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Abstract

Cell-cell communication is a crucial component of many biological functions. For example, 

understanding how immune cells and cancer cells interact, both at the immunological synapse and 

through cytokine secretion, can help us understand and improve cancer immunotherapy. The study 

of how cells communicate and form synaptic connections is important in neuroscience, 

ophthalmology, and cancer. But in order to increase our understanding of these cellular 

phenomena, better tools need to be developed that allow us to study cell-cell communication in a 

highly controlled manner. Some technical requirements for better communication studies include 

manipulating cells spatiotemporally, high resolution imaging, and integrating sensors. 

Microfluidics is a powerful platform that has the ability to address these requirements and other 

current limitations. In this review, we describe some new advances in microfluidic technologies 

that have provided researchers with novel methods to study intercellular communication. The 

advantages of microfluidics have allowed for new capabilities in both single cell-cell 

communication and population-based communication. This review highlights microfluidic 

communication devices categorized as “short distance,” or primarily at the single cell level, and 

“long distance,” which mostly encompasses population level studies. Future directions and 

translation/commercialization will also be discussed.

Introduction

The study of cell-cell communication or cell-cell signaling is important in many biological 

fields, including genetics1, cancer2, immunology3, and more. How two or more cells talk 

and interact has drastic effects on proliferation, differentiation, migration, and stimulation, 

while defects in cellular communication can lead to diseases4. The study of cell-cell 

communication is necessary for both understanding diseases and for creating novel 

biomedical technologies including immunotherapy5, stem cells6, synthetic biology7, tissue 

engineering8, neural prosthetics and robotics9, and nanotechnology/nanomedicine10,11. 
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Some examples of cellular communication include immune-tumor cell interactions, both at 

the immunological synapses and through secretion of cytokines and growth factors, 

communication within neural networks, mRNA transfer through cellular protrusion, neural 

and optical synapse formation, and signal propagation. The best method for studying cellular 

communication is using in vitro tools that allow better isolation and control of the 

microenvironment. While in vitro studies of cell-cell communication are typically not a 

good representation of the overall environment, there are many advantages to using in vitro 
studies that make it worthwhile, such as the opportunity to incorporate gene editing or 

analyze single cells and subpopulations.

While there is a need to understand cell-cell communication, many challenges exist that 

prevent scientists’ ability to conduct these studies. These challenges include the ability to 

manipulate and isolate cells, the ability to track and image cells, and the ability to control 

and manipulate cells. Integrating all these capabilities into one uniform tool is also very 

difficult. Another challenge is the different mechanisms of cellular communications and the 

need to have different techniques to study the multiple types of communication pathways, 

including gap junction signaling, juxtacrine signaling, paracrine signaling, endocrine 

signaling, and synaptic/direct signaling12. There exists no singular platform that can lever all 

these requirements for studying every pathway in cell-cell communication. To better study 

all of these individual phenomena for a variety of scenarios, specific tools designed for each 

application need to be available to researchers.

The most common tools and techniques that have been used to study cell-cell 

communication have been transwell systems and co-culture systems. Transwell inserts are 

one of the oldest technology for co-culture and are still used today due to the simplicity and 

robustness of the technology13. Having two separate compartments with multiple surfaces to 

culture allows for communication studies like secretion14, differentiation15, and migration16. 

Some of the weaknesses of the transwell system include lack of physiological relevance, 

flow, difficulty imaging, and limited spatial control, though some of that has been offset by 

modified transwell systems to incorporate flow17, imaging18, and mechanical forces19. Co-

culture systems can include heterogeneous culture on petri dishes13, microcontact printing20, 

co-culture in gels21, or bioreactors22. However, these methods, while better than traditional 

petri dishes, lack the ability to be easily customized and versatile for many different 

scenarios, such as gradient culture, different cell sizes, spatial control, and more. Other tools 

need to be developed to truly allow controlled studies of cell-cell communication. 

Interdisciplinary collaborations between biologist and engineers will allow for better tools to 

be developed.

