from prototype systems 

into commercial products. Below we highlight a subset of the state of the art in commercialized 

and emerging commercial technologies for single cell functional screening. 

1.2.1. Single-Cell Barcode Chips 

Single-cell barcode chips (SCBCs) are concentrated arrangements of microfabricated 

compartments used for highly multiplexed single cell screening (Figure 1-3A). The defining 

feature of each SCBCs compartments stems from the unique patterning technology used to 

spatially localize capture antibodies along the compartment surface[27]. Prior to running an 

assay each distinct capture antibody used in a multiplexed assay is localized into a single vertical 

bar along the floor of each chamber in the array. This spatially distinct collection of parallel 

antibody bars yields an extra layer of barcoding for the system, allowing identification of 

secreted proteins based on both the fluorescence emission spectra and physical location of the 

reporter antibody targeting a specific antigen. First generation microchamber arrays were 

reported in the work of Ma et al.[13], whereby each array was manufactured from PDMS bound 

to antibody coated glass substrates and pneumatic valves were used to seal off each compartment 

after cell loading. 
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Figure 1-3 Commercialized Platforms for Single Cell Secretion Profiling 

Several single cell functional profiling platforms have emerged past the prototype stage to full fledged 

commercial products. (A) Single-cell barcode chips (commercialized by Isoplexis) are arrays of 

microfabricated compartments which are useful for highly multiplexed analysis of secreted products. 

Compartments are decorated with highly ordered arrays of antibodies against target proteins, this allows 

multiplexing based on both the fluorescent signal of reporter molecules and their binding location. (B) 

Optofluidic nanopen arrays are fabricated on special substrates which are densely loaded with 

phototransistors that generate dielectrophoretic forces after excitation with high intensity light. This 

enables precise manipulation of cells on particles throughout the chip using optoelectronic positioning. 

The automation and precise control offered by this system enable complex bioassays to be carried out, 

such as assays that require co-loading of two cells or monitoring of cell growth. (C) Microcapillary arrays 

can also be used to capture single cells. Here surface tension holds each sub-volume in place while 

samples are analyzed microscopically. If cells of interest are identified, a laser is used to recover the 

sample into microwells for further analysis. (D) In DropMAP cells are encapsulated into uniformly sized 

microdroplets alongside capture antibody functionalized paramagnetic nanoparticles and parked in an 

incubation chamber. When samples are held in the presence of a magnetic field the nanoparticles form a 

visible beadline which yields fluorescent signal in the presence of secreted target proteins. Panel A 

adapted with permission from [49]. Copyright 2013 American Chemical Society. Panel B adapted with 

permission from [43]. Copyright 2019 Wiley. Panel C adapted with permission from [50]. Copyright 

2017 Elsevier. Panel D adapted with permission from [39]. Copyright 2017 Nature Publishing Group. 
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Since this initial prototype, newer SCBC designs have been reported which increase the number 

of cells (103 cells/chip)[49] and number of analytes per cell (40+ simultaneous targets)[51] 

which can be screened in a single assay.  

Since its emergence the SCBC has been commercialized into an all-in-one cellular 

analysis platform (Isolight) developed by Isoplexis. The platform has been used to screen a wide 

array of cell types including T cells[52], macrophages[53], NK cells[54], and tumor cells[55, 56] 

for a multitude of clinical applications. One area in which the technology truly excels is in the 

analysis of T cell quality for CAR-T cell therapies. Isoplexis has developed a unique metric 

referred to as the polyfunctional strength index (PSI) which consolidates information on the 

number of different secreted proteins and the relative amount of each secreted protein into a 

single value representing the functional activity of an individual screened cell[57]. For CAR-T 

applications the PSI metric correlates well with clinical activity. In one analysis Rossi et al. 

showed that enrichment of highly polyfunctional cells in pre-infusion anti-CD19 CAR-T cell 

products was predictive of complete response for the treatment of patients suffering from 

aggressive refractory non-Hodgkin lymphoma[58]. Continued validation of such results across 

large patient populations will prove significant for identifying subsets of patients likely to 

respond to treatment, or who may experience significant side effects from therapy, guiding 

clinical decision making.  

In another study, researchers successfully utilized 32-plex isoplexis cytokine secretion 

data to identify variations in potency for different CAR constructs, aiding in the fundamental 

understanding of the mechanisms behind disease relapse in a phase 1 clinical trial of B cell acute 

lymphoblastic leukemia[59]. While limited in scope to the comparison of only two unique CAR 

constructs, this work alludes to the potential of single cell functional screening in providing more 
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thorough assessments of CAR function from early-stage in vitro screens. Taken together, the 

unparalleled depth of screening offered by SCBC technologies enables researchers to describe 

variations in cellular phenotypes at resolutions unattainable with most technologies. Similar chip 

designs have also been utilized for the multiplexed detection of exosome products[60], and 

future design iterations may offer the capability to simultaneously detect additional biomarkers 

alongside cytokines. However, it should be noted that the limitations in cellular loading and 

batch nature of the SCBC assay limit the utility for analysis of truly rare cellular phenotypes.  

1.2.2. Optofluidic Nanopen Arrays 

Similar to the aforementioned technologies, optofluidic nanopen arrays are highly 

ordered arrangements of microfabricated compartments (Figure 1-3B) which can be loaded with 

individual cells. The geometry of nanopens generally varies based on design, but each structure 

consists of deep chambers ranging from a few hundred picoliters to nanoliters in volume, 

featuring a small opening on one end to facilitate cell loading and nutrient exchange. Uniquely 

however, the microfabricated features are patterned onto specialized substrates containing 

numerous phototransistors which generate dielectrophoretic forces upon excitation with high 

intensity light[61]. When utilized for single cell studies populations of cells are placed onto each 

array and single clones are guided in parallel into individual nanopens through these optically 

generated forces using a technique called optoelectronic positioning. Any remaining unloaded 

cells are then washed away. A major benefit of this workflow is that the directed nature of 

loading is not governed by typical Poisson statistics, permitting higher proportions of chambers 

on each chip to be loaded with cells. 

The continued optimization of optofluidic nanopen arrays has led to the creation of an 

industrial scale platform, Beacon®, developed by Berkeley Lights[43]. While this technology is 
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still limited in its cellular analysis throughput due to the footprint constraints on the 

microfabricated chips (~3500 pens/chip), the increased precision and automation afforded by the 

built-in image processing and optical manipulation yield tremendous benefit in many industrial 

workflows. Cells, multiple cells, or cells and capture beads can all be simultaneously localized 

within nanopens, permitting the assessment of increasingly complex biological phenomena such 

as interactions between immune cells and cells expressing target antigens. Additionally, the 

expansion of individual cells into clonal populations is permitted on-chip[62], and subsets of 

expanded populations can be collected into individual wells simultaneously for concurrent 

downstream assessment of genotype and phenotype[44, 63].  

The precise control over cell culture parameters offered by the Beacon® system also 

renders assays compatible with hard to maintain primary cell types such as lymphocytes. For 

example, work by Winters and colleagues highlighted the ability to assay antigen specific 

antibody production directly from primary murine antibody secreting B cells (ASCs)[64]. Using 

the beacon platform researchers were able to recover a set of 44 antigen specific ASCs, from an 

initial population of 952 primary cells within a single day. This work yielded 13 distinct sets of 

paired heavy and light chain antibody sequences with unprecedented speed, potentially providing 

a more streamlined route to the development of high-quality antibody drugs over traditional 

approaches such as hybridoma analysis or phage display. Notably however, the authors 

mentioned that without significant optimization the use of optoelectronic positioning 

significantly affected the viability of fragile primary ASCs and loading via gravity was preferred. 

Even so, the complete range of applications enabled by the Beacon platform is only starting to be 

explored. It is not difficult to envision how extensions of preliminary studies reported in the 
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literature can be used to identify beneficial genetic variations in therapeutic cells based on the 

results of multiplexed cytokine secretion or killing assays. 

1.2.3. Microcapillary Arrays 

In another variation on traditional microfabricated chambers, cells can also be captured 

into highly ordered arrays of microcapillaries (Figure 1-3C) for subsequent analysis and 

sorting[50]. Microcapillary arrays are easily loaded through capillary action when the open ends 

of each chamber come into contact with pre-diluted cell mixtures. Although one end of each 

capillary is unsealed, liquid volumes in chambers are maintained through surface tension, this 

allows suspension of microcapillary arrays over standard microscope setups and direct imaging 

of settled cells with minimal focusing adjustments. Microcapillary arrays can contain over 1 

million individual chambers, but cell loading is dictated by poisson statistics, meaning that in 

order to limit the number of capillaries containing multiple cells most capillaries will be empty. 

An innovative technique first reported by the Cochran lab demonstrated that laser induced 

cavitation can be used to disrupt the volumes help in each chamber, allowing directed recovery 

of capillary volumes on demand[65]. In a workflow the authors refer to as µSCALE 

(microcapillary single-cell analysis and laser extraction) this automated imaging strategy and 

laser assisted recovery was utilized to screen for improved antibody, enzyme, and fluorescent 

protein variants produced by mutated libraries of yeast and E. coli[66]. Since then, the 

technology has been commercialized by xCella biosciences where it was marketed as the 

xPlorationTM screening platform and utilized mostly for antibody engineering strategies. 

Recently xCella was acquired by Ligand pharmaceuticals and is now part of their OmniAb® 

technology suite for the production of humanized antibody products. 

1.2.4. DropMAP 



17 
 

DropMAP (Figure 1-3D) is a microfluidic droplet based platform which was first 

reported in 2017 when Eyer et al. sought to develop a more quantitative and high-throughput 

technology to screen antibody production from B cells[67]. The DropMAP platform has two 

components. First, a microfluidic droplet generator is used to encapsulate single cells into 

uniformly sized microdroplets alongside fluorescently labeled detection antibodies and 

paramagnetic nanoparticles functionalized with capture antibodies. Subsequently, the formed 

droplets are held in a monolayer within a secondary collection reservoir and incubated to allow 

accumulation of secretions from the captured cells. The detection of secreted molecules proceeds 

in an analogous manner to most other bead-based secretion assays (see detection concept section 

above) with the notable exception that the paramagnetic capture nanoparticles used in this assay 

form micron scale aggregates, termed beadlines, after application of a magnetic field. This is a 

critical feature, as the aggregation of capture beads will localize the fluorescence signal over 

time in the presence of antigen, rendering the presence of target proteins visible over background 

without washing steps. 

During assays the collection reservoir is analyzed over time via standard fluorescence 

microscopy and the change in fluorescence intensity of each beadline is tracked to monitor the 

secretion rate of individual cells. Although in principle arrays of droplets temporarily parked 

within a collection reservoir function identically to on-chip fabricated microcompartments the 

droplets used in this approach take up much more of the device footprint, raising the number of 

cells that can be assayed in a single chamber to ~20,000[68]. Detection of secreted molecules 

occurs rapidly, with some studies reporting the identification of actively secreting cells in less 

than 30 minutes, however viable cells can also be maintained within compartments for up to 12 
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hours allowing easy observation of changes in secretion kinetics rather than simply assessing 

total protein production as in traditional endpoint assays.  

While initial applications of the DropMAP technology focused on developing novel 

insights into the humoral immune response of B cells to vaccine or infection[69-71], the platform 

and its reported use cases have expanded significantly in recent years[68]. Shortly after 

commercialization by HIFIBio in 2019, reports of a novel variation of DropMAP compatible 

with on-chip dielectrophoretic sorting and next generation sequencing (CelliGO) emerged, 

raising analysis throughputs even further to 2.5 million cells/experiment[72]. Additionally, the 

platform has been successfully utilized to screen cytokine secretions from T cells following 

chemical stimulation as well as from primary monocytes isolated from both healthy and septic 

patients. DropMAP certainly has promise as a broadscale analytical tool for immunological 

monitoring through quantitative kinetic secreting screening. However, it should be noted that 

true quantitative analysis using the platform may require significant optimization by the end user 

as factors such as the number of particles in each droplet, the concentration and affinity of the 

antibodies used, and the secretion rate of the cells can all effect the assay’s sensitivity, limit of 

detection, and dynamic range[68]. 

1.2.5. Particle Templated Droplets (Dropicles) 

As demonstrated in the sections above, the vast majority of the single-cell functional 

screening technologies which have been commercialized to date have taken the form of ordered 

arrays of static microcompartments. These types of systems are appealing products because they 

are easily fabricated and distributed to consumers, who can then use them as single-use 

disposable cartridges in specialized instruments that automate analysis and data collection. 

However, the batch nature of these types of workflows significantly limits the number of cells 
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that can be analyzed in each run. In biological applications rare cell subsets such as antigen 

specific antibody secreting cells, or polyfunctional T cells, often comprise exceedlingly low 

fractions of a given population[58, 64]. Thus, screening these cell types with currently available 

technologies often requires pre-enrichment with either fluorescence or magnetically activated 

cell sorting (FACS and MACS), laborious processes in their own right.  

Our lab has recently developed a completely novel platform for single-cell analysis 

centered around the use of precisely fabricated polymeric microparticles (drop-carrier particles) 

which can capture single cells, partition them into aqueous compartments (dropicles), report the 

presence of secreted signals, and finally isolate desirable cell clones through standard flow 

cytometry, which we report on in depth in chapter 3 and 4 of this work. Notably, while particle 

fabrication requires microfluidic technology, the fully formed particle samples are stable and can 

be distributed for use as a consumable reagent that is compatible with all standard labware. 

Particles are formed based on user need in sizes ranging from 35 µm to 105 µm in diameter, and 

contain a single uniformly sized cavity (20-60 µm in diameter) which can be loaded with cells. 

Cells are attached to particles via either antibodies targeting cell surface markers (suspension cell 

binding) or through integrin binding peptides (adherent cell binding). After adhesion, emulsions 

can be formed through simple pipetting induced mechanical shear on aqueous particle 

suspensions in the presence of fluorinated oil. Once partitioned, cell loaded particles are 

incubated and any secreted products are captured back on the particle surface. Finally, emulsions 

are destabilized, and particles can be recovered, stained with fluorescently labeled reporter 

antibodies or antigens, and sorted with standard flow cytometry.  

The dropicle workflow is highly generalizable and has been used successfully with a 

wide variety of adherent (chinese hamster ovary cells (CHO), human embryonic kidney cells 
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(HEK), mesenchymal stem cell (MSC)), and suspension (B cells, T cells, hybridomas, 

macrophages) cell types for single cell protein production assays, across numerous commercially 

available flow sorters (BD FACSAriaTM II, BDFACSAriaTM III, Sony SH800, On-Chip Sort). 

(see chapters 3 and 4). Initial studies demonstrated the ability to screen and sort highly 

productive antibody secreting CHO cell clones as well as antigen specific antibody secreting 

hybridomas and murine B cells for antibody discovery applications at rates around 1,000 

events/second. Uniquely in this workflow, cells are only encapsulated for the time duration 

necessary to attain a detectable amount of secretion signal, several minutes to hours depending 

on the cell type. For the remainder of the assay, cells are maintained in fresh media with free 

exchange of nutrient and waste products. One downside of the platform is that it requires 

significantly more hands-on time from the end user, as assays are not automated in a complex 

instrument, however, this factor also yields an extreme amount of assay customizability 

depending on user need. Furthermore, there is no need to pre-enrich cell populations of rare cells 

as functional readouts can be sorted directly using standard FACS. While the dropicle platform is 

still in its infancy, and numerous applications are still untapped, it was recently commercialized 

by Partillion Bioscience. Initial work has highlighted the feasibility of working directly with 

primary antibody secreting cells, but a natural extension is evaluation of cytokine production 

from T cells for cell therapies and we present some preliminary data on T cell compatibility with 

dropicles in chapter 5. Additionally, this platform is the first reported droplet-based screening 

technology fully compatible with adherent cell types and may provide a unique tool to screen 

understudied cell types such as mesenchymal stem cells at the single cell level for regenerative 

therapy applications.  
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Chapter 2. Compartmentalization aided On-cell cytokine Capture for Single 

Poisson T cell Secretion Assays 

2.1. Introduction 

Direct modulation of T lymphocyte biology, either genetically through the expression of 

chimeric receptors, or physically via the addition of antibodies against inhibitory checkpoint 

proteins, has demonstrated profound efficacy towards the treatment of systemic hematological 

malignancies[1]. These novel treatments, termed immunotherapies, refine the immune system’s 

ability to differentiate between self and non-self, enabling natural biological defense mechanisms 

to identify and eradicate otherwise intractable tumors. Unfortunately, broad translation of such 

approaches is currently limited, resulting in tremendous variation in clinical outcomes both 

between patients and amongst sub-types of cancers treated[2-7]. One barrier to the design of 

more effective personalized immunotherapies, stems from an incomplete characterization of the 

phenotypic traits which enable T-cells to excel at policing the body, including factors that affect 

proliferative potential, cell stemness, and aggressiveness upon stimulation by their cognate 

antigen[8-11]. 

Currently immunophenotyping approaches primarily focus on analyzing cells through 

labeled surface antigens. While these methods yield insights into the primary role of cells (e.g. 

Helper-T cells, Cytotoxic T-cells etc.) they reveal little about their metabolic activity or 

propensity to respond to immunogenic challenges[12, 13]. A complimentary set of phenotypic 

information can be found by examining the diverse array of proteins secreted by T-cells. These 

cytokines and chemokines directly coordinate the complex set of behaviors necessary for proper 

immune responses, including recruiting cells to the area of interest, stimulating them to induce 
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clearance of pathogens, and restricting activity once the targets have been cleared. Cytokine 

production is also directly translatable to a variety of immunotherapeutic approaches. High 

concentrations of interferon-α and interleukin-2 (IL-2) have been administered directly to 

patients to respectively suppress tumor proliferation or induce T-cell expansion[14, 15]. 

Armored CAR T-Cells have been designed which constitutively express pro-inflammatory 

cytokines that can counteract immunosuppressive microenvironments typically associated with 

solid tumors[16, 17]. Even more recently, engineered synthetic-notch receptors have enabled 

construction of user defined custom T-cell secretion programs, facilitating targeted production of 

therapeutic molecules which may be too toxic to apply systemically[18]. While these synthetic 

biology approaches to cytokine control are beneficial, they add significant complexity to the 

manufacture of therapeutic T-cell products, which is not ideal.  

Interestingly, single cell studies have alluded to the presence of a small fraction of 

otherwise indistinguishable polyfunctional T-cells which secrete many cytokines simultaneously 

and in excess, and whose presence in pre-infusion products correlates well with clinical 

outcomes[12, 13, 19]. Therefore, the development of profiling technologies which can screen 

and sort T-cells based on functional behavior directly, by quantifying protein production from 

individual clones, could aid therapeutic strategies by enabling downstream analysis of the 

genetic or epigenetic mutations which improve clonal fitness[20], and subsequently enriching 

pre-infusion cell populations with desirable phenotypes. 

Several approaches to measure secreted proteins from individual cells have been 

introduced over the past few years. The most widely used of these, intracellular cytokine 

staining, is rapid and compatible with standard flow cytometry, but requires fixation and 

permeabilization, leaving cells non-viable[21]. Well based micro-confinement approaches have 
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also been developed and used to detect up to 42 different cytokines simultaneously using a 

combination of fluorescent and spatial barcoding experiment and recovery of interesting clones 

is not straightforward[22, 23]. Microfluidic workflows leveraging water-in-oil emulsions 

partially circumvent these limitations by enabling cell recovery through emulsion 

destabilization[24, 25]. However, most of these approaches rely on co-encapsulation of cells 

with cytokine capture beads, an inefficient process which necessitates the use of custom sorting 

tools that can process intact emulsions, to preserve the linkage between cells and their associated 

bead readout. Finally, new highly automated advanced analysis systems are being introduced to 

the market, but adoption of these technologies is limited in most research settings due to  

exceedingly large capital costs[26, 27].  

One particularly intriguing secretion profiling methodology makes use of bispecific 

antibodies to capture cytokines directly onto the surface of secreting cells, rendering them 

compatible with traditional immunostaining and flow cytometry workflows[28]. Unfortunately, 

these tools are standardly used to interrogate cells in bulk solution, leaving them highly 

susceptible to crosstalk between neighboring cells and loss of signal from cytokines that diffuse 

away from the local microenvironment[29].  

In this work we expand on the use of cell-surface based capture assays by combining 

bispecific antibody technology with high-throughput microfluidic droplet generation using step-

emulsification (Fig 2-1). Single-cell cytokine production in partitioned aqueous volumes yields 

detectable secretion signals in as little as 3 hours, while simultaneously increasing assay 

accuracy, and improving signal intensity on actively secreting cell clones over bulk. 
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Figure 2-1 . Illustration of the droplet enhanced on-cell cytokine encoding workflow. 

