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ABSTRACT
Immune cells are intrinsically heterogeneous in their phenotypic functionality by nature. Understanding that heterogeneity is critically important in learning how the immune system works in fighting cancer and other diseases. However, the majority 
of immune cell assays used in research fail to capture this heterogeneity, relying instead on averaging responses from many cells in bulk culture. Microfluidics has become increasingly popular for dissecting heterogeneous immune cell interactions. 
Our novel high-throughput droplet microfluidic technology has dissected these interactions at the single cell level on a dynamic time scale. We have monitored several immune cell types interacting with a variety of cell pairs to understand the 
underlying heterogeneity that exists in these interactions. Natural killer (NK) cells, cells of the innate immune system responsible for identifying and killing infected cells and cancerous cells, have been encapsulated in droplets with multiple myeloma
(MM) cells to monitor NK cell cytotoxicity. By adding an immunomodulatory drug, we observed increased cytotoxic ability while still observing a heterogeneity of responses among single cells. In the same platform, we utilized a therapeutic NK cell 
line against the same MM cells, and again saw an increase in MM cell death compared to primary NK cells. We have also examined the interaction of T-cells and dendritic cells (DC) in droplets. DC-mediated activation was monitored in real-time, 
developing calcium signaling profiles of individual cells using a fluorescent calcium-sensitive dye. Our platform represents a robust, dynamic technology capable of elucidating the inherent heterogeneity that is characteristic of immune cells and 
immuno-oncology interactions.

The microfluidic device is made of polydimethylsiloxane (PDMS) and mounted on a glass slide. Water-in-oil droplets 
containing co-encapsulated cells are generated at the droplet generating junction by flowing oil through the top inlet, and 
the two individual cell types each through one of the aqueous inlets. Droplets are stably docked in the docking array, 
where they are held and monitored by automated microscopy for the duration of the experiment. Assay reagents, such as 
viability dyes and calcium signaling indicators, are incorporated into the cells and cell media prior to co-encapsulation.

Figure 1. A) Schematic of the droplet microfluidic device. B) Droplet generating junction. C) Generated droplets. D) 
Droplets docked in docking array. E) Contact and cytotoxicity kinetics of a single NK cell (unlabeled) with a multiple 
myeloma cell (calcein AM labelled). Tumor cell death was observed at 135 minutes. Scale bar: 50 µm. F) Schematic of the 
interaction of single dendritic cells and T-cells in droplets. Staphylococcal enterotoxin B (SEB) is added to the droplet 
media to act as a non-specific T-cell activator by crosslinking the major histocompatibility complex (MHC) on the dendritic 
cell with the T-cell receptor (TCR) on the T-cell. The T-cells are pre-labelled with a calcium sensitive dye before co-
encapsulation, causing the cells to briefly fluoresce upon activation, which is captured by automated microscopy.

To develop a robust droplet microfluidic technology capable of assaying a multitude of immune cell interactions in 
immunology and immuno-oncology at the single cell level. The versatility of the developed platform would allow for a 
variety of assay reagents to be used to quantify and characterize how immune cells interact with various target cells, what 
the consequences of those interactions are, and characterize the extent of the heterogeneity among cell populations.
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Time (min) The droplet microfluidic platform described here provides a novel technology with which to assay functional phenotypes 
of immune cells at the single cell level. Single cell studies are important for understanding immune function and immuno-
oncology mechanisms due to the inherent heterogeneity that characterizes these cell populations. Combined with 
automated microscopic analysis, our droplet microfluidic devices can monitor and dissect single immune cell interactions 
in exquisite detail on a dynamic time scale and in high throughput. Here we have demonstrated this through studies on NK 
cell interactions in MM and T-cell activation via DCs. This platform has clinical potential if primary cells from patients are 
incorporated, and diverse studies can be performed by incorporating various drugs and assay reagents into the droplet 
media. In the future, we plan to study the effects of immune checkpoint inhibitors on CD8+ T-cells in cancer cytotoxicity.
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