In the past two decades, microfluidic technology has been used as a tool to enhance 

biological studies. Microfluidics is the process of precise manipulation of fluids in channels 

and chambers at micron-level sizes23. Using rapid prototyping techniques that are easily 

adapted, researchers can design a multitude of microfluidic devices that can be adapted to 

specific research applications24. The most widely used material for fabrication of 

microfluidics is polydimethylsiloxane (PDMS) due to its optical properties, permeability, 

low cost, and straightforward fabrication25. While PDMS is the most commonly used 

material, other materials, such as paper, hydrogels, thermoplastics, etc, can be utilized for 
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different applications26. Precise manipulation of fluids within microfluidics has allowed for 

advances in cellular studies27, diagnostics28, chemical synthesis and molecular biology29, 

and more.

Cell-cell communication studies can be greatly enhanced by microfluidic technology. One of 

the advantages of microfluidics is the ability to spatially manipulate the cells with precision 

not found in traditional cell culture, which allows for the ability to spatially control cells 

individually or collectively30. Another advantage is the ease of introducing flow27 and 

gradient control31. The uniqueness of microfluidics lies in the ability for both population-

based studies and single cell studies32. Because cells are heterogeneous populations, 

microfluidics has the ability to discover small subpopulations that might be of interest. This 

could be especially true in studying circulating tumor cells33, immune cells34, and drug 

development35. Learning how cells can communicate at a single cell level will both help us 

understand better communication pathways and how special subpopulations of cells might 

communicate differently, which could have implications in cancer metastasis, 

immunotherapy, and more.

Microfluidics and other microscale techniques have also been utilized to study many 

different types of cell-cell communications for almost two decades. One of the earliest 

studies involved using micropatterning techniques to study co-culture interactions36, which 

are still being developed today37,38. After micropatterning came culturing cells inside the 

microfluidic devices39, which soon allowed the field to boom40. More complex microfluidic 

systems have subsequently been developed over the years for a wide range of applications. 

Previous reviews of microfluidic cell-cell communication devices have largely focused on 

either functional aspects of the device41,42 or the signaling aspect during communication12.

In this review, we will mainly highlight more recent microfluidic devices to study cell-cell 

communication, and focus mostly on several biological applications of interest. We 

categorize the microfluidic devices as either “short distance” communication or “long 

distance” communication devices. Following previous definitions of short/long distance cell-

cell communications from the cell biology field, in the lab-chip systems, we suggest that’s 

short distance represents any microfluidic device where the cells are either physically 

contacting each other or bound within the same microchamber or microwell. These devices 

would mainly be used for studying gap junction signaling, juxtacrine signaling, or paracrine 

signaling (<50um), and are typically at the single cell or few cells regime1,43–45. On the 

other hand, long distance represents a microfluidic device where the cells are physically 

further apart and communicate via paracrine signaling (>50um), endocrine signaling, or 

synaptic/direct signaling1,43–45. These devices feature cells that are typically 

compartmentalized or separated, instead of within the same chamber or channel, and focus 

more on population-based cell communication. We will highlight devices for both short 

distance and long distance cell-cell communication and their recent applications in biology. 

Lastly, we will discuss the future perspective of these devices and their ability to be adopted 

by researchers in biological sciences.
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Short distance Communication

One ability microfluidics has that was never seen before is the ability to spatially pair two 

cells next to or near each other. Cell pairing in microfluidics can be paired in two 

orientations, horizontal or vertical. Horizontal cell pairing is the most common type of 

pairing method. This method is useful for cell tracking and time-lapsed imaging. Because 

both cells lie in the same plane of view, it is simple to monitor both cells simultaneously and 

their interactions between each other. Another advantage of this method is the ability to 

track the migration of cells. In microfluidics, this method will also be easier to fabricate 

because of the single-layer nature of many of these devices. Most cellular applications will 

rely on horizontal cell pairing. Vertical cell pairing, however, is specifically useful for 

imaging the interface between two cells, typically gap junctions46. Imaging the interface of 

cells in horizontal cell pairing has low resolution because the synapse is oriented in the Z-

direction. To image this synapse at high resolution would require a confocal microscope and 

z-stacking. Vertical stacking of the cells, however, would orient the cellular interface in the 

horizontal direction. This change in orientation allows imaging of the interface in a single 

plane. This also allows for a cleaner point-spread function(PSF), which increases the 

imaging resolution47. Because of the niched nature of these studies, devices for pairing cells 

vertically have not been developed as widely as horizontal methods have. It also can be more 

difficult to operate and fabricate in nature. Both pairing of cells horizontally or vertically 

have different benefits and can be used in a wide range of different studies.