A) Cells are co-encapsulated with anti-cytokine capture and detection probes within uniformly sized 

microdroplets using a highly parallelized step emulsification device. B) Droplets are incubated off chip, 

enabling accumulation of secreted proteins without cross-talk to neighboring cells. The presence of 

secreted cytokines in each droplet is encoded back onto the secreting cell’s surface as a fluorescent 

sandwich immunocomplex. C) The emulsion is then broken and recovered cells can be analyzed using 

standard flow cytometry. Analyzed cells remain viable throughout the entire process and can be 

subsequently expanded in culture. 
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Moreover, the highly parallelized droplet generation scheme we employ, increases cell 

encapsulation throughputs by over an order of magnitude compared to previously reported 

microfluidic secretion screens[24, 25, 29, 30], preventing bulk background accumulation of 

secreted proteins during longer encapsulation workflows, and enabling screening of larger cell 

populations. The continued development of such easy-to-use functional profiling tools will 

remove fundamental limitations to immune cell screening and can directly yield large 

populations of phenotypically enriched, viable T-cells for subsequent molecular analysis and 

therapeutic use. 

2.2. Materials and Methods 

2.2.1. Culture of Primary T cells 

Trima filters were purchased from the UCLA virology core and eluted to recover 

concentrated volumes of whole blood. T cells were isolated from the trima filter eluent using the 

RosetteSepTM Human T Cell Enrichment Cocktail (STEMCELL Technologies) according to 

manufacturer instructions and immediately frozen at a concentration of 1x107 cells/mL of 

freezing media. Before analysis, each aliquot of T cells was rapidly thawed and transferred into 

pre-warmed ImmunoCultTM-XF T Cell Expansion Media supplemented with 25 uL/mL 

ImmunoCultTM Human CD3/CD28 T cell activatior, and 50 IU/mL IL-2 at a final concentration 

of 1x106 cells/mL. Cells were passaged twice a week. Culture media was replenished with 50 

IU/mL of IL-2 every 2 days. Cells were cultured in a sterile incubator at 37oC and 5% CO2 for up 

to 3 weeks before thawing a fresh vial of cells. 

2.2.2. Device Fabrication 

Step emulsification devices were fabricated using master molds previously utilized for 

high-throughput production of microgels. Detailed description of wafer fabrication can be found 
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in de Rutte et al.[31]. Devices were formed from molds using PDMS Sylgard 184 kit (Dow 

Corning). The polymer base and crosslinker were combined at a 10:1 ratio, poured into the mold, 

degassed, and cured in a 70oC oven overnight. The following morning devices were cut from the 

mold and entry/exit ports were formed by biopsy punching through the polymer at either end of 

the device. Cut PDMS slabs were then activated alongside glass microscope slides (VWR) in an 

air-based plasma cleaner (Harrick Plasma) and subsequently bound together. Each formed device 

was incubated for another 30 mins in a 70oC oven to strengthen the bond between device and 

glass substrate. Finally, the device was filled with Aquapel, set aside for 1 minute, and flushed 

with Novec-7500 fluorinated oil to render the channels hydrophobic. 

2.2.3. Droplet Based On-Cell Cytokine Capture Assay 

T cells were taken from bulk culture, washed into fresh media and added into a single 

well of a 12-well plate at a concentration of 5x106 cells/mL. Wells were supplemented with 100 

ng/mL phorbol 12-myristate 13-acetate (PMA) and 2.5 µM ionomycin, and cells were incubated 

in this activating mixture for a period of six hours. During the final hour of incubation 

CellTrackerTM Blue CMAC dye was added into the activated cell mixture at a final concentration 

of 20 µM to label the cells. After incubation, cells were washed thoroughly a total of 3 times to 

remove any secreted IL-2 background that had accumulated within the solution over the course 

of the incubation. 1x106 cells were removed from the activated cell population and rapidly 

reconstituted into fresh media containing 50 uL/mL miltenyi IL-2 capture reagent and 50 µL/mL 

miltenyi phycoerythrin (PE) conjugated anti-IL-2 detection antibody within a 1 mL syringe. 

Simultaneous 2 mL of a 2% mixture of Pico-SurfTM fluorinated surfactant (3M) diluted into 

Novec-7500 engineered fluid (3M) was prepared and placed in a separate syringe. The two 

solutions were injected into our prefabricated step-emulsification droplet generator at flow rates 
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of 125 µL/min and 250 µL/min for the aqueous cell mixture and fluorinated oil phases 

respectively. The tubing used to couple the feed syringes to the droplet generator were 

mechanically agitated every few minutes to prevent cells from settling before reaching the 

device, aiding the uniform distribution of cells between the 200 parallel droplet generating 

channels. Formed droplets were collected in 15 mL conical tubes, covered with 500 µL of light 

mineral oil (Sigma-Aldrich) to prevent evaporation and incubated at 37oC and 5% CO2 for 1-6 

hours depending on experimental need.  

After sufficient incubation time cell samples were recovered from droplets according to 

the protocol reported in Mazutis et al.[30]. Briefly, the bottom fraction of clear, unemulsified 

Novec oil was first removed from the conical tube. Next, 5 mL of fresh media was added to the 

emulsified samples to serve as a diluent for uncaptured IL-2 secretions immediately after 

disruption of the droplets. Subsequently 500 µL of 1H,1H,2H,2H-Perfluoro-1-octanol (PFO) was 

added to the tube and samples were stored at room temperature for ~5 minutes while the 

emulsion destabilized and the cells were released. The top phase of the sample was then 

removed, leaving the bottom PFO phase behind. The recovered cell solution was spun down at 

300g for 5 mins and reconstituted in fresh media a total of 3 times to wash cells. Cell samples 

were then analyzed via flow cytometry.  

2.2.4. Secretion Cross Talk Assay 

T cells were split into two populations, one population was activated with PMA and 

ionomycin as described above but remained unlabeled, the other was non-activated (maintained 

in fresh media at the same concentration and time duration as the activated sample) and labeled 

with 20 µM of a CellTrackerTM DeepRed dye. The activated and non-activated cell populations 
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were then analyzed either independently or in a 1:1 mixture in bulk culture or droplet assay 

formats.  

Bulk Assay Format: Cells were divided into three samples (non-activated, activated, and 1:1 

mixture) and were washed 3X in cold media before analysis. Four million cells from each 

condition were obtained and resuspended in 80 µL of cold media. 20 µL of IL-2 capture reagent 

were then added to each sample and the cell/antibody mixture was incubated on ice for 5 

minutes. Follow this incubation, cells were quickly resuspended into 10 mL of warm media and 

incubated with vigorous agitation at 37oC. At each tested time point, 2.5 mL of sample was 

removed from the bulk solution, washed 3X in old media, and finally resuspended in 80 µL of 

cold media. Samples were then labeled with 20 µL of PE labeled anti-IL-2 reported antibodies 

on ice over a period of 10 minutes. Samples were washed 3X once more and analyzed via flow 

cytometry.  

Droplet Assay Format: Cells were analyzed as described in the droplet-based on-cell cytokine 

analysis section above with the notable exception that three samples (non-activated, activated, 

and 1:1 mixture) were analyzed at each timepoint spanning 0-4 hours. Non-activated cells were 

labeled with 20 µM of a CellTrackerTM DeepRed dye to differentiate from activated cells.  

2.2.5. Flow Cytometry 

For non-sorting experiments all data was collected on a 2-laser BD FACS Canto II. PE 

flurophores were excited using a 488 nm laser and filtered using 556LP and 585/42 filters. Cell 

tracker labeled were excited using a 633 nm laser and filtered through a 686/20 filter. 

All cell sorting experiments were conducted by the UCLA flow cytometry core facility 

using a 4-laser BD FACS Aria II. PE flurophores were excited using a 561 nm laser and filtered 
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using a 585/15 filter. Blue cell tracker labels were excited using a 355 nm laser and filtered 

through a 450/50 filter. 

2.3. Results 

2.3.1. Highly Parallelized Single Cell Encapsulation 

Analysis of secreted products from individual cells is inherently difficult due to diffusion 

of proteins away from their production source. Droplet microfluidic technology has emerged as a 

method of choice in single-cell secretion screening, because of its ability to partition cells into 

micron scale droplets which both trap and concentrate biomolecules. Unfortunately, most 

microfluidic designs generate droplets in a serial manner, rapidly reaching an upper processing 

limit (typically ~1-2 µL/min of aqueous sample). This restricts the number of cells that can be 

assayed before upstream accumulation of secreted products reduces assay integrity. Such 

throughput limitations serve as a fundamental barrier to adoption of functional cellular profiling 

approaches in pre-clinical research, where large amounts of cells often must be screened 

simultaneously to identify rare phenotypes.  

To overcome these challenges, we adapted a highly parallelized step-emulsification 

device for our functional screening workflow (Fig. 2-2A, B)[32, 33]. Step-emulsification 

exploits rapid pressure drops experienced by fluids emerging from confined channels into taller 

collection reservoirs to induce droplet pinch off[34]. The primary advantage of this technique is 

that droplet generation is highly flow invariant, with channel geometric features dictating droplet 

size rather than individual fluid flow rates. In our design a single aqueous inlet flow is evenly 

distributed between 200, parallel nozzles, each of which can generate droplets at a rate of ~4000 

droplets/minute. 
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Figure 2-2. Microfluidic droplet generator characterization. 

A) Our microfluidic droplet generator uses step emulsification to generate monodisperse droplets 

from 200 channels in parallel. In a typical secretion assay cells are loaded into the aqueous inlet 

along with capture and detection antibodies, pass uniformly between all channels, and are 

encapsulated into ~70 μm diameter droplets as the aqueous phase passes into a surfactant 

stabilized fluorinated oil. B) High exposure time fluorescent images show that cells travel through 

the device uniformly, ensuring that loading is not biased to a specific region of the device (top). 

C) Droplet size and uniformity is minimally affected by flow rates. As we increase aqueous flow 

rates from 15 to 175 μL/min the average droplet diameter varied from 70 to 78 μm. When droplets 

are generated too rapidly, they begin to crowd around the outlet of downstream nozzles, allowing 

more fluid to enter each droplet before pinch off and increasing sample CV. At our chosen flow 

rate of 125 μL/min our device generates roughly 10,000 droplets per second. D) Known 

concentrations of primary human T-cells were encapsulated using our microfluidic step emulsifier 

and imaged to determine the number of cells in each droplet. The experimental cell distribution 

(dots) followed the expected Poisson distribution (lines) demonstrating that parallelized 

encapsulation followed predictable loading trends.  
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We determined the optimal operating conditions for our device by simultaneously 

assessing cell viability, and droplet uniformity as a function of flow rate, with the goal of 

maximizing viable cell throughput without sacrificing assay consistency. Primary human T cells 

flowing through our device remained viable at all tested flow rates, indicating that shear stresses 

encountered during passage through the narrow (35 μm) channel nozzles were not a significant 

assay limitation, and implying that cells would remain active for subsequent functional screens. 

The average droplet diameter also remained relatively stable over a large range of flow rates, 

ranging from 70-78 μm across all tested conditions (Fig 2-2C). Interestingly, we found that the 

major limitation in device operation stemmed from accumulation of previously generated 

droplets around downstream nozzles at high flow rates, physically precluding the expansion of 

newer droplets over the channel step, and resulting in the production of larger (>100 μm) 

diameter droplets from several nozzles towards the end of the device. Thus, we restricted device 

operation to 125 μL/min which was the highest tested flow rate preserving stringent droplet 

monodispersity (CV <10%). Importantly, at this throughput we are already capable of producing 

~10,000 droplets/second, resulting in cell processing rates an order, to multiple orders of 

magnitude faster than previously reported secretion screens using standard flow focusing device 

geometries[30].  

Due to the parallelized nature of our device, we also verified that cell loading proceeded 

uniformly rather than biasing towards specific channel regions (Figure 2-2B). To test this, we 

labeled T cells with CellTrackerTM Green CMFDA dye and reconstituted them at known cell 

concentrations ranging from 400k-1.4 million cells/mL. The resulting samples were then 

encapsulated and imaged using fluorescence microscopy to identify the number of cells within 

each droplet. The average cell occupancy for each condition closely followed expected Poisson 
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distributions for all three tested conditions (λ = 0.08, 0.16, 0.24) (Fig 2-2D), indicating that 

single cell partitioning could be stringently enforced through control of initial cell 

concentrations. Thus, our step emulsification platform can be utilized as an efficient, high-

throughput alternative to traditional serial encapsulation approaches, enabling 

compartmentalization of over 103 viable cells/second with less than 0.5% of droplets containing 

multiple cells. 

2.3.2. Droplet Mediated On-Cell Cytokine Screening 

Solid phase substrates are critical components of all secretion capture workflows due to 

their ability to concentrate diffuse biomolecules and translate their presence into detectable 

signals. However, assay schemes necessitating the co-delivery of both cells and substrates into a 

single droplet lead to subsequent non-idealities in both screening and sorting, as not all cells will 

have capture substrates present in their droplets, and traditional flow cytometers are generally 

incapable of screening intact oil droplets.  

Our assay design relies on the use of commercially available capture and detection probes 

(Miltenyi Biotec) which instead transduce the presence of cytokines from the cellular 

microenvironment into a membrane localized fluorescence signal, allowing each secreting cell to 

function as its own solid phase capture substrate (Fig 2-3A). Typically, these assays are 

performed on bulk cell populations where cytokines can diffuse from secreting cells onto their 

neighbors yielding false positive signals. We hypothesized that translation of these on-cell 

molecular biosensing workflows into a droplet-based assay format would improve reliability by 

locally concentrating secreted molecules around producer cells, increasing signal, while 

simultaneously eliminating interaction between screened cells to reduce background. 
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Figure 2-3. Characterization of droplet mediated on-cell cytokine encoding.  

A) Cells are co-encapsualted into droplets alongside bispecific capture antibodies and 

fluorescently labelled secondary antibodies. The capture antibodies bind to surface expressed 

CD45 molecules and have a second free end to capture secreted IL-2. As IL-2 is secreted and 

bound to the cell surface free floating secondary antibodies begin to localize to the cell 

membrane. B) Brightfield and fluorescence images of T cells secreting IL-2 in droplets. T cells 

labeled with cell tracker dye (blue) generate a fluorescent ring around their periphery (red) after 

accumulation of secretion. C) The fluorescence intensity of cell containing droplets was 

integrated across each droplet cross section. D) When cells are in their basal state, fluorescence 

intensity was roughly uniform across droplets. When cells were chemically stimulated using PMA 

and ionomycin fluorescence signal aggregated on the cell surface rendering the cells visible over 

background. E) After 6 hours of incubation in droplets 1.9% of non-activated cells yielded IL-2+ 

signal while 18.9% of activated cells yielded IL-2+ signal over the same time period. 
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To test our screening approach, we compared the secretion signal obtained from T cells 

stimulated by the small molecule activators phorbol 12-myristate 13-acetate (PMA) and 

ionomycin versus control cells incubated in media without activation. We selected the T cell 

growth cytokine IL-2 as our analyte of interest because of its broad utility as a functional quality 

marker in cell therapy development pipelines, and due to its strong upregulation upon T cell 

activation.  

Because addition of reagents into formed droplets is non-trivial, we chose to pre-mix both 

anti-IL2 capture and PE conjugated anti-IL2 detection probes with cells prior to encapsulation. 

Although this type of one pot assay may be prone to high background due to cell-cell and cell-

reagent interactions in the feed syringe, care was taken to ensure that cells were thoroughly 

washed and encapsulated in under ten minutes after mixing with the capture and detection 

probes. Preliminary fluorescence visualization of newly formed droplets revealed a 

homogeneous fluorescence signal across each droplet volume. This indicated that although 

capture reagents were free to coat cell surfaces there was no detectable IL-2 within any droplet, 

leaving fluorescent secondary antibodies free floating. After emulsification, samples were 

incubated at 37oC for 6 hours to provide sufficient time for IL-2 accumulation in each cell loaded 

droplet. Upon subsequent re-visualization notable differences were observed between the 

activated and non-activated cell populations, with a subset of activated T cells possessing a clear 

fluorescent signal localized along their periphery, while none of the control population was 

discernable over the fluorescent droplet background (Figure 2-3B, C). This was indicative of 

sequestration of IL-2 by both capture and detection reagents encoding individual cell secretion 

histories back onto the cell surface through the formation of fluorescent sandwich 

immunocomplexes. 
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Finally, after confirmation that our one pot droplet assay successfully translated IL-2 

production into a detectable signal we destabilized the formed emulsions, recovered cells into an 

excess of fresh media, and analyzed the full population using flow cytometry. As expected, 

activation significantly increased IL-2 production, with 18.9% of cells staining positive for IL-2 

versus just 1.9% of non-activated cells yielding IL-2+ signal after the 6 hour incubation period. 

Interestingly however, although activation increased the fraction of IL-2+ cells 10-fold over 

control only about 20% of T cells produced detectable levels of IL-2, alluding to an underlying 

phenotypic heterogeneity in the T cell population. 

2.3.3. Encapsulation reduces secretion secretion crosstalk 

Because of the heterogeneity in phenotype of the analyzed cell population it is critical to 

ensure that crosstalk between cells is minimized and that measurements of single cell protein 

secretions are not confounded by protein production from neighboring cells. In light of this we 

compared the resolution of IL-2 production afford by our high throughput droplet based on-cell 

cytokine capture assay compared to the standard unencapsulated approach. CellTrackerTM 

DeepRed labeled non-activated T cells and unlabeled PMA/ionomycin activated T cells were 

prepared and analyzed alone and in 1:1 mixed ratios both in bulk and droplet based secretion 

assays (Fig 2-4).  

When non-activated cells were analyzed alone, no IL-2 production was detected in either 

the bulk or emulsion assays at any timepoint (Fig 2-4A, C). However, once the two samples were 

mixed, both activated and non-activated T cell populations rapidly acquired fluorescent signal, 

rendering the two indiscernible after only an hour in bulk solution (Fig 2-4B). 
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Figure 2-4. Comparison of on-cell cytokine capture in bulk solution and in droplet formats.  

IL-2 production was analyzed from CellTrackerTM DeepRed labaled non-activated T cells and 

unlabeled, PMA/ionomycin activated T cells individually and in 1:1 cell mixtures using both bulk 

solution and droplet based assay formats. Non-activated T cells generated no detectable signal at 

any time point in both A) bulk and C) droplet based assay formats. B) When mixed together in 

bulk solution both activated and non-activated T cells rapidly accumulated fluorescent signal, 

becoming indiscernible from one another in as little as 1 hour. D) After encapsulation secretions 

from mixed cell populations were easily discernible with less than 0.5% of non-activated T cells, 

and >20% of activated T cells yielding IL-2+ signal after 3 hours of incubation. 
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In contrast, partitioning through microfluidic step emulsification preserved clear variations in 

signal between the two populations, with less than 0.5% of non-activated T cells, and 22-29% of 

PMA/ionomycin activated T cells appearing as IL-2 positive after flow cytometric analysis (Fig 

2-4D). Additionally, in the droplet mediated assay samples, IL-2 fluorescent secretion signals 

spanned more than two orders of magnitude, with the highest secretors appearing over ten times 

brighter than the highest recorded signals in bulk phase analysis. Thus, we concluded that 

incubation of cells in droplets during on-cell secretion assay workflows significantly aided in the 

reduction of false positive signals stemming from proteins diffusing away from their producing 

cells, while simultaneously enhancing the concentration of secreted products around the cellular 

microenvironment leading to improved resolution between low and high secreting cell clones. 

2.3.4. Enrichment of functionally active T cell clones using FACS 

A unique feature of the miltenyi capture and detection probes used in this assay is the 

association of secreted signals with the cell surface which enables assessment of functional 

protein production using standard fluorescence activated cell sorting (FACS). To highlight this, 

we repeated our droplet mediated on-cell secretion assay one more time using CellTrackerTM 

Blue labeled PMA/ionomycin activated T cells. As previously described cells were encapsulated 

within droplets, incubated to accumulate signal, and subsequently release (Figure 2-5). Upon 

recovery from the cells were sorted using FACS. Analysis by the flow cytometer revealed three 

distinct populations, with 63.9% of the total events staining positively with CellTrackerTM Blue 

dye but negative for IL-2 production indicating live non-producing T cells, 17.7% double 

positive active IL-2 producer cells, and roughly 18% staining negative for both stains 

presumably indicating cell death. Analyzed cells were sorted by targeting the double positive 

fluorescent population in our fluorescent scatter plot. 
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Figure 2-5. Example of post assay FACS sorting based on T cell IL-2 production.  

Individual T cells were assayed using our droplet-based cytokine encoding assay. After incubation and 

recovery roughly 20% of T cells were stained positively for IL-2 production. Samples were sorting using 

standard FACS by targeting the double positive fluorescent populations (CTB+/PE+) and subsequently 

analyzed using fluorescence microscopy, revealing a pure sample of positively labeled cytokine secreting 

cells. 
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 Recovered samples were analyzed using fluorescence microscopy revealing a pure population of 

IL-2+ labeled T cells. Recovered samples remained viable and could be expanded over 

subsequent days (data not shown). 