There are a variety of methods and techniques to pair cells in both the horizontal and vertical 

direction using microfluidics. Many devices rely on using microfluidic structures to trap and 

capture cells. The simplest method for cell pairing is using microwells. Previous reports 

have demonstrated that microwell size can control the number of cells per well48. Using the 

microwell, one can rely on probability to capture the two correct cells together inside the 

same well49. A Poisson distribution predicts approximately how many wells will have the 

correct number and type of cells50. It can also be useful when more than two cells need to be 

studied. A method for vertical cell pairing using microwells was also developed47. The three 

common microfluidic methods of cell pairing include using electrodes, droplets, or traps/

structures. Integrated electrodes use dielectrophoresis to trap the cells at the electrode 

interface, and various groups have designed devices to pair two different cells together (Fig 

1A)51,52. Furthermore, cells can be paired together in separate droplets53–55, which have the 

added benefit of isolating them from other cells(Fig 1B). Another common method for 

pairing cells is using a microfluidic cell trap or structure to control the pairing of cells (Fig 

1C). These traps commonly utilize either hydrodynamic traps56–58 or some type of structure 

to hold the cell59,60. Another method of manipulating cells, either vertically or horizontally, 

is using acoustofluidics61,62. By using surface acoustic waves, these researchers 

demonstrated the ability to manipulate cells in three dimensions, allowing for horizontal, 

vertical, and 3-dimensional pairing and subsequent communication studies (Fig 1D). For 

vertical cell pairing, an electrode-based approach was used to trap cells inside pits(Fig 1E)63, 

while a microstructure was created on top of a micropit that trapped the cell to drop into the 

micropit, then trap another cell on top(Fig 1F)46. In essence, there are many microfluidic and 
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microstructure tools that allow for cell pairing for two cells together. We will now discuss 

some of the applications that have utilized short distance cell communication techniques.

Application I: Immune cell heterogeneity

Many of the studies using microfluidics to spatially control cells have been aimed at 

observing immune cells. With microfluidics, one can limit and confine how an immune cell 

and a target cell interact and process individual action information rather than bulk 

information64. One interest is immune cell heterogeneity; with single cell-pair studies 

researchers can analyze the differences within an immune cell population and possibly find 

rare cell subtypes65. Single cell-pair analysis might lead to a discovery of a specific subset of 

immune cells that have a higher killing potential. Using microwells, Vanherberghen et al. 

monitored individual natural killer(NK) cell migration, binding, and killing of target cells.66. 

They classified NK cells to 5 distinct classes, with a small subpopulation of NK cells they 

dubbed “serial killers” that were responsible for the majority of cytolytic occurrences. 

Another group looked at multiple NK cells in a single well and discovered that NK cells did 

not cooperate when killing target cells49. Their system also allowed for monitoring of 

secreted proteins, and they demonstrated that NK cell secretion of cytokines was 

independent of cytolytic ability. Dura et al. used a microfluidic device to pair T-cells to 

target cells and monitored different scenarios for lymphocyte activation and stimulation67. 

They were capable of profiling Ca2+ dynamics in response to different stimulation (B cells, 

antibodies, or chemical agents) over time and demonstrated how T-cell receptors (TCR) 

affinity affects Ca2+ spikes and the cytokines secreted(Fig 2A). That same group then 

transited their studies to NK cells68. They compared the calcium flux to cytotoxicity and 

determined that the strength of Ca2+ activation can correlate with subsequent lysis and 

interferon-gamma (IFN-γ) production. Other studies have been done to monitor interactions 

between T-cells and dendritic cells69, analyze activation of lymphocyte killing70,71, and 

migration72,73. Microfluidics and microscale systems are growing to become a powerful tool 

to study immunology and researchers are starting to adopt the techniques more frequently, 

especially to study immune cell heterogeneity.

With microfluidics, researchers are better able to manipulate and control cells for imaging74. 

It also has allowed for researchers to image biological phenomenon previously difficult to 

accomplish. One example of this is the immunological synapse, of which understanding has 

increased as imaging technologies progressed75. As mentioned before, pairing of cells in the 

vertical direction allows for the synapse plane to be in the horizontal direction and a better 

PSF. One study demonstrated using micropits to stack T-cells on antigen presenting 

cells(APCs) to image the immunological synapse47. They were able to image and show how 

the TCR clustered at the immunological interface to create a central supramolecular 

activation cluster (cSMAC). Around the cSMAC, they saw the majority of molecules were 

adhesion molecules and podosomes. Another device developed combined micropits with 

single cell trap arrays to increase the efficiency and throughput of vertical cell pairing46. The 

group used this device to look at the inhibitory synapse of NK cells to Programmed cell 

death protein 1 (PD-1) as well as F-actin and cytolytic granule distribution (Fig 2B). They 

discovered that PD-1/PD-L1 would first be dispersed, centralized, then dispersed again in 

the majority of cells, while the minority had different receptor reorganization dynamics. 
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They also demonstrated with their device that they could also look at the heterogeneity of 

single cell NK killing dynamics. The advantages of these devices are the ability to vertically 

orient the cells together and prohibit the migration of cells, allowing high-throughput, time-

lapsed imaging to be possible.

Application II: Fusion

Cell fusion is a necessary function of many cell types in development and regeneration76. It 

also has been used as a theory for cancer development and metastasis77,78. To induce cell 

fusion, cells must be adjacent and communicating with each other for the membranes to start 

fusion. Previous methods have been shown to have varying efficiency79. Using microfluidic 

pairing to place the cells together can help increase the efficiency of cell fusion. The 

Voldman group first used their microfluidic pairing device to increase efficiency of cell 

fusion using polyethylene glycol(PEG) to 40% and electrofusion up to almost 80%, while 

also demonstrating the functionality of the fused cells59(Fig 2C). The same group also 

developed a fusion device based off of deformability60. This device demonstrated 

electrofusion, while claiming to also be able to use chemical fusion or laser-induced fusion 

to be a versatile platform for cell fusion. Another group also demonstrated a microstructure 

device compatible with laser-induced fusion80. The advantages of microfluidic-based cell 

fusion are the increased efficiency in pairing cells together. Another interesting possibility is 

fusing more than two cells together, as the Voldman group demonstrated by fusing three 

cells together60. Cell fusion studies have been limited before by efficiency and throughput, 

which microfluidics can now solve. With these microfluidic tools, researchers can better 

study cell fusion, and possibly address questions like the cell fusion metastasis theory81.

Application III: Sensors

With microfluidics, researchers can couple monitoring cell-cell interactions and measure 

secreted proteins and cytokines at the same time. Many devices to monitor single cell 

secretions have been previously reported82–85. Coupled with cell pairing, the secretions that 

cells produce after cell-cell interactions can be monitored. Yamanaka et al. used their 

microengraving system to monitor the secretions of NK cells while killing target cells49. 

They demonstrated that when NK cells contact the target cell, they started producing 

macrophage inflammatory protein 1β (MIP-1β) and interferon gamma (IFN-γ) (Fig 2D). 

With cell surface sensors attached to a cell, mesenchymal stem cells were capable of 

detecting platelet derived growth factor (PDGF) produced by MDA-MB-231 breast cancer 

cells inside microwells86. Another study examined how umbilical cord blood cells survived 

when co-cultured with MBA2 cells and IL-3 in droplets87. Coupling a sensing technique 

with single cell analysis allows for quantitative information of secretions due to cellular 

interactions.