2.4. Discussion 

In this work we demonstrated that encapsulation of cells into individual 

microcompartments can enhance the utility of on-cell cytokine capture by preventing crosstalk 

between neighboring cells. Commercially available reagents that encode secreted molecules back 

onto the surface of the secreting cell, such as the cytokine capture assay from Miltenyi Biotec are 

incredible useful tools for single cell phenotyping because 1) the anchoring of secretions directly 

to the cell surface enables analysis of functional markers using standard flow cytometry, and 2) 

cells do not have to be permeabilized and remain viable during the process allowing them to be 

sorted and analyzed further in downstream assays. However, we and others[29] have noted that 

analysis of heterogeneous cell populations in bulk solution is non-ideal as secretions from 

producer cells can accumulate in solution and bind to neighboring non-producing cells, 

confounding signals. 

Microfluidic droplets have been used extensively to compartmentalize individual cells for 

single-cell screening, but analysis of secreted products in microdroplets is still difficult due to the 

lack of a built-in solid surface to capture them and report their presence. Typically to analyze 

secreted proteins cells and solid capture beads are co-encapsulated into droplets, but due to the 

random nature of droplet loading very few droplets will contain both a single cell and a single 

particle, leaving most of the starting cell population unusable. The combination of microdroplet 

based partitioning with the Miltenyi cytokine capture assay is mutual beneficial and solves both 

of these issues. Compartmentalized cells rapidly accumulate secreted products onto their own 
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surface without generating false positive signal through protein diffusion, and the cell membrane 

of each cell is transformed into its own solid capture phase, eliminating the need for co-loading 

of secondary particles. When analyzing the production of IL-2 from strongly stimulated T cells 

background accumulation of protein prevented distinction of secreting and non-secreting cells in 

as little as one hour, whereas in a droplet assay format the same population could be incubated 

for as long as 3 hours without obscuring individual cell function. 

Future efforts to analyze single T cells may leverage this droplet encapsulation feature 

even further still. For example, multiplexed cytokine detection is of great interest to researchers 

seeking to understand phenotypes that function optimally in clinical settings[19], however the 

secretion kinetics of different cytokine targets can vary drastically[35]. Therefore, single 

timepoint measurements similar to those taken in bulk solution analyses of secreted proteins may 

inadvertently misclassify cells as non-secreting if production of the target molecules has already 

concluded or not yet begun. In contrast, incubation of cells within microdroplets yields 

integrated signals over the entire period of the assay, providing a method to encode the secretion 

histories of multiple temporally distinct products simultaneously. 

Finally, we conclude by mentioning that the major bottleneck in throughput for our assay 

stems from the rate of microfluidic droplet generation. For all assays in this work, we made use 

of an ultrahigh throughput step emulsification droplet generator which improved droplet 

generation rates by over an order of magnitude over traditional microfluidic flow focusing 

geometries. Even so, our system is limited to an encapsulation rate of roughly 103 cells/second, 

meaning that studies on larger populations of cells quickly become impractical. While in theory 

throughput can be increased further through parallelization of individual step-emulsification 

devices further increases in design complexity will translate to technologies that are less 
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accessible to most researchers. Newer easy to use strategies to enhance the droplet generation 

and cellular analysis throughput would be welcome additions to the single-cell analysis toolkit. 
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Chapter 3. Dropicles: A novel tool for single-cell functional screening  

3.1. Introduction 

The microwell plate has become a foundational component of biological assays because 

of the ability to scale experiments and integrate with lab automation infrastructure. This simple 

piece of plasticware allows scientists to add or exchange reagents while preventing cross-talk 

between samples. The bottom surface of each well can be functionalized to adhere cells, promote 

cell growth, and perform biomolecular reactions that allow for colorimetric and fluorescent 

readouts. Biological samples of interest can then be isolated by pipetting fluid from a well. 

Despite its simplicity and utility, even the smallest format, 1536-well plates, hold volumes that 

are hundreds of thousands of times larger than cells in each well, limiting the ability to study the 

functional properties, such as secreted products, from single cells.  

 The ability to perform functional biological assays at the resolution of the individual 

cells promises to deepen our understanding of biology and accelerate the development of new 

biological products.  For example, sorting of rare B cells or plasma cells directly based on 

activity of high affinity secreted antibodies allows for the acquisition of gene sequences that can 

be used to make new antibody drugs or diagnostic affinity reagents[1-6].  Selection of stable 

production-grade cells such as Chinese hamster ovary (CHO) cells based on their production rate 

of humanized IgG protein would allow for the selection of specific clones useful for monoclonal 

antibody production.[7]  

Although technologies have emerged to enable to the probing of single cells, there are 

significant tradeoffs that either limit functionality or inhibit widespread adoption. Fluorescence 

activated cell sorting is one of the first single-cell technologies to gain widespread adoption, 
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enabling users to probe and sort individual cells based on light scatter properties and 

fluorescently stained molecules at throughputs over 10,000 events per second. Screening of 

viable cells is typically limited to non-functional parameters such as exterior cell surface proteins 

(i.e. the clusters of differentiation markers, or CDs) while intracellular markers can be analyzed 

but require membrane permeabilization and fixation.[8, 9] Approaches have been developed to 

capture secreted products directly to the cell surface, but these techniques suffer from significant 

crosstalk between cells.[10-12] Microfluidic technologies have emerged that enable the creation 

of volumes approaching the size of cells and high-throughput analysis of single cells based on 

additional properties such as secreted molecules.[13] Devices with microscale chambers as well 

as water-in-oil droplets generated using microfluidic devices have been employed to isolate cells, 

accumulate secreted product, and even sort.[14-19] Despite the utility of these existing 

platforms, the ability to add reagents and perform washing steps during reactions is limited, and 

microfluidically-generated droplets lack the solid surface of a microwell plate which is critical 

for standard assay formats like sandwich immunoassays or ELISA. Approaches to overcome 

these shortcomings have been developed, but each requires specialized assay formats, and often 

extremely expensive equipment to perform the assays, which hinders widespread adoption.[20-

22]  

We introduce a new approach to perform functional assays on individual cells at high-

throughput using structured microparticles, which act as suspendable and sortable microwells 

(Figure 3-1). These microparticles or “nanovials” hold single cells in sub-nanoliter volumes of 

fluid, 100,000 times less volume then 1536-format microwells yet require no new 

instrumentation. 
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Figure 3-1 . Microparticle platform for high-throughput single cells secretion screening. 

(A) Individual cells are loaded into prefabricated microparticles containers (nanovials) and bound using a 

variety of binding schemes. Particles and associated cells are agitated by pipetting with biocompatible oil 

and surfactant to generate monodisperse compartments dictated by the particle size (dropicles) preventing 

crosstalk between microcontainers. Cells are incubated to accumulate secretions on associated particles 

and transferred back to a water phase for fluorescent labeling. Particles, cells, and associated secretions 

are then analyzed and sorted using high-throughput commercial flow sorters. Isolated populations can 

then be analyzed downstream for different phenotypic (growth, productivity) and genotypic properties 

(RNA expression). (B) Photograph of a tube with 2 million dropicles formed using simple pipetting steps 

in less than 1 minute (left). Fluorescent microscopy image of uniform dropicles formed with fluorescently 

stained nanovials and water-soluble dye (right) show distinctly sealed sub-nanoliter volumes.  

(C)Microscopy image of nanovials with cells and associated secretions after unsealing the nanovials and 

staining with fluorescent labels. 
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 Fluids are easily exchanged by centrifugation and pipetting, and each compartment can be 

sealed and unsealed using biocompatible oils to prevent cross-talk between samples. The 

surfaces can be modified to bind cells or capture biomolecules for molecular readout.  Nanovials 

can be analyzed and isolated using commonly available FACS instruments enabling screening at 

rates >1000 events per second. While other particle systems have been utilized to hold sub-

nanoliter volumes,[23-27] ours is the first approach that allows attaching and protection of cells 

in cavities within particles and unlocks new capabilities to expand scale of analysis by 

integration with flow cytometry that was not previously achieved. Using this new nanovial 

format we conduct a screen of >500,000 events in less than an hour using commercial FACS 

instruments, demonstrating single-cell antibody discovery and cell line development workflows 

that can identify rare antibody secreting cells from an order of magnitude more cells than 

previous approaches all within one day. A similar experiment would require >1300 384-well 

plates and at least a week of additional culture to grow up a sufficiently large clonal population 

of cells to detect secretions in the larger volumes.  

3.2. Materials and Methods 

3.2.1. Fabrication of nanovials 

Particles were fabricated using a standard PDMS microfluidic flow focusing droplet 

generator. A PEG phase comprised of 28.9% w/w 4-arm PEG-norbornene (Sigma), 3% w/w 

LAP (Lithium phenyl-2,4,6-trimethylbenzoylphosphinate, Sigma), and 1 mg/mL Biotin-PEG-

thiol (5000 MW, Nanocs) in phosphate buffered saline (PBS, pH 7.2) was co-injected with a 

dextran phase comprised of 11% w/w 40 kDa dextran (Sigma), 1.3% w/w DTT (dithiothreitol, 

Sigma), and 5 mM RGD pepride (Ac-RGDSPGERCG-NH2, Genscript) in PBS at rates ranging 

from 0.5-5 µL/min, depending on nanovial size, using syringe pumps (Harvard Apparatus PHD 
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2000). An oil phase comprised of Novec 7500 (3M) and 0.25% w/w PicoSurf (Sphere Fluidics) 

was injected at a rate of 10-42 µL/min to partition the aqueous phases into monodisperse water 

in oil droplets. PEG and dextran polymers phase separated on chip after approximately 5 

seconds. The PEG phase was crosslinked with focused UV light through a DAPI filter set and 

microscope objective (Nikon, Eclipse Ti-S) near the outlet region of the microfluidic device. 

Crosslinked particles were collected, and oil and dextran were removed using a series of washing 

steps. Briefly, excess oil was removed by pipetting and a layer of PBS was added on top of the 

remaining emulsions. A solution of 20% v/v perfluoro-octanol (PFO, Sigma) in Novec 7500 was 

then added to destabilize the emulsions and transfer particles to the PBS phase. Excess oil was 

removed, and samples were washed 2X with Novec 7500 to remove the remaining surfactant. 

Novec 7500 was removed by pipetting and residual oil was removed by washing 2-3X with 

hexane (Sigma). Samples were then washed 3X with PBS to remove dextran from the system. 

For cell experiments particles were sterilized by incubating in 70% Ethanol overnight. Particles 

were then washed 5X with a storage solution comprised of PBS + 0.1% Pluronic F-127 (Sigma) 

+ 1% penicillin/streptomycin (Invitrogen) and stored in a conical tube at 4oC. 

3.2.2. Cell Culture 

CHO-K1 and CHO DP-12 Cells: All cells were cultured in incubators at 37°C and 5% CO2. 

CHO K1 cells (ATCC CCL61) were cultured in F12 base media (Invitrogen) supplemented with 

10% fetal bovine serum (FBS, Invitrogen) and 1% penicillin/streptomycin (Invitrogen). CHO 

DP-12 cells (ATCC CRL-12445) were maintained according to manufacturer’s specifications. 

Cell culture media was comprised of DMEM (Invitrogen) supplemented with 10% FBS, 1% 

penicillin/streptomycin, 0.002 mg/mL recombinant human insulin (Sigma), 0.1% Trace Elements 
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A (Fisher Scientific), 0.1% Trace Elements B (Fisher Scientific), and 200 nM Methotrexate 

(MTX, SIGMA). 

ExpiCHO Cells: ExpiCHO cells (Fisher Scientific A29127) were cultured in ExpiCHOTM 

Expression Medium (Fisher Scientific) on an orbital shaker in a 37°C incubator with ≥80% 

relative humidity and 8% CO2. The shake speed was set to 120 rpm with 25 mm shaking 

diameter. Cells were seeded at 0.2 x 106 viable cells/mL and subcultured when the cell density 

reached 4 x 106 – 6 x 106 viable cells/mL. 

HEK293 cells: HEK293 cells (ATCC CRL-1573™) were cultured in incubators at 37°C and 5% 

CO2 and the media consisted of DMEM, high glucose, pyruvate media (Invitrogen) 

supplemented with 10% FBS (Invitrogen). Cells were seeded at 2 x 104 viable cells/cm2 and 

subcultured when concentration reached 6 x 104 cells/cm2. 

Hybridoma Cells (HyHel-5 & 9E10): Hybridoma cells were cultured in incubators at 37oC and 

5% CO2 according to manufacturer instructions. HyHel-5 cells were maintained in IMDM media 

(Invitrogen) supplemented with 10% FBS (Invitrogen) and 1% penicillin/streptomycin 

(Invitrogen). 9E10 cells were maintained in RPMI media (Invitrogen) supplemented with 10% 

FBS (Invitrogen) and 1% penicillin/streptomycin (Invitrogen). Cells were passaged down to a 

final concentration of 4x105 cells/mL every two days. 

 

3.2.3. Particle seeding and cell seeding characterization 

Stock drop-carrier particles were first concentrated in a conical tube by centrifugation and 

supernatant was aspirated. Particles were then fluorescently labeled by diluting at a 1:1 ratio with 

PBS containing 10 µg/mL of Alexa Fluor 568 streptavidin (Fisher Scientific) and incubating for 

10 min. Particles were washed 3X with PBS and then dispersed in a well plate at a concentration 
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of 7.5 µL of concentrated particles per cm of well surface area. Particles were then allowed to 

settle for 10 min. CHO cells pre-stained with Hoechst were then seeded at a range of 

concentrations (31-190 cells/mm2) into the well by carefully pipetting evenly across the well 

area. Cells were allowed to settle for 15 min and then imaged using a fluorescent microscope. 

Loading statistics was calculated using custom image analysis algorithms in MATLAB. Particles 

were first identified using the particle fluorescence channel and cell number was calculated by 

counting nuclei number within each particle cavity. 

3.2.4. ExpiCHO Cell Binding 

In order to modify the particle surface with poly-L-Lysine, 100 uL of 55um particles 

were suspended in 1 mL PBS solution consisting of 1 mg/mL PLL (Thiol-Poly-L-Lysine-Thiol, 

32 kDa, Nanosoft Polymers) and 0.2 % w/w LAP (Lithium phenyl-2,4,6-

trimethylbenzoylphosphinate, Sigma). The particle suspension was transferred to a glass vial pre-

coated with Sigmacote (Sigma SL2-25ML) and the vial was placed on top of a mini stir plate 

(IKA Lab Disc IKAMAG Magnetic Stirrer) with a micro stir bar in it. With continuous mixing, 

the particle suspension was exposed to UV for 60 seconds at the power of 2.9 mW/cm2. The 

particle suspension was retrieved into a 1.5 mL Eppendorf tube and washed with 0.05% Pluronic 

buffer three times.  

 To futher modify particles with fibronectin, 25 ul of PLL conjugated particles were added 

to 500 uL of either 10 ug/mL or 500 ug/mL fibronectin solution for one hour at room 

temperature and washed with 0.05% Pluronic buffer three times. 

 ExpiCHO cell loading was screened through the addition of 1 mL of ExpiCHO 

expression media with 7.84 uL of PLL or PLL+Fibronectin modified particles and 79,000 

ExpiCHO cells were added. Particle and cell suspension was mixed 10 times using a 1 mL 
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pipette. The plate was incubated on a rocker in 37 °C incubator for 30 minutes, and then 

incubated for another 2.5 hours on a steady state in the incubator. Particle and cell suspension in 

each well was strained using 37 um strainer (Stemcell Technologies) and particles were 

recovered in fresh and pre-warmed ExpiCHO expression media. Recovered particles were 

imaged using fluorescent microscopy.   

3.2.5. HEK293 Cell Binding 

PLL and PLL+Fibronectin particles were prepared by the same method mentioned in the 

ExpiCHO cell binding section above.  In each well of a 24 well-plate, 1 mL of DMEM base 

media (without FBS) with 7.84 uL of PLL or PLL+Fibronectin modified particles and 79,000 

HEK293 cells were added. Particle and cell suspension was mixed 10 times using a 1 mL pipette. 

The plate was incubated on a rocker in 37 °C incubator for 30 minutes, and then incubated for 

another 2.5 hours on a steady state in the incubator. Particle and cell suspension in each well was 

strained using 37 um strainer (Stemcell Technologies) and particles were recovered in fresh and 

pre-warmed DMEM media with 10% FBS. Recovered particles were imaged using fluorescent 

microscope.   

3.2.6. B Cell Binding 

PLL+Fibronectin particles were prepared as mentioned in the ExpiCHO cell binding 

section above. To test capture with anti-surface marker antibodies, particles were first incubated 

for 10 min in a 130 ug/mL streptavidin solution. Particles were then washed 3X and incubated 

with a solution containing 2ng aCD45, aCD19, or 1:1 mix of aCD45+aCD19 per uL particle 

solution at 60ug total antibody concentration. Particles were then washed 3X. 8uL of particles 

were added to each well of a 24 well plate in 2mL washing buffer, followed by addition of 

100,000 cells. The cells were allowed to settle into particle cavities and adhere for 2 hours. The 
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particles were then strained with a 20um cell strainer to remove unattached cells, and sorted with 

a BD FACS Aria II or Sony SH800 FACS system. 

3.2.7. Dropicle Formation and Characterization 

85 µm nanovials were suspended in DMEM base media (Invitrogen) and then 

concentrated by centrifuging at 300 g for 2-3 minutes and aspirating supernatant. An oil phase 

comprised of Novec 7500 and 2% w/w PicoSurf was added to the particle suspension at 

approximately 2X the remaining volume. The sample was then vigorously pipetted for 30 - 60 s 

(~100 pipettes) using a 200 µL micropipette (Eppendorf). The resulting water-in-oil emulsion 

was then carefully transferred into a PDMS reservoir by pipetting and imaged. Size distribution 

characterization was then performed using custom image analysis algorithms in MATLAB. For 

the fluorescent images shown in Figure 3-1B, particles were first labeled with Alexa Fluor 568 

streptavidin and the DMEM was replaced with PBS containing 2 mg/ml fluorescein 

isothiocyanate-dextran (500k MW, Sigma). For 35 µm nanovials the same procedure was used 

except the nanovials were first diluted 10 – 15X to reduce fraction of aggregates formed.  

3.2.8. Cell Viability Characterization 

30 µL of concentrated particles and 48k CHO DP-12 cells were suspended in media and 

sequentially seeded into individual wells of a 12-well plate. A separate well plate control sample 

containing no particles was prepared in parallel. Cells were allowed to adhere for 4 hours. 

Samples containing both the cells and particles were transferred into a 15 ml conical tube, 

exchanged with fresh media and then concentrated via centrifugation. 100 µL of Novec + 2% 

w/w PicoSurf was added to the concentrated sample and pipetted for 30 s to encapsulate the 

particles and associated cells into dropicles. 150 µL of light mineral oil was added on top of the 

samples to mitigate evaporation during incubation. Samples were then incubated for 2, 12, and 
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24 hours in an incubator at 37°C and 5% CO2. To recover cells back into an aqueous phase 

excess oil was first removed via pipetting and several mL of media was added on top of the 

emulsions. To destabilize the droplets 50 µL of 20% v/v PFO in Novec 7500 was then pipetted 

on top of the emulsion layer and the sample was gently agitated. After 5 min most of the droplets 

were merged and particles and associated cells transferred into the bulk media phase. Optionally, 

samples can be centrifuged for 15-30 s at 200g to coalesce remaining droplets. The suspension of 

particles and cells were then transferred by pipetting into a separate conical tube. Samples were 

washed with PBS and then sequentially stained with calcein AM and propidium iodide. Particle 

samples were transferred back into a well plate, imaged, and then analyzed in MATLAB to 

determine cell viability statistics. 

3.2.9. CHO Cell Secretion Assay 

To identify cells during downstream analysis CHO DP-12 cells were first stained with 

CellTrackerTM Blue CMAC Dye (Thermo Fisher). RGD coated nanovials and cells were seeded 

into a 12-well plate as described above and then incubated at 37°C for 2 hours to allow cells to 

adhere to the particles. Particles were then recovered by tilting the well plate and transferring by 

pipetting. In order to remove unattached cells from the background, samples were strained using 

a 37 µm reversible cell strainer (STEMCELL Technologies) and then particles were recovered 

by flipping the cell strainer and washing with a washing buffer comprised of PBS (Ca2+,Mg2+), 

0.5% BSA (GeminiBio), 1% penicillin/streptomycin and 0.05% Pluronic F-127. To reduce 

sample loss all conical tubes and pipette tips were first precoated with washing buffer prior to 

handling particle containing solutions. After recovering from the well plate, samples were 

washed 2X by centrifuging particles and associated cells at 300 rpm for 3 min, aspirating, and 

then resuspending in washing buffer. Particles were then labeled with streptavidin (Thermo 
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Fisher, 434302) by adding 0.415 ng per µL of concentrated particle solution and incubating for 

10 min. Samples were then washed 3X with washing buffer and resuspended. Particles were then 

labeled with Biotin Anti-FC (Thermo Fisher, A18821) by adding 75 pg of the antibodies per µL 

of concentrated particle solution and incubating for 10 min.  After incubation, samples were 

washed and resuspended in CHO DP-12 media. After re-concentrating, samples were 

compartmentalized by pipetting with oil and surfactant as described above to create dropicles. 