Long Distance Communication

In addition to short distance communication, microfluidic devices have also been developed 

to study how cells communicate at a longer distance. The most common long distance 

communication devices look to measure paracrine or endocrine signaling through secretions. 

Instead of directly contacting cells or cells within the same microwell, single cells or cell 
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populations are compartmentalized and separated by channels88, valves and membranes89,90, 

permeable gels,91 or gases92. These gels and valves are made permeable so communication 

proteins like cytokines or growth factors can diffuse through93. Other devices have coupled 

with sensors when measuring intercellular communication of how cytokines can affect 

cellular processes in downstream culture94,95(Fig 3A). Another possibility of these devices 

is coupling them with other external cues simultaneously, including substrate stiffness96 or 

roughness97, biochemical gradients98,99 or even migration inhibitor factors100. Three-

dimensional devices have also been created to study longer distance cell-cell signaling 

similar to endocrine signaling, where signaling can induce migration, proliferation, 

epithelial-mesenchymal transition (EMT), or more101–103. Many of these 3D devices utilize 

hydrogels like traditional 3D culture methods to compartmentalize the cells and allow 

signaling proteins to pass between104(Fig 3B). Besides paracrine and endocrine, devices can 

also be created to induce synaptic communication between single cells105. The advantages 

of these type of devices are the ability to induce synapse formation105 and induce directed 

migration106. Long distance communication devices were developed earlier than short 

distance devices and therefore are more established. Here we will highlight some long 

distance devices and their applications to biology.

Application I: Neuron Synapses

One such application for long distance communication is the study of neuron synapses. 

Neuron cells, unlike other cells, never divide and are in most cases not replaceable after their 

loss. Neurons use synaptic connections to cover large distances crossing diverse extracellular 

matrixes and process information transmission. The need to control a multitude of neuronal 

microenvironments to investigate the cell synapses makes microfluidics a perfect candidate 

to study the ordered connectivity of neurons. In 2006, Park et al107 described the fabrication 

of a microfluidic culture chip to compartment hippocampal and other central nervous system 

neurons. The device used two chambers that could be loaded independently, which were 

connected with an array of microchannels. By using different hydrostatic pressures, distinct 

chemical environments could be created in the chambers while allowing for interaction 

between the neuron populations through the use of their axonal projections. In 2010, Taylor 

et al108 developed a microfluidic device for the visualization and manipulation of synaptic, 

presynaptic, and postsynaptic bodies independently. This was accomplished by adapting 

their previously developed design109,110 and adding a perfusion chamber perpendicular to 

the microgrooves, thus allowing for the access to the synaptic region with high special and 

temporal resolution (Fig 4A). The location of the perfusion chamber, located closer to one of 

the latter compartments, ensured that mostly dendrites from the closer chamber and only 

axons from the further chamber were perfused. The independent way in which each chamber 

can be manipulated also allowed for the study of two neuronal populations in an autonomous 

manner. More recently, Coquinco et al111 also used a more advanced three compartment 

microfluidic device to create three isolated microfluidic environments using the same 

principles as Park et al107 to study synaptic competition. Unlike the Park et al device, they 

used three, instead of two, chemically isolated compartments which allowed them to place 

the target neurons in the center compartment and the competing neurons on compartments 

located on either side (Fig 4B). The chemical isolation of the compartments meant that only 

axons were able to cross the microgrooves, enabling the study of synaptic competition 
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between inhibited and untreated neurons in the lateral compartments and the target neurons 

located in the center compartment. They discovered that axons from untreated neurons 

reached the center chamber faster than threated neurons, resulting in increased synaptic 

events. The study of astrocytes has revealed a parallel development of astrocytes and the 

formation of synapses.112 Facilitating the co-culture of glia and neurons in the same 

microfluidic device can provide important information about the development of dendritic 

spines and synapses. Shi et al89 developed the first microfluidic device for the co-culture of 

neurons and glia that permitted reversible separation. By using a vertically-layered co-

culture scheme, they could culture glia cells on a PLL-coated PDMS roof and neuron cells 

on a PLL-coated glass surface on the bottom by simply reversing the chip. Using a valve, 

they could isolate neurons in adjacent chambers by using a pressure chamber. This vertical 

design provided a working mechanism to study the influence of glia cells in synaptic 

contacts between adjacent neuronal populations. In this paper, they also presented a four 

chamber microfluidic that used the same valve isolation principle but with cultured glia cell 

on the outside chambers with differentiated neuronal populations. Both devices provided 

new technology for co-culturing differentiated populations of neurons and glia cells. 

Previously, Majundar et al90 had also reported a valve isolated microfluidic device which 

they used for the co-culture of one population of hippocampal neurons and a population of 

glia cells using a microfabricated valve to act as a separating hurdle between the chambers. 

However, due to having only two chambers, it could not observe the effects of glia on 

neuron-neuron interactions. One device created to study the interactions between astrocytes 

and neurons, and their response to glutamate stimulation, was published by Gao et al88. This 

was the first study combining surface patterning with polyethylene glycol, used as a way to 

specifically place cells and guide neurite development, microgrooves to separate the two 

chambers113 and the use of genetically encoded calcium indicators that allowed to monitor 

neuron-astrocyte interactions. The combination of these technologies in the same device 

allowed for the first time to study the real time signaling between neurons and astrocytes 

(Fig 4C). The field of neuroscience has benefitted greatly from microfluidics and will 

continue to offer unique opportunities for neuron synapses and communication studies.

Application II: Ocular Synapses

Ocular synapses activity is another application where the use of microfluidic devices has 

been recently developed. For example, the study of the cellular communication between 

donor and host retinal cells is still, for the most part, poorly comprehended, and a better 

understanding of this integration could allow for an improvement on the transplantation of 

retinal precursors derived from postnatal retinal cells. These precursors have been able to 

achieve repair on rod-mediated vision in mice and in clinical trials114,115 To address retinal 

synaptic regeneration and artificial retina studies, Ping-Jung Su et al116 used a microfluidic 

device named retinal synaptic regeneration chip (RSR-chip). With the intent to reconstruct 

retinal neuron synapses, they used retinal precursor cells cultured in a microfluidic chip 

possessing several arrays of microchannels. By forming a network of aligned synapses and 

using immunostaining of retinal precursor cells, this microfluidic device allowed for 

automatic and high throughput quantification and analyses of synaptic regeneration events. 

To conduct this study, the RSR-Chip was designed with two microchambers connected by a 

multitude of microchannels arrays. By using 50 microchannels with lengths of 50 or 100um 
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long with a width of 3 or 4um and a height of 17um, this study was able to mimic the long-

range interaction of retinal cells by forming a network of oriented synapses in the chip. The 

design of two independent microchambers connected to each other with a multitude of 

microchannels allows for the loading of each individual chamber with the desired retina 

neurons population, and therefore to study the interaction between two or more populations 

of retina neurons (Fig 4D).The synaptic connections formed in response to secreted cytokine 

generated a larger number of observable synaptic regeneration events in the shorter channels 

rather than the longer channels, with the width of the channels producing identical results. 

Though there are few studies on microfluidic devices for ophthalmology and ocular 

research117–119, we believe the field could have many advantages in adopting microfluidic 

studies and that this is an attractive avenue of collaboration for future researchers.

Application III: Cell to cell protrusions

The study of material transfers through gap junction intercellular communication (GJIC) 

regulates the degree of intercellular coupling, and the use of such channels is critical to 

several physiological activities ranging from impulse propagation in the heart and neurons to 

regulation of cellular proliferation. The study of GJIC at the single cell level can be carried 

out from measuring dye transfer or electrical conductance and metabolic cooperation 120. 

These measurements are typically not high throughput and controlling the gap junction 

formation is hard. However, the microfluidic device developed by Zhang et al105, allowed 

for the formation of cell pairs to occur in a more controllable and high throughput manner. 