Samples were then incubated for a range of times 0, 1, 2, 4, and 8 hours to allow cells to secrete 

and to facilitate capture of secreted antibodies onto the associated particle matrix via Anti-FC 

sites. After the incubation period, particles and associated cells were transferred back into media 

by breaking the emulsions (see live dead section). Samples were then washed and captured 

secretions were stained with Goat anti-human IgG H&L (Dylight® 488, Abcam ab96911) at a 

final concentration of 30 pg per µL of initial concentrated particle solution. After 30 min of 

staining, samples were then washed 5X with a solution of PBS (Ca2+, Mg2+), 2% FBS, 1% 

penicillin/streptomycin and 0.05% Pluronic F-127 and optionally stained with propidium iodide. 

Samples were then imaged in both brightfield and fluorescence channels in a well plate. To 

characterize secretion amount per particle a custom MATLAB algorithm was used to identify 

particles in brightfield and then count the number of cells, check for the presence of dead stain, 

and integrate the total secretion label fluorescence intensity for each particle. 

3.2.10. Hybridoma Secretion Assay 

To better accommodate the smaller sized hybridoma cells, 55 µm diameter nanovials 

were used for screening antigen-specific antibody production. Nanovial samples were first 

coated with streptavidin as described in the CHO cell secretion assay above, thoroughly washed, 

and subsequently labeled with a pre-mixed solution containing both biotin anti-CD45 and biotin 
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anti-H+L chain antibodies both at concentrations of 20 µg/mL. After 30 minutes of incubation 

with biotinylated antibodies, nanovials were washed 3x once more, reconstituted into washing 

buffer and refrigerated. Concurrently 9E10 hybridoma cells were labeled with CellTrackerTM 

Blue dye (Thermo Fisher) and premixed with unlabeled HyHel-5 hybridoma cells at desired 

concentrations. Importantly the CellTrackerTM Blue dye (Thermo Fisher) stain was not used for 

sorting or enrichment purposes, but served to differentiate the two cell types in pre and post sort 

analysis to benchmark assay performance.  The pre-mixed hybridoma cell populations were next 

loaded into the chilled antibody coated hydrogel nanovials. Nanovials and cells were maintained 

at 4oC for 1 hour to lower their metabolic activity and prevent accumulation of secretion onto 

neighboring unloaded nanovials during the binding process. Following adhesion, unbound cells 

were removed from the sample by filtering through a 20 µm cell-strainer, and the recovered cell 

loaded particles were incubated in IMDM media at 37oC for another hour. We found that for rare 

populations of antigen-specific hybridomas encapsulation could be omitted without appreciable 

loss of experimental accuracy because target antibody signal was relatively infrequent and cross-

talk was minimal, therefore it was omitted for this experiment. Finally, after allowing 

accumulation of sufficient antibody signal, samples were washed a final time and labeled with 

0.75 µg/mL HEL-647. All samples were sorted on a Sony SH800 flow cytometer using the 488 

nm and 638 nm lasers in single-cell mode with minor adjustments to the drop delay to account 

for the larger size of the particle nanovials. 

3.2.11. Secretion cross-talk analysis experiment 

To analyze potential cross-talk in our single cell secretion system, samples were prepared 

as described in the cell secretion assay section with several modifications to the protocol. Two 

sets of samples were prepared, a control sample that was incubated in bulk solution and one 
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incubated after dropicle formation. Prior to the incubation step a separate suspension of particles 

containing no cells and tagged with Alexa Fluor 647 streptavidin were mixed into the samples. 

This was done in order to ensure signal on empty particles that was measured did not arise from 

cells that may have detached from the particles during various steps of the assay. Samples were 

washed and capture sites were then added. The bulk samples were then left to incubate in media 

while the dropicle samples was emulsified in oil via pipetting. After incubating for 15 hours 

samples were recovered and washed with washing buffer, stained, and imaged as described in the 

cell secretion assay section. The amount of cross talk was determined by comparing secretion 

staining intensity on particles with cells with the intensity on the control particles. 

3.2.12. Secretion based sorting control experiments 

Samples were prepared as described in the cell secretion assay with the following 

modifications. CHO DP-12 cells and CHO K1 cells were pre-labeled with CellTrackerTM Deep 

Red and CellTrackerTM Blue (Thermo Fisher). After labelling, cells were mixed together at 

various ratios (1:5, 1:100, 1:1000) and loaded into particles (Seeding density ~84/mm2, lambda 

~0.1. All remaining secretion assay steps were as previously described. After labelling secretions 

on samples with fluorescent secondary antibodies, samples were sorted using a FACS machine 

(BioSorter, Unionbio). Samples were excited using both 488 nm and 561 nm lasers. Events were 

triggered based on particle absorbance from the 561 nm laser. Single particle events were gated 

based on time of flight. Particles with secretion signal were then sorted by thresholding the peak 

intensity height collected through a 543/22 nm filter. Samples were sorted directly into a 96-well 

plate and imaged with a fluorescence microscope. 

3.2.13. Enrichment of high producing CHO cells 
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Samples were prepared as described in the cell secretion assay section. After labelling 

secretions, a fraction of each sample was kept and imaged using fluorescence microscopy. 

Remaining samples were then sorted using a FACS instrument (On-Chip Sort, On Chip 

Biotechnologies). Samples were excited with both a 488 nm and 637 nm laser. Particle events 

were screened based on the forward and side scatter. Particles positive for both cells and 

secretion signal were gated based on peak fluorescence height collected through a 543/22 nm 

emission filter and a 676/37 nm emission filter respectively. Two sub-populations were sorted 

for each sample: (1) particles with cells and positive secretion signal, (2) particles with cells and 

the top 20% of positive secretion signal. Collected samples were plated and expanded for >10 

days. To quantify antibody production of the isolated sub-populations, 30k cells from the 

expanded sub-populations as well as un-sorted control samples were plated into a 48-well plate. 

After cells attached the samples were washed, replaced with 400 µL of fresh media, and 

incubated for 6 hours. Supernatant was then collected, and total human IgG amount was 

measured using ELISA (IgG (Total) Human ELISA Kit, Invitrogen, BMS2091). Production rate 

was calculated based off the measured IgG concentration, incubation time, and initial number of 

cells seeded. 

3.2.14. Mouse immunization and B lymphocyte isolation and culture 

All experiments involving animals, animal cells, or tissues were performed in accordance 

with the Chancellor’s Animal Research Committee ethical guidelines at the University of 

California Los Angeles under protocol no ARC-2015-125. Ten week old C56BL/6J mice 

(Jackson Laboratory) were immunized for a total of 7 times in 28 days with recombinant 

ovalbumin (Biosearch Technologies) as a model antigen. Immunizations were made by mixing 

ovalbumin at 1 ug/uL in PBS with equal volume of Inject alum adjuvant (ThermoFisher 
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Scientific). 250 ug and 25 ug doses of ovalbumin were used initial immunization, and subsequent 

7 boosters, respectively. 4 days after final immunization, mice were euthanized with isoflurane 

overdose followed by cervical dislocation and sterilized by spraying with 70% ethanol. The skin 

was removed from the lower limbs by making an incision along from the palms to the abdomen, 

and tibia and femur of both legs were cut from hip and palms. Muscle tissue was then removed, 

and the four bones were placed in ice cold PBS while processing other mice. The bone ends were 

cut and the bone marrow was removed by flushing 10 mL of cold PBS through one end using a 

syringe connected to a 25-gauge needle. The tissue clumps were dissociated by drawing and 

flushing the solution through the needle 3 times. The isolated cells from up to 4 mice were 

pooled together, strained through a 70 µm cell strainer, and centrifuged at 300g for 10 min at 4C. 

A 108 cells/mL suspension of cells was prepared in EasySep buffer (StemCell Technologies, 

#20144), and plasma cells were isolated using a EasySep mouse CD138 positive selection kit 

(StemCell Technologies, #18957) according to the manufacturer’s protocol. The isolated cell 

suspensions were then placed on ice until use. For B cell isolation, spleen was removed, cut into 

small pieces with scissors, and pushed through a 70 µm cell strainer in a 10 cm petri dish 

containing 10 mL cold PBS, using the plunger of a 10 mL syringe. The same syringe was then 

used to dissociate tissue clumps by drawing and flushing the solution through a 25-gauge needle 

3 times. Cells were pelleted by centrifugation at 300g for 10 min and resuspended at 108 

cells/mL in EasySep buffer and B lineage cells were isolated using an EasySep mouse B cell 

negative isolation kit (StemCell Technologies, #19854). For serum, blood was collected directly 

from left ventricle via cardiac puncture immediately after euthanasia. Blood was allowed to clot 

at room temperature for 4 hours, before centrifuging at 10,000 g for 10 min to separate serum. 

3.2.15. B cell and plasma cell cultures 
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All efforts were made to use plasma and B cells fresh after isolation. Excess cells were 

frozen in FBS containing 10% DMSO at 1 million cells per mL. After thawing, cells were 

allowed to recover for one hour in media before further use. Cells were grown in RPMI, 

containing 10% FBS, 1% of each of penicillin/streptomycin, L-Glutamine, HEPES buffer, 

minimum essential medium nonessential amino acids, sodium pyruvate (ThermoFisher Scientific 

15070063, A2916801, 15630130, 11140050, 11360070), and 50 M beta mercapto-ethanol. For 

any incubation time over 1 hour, the plasma cell media was supplemented with IL-6 and APRIL 

(GenScript Z03189 and Z02969) at 50 and 100 ng/mL respectively. Isolated B cells from spleen 

of vaccinated mice were cultured at 500k cells per mL in vitro for 3 days in media supplemented 

with LPS and CpG ODN 1826 at 5 and 1 µg/µL, respectively.  

3.2.16. Plasma cell secretion assay 

To minimize manipulation of primary plasma cells in antibody secretion assays, particle 

labeling was performed prior to seeding the cells. To reduce sample loss, as mentioned above, all 

conical tubes and pipette tips were precoated with washing buffer prior to handling particle 

containing solutions. Biotinylated particles were labeled with streptavidin (Thermo Fisher, 

434302) by adding 150 ng per µL of concentrated particle solution and incubating for 10 min. 

Samples were then washed 3X with washing buffer and resuspended. Particles were then labeled 

with biotinylated anti-CD45 and biotinylated goat anti-mouse IgG H&L chain antibodies 

(Invitrogen 13045182 and SouthernBiotech 1034-08) by adding 40 ng and 60 ng of the 

respective antibodies per µL of concentrated particle solution and incubating for 30 min. After 

incubation, particles were washed and resuspended in EasySep buffer containing IL6 and 

APRIL, respectively. 9 µL of 55 µm nanovials and 85000 plasma cells were seeded into a 24-

well plate as described above and then incubated at 37°C for 1 hours to allow cells to adhere to 
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the particles. Particles were then recovered by tilting the well plate and transferring by pipetting. 

To remove unattached cells from the background, samples were strained using a 37 or 20 µm 

reversible cell strainer for 55 and 35 µm particles, respectively (STEMCELL Technologies or 

Partec North America CELLTRICS) and then particles were recovered by flipping the cell 

strainer and washing with washing buffer. After recovering, samples were concentrated by 

centrifuging particles and associated cells at 300 g for 3 min, aspirating, and then resuspending 

in 1 mL EasySep buffer containing IL6 and APRIL. After re-suspending, samples were 

compartmentalized by pipetting with oil and surfactant as described above to create dropicles. 

Samples were then incubated for 2 hours to allow cells to secrete and to facilitate capture of 

secreted antibodies onto the associated particle matrix via goat anti-mouse IgG H&L sites. After 

the incubation period, particles and associated cells were transferred back into media by breaking 

the emulsions (see live dead section). Samples were then washed, and captured secretions were 

stained with Alexa Fluor 647 conjugated ovalbumin (Invitrogen O34784) at a final concentration 

of 50 ng per µL of initial concentrated particle solution. After 30 min of staining, samples were 

washed 3X a large volume of EasySep buffer and optionally stained with propidium iodide. An 

aliquot of the sample was then either sorted using a Sony SH800 FACS system or imaged with a 

fluorescent microscope in both brightfield and fluorescence channels in a well plate for quality 

control, or analysis in MATLAB. 

3.2.17. Serum measurements, LOD and Dynamic Range Experiments 

For assessment of the dynamic range of the on-particle ELISA for antibody capture and 

detection, 2 uL aliquots of particles were used for each condition. Biotinylated particles were 

labeled with streptavidin (Thermo Fisher, 434302) by adding 150 ng per µL of concentrated 

particle solution and incubating for 10 min. Samples were then washed 3X with washing buffer 



70 
 

and resuspended. Particles were then labeled biotinylated goat anti-mouse IgG H&L antibodies 

with or without biotinylated anti-CD45 and (SouthernBiotech 1034-08, Invitrogen 13045182) by 

adding 60 ng and 40 ng of the respective antibodies per µL of concentrated particle solution and 

incubating for 30 min. After incubation, particles were washed and resuspended in washing 

buffer. Serum, media, or purified antibodies at various concentrations were added to the particles 

and incubated for 2 hours to allow antibody capture onto the particle matrix via anti-mouse IgG 

H&L sites. After the incubation period, particles were washed and captured secretions were 

stained with Alexa Fluor 647 conjugated ovalbumin (Invitroge O34784) at a final concentration 

of 50 ng per µL of initial concentrated particle solution. After 30 min of staining, samples were 

washed 5X with washing buffer. Finally particles were analyzed by Sony SH800 FACS system 

or imaged with a fluorescent microscope in both brightfield and fluorescence channels in a well 

plate. A similar assay format was also tested for ovalbumin specific antibody capture using a 

reverse ELISA setup: biotinylated ovalbumin (Nanocs OVA1BN1) as capture site on particles, 

and Alexa Fluor Plus 555 conjugated goat anti-mouse IgG H&L antibodies (Invitrogen, A32727) 

for detection, with similar moles of capture and detection molecules as the first ELISA 

configuration. 

3.3. Results 

3.3.1. Precise fabrication of suspendable microcontainers 

Our approach to screen single cells requires microparticles that are engineered with 

cavities to directly load and protect cells, functional groups to attach cells and perform chemical 

reactions, and which are engineered to be compatible with commercial flow cytometers. 

Utilizing an aqueous two-phase system combined with droplet microfluidics we fabricate 

hydrogel microparticles (nanovials) that meet these requirements at high throughputs (~1000 s-1) 
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(Figures 3-2, 3-3, 3-4).[28, 29] By tuning the fabrication parameters, we achieve highly 

monodisperse polyethylene glycol (PEG)-based nanovials with accessible internal cavities (outer 

diameter CV of 1.5%, cavity opening diameter CV of 2.1%, Figure 3-2F). Particles are easily 

modified with various cell adhesion moieties (e.g. arginine-glycine-aspartate (RGD), poly-L-

lysine). Biotin conjugated within the nanovial matrix allows for facile surface decoration with 

streptavidin (Figure 3-2G) which allows linkage with biotinylated antibodies or antigens for 

desired secretion assays. This linkage can also be used for antibodies specific to cell surface 

proteins (e.g. CD45 and CD19) for cell binding. We fabricate monodisperse nanovials to achieve 

a range of mean diameters (Figure 3-4) from 35 to 105 µm which are compatible with a range of 

cell types and common lab instruments FACS instruments (Figure 3-4). The morphology of the 

cavity and relative size can be adjusted by tuning the concentration of components in the particle 

precursor solutions (Figure 3-3). Importantly, this fabrication step is the only part of the process 

that requires use of a specialized microfluidic device and is completely separate from the assays 

themselves.  All parts of the single cell assay workflows are performed directly with 

prefabricated nanovials and standard lab equipment. This is a critical feature of our platform as it 

enables the more complex microfluidic/particle fabrication work to be centralized and performed 

in advance.  

3.3.2. Nanovials as modular single-cell carriers 

Loading of cells into the cavities of the nanovials utilizes simple pipetting steps followed 

by incubation to allow cell binding. Nanovials can be first loaded into a standard well plate by 

pipetting and due to their unique morphology settle with their cavities mostly upright , forming a 

monolayer of particles with exposed cavities at the bottom of the well (Figure 3-2H, 3-5).[30]  
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Figure 3-2 Nanovial formed via aqueous two-phase system combined with droplet microfluidics. 

(A) A solution comprised of UV reactive PEG and photoinitiator is co-flowed with a solution containing 

dextran, dithiol crosslinkers, and RGD peptides in a microfluidic droplet generator. (B) A third solution 

of oil and surfactant is injected into the device to generate water-in-oil droplets at a rate of ~1000 Hz. (C) 

Downstream on the device PEG and dextran undergo phase separation resulting in two distinct regions in 

the droplet. The droplets are exposed with UV light at the end of the device to crosslink the PEG rich 

portion of the droplet, while the dextran rich region remains as a liquid. (D) The resulting microparticles 

are then collected, washed to remove oil and dextran, and stored for later use. (E) Photograph of a 15 mL 

conical tube with 10 million drop-carrier particles fabricated in ~3 hours. (F) Nanovials fabricated using 

this approach are highly monodisperse with outer diameter CV of 1.5% and cavity opening diameter CV 

of 2.1% (n = 409). Particle uniformity was calculated by analyzing fluorescence microscopy images using 

a custom image analysis algorithm in MATLAB. (G) Fluorescence microscopy image of biotinylated 

drop-carrier particles stained with Alexa Fluor 568 Streptavidin (AF568-SA). A large fraction of the 

seeded particles settles with their cavities exposed upright. (H) Nanovial cavity morphology and upright 

orientation was confirmed using confocal microscopy. Microscopy images in B, C, and D have overlayed 

color to aid in visualization. 
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Figure 3-3 Morphology is tuned by adjusting the concentration of PEG and dextran in the droplets.  

(A) The morphology of nanovials is dictated by a balance of interfacial tensions (𝛾) between the different 

phases. 𝛾௉ாீ/ை௜௟ and 𝛾஽ா௑/௢௜௟  are expected to vary minimally, the balance of interfacial tensions and the 

resulting morphology is expected to be dictated mostly by a change in 𝛾௉ாீ/஽ா௑ . (B) Experimentally 

determined phase diagram of 4-Arm PEG Norbornene, and dextran. At very low concentrations phase 

separation does not occur resulting in a spherical particle (i). As the total concentration of PEG and dextran 

is increased above the binodal line, phase separation occurs enabling fabrication of cavity-containing 

microparticles. (I) The relative opening diameter of the particle cavity is increased by increasing the total 

polymer concentration and thus 𝛾௉ாீ/஽ா௑   resulting in relative opening size of 48 – 63% of the outer 

diameter. (II) By adjusting the concentration ratio of dextran and PEG, particles can be fabricated with 

different relative cavity sizes. Here the relative cavity diameter is from 34 – 76% the outer diameter Particles 

fabricated using a PEG concentration of 13% and dextran concentration of 5% (denoted by *) were found 

to have high structural integrity while maintaining a relatively large cavity opening to enable efficient cell 

loading. This condition was used for all other experiments in this work. 
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Figure 3-4 Compatibility of a range of nanovial sizes with different cell types and instruments. 

Nanovials with high uniformity were fabricated with mean outer diameters ranging from 35 to 105 µm 

and respective mean cavity diameters of 20 to 62 µm. Smaller nanovials are more compatible with 

standard flow cytometers which are more accessible and allow higher throughputs, but are limited to 

smaller cell types. Larger nanovials are compatible with larger cells and cell colonies/clusters, but have 

fewer commercially available flow sorters. Notably all sizes are compatible with microscopy imaging, 

pipettes and liquid handlers. Cell labels in blue identify cells that were demonstrated in this work. Scale = 

100 µm. 
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Figure 3-5 Time-lapse images of nanovials seeded into a well plate. 

To prepare nanovials for cell seeding they are pipetted into a well plate by dispensing liquid up and down 

in circular motions. Due to the unique morphology of the nanovials they tend to settle with their cavities 

oriented upright and displace adjacent nanovials aside to form a monolayer. 
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Cells are then seeded over the particles and settle with a sizeable fraction coming to rest in the 

particle cavities (Figure 3-6). It was noted that this seeding approach led to cell occupancies that 

closely followed Poisson statistics (Figure 3-6D), as is expected for loading of single cells into 

microfluidically-generated droplets.[31, 32] By controlling the cell seeding density, we can 

control occupancy such that most particles have either 0 or 1 cells associated with them.  

Following seeding, cells are bound to the nanovials through a variety of cell-surface interactions, 

depending on the cell type of interest. Adherent producer cell lines used for the production of 

mAbs and other biologics can be adhered through cell surface interactions with RGD, a well-

known cell-binding motif present in fibronectin. CHO DP12 and HEK293 cells adhered (Figure 

3-6B,C) and maintained high levels of single cells within cavities following vigorous wash steps. 

Suspension-adapted cell lines, like ExpiCHO cells, did not adhere well to RGD alone. However, 

increased adhesion similar to other cell lines was achieved by modifying particles to also contain 

poly-L-lysine (PLL) (Figure 3-6B). For other primary suspension cell populations, such as B 

cells, we found that antibodies against cell surface proteins led to optimum adhesion in nanovial 

cavities even after vigorous washing and sorting. Antibodies against CD45, CD19 and their 

combination all yielded high levels of B cell adhesion and maintenance that followed Poisson 

loading statistics (Figure 3-6C). 

3.3.3. Sealing of nanovials using biocompatible oil and surfactants to prevent cross-talk 

By exploiting the structure of the nanovials, uniform droplets are formed around the 

particles via simple pipetting steps with oil and surfactant to seal them and prevent cross-talk 

between samples (Figure 3-7). An aqueous solution of nanovials is first concentrated in a conical 

or microcentrifuge tube by centrifuging and aspirating the supernatant.  
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Figure 3-6 Loading and binding of single cells into nanovials. 

(A) Particles are loaded into wells and settle with their cavities oriented upright due to their asymmetric 

center of mass. Cells are then seeded into the open cavities and attaching using various binding moities. 

Unbound cells are washed away using a reversible cell strainer and recovered particles and associated 

cells are analyzed. (B) Example microscopy images of fluorescently tagged cells bound to nanovials. (C) 

Comparison of cell binding is plotted below for different cell types and binding moieties. Adherent 

producer cells such as CHO DP12 (Blue) and HEK293 cells (magenta) bound to particle cavities through 

integrin binding sites (RGD peptide) linked to the particle matrix. Cell retention for suspension adapted 

ExpiCHO (green) was increased by introduction of positively charged poly-L-lysine (PLL). Inclusion of 

surface marker specific antibodies on the nanovial surface increased retention of B-Cells (red). (D) 

Loading of cells into nanovial cavities follows Poisson statistics. Error bars represent SD of n = 3 samples 

for loading distribution. 
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Figure 3-7 Massively parallel device-free formation of uniform droplets. 

(A)  Biocompatible oil and surfactant are added to a tube containing concentrated particles. The suspension 

is pipetted vigorously for 1 minute to generate smaller and smaller emulsions. (B) Microscopy images of 

the emulsion shows a uniform population of droplets containing particles and smaller background satellite 

droplets. (C) Histograms of dropicle diameter for different nanovial sizes. Nanovial containing droplets are 

highly-uniform and comparable to advanced microfluidic techniques (CV<5%). (D) For both nanovial sizes 

nearly all droplets formed have either 0 or 1 particle encapsulated, with only a small fraction (<1%) 

containing 2 or more particles per droplet. Scale bars, 500 µm. 
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A layer of biocompatible oil with surfactant is added and the suspension is then pipetted 

vigorously for 1 min to create smaller and smaller water-in-oil droplets. Eventually the droplet 

size is maintained by the outer periphery of the microparticle and we find that, in agreement with 

minimal energy considerations (Figure 3-8),[33] uniform volumes of fluid remain stably trapped 

within the cavity by the hydrophilic particle. Any excess fluid in the suspension is partitioned 

into much smaller satellite droplets (Figure 3-7B). The resulting emulsion shows two unique 

distributions; (1) small non- uniform satellite droplets and (2) monodisperse droplets each 

templated by single nanovials (Dropicles) (Figure 3-7C). The compartmentalization process was 

tested over a range of nanovial sizes (35-85 µm diameters). For larger particles it was found that 

uniform emulsions (CV = 4%) could be formed with minimal aggregates (<1%, Figure 3-7D) 

from the concentrated nanovials directly.  

Spherical gel particles have previously been used to template emulsions,[26, 27] 

however, the lack of a cavity precluded use with mammalian cells, and no secretion assays or 

compatibility with flow cytometry were demonstrated. We have also previously used 

amphiphilic cavity-containing particles to form uniform emulsions and perform molecular and 

cellular assays,[23-25] however, these previous systems were not compatible with commercial 

flow cytometers due to their hydrophobic components.  

 Importantly nanovials can be recovered from the oil while still retaining functional cells. 

To recover nanovials a biocompatible destabilizing agent is used to coalesce the droplets 

together. Live/dead analysis of CHO cells following encapsulation and subsequent emulsion 

breaking shows high viability over a 24-hour period (>80%) indicating that the workflow is 

biocompatible (Figure 3-9A,B). 
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Figure 3-8 Energy minimization theory supports monodisperse dropicle formation. 

(A) Simulated volume-energy (V-E) curves show that droplets formed with nanovials (dropicles) have a 

minimal energy configuration when the size of the droplet surrounding it approaches the size of the nanovial. 

Here the system energy and volume are normalized by the minimum energy values (E0 and V0, 

respectively). A free droplet of the same outer diameter follows along the same energy curve until the 

minimal energy point. As energy is added to the system (e.g. by shearing with a pipette) excess fluid is shed 

from the nanovial (iii), until the minimal energy volume is reached (ii). Lower volumes could only be 

achieved by drying out excess fluid via evaporation (i). (B) On the basis of the V-E curve in (A), splitting 

of a drop containing two nanovials is theoretically expected to depend on the total fluid volume. At volumes 

below twice V0 nanovials are expected to remain as aggregates. At slightly larger volumes if enough energy 

is added volume is expected to split evenly based on energy minimalization theory. At larger volumes the 

fluid is expected to distribute asymmetrically between nanovials; one with a smaller volume approaching 

V0 and one with the remainder of the fluid. The nanovial with the larger volume may undergo additional 

volume reduction via shearing until reaching V0.  
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Figure 3-9 Characterization of cell viability and growth after dropicle formation and release. 

(A) Brightfield and fluorescence microscopy image of cells encapsulated in dropicles. Biotinylated drop-

carrier particles are stained with Alexa Fluor 568 streptavidin and cells are stained with calcein AM. (B) 

Cells maintained high viability after dropicle formation and release. Viability was assessed by staining 

with calcein AM and propidium iodide after recovering particles and cells from droplets. Live/dead assay 

was performed with a minimum of n =3  samples, cell number > 1000 per condition. (C) Cells initially 

remain in the drop-carrier particle cavities after releasing them. Colonies derived from single cells remain 

in the particle cavities during initial expansion. (D) After significant accumulation of cells in the cavities, 

cells begin to spread to the outside of the cavities and onto the well plate surface. (E) Cell growth in drop-

carrier particles post dropicle release is comparable to cell growth on standard well plates (control) (n = 

3). Growth is characterized by fold change in cell number over a 24 hr period as characterized by 

counting cell number using CellTracker staining. 
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Further, we observe similar growth rates from cells expanded after dropicle release in 

comparison to cells seeded directly into a well plate. (Figure 3-9C,D). After washing and 

emulsification steps very few cells are found bound to the external region of the nanovials 

suggesting that the cavity potentially protects cells from shear forces during processing.  

3.3.4. Single cell secretion analysis and sorting using nanovials 

Using the nanovial platform we demonstrate a device free workflow to perform single-

cell secretion assays with minimal crosstalk (Figure 3-10). Given the importance of selecting 

high antibody titer cell lines for therapeutic production,[34] we chose a Chinese hamster ovary 

(CHO) cell line that produces human IgG targeting interleukin 8 (IL-8) as our model system. 

Cells are first loaded into the microparticle cavities and adhere via integrin binding sites as 

previously described. After initial cell seeding, particles and associated cells are collected and 

washed to remove background secretions. Particles are then coated with anti-human IgG Fc 

antibodies by binding to biotin groups linked to the particle matrix. Following this step, the 

nanovials and associated cells are rapidly compartmentalized in less than 1 minute by pipetting 

with oil and surfactants. The compartmentalized CHO cells are then incubated, and the secreted 

antibodies are captured onto the associated particle matrix. After incubation, the emulsions are 

broken and the nanovials with attached cells and secretions are collected and washed. The 

nanovials with the associated cells and secretions are then labeled with secondary fluorescent 

antibodies targeting the secreted anti-IL-8 antibodies. Using fluorescence microscopy, we 

confirmed retention of cells and associated secretion signal on the particle surface after 

recovering out of oil into an aqueous phase (Figure 3-1C).  

Because of the heterogeneity across cell populations, preventing secretion cross-talk 

between particles is critical to enabling quantitative analysis and sorting.   
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(A-B) Characterization of cross-talk when performing a secretion assay with human IgG producing CHO 

cells with and without an encapsulation step. (A) Significant crosstalk is observed when cells and 

particles are left in an aqueous phase during secretion incubation. (B) Minimal cross-talk is observed 

when cells and associated particles are encapsulated in oil during the secretion incubation step. 

Thresholds in both (A) and (B) are set at 3 standard deviations above empty particle signal for the 

encapsulation condition. (C) Measured secretion signal increases with incubation time due to 

accumulation of more molecules. As the secretion incubation time is increased, the distribution in 

measured secretions increases as expected. (D) Averaged secretion measurements across the producing 

population shows signal increasing proportionally with time across 3 separate samples. (E) A secretion 

assay was performed on a mixture of human IgG producing CHO cells (magenta) spiked into a non-

producing CHO cell population (blue). Samples were sorted based on positive IgG signal using FACS 

and imaged using fluorescent microscopy to determine purity and enrichment ratio. (F) Spiked target cells 

were successfully isolated across a range of dilutions (1:5 – 1:1000) at purity up to 99% and nearly 1000-

fold enrichment. 100,000 single cells were sorted during the enrichment study. 

  

Figure 3-10 Analysis of single cell secretions using dropicles. 
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Rapid encapsulation is key to preventing crosstalk of secretions as demonstrated by a side-by-

side comparison of the secretion assay with and without the oil encapsulation step (Figure 3-10 

A-B). When secretions are captured on particles without the encapsulation step, particles without 

associated cells show high secretion signals indicating significant crosstalk (8.2% of empty 

particles have signal above threshold) (Figure 3-10A). Conversely, with the oil encapsulation 

step there are two visibly distinguishable populations, nanovials with and without secreting cells, 

and only 1% of nanovials without cells have signal above the cut off threshold (Figure 3-10B).  

Minimizing the fraction of false positives is particularly critical when secretions can spill over 

into neighboring nanovials containing non-secreting cells that would contaminate downstream 

cultures or sequencing assays.  

We observe an increase in mean accumulated fluorescence signal on the 85 µm diameter 

particles that trends, as expected, with increasing incubation time and corresponding antibody 

production (Figure 3-10C,D). Using fluorescence microscopy, we are able to measure significant 

signal over background (3 standard deviations) after 1 hour of incubation.   Interestingly, we note 

across all incubation times that there are a sizeable population of cells (~25%) that have no 

measurable secretion signal (Figure 3-10C). Viability analysis of this population revealed that 

>50% of these cells were still alive indicating that the lack of signal is likely due to a fraction of 

the cell population no longer expressing the antibody production gene or secreting the produced 

antibodies.  

To further validate the capability of the system to identify rare subpopulations based on 

secretions, a FACS enrichment experiment was performed. We performed secretion-based 

sorting with a mixed population of the anti-IL-8 producing CHO cells and non-producing CHO 

cells each labeled with a separate Cell TrackerTM dye (Figure 3-10E). After the secretion assay 
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and prior to sorting, fluorescence imaging of the stained 85 µm diameter particles shows 

increased signal on particles containing the antibody-secreting cells of interest compared to those 

containing non-secreting cells (Figure 3-10D). This further demonstrates the lack of cross-talk in 

our system as well as the specificity of the labels only to the secretions of interest. The particles 

with associated cells and secretions were then sorted based on the labeled secretion intensity 

(Figure 3-10d). Downstream analysis shows effective isolation of the sub-population of interest 

with high-purity (85-99%) (Figure 3-10F) over a range of target cell dilutions. In the most dilute 

case (1:1000) an enrichment ratio of 850X was achieved indicating the capability to isolate rare 

target cell events. Cells isolated using this approach can be expanded directly from the particle 

matrix enabling a streamlined workflow with minimization of trypsinization steps (Figure 3-

9C,D).     

3.3.5. Viable enrichment of high-titer subpopulations using FACS 

Sorted cells maintain the ability to produce antibodies at levels correlating with the mean 

intensity of initial secreted signal. In a separate set of experiments with 85 µm nanovials, we 

performed a secretion assay on human anti-IL8 producing CHO cells and selected out sub-

populations based on level of secretion signal using FACS (Figure 3-11). Cells secreting 

antibodies were sorted in high-throughput (>200 events/s) by gating off both the fluorescently 

labeled secretion channel as well as CellTrackerTM dye (Figure 3-11A, Figure 3-12). For each 

separate passage of cells analyzed (n = 4) we sorted two sub-populations: (1) all particles with 

cells and detectable secretion signal above background and (2) particles with cells and the top 

20% of antibody secretion signal. Microscopy images of the sorted nanovials and associated cells 

show successful isolation of secreting cells with signal proportional to their respective FACS 

gating (Figure 3-11B).  
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Figure 3-11 Selection of high secreting cell sub-populations using FACS. 

(A) The secreting population of cells were gated and sorted based on IgG secretion signal and CellTracker 

(CT) labelling. Both cells with any secretion signal disparate from background as well as the top 20% of 

secretors were separately sorted. (B) Microscopy images before and after sorting show enrichment of 

secreting cells with fluorescence intensity proportional to the selection criteria. (C) Example images of 

cells expanded out of nanovials after encapsulation and release. (D) After expanding isolated cells for 10 

days, bulk ELISA was performed to determine the production rate for the different sub-populations.  Full 

experiment was performed with separate cell passages (n = 4). Error bars represent s.d. 
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Figure 3-12 Detailed overview of high IgG producer enrichment workflow. 

RGD coated nanovials are first seeded into a well plate and settle with cavities exposed upright. CHO 

cells are then seeded into the exposed cavities and incubated to allow attachment via integrin binding. 

Nanovials and attached cells are recovered by pipetting and transferred into a centrifuge or conical tube. 

Nanovials are then modified sequentially with streptavidin and biotinylated anti-IgG antibodies. The 

nanovials are then emulsified to prevent crosstalk and incubated in a CO2 incubator and accumulated 

secreted antibodies from cells. Nanovials, cells, and associated secretions are transferred back into water 

phase, labeled with fluorescent secondaries and analyzed with flow to measure amount of secreted 

product. The higher producing cells, as measured by fluorescence are sorted out and expanded in a well 

plate for downstream productivity assessment. The full secretion assay workflow is completed in a single 

day and cells are expanded for a week after enrichment for downstream assessment via bulk well plate 

ELISA. 
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The sorted sub-populations were seeded into a 96-well plate and expanded out of the particles 

over the course of ~10 days (Figure 3-11C). Samples were then plated at the same cell density 

and bulk antibody production of the different subpopulations was measured by ELISA and 

compared with non-sorted control samples.  We observed a 26% increase in total IgG production 

for the sorted sub-population 1 (all secreting cells) in comparison to the pre-sort control 

population (Figure 3-11D). This increase is most likely due to the removal of cells that are no 

longer secreting IgG following the sort, which was measured to be ~25% based on microscopy 

analysis (Figure 3-10C) as well as flow analysis (Figure 3-11A). For sorted sub-population 2 (the 

top 20% of secretors) we measured an average increase of 41% in total IgG production (n =4) 

with a maximum increase among the samples of 58% (Figure 3-11D), indicating the capability of 

the platform to select out functionally higher producing sub-populations that maintain the 

phenotype for at least 10 days.  

3.3.6. Isolation of Antigen Specific IgG Secreting Cells 

In a final application, we tested the feasibility of using our nanovial platform to screen 

and isolate antigen-specific antibody producing cell clones out of a background of similar, non-

specific, antibody producers (Figure 3-13). Rather than selecting simply for high secretion rates, 

this type of assay replicates strategies taken for antibody discovery using our nanovial secretion 

screen. HyHel-5 hybridoma cells secreting anti-hen egg lysozyme (anti-HEL) antibodies (IgG1) 

were used as our target cell population and were diluted into a background of similar, 

CellTrackerTM Blue (CTB) labeled, 9E10 hybridoma cells producing anti-myc antibodies (IgG1).  
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Figure 3-13 Detection and sorting of antigen-specific antibody secreting cells. 

(A) Hybridomas or B cells loaded into nanovials secrete antibodies which are captured via biotinylated 

antibodies and subsequently labeled with fluorescent antigen to assess specificity of the secreted IgG. (B) 

Fluorescence microscopy images reveal specific signal from binding to AlexaFluorTM 647 conjugated hen 

egg lysozyme (HEL-647) on nanovials containing a hybridoma line (HyHEL-5) secreting IgG HEL while 

a cell line (9E10) secreting an off-target IgG results in no signal. (C) HyHel-5 hybridomas spiked into 

9E10 hybridomas (CellTrackerTM Blue) were assayed by fluorescence microscopy for HEL-specific 

signal before and after FACS sorting. (D) Sorted single hybridomas loaded onto nanovials can be (i) 

reverse transcribed and amplified from single cells loaded on nanovials, (ii) or expanded into a clonal 

colony directly from the nanovials following sorting. (E) Antibody-secreting B cells from OVA-

immunized mice are assayed for antigen specificity using nanovials. OVA-specific signal is observed 

directly on the nanovials by fluorescence microscopy down to 20,000X dilution of serum from OVA-

immunized mice but not control mice. Splenocytes loaded on nanovials were observed to have both cell 

surface signal and OVA-specific signal by fluorescence microscopy. Following FACS sorting, OVA-

specific antibody-secreting cells were successfully imaged possessing minimal cell surface staining with 

OVA, along with some cells staining strongly but possessing no OVA-specific secreted antibody signal. 
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Mixed populations of HyHel-5 and 9E10 hybridoma cells were loaded and bound to 

nanovials using anti-CD45 cell capture antibodies as described previously, and all antibodies 

secreted from both cell types were captured non-specifically onto the nanovial surfaces using 

biotinylated secretion capture antibodies targeting mouse IgG heavy and light chains (Figure 3- 

13A). Following incubation to capture secreted IgG, we labeled particles with fluorescently 

conjugated HEL antigen (HEL-647), revealing the presence of only the antigen-specific antibody 

secretions (Figure 3-13A). When assaying mixed hybridoma populations, this assay format 

yielded strong and specific signal with over 80% of nanovials containing HyHel-5 hybridoma 

cells staining positively for antigen specific secretion after one hour, while no detectable signal 

was present on nanovials containing 9E10 cells (Figure 3-13B). The top 0.18% of the nanovial 

population was sorted based off of their high HEL fluorescence area. 

Subsequent microscopic analysis confirmed highly enriched populations of strongly 

labeled HEL-647+/CTB- cell-loaded nanovials in the post-sort population (>90% purity), 

confirming that the entire analysis and sorting workflow was compatible with antigen-specific 

antibody detection produced by suspension cell types (Figure 3-13C). In addition to bulk 

recovery of enriched cell samples producing antigen-specific antibodies, we recovered single 

hybridoma-loaded nanovials directly into individual wells of a 96-well plate for downstream 

sequence recovery and re-growth (Figure 3-13D). We were able to lyse individual cells loaded 

on nanovials that were deposited into wells and amplify antibody sequence information through 

standard single-cell RT-PCR (Figure 3-13D), indicating that nanovial materials do not interfere 

with the RT-PCR chemistry. We were also able to sort single hybridoma clones loaded on 

nanovials into individual wells, culture and expand them into clonal sub-populations (Figure 3-

13D).  
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The antigen binding assay was also extended to a second antigen and to primary B cells 

from ovalbumin (OVA) immunized mice. We first confirmed that OVA immunized mice 

produced IgG that were OVA-specific by incubating nanovials in serum from either immunized 

or control mice. Anti-IgG coated particles incubated in serum of immunized mice and exposed to 

fluorescent OVA yielded differentiable fluorescence signal down to a 20,000X serum dilution, 

whereas no detectable signal was generated from control serum at any concentration (Figure 3-

13E). We then loaded and sorted ovalbumin (OVA)-specific antibody-secreting CD138+ 

splenocytes (Figure 3-13E). 

A subset of the analyzed and sorted cells were associated with strong OVA-specific 

signal on the nanovials reflecting secreted antibodies but little to no surface stain (Figure 3-13E), 

suggesting we isolated plasma B cells which lack high levels of the B cell receptor (BCR) 

expressed on the cell surface. Another subset of the CD138+ splenocytes acquired strong surface 

fluorescence after exposure to fluorescent antigen but did not secrete detectable levels onto the 

nanovial surface, suggesting direct binding to BCRs, or non-specific binding to membrane 

compromised cells. A third population of cells had both surface BCR staining and staining on the 

nanovial surfaces reflecting secreted antibodies. The top ~2% of nanovials with the highest OVA 

staining were sorted by FACS and visualized, yielding the same mixture of cell types that likely 

reflects the ability to isolate a larger repertoire of B cell populations, including plasma B cells 

difficult to isolate with standard antigen baiting workflows.  

3.4. Discussion 

The dropicle platform provides specific advantages in sorting cells based on secretions, 

but also lays the foundation for the next generation of microfluidic assays on single cells and 

molecules without new instruments. We show that two key features of the dropicle platform 
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allow for widely accessible analysis and sorting of cells based on secretions: (i) the ability to 

form uniform compartments containing single cells in small volumes with minimal crosstalk 

using simple pipetting and no devices, and (ii) the compatibility of the nanovials with 

commercially available flow sorters such that viable cells can be sorted based on their associated 

secretions. Nanovials allow for seeding of cells into their open cavities and emulsification to 

form hundreds of thousands to millions of dropicles all in parallel using simple pipetting 

operations. Parallel encapsulation in < 1 min is an important differentiator from microfluidic 

techniques which often require tens of minutes to several hours to sequentially form droplets 

while cells remain mixed and secreting in the input sample volume.[35] Rapid emulsification 

minimizes cross-talk from cells secreting into the mixed input sample volume during the time 

over which secreting cells are encapsulated which is critical for enabling screening of large cell 

populations. Dropicle emulsification and analysis steps can also be more easily performed in a 

sterile environment (e.g. biosafety hood) using standard sterile plasticware (e.g. well plates, 

pipette tips), as opposed to bulkier equipment. Although microfluidics is used to manufacture the 

nanovials, the particles can be easily produced in batch (>10 million drop-carrier particles per 

batch, Figure 3-1) and provided to other labs who do not have expertise in microfluidics.  

Shipping of particles is significantly more cost-effective and rapid than replicating microfluidic 

setups for generation and sorting of droplets. Further, the amount of additional expertise required 

to use the nanovial system is substantially lower than microfluidic based approaches due to the 

familiar handling steps. Collaborators across the globe have been able to perform nanovial assays 

without any hands-on training.   

The nanovial system is also compatible with commercial flow cytometers enabling 

screening across the experiments described in this report at rates of >1000 events/second. This 
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throughput is comparable to state-of-the-art microfluidic approaches and by further optimizing 

the loading of cells into the particles as well using higher-throughput FACS machines this 

throughput could exceed 10 million cells per day.  Besides increasing availability to labs without 

expertise in microfluidics or specialized commercial instruments, there are some unique 

advantages of this new approach for encapsulation of mammalian cells. 

The structure and surface of the drop-carrier particles provide unique capabilities for 

tuning the number and type of captured cells, analysis of adherent cell secretions, and analysis 

and sorting of clonal colonies. The size and opening diameter of the cavity within a drop-carrier 

particle can be tuned (Figure 3-3), potentially enabling deterministic loading of single cells based 

on size exclusion effects. This could enable more rapid screening because cell loading rates may 

not be limited by Poisson statistics. Besides structural changes to the particles, the surface of 

particles can also be functionalized with affinity agents that specifically enrich certain 

populations of cells, such as antibodies to CD3 that enrich T cells from a mixed population. The 

surface of the particle also enables the attachment and growth of adherent cell populations, such 

as the CHO cells used herein. Analysis of secretions from adherent cells can be challenging with 

other microfluidic techniques which require cells to be in suspension to flow into devices and 

sort afterwards. Adherent cells begin to undergo apoptosis when remaining in suspension and it 

is expected that secretion rates of biomolecules would change in this condition.[36] The inability 

to perform these assays has led to a dearth of information on the secretion phenotypes and 

heterogeneity of adherent cells with important secretion products in health and disease, such as 

mesenchymal stem cells, glandular epithelial cells, endothelial cells, glial cells, and even 

adherent bacterial biofilms. Further, in the dropicle system, when single cells are initially seeded 

onto particles they adhere and grow without nutrient limitations. The clonal colonies can then be 
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encapsulated to form dropicles, enabling high-throughput screening based on the combination of 

growth and per cell secretion (i.e. overall biomass produced per unit time), potentially 

overcoming previous challenges in cell line selection in which growth and biologic production 

can be in a trade-off relation.[12]  

Sorting based on secretions extends beyond selection of high antibody-titer cell lines to 

many applications of importance in life sciences and biotechnology. Discovering high affinity 

mAb therapeutics relies on the selection of B and plasma cells producing antibodies with high 

affinity amongst a large background.[6] The activity of immune cells is largely connected to 

their secretion profiles, which direct communication and effector functions and can be better 

studied by sorting out specific sub-populations for further functional testing in vivo or in vitro. 

The effectiveness of chimeric antigen receptor-T cell batches also appears to depend on a 

multifunctional secretion of cytokines, such that sorting populations based on secretion profiles 

may enhance therapeutic activity.[37, 38] Finally, processes of directed evolution of cell 

products and cells themselves can benefit from larger numbers of clones being screened, 

mutagenized, and expanded across multiple cycles using an efficient process relying on standard 

equipment and expertise.[39]  

More broadly, our new approach to encapsulate single entities into uniform 

compartments with a solid phase can enable a centralized “lab on a particle” platform for a 

number of single-cell and single-molecule assays. Encapsulation is a key component for single-

cell nucleic acid sequencing. Clonal colonies of bacteria, yeast, or algae producing engineered 

proteins (e.g. fluorescent proteins) can also be maintained in dropicles and sorted based on 

desirable features (e.g. intensity at particular excitation/emission wavelengths). Moving beyond 

cells, the compartments formed can enable digital nucleic acid amplification assays and 
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immunoassays, where the solid phase provides potential for barcoding and capturing of 

amplified assay signals. Given the ability to rapidly deploy our approach with established lab 

infrastructure we anticipate widespread applications of lab on a particle technology across a 

range of these single cell and single molecule assays in the near future. Rapid deployment across 

the world is of particular importance during emerging pandemics, enabling collective distributed 

research and development, and removing the bottlenecks of only a few skilled groups being able 

to contribute to key points in therapeutic and diagnostic pipelines. 
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Chapter 4. Assessment of dropicle compatibility across commercially 

available flow cytometers 

4.1. Introduction 

The ability to precisely manipulate and partition individual cells within miniaturized fluid 

volumes has expanded biological discovery to encompass the heterogeneity across cell 

populations[1-3]. Traditional workflows focused on measuring bulk properties of interest from 

populations of cells have given way to novel microfluidic technologies enabling the parallelized 

assessment of these same features from each cell in a population simultaneously. Cursory 

insights gleaned from population averages are now being refined with a tremendous amount of 

single cell multi-omics data, fostering nuanced understandings of phenotypic heterogeneity and 

population dynamics[4]. Early-stage adoption of these novel single cell functional screens have 

already proved critical across all stages of modern drug development, from antibody 

discovery[5-7] to cell line development[8, 9]. Unfortunately, even with the technical progress 

that has been achieved, single-cell screening capabilities are often limited in scale and restricted 

to researchers who have the capability to implement complex microfluidic tools or have access to 

a few high-priced commercial platforms.  

Researchers have developed techniques to address some of the challenges related to 

access and throughput by leveraging common flow cytometers for downstream analysis and 

sorting, instead of specialized instruments. For example, hybrid techniques using microfluidics to 

encapsulate cells within hydrogel particles[10-14], double emulsions[15-17], or hollow particle 

shells[18] have been developed to create small single-cell containers that can be analyzed and 

sorted with standard fluorescent activated cell sorters (FACS). Still, widespread adoption of 



101 
 

these approaches is limited due to the significant expertise and specialized equipment required 

for the upstream formation of compartments using microfluidic devices, and limited capability to 

perform standard laboratory operations such as washing and reagent exchange once 

compartments have been formed. Further, the serial nature of forming compartments with these 

approaches limit potential throughput of the systems.  

Similarly, continued miniaturization of standard micro-titer plates, have significantly 

enhanced our ability to screen individual cells in parallel. However, the advantages gained from 

enabling direct scale down of common assay protocols utilized in more highly parallelized 

micro-titer plate formats are offset by the need to use liquid handlers and other automated 

robotics to accurately interface with the miniaturized well designs, significantly increasing assay 

costs and limiting throughputs. Additionally, there is a fundamental limit on the volume of these 

compartments as interfacial tension effects dominate at lower scales making it difficult to 

accurately perform liquid handling operations. To unlock the potential of single cell screening 

workflows, new technologies that extend compartmentalization to single-cell compatible 

volumes must be designed and standardized to work fully with existing infrastructure and 

common laboratory operations.  

Recently our group has reported on novel “lab on a particle” technologies that enable 

users to perform the same fundamental operations as in microtiter plates, but at orders of 

magnitude higher throughputs and at volumes on the scale of individual cells.[19-21] These 

particle based platforms are unique in that they can be manufactured at scale in centralized 

locations and distributed to end users to perform assays utilizing existing lab infrastructure. We 

first applied the platform for screening and sorting individual cells based on their secreted 

products in high-throughput.[21]  Our hydrogel nanovial technology acts as suspendable sub-
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nanoliter containers that can be functionalized with chemical moieties to promote cell binding 

and growth (Figure 4-1). Fluids are easily exchanged around the nanovials by simple pipetting 

and centrifugation steps enabling exposure to different chemical stimuli or staining reagents. The 

cavity of the nanovials can be sealed in parallel through emulsification with biocompatible oils 

preventing molecular crosstalk between compartments. Like a well-plate bottom, the hydrogel 

surfaces of nanovials can act as a substrate for performing biomolecular assays such as sandwich 

immuno-assays. Importantly, the emulsification process is reversible allowing for viable 

recovery of cells, staining, and analysis or sorting using FACS.  

Because traditional FACS systems were designed to analyze and sort lymphocytes, and 

our nanovials are larger and possess a unique morphology when compared to typical mammalian 

cells, it is important to identify the operational parameters that yield the best performance with 

nanovials across a range of FACS instruments. In this work we perform a comprehensive 

characterization of the conditions suitable to analyze and sort nanovials with three different 

commercial FACS instruments. 

In particular, we characterized (1) the limit of detection (LOD) and dynamic range for 

measuring fluorescent protein binding to nanovials, (2) the sorting settings that led to optimal 

purity and efficiency, and (3) the ability to enrich cell-containing nanovials using scatter signals. 

To understand the limit of detection and dynamic range of affinity assays on nanovials we 

performed a dilution sweep using fluorescent streptavidin with biotinylated nanovials and 

compared with microscopy measurements. Using FACS we found that nanovials could bind ~108 

fluorescent molecules and had detectable concentrations down to ~104 molecules, an order of 

magnitude improved over fluorescence microscopy measurements with a cooled, low dark noise, 

CMOS camera.  
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Figure 4-1 Nanovials: Sub-nanoliter containers for single cell analysis and sorting.   

(A) Overview of the key features of the nanovial platform. (i) Cavity-containing hydrogel microparticles 

(nanovials) can be modified with various binding moieties to directly facilitate the adhesion and growth 

of loaded cells. (ii) Reagents can be easily exchanged around cells contained in the nanovials using 

simple pipetting and centrifugation steps. (iii) Nanovials can be sealed to create uniform sub-nanoliter 

compartments by emulsifying with biocompatible oil and surfactants using a pipette or through vortexing. 

Nanovials can be un-sealed to perform downstream processes using a destabilizing agent to coalesce 

emulsions. (iv) The surface of nanovials can be used for capturing molecules of interest such as secreted 

proteins. (v) Nanovials can be sized to be compatible with commercial flow cytometers and FACS 

machines for high-throughput analysis and sorting. (B) Example flow cytometry scatter plot for a sample 

of nanovials loaded with B lymphocytes. Highlighted region corresponds to cell-loaded nanovials shown 

in the bright field and fluorescence images below. 
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For each instrument we also systematically adjusted the sorting parameters such as drop delay, 

sort masks, and sample buffers to identify the optimal conditions for sorting different size ranges 

of nanovials. We identified conditions that enabled sorting purities as high as 99% and sort 

recovery efficiencies >90%. Nanovials are unique in that they are transparent and scatter only 

weakly due to their hydrogel composition and small index of refraction difference compared 

with surrounding medium. By exploiting this property, we demonstrate that a scatter signal alone 

can be used to identify cell-containing nanovials from a background of empty nanovials and free 

cells. We further demonstrate the ability to enrich these populations with purities >90%.  

4.2. Materials and Methods 

All materials were purchased from Sigma unless otherwise noted. Additional information 

on the flow cytometers used in this study is listed in table 4-1. 

4.2.1. Nanovial Fabrication and Modification 

Biotinylated nanovials were fabricated using approaches described previously.[21] 

Briefly an aqueous two-phase system combined with droplet microfluidics was employed to 

create hydrogel particles with exposed cavities. The hydrogel precursor component was 

composed of a 29 % w/v solution of 10 kDa, 4 arm PEG norbornene, premixed with 10 mg/mL 

of 5 kDa biotin-PEG-thiol (Nanocs) to add biotin handles to the nanovial matrix. Different sizes 

of nanovials (35, 55, and 85 µm) were achieved by adjusting both the size of the droplet 

generators and the flow rates used to generate droplets. Intra-batch variation in the outer 

diameter of the nanovials was measured to be <5% for each size condition tested in this work as 

measured by brightfield microscopy.  

Nanovials were modified using fluorescent streptavidin for microscopy and flow 

cytometry experiments. 
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Table 4-1 Hardware comparison for the three different flow cytometers used in this work. 
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A volume of concentrated nanovials was first diluted 5-10X in PBS containing 0.05% w/v 

Pluronic F-127. An equal volume of solution containing fluorescent streptavidin was added to 

the diluted solution of nanovials and incubated for a minimum of 15 minutes to allow binding of 

streptavidin to the biotin groups on the nanovials. Before analysis the nanovial solution was 

washed 3 times with PBS/Pluronic solution by centrifuging, aspirating supernatant, and 

resuspending. During all particle handling steps, tubes and pipette tips were precoated with PBS 

+ 0.05% Pluronic solution to reduce unwanted sticking of nanovials onto surfaces.  

4.2.2. LOD and Dynamic Range Measurements 

Biotinylated nanovials modified with AlexaFluorTM 488 Streptavidin (Invitrogen) were 

prepared over a range of concentrations using the methods described above. A fixed number of 

nanovials were added to various concentrations of fluorescent streptavidin solutions and 

incubated for 15 minutes to allow for binding. Nanovials were then washed in a large excess of 

PBS + 0.05% Pluronic solution 3 times to remove any unbound streptavidin molecules.  

Microscopy – The intensity of each particle was measured with an automated image analysis 

algorithm to detect each nanovial in the image and integrate the intensity across the particle. 

Localized background subtraction in our automated analysis algorithm was required to reach this 

performance level by reducing variation due to illumination non-uniformity across the images 

(Figure 4-2). Brightfield and fluorescent images were taken using a Nikon Eclipse TI-S 

fluorescence microscope equipped with a Photometrics® PRIME™ cooled CMOS camera and 

SOLA Light Engine LED light source. All images were taken using a 20X objective lens (Nikon 

CFI S Plan Fluor ELWD 20XC, 0.45 NA) with a 1 second exposure time. For quantification of 

fluorescence intensity a custom MATLAB script was developed.  
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Figure 4-2 Image analysis workflow to quantify nanovial intensity from fluorescence microscopy.       

(I) Fluorescence and bright field images are imported into MATLAB. (II) Nanovials are identified using 

a Hough transform algorithm and locations are mapped onto the fluorescence channel (III). (IV)A 

background reference image is constructed by taking the fluorescence image and setting the intensity of 

the nanovial region of interest (ROI) to zero. (V) Fluorescence image and background images are cropped 

at each particle location. (VI) Side by side comparison of the raw intensity measurement and background 

subtracted intensity. For raw intensity the pixel values are summed in the ROI. For the background 

subtracted intensity the average pixel intensity of the background corner regions is multiplied by the 

number of pixels in the ROI and then subtracted from the total intensity of the ROI. Distributions from 

Figure 4-3 are shown with and without the localized background subtraction process. Background 

subtraction improves the limit of detection (LOD) and linear portion of the dynamic range by an order of 

magnitude. 
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Briefly, nanovial locations were identified using a brightfield image and regions of interest were 

mapped onto a fluorescent image of the same location. Pixels within the border of the nanovial 

were integrated to obtain a calculated intensity and then subtracted from local background 

intensity to compensate for spatial background variation in illumination. >200 nanovials were 

quantified for each condition.  

Flow Cytometry – Nanovials were assessed for fluorescence signal using three different 

commercially available flow cytometers. For each trial nanovials were diluted into a 50-fold 

excess volume of PBS containing 0.05% w/v Pluronic F-127. PMT voltage/gain settings were 

optimized to ensure that the sample peak from the most concentrated particle sample was 

completely present within the bounds of the flow plot and unstained samples were between the 

first and second decades in the fluorescence histogram. Samples were gated based on FSC area 

and SSC area values and analyzed for Alexa FluorTM 488 signal area. At least 10,000 events were 

quantified for each condition. 

4.2.3. Sorting Optimization 

General sample preparation – To compare the nanovial sort efficiency across FACS machines 

we created mixtures of nanovials containing a defined subpopulation with a unique fluorescent 

label. Labeled nanovials were modified as described above. Labeled target nanovials were then 

mixed with an excess of background nanovials, labeled with a non-overlapping fluorophore, at 

desired concentrations. 

FACSAria – Nanovial samples were sorted on a FACSAriaTM II instrument using a 130 μm 

nozzle. To optimize sorting efficiency the machine’s drop delay values and sorting masks were 

adjusted until maximum target yields were obtained. Briefly, the instrument drop delay was 

initially set according to manufacturer instructions using Accudrop calibration beads. Drop delay 
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was then offset +2.0 to -2.0 units from the set point in increments of 0.25. At each drop delay 

value a 1:5 mixture of unlabeled to fluorescently labeled particles was analyzed and 100 

fluorescent target particles were sorted using a single-cell sort mask. Sorted samples were 

imaged to quantify the total number of recovered particles as well as the fraction of target vs off-

target particles sorted. In general, optimal drop delay values shifted slightly between runs and a 

similar rapid test is recommended before each nanovial sort.  

The stringency of yield, purity, and phase mask settings were also calibrated to identify 

the optimal sort mask conditions for nanovial recovery. The FACS Aria II system discretizes 

droplets into 32 segments, and each mask can be varied between the values of 0 and 32 

depending on how large a fraction of each interrogated droplet it is desired to affect. Each of the 

three masks was adjusted in units of 8 between the values of 0-32 (yield and purity) or 0-16 

(phase). At each condition an identical mixture of AlexaFluorTM 488 streptavidin and 

AlexaFluorTM 568 streptavidin labeled particles (1:5 ratio) was analyzed and 100 AlexaFluorTM 

488 Streptavidin labeled target particles were sorted into a single well of a well-plate. Total 

recovery and sample purity were determined using fluorescence microscopy. 

Sony SH800 – Samples were sorted using a 130 μm chip. Because the single cell sort mask on 

the Sony instrument is more lenient and sorts all droplets in the vicinity of detected target events 

as long as off target events are not nearby, we found calibration of drop delay values 

unnecessary. Instead the sort recovery and purity of nanovial sorts was evaluated using the four 

primary sort masks, yield, normal, purity, and single cell. In each condition 200 AlexaFluorTM 

488 Streptavidin target nanovial events were sorted from a background of AlexaFluorTM 647 

Streptavidin labeled particles. Recovered samples were analyzed using fluorescent microscopy. 

Note, the Sony SH800 sorter by default reports forward and back scatter data. Generated back 
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scatter data was converted to side scatter upon export and is referred to as such throughout the 

manuscript. 

On-Chip Sort – 35 μm nanovial samples were sorted using an 80 μm chip following similar 

procedures outlined above. Larger nanovials (55 and 85 μm) were sorted using a 150 μm chip 

following similar procedures outlined above. Nanovials labeled with AlexaFluorTM 647 

streptavidin were spiked into an unlabeled population at a ratio of 1:10. PBS containing 0.05% 

w/v PluronicTM F-127 was used as a sheath fluid for the sorts. For the sample solution study, we 

used PBS + 0.05% w/v Pluronic, Ficoll Paque Plus diluted to 40% v/v with PBS + 0.5% 

Pluronic, OptiprepTM diluted to 44% with PBS + 0.05% w/v Pluronic, and On-chip sample buffer 

(On-chip Bio). Particle samples were diluted approximately 1, 0.5, and 0.25 million nanovials 

per mL for 35, 55, and 85 μm nanovials respectively. Event rates were tracked by manually 

recording at fixed intervals during the sort. Samples were excited with a 637 nm laser and 

particles containing fluorescent streptavidin were gated based on peak fluorescence height 

collected through a 676/37 nm emission filter. Sorted samples were transferred from the 

collection reservoir into a well plate with a pipette and then imaged using a fluorescence 

microscope. Purity and recovery were quantified using a custom MATLAB image analysis code. 

4.2.4. Assessment of the amount of accessible biotin on particles 

To quantify the number of biotin available per nanovial an HRP ELISA was utilized. 

Evaluated nanovials were fabricated with 1 or 10 mg Biotin-PEG-thiol per mL of gel precursor 

material. For each condition, 2 µL of particles were first labeled with various amounts of 

unconjugated streptavidin ranging from 1 to 31000 ng SA per µL particle solution in 60 µL 

buffer to cap available biotins. After 45 min of incubation, 80 ng SA-3HRP was added to each 

vial and allowed to incubate an additional 30 min to allow binding to any free biotin. Particles 
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were then washed 5 times with 1 mL PBS containing 0.05% Pluronic and 0.5% Bovine Serum 

Albumin (BSA), and aliquots of the supernatant of each wash were collected to confirm the level 

of remaining HRP is not biasing the experiment in any way. Following the last wash particles 

from each condition were resuspended in 50 µL washing buffer and moved to a 96 well plate and 

mixed with 100 µL of HRP substrate. To create a standard curve, 50 µL of washing buffer 

containing known amounts of SA-3HRP from 0.05 to 30 ng were mixed with 100 µL of 

substrate. Reactions were allowed to occur for 25 min on a shaker before proper development 

was observed. Reaction was stopped with 100 µL of 3N NaOH, and the absorbance was 

measured at 405 nm using a Gen5 plate reader. The high unconjugated SA concentrations was 

considered to saturate particles, practically not allowing any additional SA-3HRP being adsorbed 

to the particles, leading to no HRP signal in ELISA. The concentration of unconjugated SA 

below which the HRP signal started to appear was considered the lowest to saturate the particles 

and was used to estimate the capacity of particles for binding streptavidin. 

4.2.5. Scatter profiling and scatter-based enrichment of cell-containing nanovials  

All experiments involving animals and animal cells were performed in accordance with 

the Chancelor’s Animal Research Committee ethical guidelines at the University of California 

Los Angeles under protocol no ARC-2015-125. Primary mouse B cells were isolated from spleen 

using an EasySepTM Mouse Pan-B cell isolation kit (STEMCELL Technologies) according to 

manufacturer instructions. Prior to conducting experiments, cells were labeled with a 1 μM 

solution of CellTrackerTM deep red dye at 37oC over a period of 30 minutes. Nanovials were also 

labeled during this time first through a 15 minute incubation within a 2 μg/mL solution of Alexa 

FluorTM 488 streptavidin and subsequently through a 45 minute incubation in a 40 μg/mL 
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solution of biotinylated anti-CD45 cell capture antibodies. After each conjugation step particles 

were washed three times in an excess of PBS + Pluronic F-127 solution.  

Once labeled with capture antibodies, 6 μL of nanovials were added into individual wells 

within a 24-well plate. Samples were incubated for 30 minutes to allow nanovials to settle 

uniformly on the bottom of each well with their cavities oriented upwards to promote cell 

capture. Cells were counted on a hemocytometer and roughly 125,000 cells were added into each 

well. Cells were co-incubated with particles for 1 hour to allow adhesion onto the nanovial 

surfaces. After incubation samples from each well were pooled together and strained through a 

cell strainer (20 μm, CellTricksTM) to remove unbound cells from the suspension and nanovials 

and cell loaded nanovials were recovered by flipping the cell strainer and washing with buffer 

solution.  

Recovered nanovials were sorted via flow cytometry using a 130 μm nozzle on the Sony 

SH800 system in single cell mode. For fluorescence-based sorting, Alexa FluorTM 488 and 

CellTrackerTM deep red fluorescence was evaluated for all detected events and cell loaded 

nanovials were gated based on high fluorescence in both channels. For scatter-based sorting, 

samples were evaluated either using plots of FSC-A/SSC-A or FSC-H/SSC-A and cell-loaded 

nanovials were gated based on high scatter. For each gating strategy 500 events were sorted into 

a single well of a 96-well plate in triplicate. Post sort images were taken using fluorescence 

microscopy and the fraction of free cells, empty nanovials and filled nanovials was counted 

manually.  

4.3. Results 

In our studies we characterized the use of nanovials with three separate commercially 

available fluorescence activated cell sorters: (1) BD FACSAriaTM II (BD Biosciences), (2) Sony 
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SH800 (Sony Biotechnology), and (3) On-chip Sort (On-Chip Biotechnologies). We compared 

each instrument’s ability to detect fluorescence signal on nanovials with fluorescence 

microscopy, identified parameters to maximize the purity and efficiency of nanovial sorting, and 

characterized the ability to identify cell-loaded nanovials using scatter measurements alone. By 

identifying the optimal instrument parameters and trade-offs between each system, we aim to 

guide future experimental effort by easing cross-platform accessibility and aiding the selection of 

appropriate instrumentation to meet experimental needs.   

4.3.1. Dynamic range and limit of detection for microscopy and flow cytometry analysis of 

nanovials 

We found that nanovials could be analyzed over a large dynamic range using 

fluorescence microscopy with a cooled CMOS camera as well as flow cytometry. As previously 

shown, a unique feature of the nanovials is the ability to bind biomolecules to affinity reagents 

attached to the hydrogel matrix and detect their presence using fluorescent labels.[21] A core 

advantage of flow cytometers is their ability to measure fluorescence signals associated with 

100,000’s to 10’s of millions of unique events, such as microbeads and cells, easily and with 

limits of detections below 2000 molecules for common stains and down to 100’s of molecules 

for optimized systems.[22] We assessed the ability to detect fluorescent protein bound to 

nanovials using flow cytometry mimicking the signal from a biomolecular assay on a nanovial 

(e.g. single cell secretion assay). We bound fluorescent streptavidin to biotinylated nanovials 

across a 4-log range of concentrations to characterize the limit of detection and the maximum 

dynamic range of nanovial measurements with the instruments (Figure 4-3). Fluorescence 

microscopy measurements were performed in parallel as a baseline reference.   
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Using fluorescence microscopy, we found that signal could be detected on the nanovials, 

with 3 standard deviations above background noise, which we define as the limit of detection 

(LOD), starting at around 100,000 molecules per particle after background subtraction (Figure 4-

2). Fluorescence images reveal that the streptavidin first binds to the outer surface of the 

nanovials at lower concentrations and then can transport and react further into the hydrogel 

matrix of the particles as biotin groups become saturated. It was found that biotin groups were 

saturated at ~108 molecules per nanovial for the fabrication conditions used as confirmed by both 

fluorescence measurements (Figure 4-3) and colorimetric assay (Figure 4-4). Of note, to 

calculate the number of bound molecules per nanovial we assume that nearly all fluorescent 

streptavidin in solution binds to the particles which is likely an overestimate. Thus, the values 

reported herein may be a slight underestimate of the true sensitivity of the system. We found that 

measurements with the flow cytometers yielded comparable, and in some instances improved the 

limit of detection readings when compared to fluorescence microscopy setup (Figure 4-3). Both 

the FACS Aria II and Sony SH800 sorters were able to detect as few as  ~ 10,000 molecules / 

nanovial. This corresponds closely to the expected LOD for measurements of cell surface 

markers with similar fluorophores using flow cytometry.[23] In order to capture the high signal 

intensity of our high concentration positive labeled samples, particles labeled with <105 

molecules were initially difficult to distinguish from non-labeled controls. However, through 

adjustment of the PMT voltage or gain parameters lower signal samples could be clearly 

resolved (Figure 4-3B, 4-3C). This suggests that optimal parameters should be selected based on 

experimental need, with lower PMT voltage favoring increased resolution and higher values 

providing greater dynamic range. The FACSAriaTM instrument was able to resolve the lowest 

concentration tested with minor gain adjustments indicating a higher sensitivity. 
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Figure 4-3 LOD and dynamic range for detecting nanovials using microscopy and flow cytometry.  

(A) Biotinylated 35 µm nanovials were labeled with Alexa FluorTM 488 streptavidin (AF488 SA) across 

a 4-log range of molecules per nanovial. Example brightfield and corresponding fluorescence images are 

shown over the range of conditions. Fluorescence images of particles with the same LUT values are 

shown in the middle column and images with LUTs maximized for contrast are shown to the right. (B) 

The fluorescently-labeled nanovials were analyzed using fluorescence microscopy and three flow 

cytometers (BD FACSAriaTM II, SONY SH800, On-chip Sort). Intensity distributions for each condition 

are shown. Inset graph show intensity distributions at the lower concentration range using increased 

gain/voltage settings for the flow cytometers. (C) The mean intensity for each condition is plotted against 

the number of molecules per nanovial on a log-log plot. The vertical dashed line indicates the lowest 

concentration detected for each instrument (LOD) using gain/voltage settings tuned for high sensitivity. 

The shaded region indicates the max dynamic range when gain/voltage is adjusted for low electronic 

noise. For microscopy measurements n > 200 nanovials were measured for each condition. For the 

FACSAriaTM and Sony SH800 a total of 10,000 events were collected for each condition and for the On-

Chip sort n > 2000 events were collected for each condition. 
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Figure 4-4 Quantification of available biotin groups using HRP colorimetric assay. 

 (A) Particles are first coated with unconjugated streptavidin over a range of concentrations. Samples are 

washed and then incubated with HRP conjugated streptavidin (SA-HRP) at a fixed concentration. After 

conjugation samples were washed and reacted with a colorimetric HRP substrate (2,2’-Azino-bis(3-

ethylbenzothiazoline-6-sulfonic-acid, Sigma-Aldrich). The concentration of reaction product generated 

from conjugated SA-HRP was measured using a plate reader. (B) Measured HRP signal vs unconjugated 

streptavidin concentration for nanovials with 1 and 10 mM biotin groups in the precursor solution. 

Available biotin groups are saturated with streptavidin at around 4×107 and 1.2×108 molecules per nanovial 

for the 1 and 10 mM conditions respectively.   
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This is most likely due to the glass capillary used at the interrogation site as well as dedicated 

PMT’s for each channel. Both the Sony SH800 and On-chip Sort have disposable polymer chips 

in the optical path which may slightly reduce the optical performance. Despite this the SH800 

had a limit of detection comparable with the FACSAriaTM and a 3-log max dynamic range. The 

measured LODs are sufficient to detect captured secretions from single cells in a reasonable time 

period. For example, T cells were reported to secrete cytokines at rates of ~1-10 molecules per 

second[24], while antibody-secreting plasma B cells can produce ~2000 antibodies per 

second[25]. For low abundance targets, fluorophores such as R-phycoerythrin or polymer dyes 

which can be an order of magnitude brighter than other common dyes may be applied to further 

improve the sensitivity of the system[26].  

4.3.2. Sorting Nanovials using FACS 

We identified optimal settings and conditions for sorting nanovials of different sizes by 

systematically adjusting sorting settings on the different FACS instruments. Each instrument has 

unique settings and parameters that can be adjusted so we discuss the characterization of each 

system separately. 

FACSAriaTM II 

To test the sorting performance of the FACSAriaTM II a population of fluorescently-

labeled nanovials were spiked into a population of nanovials with a second label at a ratio of 1:5 

and sorted into a 96-well plate (Figure 4-5). We first identified single nanovial events based on 

the side scatter area and forward scatter area, and then gated out target events based on high 

AF488 fluorescence and low AF568 fluorescence (Figure 4-5B). Gated events were sorted and 

then imaged using fluorescence microscopy to assess both the purity of the sort and the sort 

recovery efficiency as defined by: 
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Figure 4-5 Optimized Nanovial sorting parameters on the FACSAriaTM II. 

(A) Schematic showing an overview of the FACSAriaTM system and important parameters that can be 

adjusted to fine tune sorting. The drop delay defines the expected time between the interrogation of an 

event and formation of the aerosol droplets. Sorting masks adjust the stringency by which an event will be 

sorted based on its predicted positioning. (B) Scatter and fluorescence plots of Alexa FluorTM 488 

streptavidin labeled nanovials (35 µm) spiked into Alexa FluorTM 647 streptavidin labeled nanovials (1:5 

ratio). Inset image shows a post sort example. Scale: 200 µm. (C) It was found that for both 35 and 55 µm 

nanovials on a 130 µm nozzle that manually adjusting the drop delay from the system calibrated baseline 

resulted in improved sort recovery efficiency. For each condition 100 events were sorted into different 

wells of a 96-well plate and performance was quantified by counting recovered events. It was found that 

over a 5-fold improvement in recovery was achieved by adjusting the delay settings. (D) Various sort 

masks were tested and evaluated based on both purity of the sort and the sort recovery efficiency. 

Fluorescently labeled nanovials were spiked into an unlabelled population at a ratio of 1:5, sorted and 

then characterized using fluorescence microscopy. At each condition 200 target events were sorted in 

triplicate. The numbers above each bar report the average number of target events recovered (green) over 

the average total number of recovered events over the three sorts. The optimal settings for purity and sort 

recovery efficiency are highlighted in purple. 
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𝑆𝑜𝑟𝑡 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑃𝑢𝑟𝑖𝑡𝑦 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑎𝑟𝑔𝑒𝑡 𝑛𝑎𝑛𝑜𝑣𝑖𝑎𝑙𝑠 𝑖𝑛 𝑤𝑒𝑙𝑙

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑛𝑎𝑛𝑜𝑣𝑖𝑎𝑙𝑠 𝑖𝑛 𝑤𝑒𝑙𝑙 
× 100%  

 

𝑆𝑜𝑟𝑡 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑎𝑟𝑔𝑒𝑡 𝑛𝑎𝑛𝑜𝑣𝑖𝑎𝑙𝑠 𝑖𝑛 𝑤𝑒𝑙𝑙

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑝𝑜𝑟𝑡𝑒𝑑 𝑠𝑜𝑟𝑡𝑠
× 100%  

 

The Aria system utilizes an integrated Accudrop system to calibrate the drop delay between the 

detected event and the sorting point. This value can shift from day to day and it is recommended 

to calibrate it before each experiment utilizing the associated Accudrop calibration beads. We 

found that the sort recovery efficiency for both 35 and 55 micron diameter nanovials was low 

when using the baseline Accudrop calibrated value (Figure 4-5C). In previous work manual 

adjustment of the drop delay parameter was shown to improve results for double emulsion 

sorting.[27] Sweeping drop delay measurements manually in 0.25 increments we found that a 

delay value of -1.75 offset from the Accudrop value led to the best recovery efficiency for both 

nanovial sizes tested with the 130 µm nozzle, improving recovery 4-8 fold over baseline for 55 

and 35 µm nanovials. Similarly, we found manual adjustment improved recovery with 35 µm 

nanovials sorted with a 100 µm nozzle (Figure 4-6). We hypothesize that this deviation is due to 

a change in velocity of the nanovials in the nozzle. Nanovials cover a larger fraction of the cross 

section of the flow compared to a cell which could lead to variation in velocity for a non-uniform 

flow cross-section. For best practice it is recommended to perform manual drop delay adjustment 

before each sort or at least perform a test for different instruments or nozzles. 
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Figure 4-6 Recovery results for 35 μm nanovials sorted with a 100 μm nozzle on the FACSAriaTM II 

 It was found that manually adjusting the drop delay from the system calibrated baseline resulted in 

improved sort recovery efficiency. For each condition 100 events were sorted into different wells of a 96-

well plate and performance was quantified by counting recovered events. A 4-fold improvement in recovery 

was achieved by adjusting the delay settings. 
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Sorting masks can be adjusted to maximize purity or sort recovery efficiency. The Aria 

system defines its masks in reference to the interrogated droplet (the droplet where the target is 

predicted to be), the leading droplet (the droplet in front of the target), and the trailing droplet 

(that follows the target droplet) (Figure 4-5A). Each droplet is broken up into 32 fractions that 

define the relative coverage of each mask. The purity mask defines the fraction of the leading 

and trailing droplet in which the presence of another event will abort the sort. The phase mask 

defines which region of the interrogated droplet the target should be in to proceed with a sort. To 

prevent sample loss from targets partitioning into the incorrect droplets, phase masks will only 

trigger sorts when events are “centered” within a droplet, rather than localized to the droplets 

leading or trailing edges. Higher phase values define the center region of each droplet more 

stringently than lower values. Using a similar strategy as with the drop delay, we swept these 

conditions and quantified the sort purity, sort recovery efficiency, and the abort rate for each 

(Figure 4-5D). As expected, the best purity performance was found for the most restrictive purity 

masks. We further found that more restrictive phase masks improved the sort recovery from 29% 

to 55%. We hypothesize that since the particles are larger than normally sorted objects, target 

events near the edge of each drop may disrupt the stability of the aerosolizing stream, leading to 

over or under-deflection during sorting and a missed collection in the target container.  

Sony SH800 

To test the sorting performance of the Sony SH800 a population of fluorescently-labeled 

nanovials were spiked into a population of nanovials with a second label at a ratio of 1:5 and 

sorted into a 96-well plate using its index sorting feature (Figure 4-7). We found that both 35 and 

55 µm nanovials were compatible with the larger 130 µm microfluidic chip available for the 

system and focused optimization for this setup. 
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Figure 4-7 Optimized Nanovial sorting parameters on the Sony SH800. 

(A) An overview schematic of the Sony SH800 system and sorting definitions. Sorting decisions are 

typically made in reference to the relative position of the target event and the distance between target and 

off target events. (B) Overview of four common sorting modes on the SH800 and the sort decision logic 

for the sort mode. (C) Scatter and fluorescence plots of Alexa FluorTM 488 streptavidin labeled nanovials 

(35 µm) spiked into Alexa FluorTM 647 streptavidin labeled nanovials (1:5 ratio). Inset image shows post 

sort example. Scale: 200 µm. (D) The different sort modes were tested and evaluated based on both purity 

of the sort and the sort recovery efficiency. Fluorescently-labeled nanovials were spiked into a non-

labeled population at a ratio of 1:5, sorted and then characterized using fluorescence microscopy. At each 

condition 200 target events were sorted in triplicate. The numbers above each bar report the average 

number of target events recovered (green) over the average total number of recovered events over the 

three sorts. The optimal settings for purity and sort recovery efficiency are highlighted. 
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For the SH800 sort masking takes into account the target event droplet, adjacent droplets and the 

relative position of the target event to off target events (Figure 4-7A). We chose the four 

following sorting modes to evaluate in this study: yield, normal, purity, and single cell. 

Descriptions and sorting criteria are shown in Figure 4-7B. To characterize each sorting mode, 

AlexaFluorTM 488 labeled nanovials were spiked into a population of AlexaFluorTM 647 labeled 

nanovials at a 1:5 ratio. Single nanovial events were gated using forward scatter area and side 

scatter area, and target events were sorted based on high AF488 fluorescence and low AF647 

fluorescence (Figure 4-7C). For each condition 200 nanovials were sorted into separate wells of 

a 96-well plate and sort purity and sort recovery efficiency was quantified using fluorescence 

microscopy. As expected, the lowest purity resulted from yield mode, as this mode does not 

reject a sort in the presence of adjacent off-target events. Despite this, purity was quite high 

(96%) and increased incrementally with the more restricted sorting modes, with the highest being 

for Single Cell recovery mode which had 100% purity across 3 separate sorts. Interestingly, the 

Single Cell mode had significantly higher sort recovery efficiency compared to any of the other 

modes. This was attributed to the fact that single cell mode will sort the target event droplet and 

both of the adjacent droplets. As described above, the larger size of the nanovials can potentially 

cause more inconsistency in sort timing as well as affect droplet deflection accuracy. Thereby 

including 3 droplets in the sort is expected to have better recovery compared to the other modes 

which only sort 1-2 of the droplets depending on the event conditions. One downside to this is 

that the Single Cell mode will only sort if there are no overlapping events in the adjacent droplets 

leading to a higher frequency of aborted target events during analysis of more concentrated 

nanovial samples (Figure 4-8). 
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Figure 4-8 Fraction of target events sorted and recovered with the Sony SH800 using different sort 

modes and nanovial concentrations. 

(A) At higher nanovial concentrations and stricter sort modes the abort rate increases reducing 

the fraction of target events that are sorted. (B) Expected recovery when taking into account 

abort rate and sort recovery using different modes. Despite the higher fraction of aborted events, 

single cell mode has the highest final target recovery. 
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However, we note that even at the highest nanovial concentration tested in this work, the single-

cell mode abort rate of ~26% was sufficiently counteracted by the increased recovery efficiency 

and sort purity to obtain higher total target yields than could be achieved using any alternative 

sort mask at any sample concentration. 

On-Chip Sort 

The On-chip Sort system is unique compared to the other two systems in that it is aerosol 

free and has a larger range of particle size compatibilities. Like with the studies using the SH800 

and FACSAriaTM a fluorescently labeled subpopulation of nanovials was spiked into a larger 

population of unlabeled nanovials at a 1:10 ratio and sorted to characterize purity and recovery 

efficiency. Forward scatter height, side scatter height and fluorescence were used to gate single 

target nanovial events for sorting (Figure 4-9A). We found that we could easily sort nanovials up 

to 85 microns in diameter with the larger 150 micron chip available for the instrument achieving 

~10 fold enrichment (Figure 4-9B). The instrument does not have a sample mixer and it was 

noted that nanovials settled and tended to aggregate at the sample inlet (Figure 4-9C). This often 

resulted in an initial moderate event rate followed by little to no events and eventually to a large 

spike in events as the last of the sample fluid was pushed through the channel. To address this, 

we tested Ficoll and Optiprep, two well-known density-modulating agents used for cell 

separation processes to tune the density of the sample solution such that the nanovials are nearly 

neutrally buoyant. We also tested the On-chip sample buffer which increases settling time 

through increased viscosity. Each of these experiments was conducted with 55-micron nanovials 

as these samples gave us the most inconsistent event rate in PBS leading to lower purities.  
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Figure 4-9 Optimized Nanovial sorting parameters on the On-chip Sort. 

(A) Example scatter plot of 55 µm nanovials and fluorescence gating of Alexa FluorTM 647  labeled 

nanovial sub-populations. (B) Pre and post sort images of 35, 55, and 85 µm nanovials. Fluorescence and 

brightfield channels are overlaid to aid in visualization.  (C) Density matching to increase uniformity of 

sort event rates and improve performance. Event rate over time shown for 55 µm nanovials suspended in 

different buffers. (D) Purity and recovery efficiency of 55 µm nanovials for different buffers and pressure 

settings. 
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In addition to the different solutions the On-chip instrument has two standard pressure modes, 

low-pressure mode, optimized for lower viscosity solutions such as PBS and high-pressure mode 

used for sorting in more viscous solutions. We found that in general using the higher-pressure 

mode as well as using the buoyancy matched and higher viscosity solutions led to much more 

consistent event rates and improved the purity and recovery rates. Optiprep resulted in the 

highest purity of the solutions, however, it tended to cause large variation in scatter signal which 

may be non-optimal depending on application requirements (Figure 4-10). For further studies we 

utilized the Ficoll sample solution as it had the best balance of sorting results and optical 

properties. Although purity was lower for the On-chip Sort, the sort recovery efficiency was 

high. Since no aerosols are generated the device is more forgiving with compatible nanovial 

sizes and there is no risk of sorted droplets missing the recovery container. During default 

operation, the On-chip Sort targets maximizing yield. However, because sample loading, sorting, 

and collection all occurs within the same self-contained chip interface, higher purities can be 

achieved by collecting and re-sorting previously sorted samples.  

4.3.3. Scatter based enrichment of cell-containing subpopulations 

Unique scatter signatures can be used to identify populations of cell-containing nanovials 

among a background of free cells and nanovial-containing cells. Scatter based gating is powerful 

for both cleaning up data by removing debris or unwanted populations of cells and identifying 

sub-populations of interest. This can be advantageous for getting more accurate results, purer 

samples, and can free up fluorescence channels for additional stains. In previous nanovial 

workflows, cell-containing nanovial populations were either not discriminated from other 

populations or were identified using fluorescent staining.  
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Figure 4-10 Scatter profiles of 55 µm Nanovials measured with the On-chip sort in various buffers. 

(A) Both forward and side scatter were comparable for nanovials in PBS and Ficoll solution. Noticeably 

more scatter was noted for both Optiprep and On-chip Sample buffers solutions. (B) It was noted that the 

scatter profile of the nanovials would drift significantly when using optiprep in the sample solution. This 

was attributed to sheath fluid mixing with the sample solution when the instrument was paused 

intermediately in the run due to hydrostatic pressure between the solution reservoirs on the larger 150 µm 

chip. Contour lines represent 10% of the corresponding population per level.  
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To improve the purity of the sample and free up fluorescence channels we systematically 

identify unique scatter signatures associated with nanovials containing cells using fluorescent 

stains as a ground truth. B lymphocytes stained with Deep Red CellTrackerTM were bound to 

Alexa FluorTM 488 labeled nanovials. A mixture of the cell-containing nanovials, empty 

nanovials, and free cells were analyzed using the Sony SH800 (Figure 4-11). Using the unique 

fluorescent signatures of each population we were able to back gate each target population to 

their associated scatter signals. In general cells were observed to have lower side scatter and 

higher forward scatter, while nanovials had higher side scatter and lower forward scatter. It was 

noted that both scatter height or area could be used to identify the subpopulation of interest 

(Figure 4-12). Cell-containing nanovials were enriched by gating off of high forward and side 

scatter (Figure 4-11C). As a control, cell-containing nanovials were also sorted based off of a 

fluorescence gate (Figure 4-11B).  Samples were then imaged using fluorescence microscopy 

and analyzed to compare enrichment based on a fluorescence signature and scatter signature 

(Figure 4-11D). Nanovials containing cells were successfully enriched over 10-fold using both 

the scatter and fluorescence gating with no significant difference in purity (90%, and 88% 

respectively).  

4.4. Discussion 

In this work we systematically characterized the analysis and sorting of hydrogel 

nanovials with commercial FACS instruments (Table 4-2). By employing the high signal to noise 

of FACS readouts we are able to detect protein bound to nanovial surfaces with higher 

fluorescence intensity and dynamic range than high end fluorescence microscopy readouts, 

improving performance in terms of LOD and dynamic range by at least an order of magnitude.  
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Figure 4-11 Nanovial scatter characterization and scatter-based enrichment of cell-containing 

nanovials.  

(A) A mixture of free cells, nanovials, and cell-containing nanovials were analyzed to identify unique 

scatter signatures for each population and then sorted to enrich cell-containing nanovials. (B) The 

nanovials and cells were stained with unique fluorescent labels in order to accurately discriminate each 

population. (C) The fluorescent signatures were then correlated back to the scatter plots to identify each 

population based on scatter signature. (D) Samples were sorted based on fluorescent gating alone and 

scatter gating alone and imaged to compare enrichment of the cell-containing nanovials. 
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Figure 4-12 Contour plots for additional combinations of side scatter and forward scatter 

components for free cells, empty nanovials and cell loaded nanovials (Figure 4-9). 

Contour lines represent 10% of the corresponding population per level.  Cell loaded nanovials show the 

most separation from other populations using SSC-A vs FSC-H and SSC-W vs FSC-H. Cell loaded 

nanovials are also distinguishable for SSC-A vs FSC-A, SSC-H vs FSC-A, SSC-H vs FSC-H, and SSC-

W vs FSC-A. 
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Table 4-2 Summary of Nanovial analysis and sorting capabilities across different flow sorters. 

Instrument Nanovial 
Diameter(μm) 

Working Conc. 
(nanovials 
×106/mL) 

Event 
rate (s-1) Purity Recovery 

Efficiency 
LOD (# 

mol) 
Max 

Dynamic 
Range 

FACSAria 
II 

35 1 – 4 200-800 95-
99% ~40-60% 

~104 3 Log 55 0.25 – 1 50 - 200 95-
99% ~40-60% 

85 NA NA NA NA 

Sony 
SH800 

35 1 – 4 200-800 95-
99% 70-80% 

~104 3 Log 55 0.25 – 1 50 - 200 NA* NA* 
85 NA NA NA NA 

On-chip 
Sort 

35 0.5 – 2 100 - 
300 

80 – 
90% 70 - 95% 

~105 2 Log 55 0.25 – 0.5 20 - 50 80 – 
90% 70 - 95% 

85 0.1 – 1 20 - 100 80 – 
90% 70 - 95% 

* Able to perform analysis, but had low sorting recovery. 
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We characterized sorting performance on the different FACS instruments and identified 

optimal parameters that improved purity to up to 93% and sample recovery up to 8-fold over 

baseline settings. Using more widely available FACS instruments such as the FACSAriaTM and 

Sony SH800 we were able to easily sort 35 μm nanovials, and larger 55 μm nanovials were 

successfully sorted with the FACSAria. Using the microfluidic chip based On-chip Sort system 

we were able to sort nanovials up to 85 microns in diameter which could further open up 

possibilities for performing assays with larger cells,multiple cells, or cell colonies. Further, this 

instrument is capable of sorting water-in-oil emulsions, enabling analysis and sorting of 

emulsified nanovials which may open up other homogenous assays such as substrate-based 

FRET or nucleic acid assays.  

Beyond the nanovials we use here, our results may provide a guide for other large particle 

sorting using FACS, such as for sorting of beads,[10, 11] hollow shell (e.g. PicoShell) 

particles,[18] plant cells, cell clusters, and oocytes. In addition our results can inform sorting of 

double emulsions (e.g. water-in-oil-in-water), which have been applied to microfluidic droplet 

assays.[15]  

Given the wide compatibility and analysis and sorting performance, we anticipate that 

nanovial-based approaches can transform almost any bulk assay currently performed in a well 

plate and analyzed with a well-plate reader into a single-cell assay performed on a nanovial and 

analyzed with a flow cytometer.  

The presence of a cell on the solid phase of the nanovial unlocks the capability to perform 

sequential assays on the same single cell where information from the assay is stored on the 

nanovial for downstream sensitive analysis, e.g. by flow cytometry. Unlike traditional well plate 

assays, the ability to easily sort the cell associated with a reaction in a nanovial opens up new 
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opportunities for screening at throughputs unmatched by liquid handling and microfluidic 

techniques. Imaging of nanovials using next-generation imaging flow cytometry and image-

activated cell sorters,[28-30] may further expand the capabilities, leading to high-content single-

cell assays at extreme throughputs that can drive the next decades of discovery. 
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Chapter 5. Future Perspectives: How Single Cell Functional Screening Can 

Aid the Design of Next Generation Cell Therapies 

5.1. Introduction 

One area in which the continued advancement of robust functional single cell screening 

technologies may be able to make a significant contribution is in the understanding of the 

correlation between phenotype and function for immune cells used in cell therapy applications. 

While it is true that cellular therapeutics have completely revolutionized the way modern 

medicine approaches the treatment of systemic and chronic illnesses, the field as a whole is still 

in its infancy. Immune cell therapies used to treat cancer work remarkably well for a small subset 

of tumor types but are still incapable of effectively attenuating the progressions of solid 

tumors[1]. Additionally, the personalized nature of modern cell therapies coupled with the 

difficult manufacturing protocols utilized to generate clinical grade products imparts an 

astronomically high price tag on the use of cell therapies[2], such that broad clinical use is 

currently unfeasible. In order to design improved cell therapies, it will be imperative to elucidate 

fundamental design rules that can be used to assess product quality. The single-cell functional 

screening technologies reported in this work offer an avenue to accomplish these goals, 

significantly augmenting the engineering toolkit for cell therapy design. However, significant 

advances still need to be made in order to render such tools compatible with the population size 

scales and levels of resolution needed to be useful in clinical manufacturing. Below we briefly 

discuss several unmet needs in the design of cellular therapeutics and give thoughts on how 

improvements in single-cell functional screening technologies may one day be able to help 

researchers and clinicians solve these issues. 



139 
 

5.2. Assessing Immune Cell Therapy Product Quality 

In a typical T cell immunotherapy workflow, cells are withdrawn from a patient, 

genetically engineered to target tumor cells, expanded ex vivo, and finally reinjected into the 

patient to systemically search for and destroy malignancies. This personalized therapeutic 

strategy is fundamental to preventing immune rejection, as a patient’s own immune system is 

being used to treat their disease. However, this also means that variations in the basal potency of 

a patient’s immune cells may fundamentally affect the final efficacy of the drug product[3, 4]. In 

general, it is understood that the main correlates of successful treatments are high levels of in 

vivo expansion by therapeutic cells after infusion, long term persistence of infused cells within 

the body, and high levels of pro-inflammatory cytokine production after stimulation with cognate 

tumor antigen, however it is currently not easy to predict which cell populations will excel in 

each of these areas[5, 6]. Several reports have alluded to certain non-terminally differentiated T 

cell phenotypes, such as stem like memory T cells (Tscm) and central memory T cells (Tcm) as 

potential drivers of tumor immune response[7], but sufficient numbers of these cells are not 

always available in pre-infusion products to have appreciable effects. Additionally, factors such 

as the patient treatment history, and the in vivo disease microenvironment may predispose T 

cells to enter a low activity metabolically exhausted state, often resulting in poorly functional 

products for the patients most in need.  

Single-cell functional screening technologies may be able to directly assist in the 

assessment of T cell product quality. In the nearest term, longitudinal studies evaluating T cell 

surface marker expression, cytokine production, and correlated to patient disease status would 

provide significant depth towards our understanding of functional markers of response. Enriched 

populations of functionally active cell subsets may be present at the time of treatment or may 
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expand selectively after delivery into the patient to drive responses, but may remain unnoticed 

without functional analysis. As cell therapy is still an early-stage intervention, with costly 

manufacturing and potential toxicity, improved a priori prediction of patient response would be 

incredibly beneficial in clinical decision making of who should or should not be treated. 

Additionally, recent reports have begun to describe that the process of terminal T cell 

differentiation and exhaustion may be reversible, for example through epigenetic remodeling 

induced by targeted gene disruption[8], enhanced production of pertinent transcription factors[9], 

or through small molecule interventions[10, 11]. Thus, it may one day be feasible to rescue 

dysfunctional cell populations to improve drug efficacy. Functional screens again may directly 

assess the efficacy of such treatments through evaluation and enrichment of cell subsets that 

respond most effectively, and identification of their transcriptional and epigenetic state. Based on 

the results of such studies it may be feasible to implement strategies to broadly recover 

functional activity of T cells directly during product manufacturing. 

5.3. Screening CAR Libraries 

A second application of functional screening in cell therapies stems from the use of 

synthetic, chimeric antigen receptors (CARs) to retarget immune cells for tumor targeting. 

Chimeric antigen receptors are designed by pairing target antigen specific single chain variable 

fragments (scFvs) with components of the native intracellular T cell receptor signaling apparatus. 

While simple in principle, the modular design of CARs can become quite complex, with factors 

such as the affinity of the scFv, the length of the extracellular hinge region, the structure of the 

transmembrane region and the identities of the intracellular costimulatory domains each having 

significant impact on the final CAR activity[12]. At present, it is not possible to reliably predict 

how a specific CAR design will function without laborious empirical testing[13], and while large 
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libraries (106 constructs) of CARs can be generated and transferred into immune cells 

simultaneously, only a small fraction of the total library can be analyzed[14, 15].  

 Certain functional screening technologies such as the dropicle assay described in chapters 

3 and 4 of this work may be able to address the screening bottleneck of synthetic CAR molecules 

by translating functional CAR assessment into a continuous process that can analyze entire CAR 

libraries using standard flow cytometry. For example, target antigens could be functionalized 

onto the surface of nanovials used to screen CAR T cell libraries, and individual clones 

demonstrating enhanced cytokine production could be recovered and sequenced to identify 

constructs of interest. This type of assay may also prove useful for analysis of unwanted 

phenomena such as tonic (constitutively or chronic) signaling from CAR constructs in the 

absence of target antigen. Providing a route to select out CAR designs that will result in rapid 

cell exhaustion.  

5.4. Bridging Functional Analyses with Genotypic Information 

Finally, as a general comment the ability to pair datasets across hierarchical levels of 

cellular behavior will be a game changing feature of mature single cell analysis platforms. 

Historically, many functional screening techniques such as ELISPOT or intracellular cytokine 

staining have been utilized as endpoint assays, and cellular function could not be paired with 

gene expression or sequence information. However, this is not a necessary assay limitation, and 

modern single-cell functional analysis technologies are already starting to bridge this gap. Both 

of the secretion analysis techniques presented in the prior chapter of this work are able to assess 

cellular function without loss of viability and can enrich interesting target cells for subsequent 

analysis. As novel cell types including natural killer (NK) cells, γδ T cells, NK T cells, and 

induced pluripotent stem cells (IPSCs) are beginning to be explored for cell therapy 



142 
 

applications[5] interesting combinations of therapeutic cell populations may be formed to 

enhance therapeutic efficacy. A holistic understanding of cell behavior will have to be 

ascertained to maximize the potential of such therapies. 

5.5. Closing Remarks: Advancing Dropicles Towards Future Applications 

The dropicle platform highlighted in chapters 3 and 4 of this work is a truly unique 

technology that has the potential to transform the study of single cell secretions across numerous 

applications. In addition to the assessment of antibody production from producer cell lines, 

hybridomas, and primary plasma cells we have also been able to detect the presence of various 

cytokines using similar fluorescent-based ELISA approaches on the nanovial surface (Figure 5-

1), with a limit of detection down to 1 ng/mL of protein, similar to other state of the art single 

cell cytokine detection platforms[16, 17]. Additionally, we have been able to detect the 

production of both interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-α) from single viable 

T cells, and sort highly secreting cell clones out of a background of non-producers (Figure 5-2). 

We have previously demonstrated that the dropicle platform allows the coupled evaluation of 

protein secretions and RNA expression data using hybridomas. Thus, it is not difficult to 

envision how one might be able to couple similar genetic expression data with cytokine 

production rates to evaluate T cell phenotypes (Figure 5-3).  

In closing we note that the work presented herein only begins to highlight the broad 

toolkit of applications unlocked through our dropicle technology. While we only functionalized 

nanovials using antibodies and integrin binding peptides, in principle any protein can be 

biotinylated and bound to the nanovial surface, including commonly used synthetic constructs 

such as major histocompatibility complex (MHC) tetramers. 
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Figure 5-1 Recombinant Cytokine Detection on Nanovials. 

Fluorescent sandwich immunoassays were successfully utilized to capture and detect cytokines on 

nanovial surfaces. Nanovials were functionalized with antibodies targeting either IL-2, TNF-α, or IFN-γ 

and incubated with varying concentrations of the appropriate cytokine. Samples were analyzed using both 

fluorescence microscopy and flow cytometry. Cytokines were detectable down to a concentration of 10-

100 ng/mL using fluorescence microscopy, or 1-10 ng/mL using flow cytometry depending on the target 

cytokine. 
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Figure 5-2 FACS enrichment of single T cells based on cytokine production 

Individual T cells were bound to the inner surface of nanovials and secretion assays were performed to 

assess their production of either TNF-α (alexafluor 647) or IFN-γ (brilliant violet 421). T cells were 

activated using PMA/ionomycin and incubated in nanovials for a period of 3 hours to generate signal. 

After incubation and subsequent staining, bright fluorescent signals were visible along the edge of cell-

filled nanovial cavities. Secreting cells were easily visualized using flow cytometry and could be enriched 

via standard FACS sorting. 
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Figure 5-3 Proposed schematic to pair T cell sequence and function information using dropicles 

T cells can be loaded into nanovials and bound via biotinylated antibodies targeting surface proteins such 

as CD45. After binding, non-adhered T cells can be strained out of the nanovial suspension and the cell 

loaded nanovials can be incubated to accumulate secreted cytokines. Because the rate of cytokine 

production from T cells is relatively low in comparison to secretions from producer cells or antibody 

secreting plasma cells encapsulation is not mandatory during this incubation step as appreciable signal 

will not accumulate on neighboring particles during short periods of incubation. Once sufficient signal 

has been bound to the nanovial surface, nanovials can be stained with secondary fluorescent reporter 

antibodies and sorted into individual wells using flow cytometry. Recovered cells in nanovials are viable 

and can be subsequently sequenced to assess the genetic, epigenetic, or transcriptional state of each cell. 
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Furthermore, the built-in solid surface within each droplet provides a matrix for cellular 

attachment and growth, enabling screening of adherent cell types which are difficult to probe in 

free floating droplets such as mesenchymal stem cells. Additionally, the size of each nanovial’s 

cavity can be changed on demand and can even potentially be sized wide enough to 

accommodate two cells, such as a target tumor cell and an engineered T cell, to enhance the 

biologically relevancy of the cellular activation and subsequent cytokine production. Lastly, 

while the current cellular analysis throughput of dropicles (1000 events/second, 100 

cells/second) is insufficient to support applications using large cell numbers (>107 cells), 

variations in the cell loading strategy to overcome poisson limitations, and pre-enrichment steps 

using magnetic isolation of cell loaded nanovials before flow cytometry are feasible and may 

alleviate some of these limitations. Dropicles should not be thought of as simple consumables 

that aid single applications, but part of a broader effort to democratize single cell screening for 

any researcher with basic experience and tools. While over the past several years microfluidic 

lab-on-a-chip technologies helped usher in an era of controllable and customizable microscale 

experimentation, lab-on-a-particles tools are poised to revolutionize the next generation of 

biotechnology.  
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