The microfluidic chip named “Block-Cell-Printing” (BloC-Printing) (Fig 5A) consisted of a 

symmetrical network of microfluidic channels with microarrays of traps present in each 

channel to capture cells loaded in the device by the use of negative pressure (Fig 5B). The 

structure of the device allowed for great flexibility in controlling the distance between cell 

pairs since the cell traps could be designed to be the desired distance from each other. The 

design of the traps itself was also highly effective in obtaining a single cell trapping 

efficiency close to 100%. From the moment cells were trapped, it would take over two hours 

for them to establish protrusions which occur in both directions along the side of the 

microchannel wall closer to the cells. By aligning traps next to each other with both possible 

directions of flow, this device was able to study intercellular communication, either body to 

body (Fig 5C) or protrusion to protrusion (Fig 5D), amongst two different types of cells by 

observing dye transfer between the forward protrusion of a donor cell and the backward 

protrusion of a recipient cell or two cell bodies. Cells would develop both a forward and a 

backward protrusion and were allowed to spread their protrusions typically for periods of 

time in excess of two hours (Fig 5E). Since the printing of cells, and their transfer to a 

number of different substrates such as polystyrene or glass, is a controllable characteristic in 

this device, and because studies of signal transduction between primary neurons require their 

precise individual positioning, the utilization of this device to print individual cortical 

neurons was also used after to obtain single and paired neurons with highly branched 

dendrites. The use of protrusion enhances the specificity for cells to communicate between 

each other121. Chemical cell-cell communication is not the only way in which cells use 

protrusions in nature. In fact, cells can use protrusion for several different biological roles 

that range from expansion of their surface area to cell motility and more122. Therefore, the 

use of microfluidics devices for these studies provides new and important tools to help better 
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understand the role of cell protrusions in several cellular processes, specifically cellular 

signaling and communication121.

Application IV: Bacteria

Besides mammalian cells, bacterial cell communication has also been an area where 

microfluidics has advanced as a tool of research. Although populations of bacteria where 

initially thought to act independently, this has recently been discovered not to be the case. It 

has been revealed that certain groups of chemical signal molecules are involved in the 

regulation of gene expression in a cell density manner. This behavior has been termed 

quorum sensing or cell-cell communication.123 The phenomenon of quorum sensing in 

bacteria involves the production release and sensing of small signaling molecules and occurs 

in both Gram-positive and Gram-negative bacteria124. These signaling molecules known as 

quorum sensing molecules are responsible for regulating a number of functions including 

bio-film formation125 and motility126. Redfield127 proposed an alternative to this quorum 

sensing which he labeled diffusion sensing, where he proposed that these chemical signaling 

molecules could provide a means to detect the degree of diffusion and mixing in the cell 

environment127. It has also been proposed that merging both concepts in a term dubbed 

“efficiency sensing” could provide a better understanding of bacterial cells communication, 

unifying not only the “what cells sense” theory but also the “why cells sense it” theory with 

the evolutionary hypotheses of the benefits of cell autoinducer sensing.124 It seems clear that 

microbial cell-to-cell communication studies can benefit from the use of microfluidic 

devices with strategies that can provide new tools to observe cell-cell behavior for 

coordinated bacterial cell communication30. One of those microfluidic device, which was 

inspired by existing microfluidic devices128,129, had the ability to control the positioning and 

communication between three different populations of wild-type soil bacteria. The device 

consisted of a double layered microfluidic structures separated by a nanoporous membrane 

and reported the necessity and adequacy of the existence of a defined microscale spatial 

structure between the bacterial communities for a stable coexistence of interacting synthetic 

bacterial communities.130 Park et al131 developed a microfluidic chip that used a ratchet 

structure integrated concentrator microfluidic device to develop assays for bacterial cell-to-

cell communication. The use of ratchet structures allowed for the controlled concentration of 

bacterial cells. By using two different channels for cell loading, they could load different 

pairs of cells on the right and left side of the device while the physical connection between 

both sides of the device occurred via open microchannels that connected the cells 

chemically. (Fig 6A) By using receiver cells on the left main channel and sender cells that 

produced acyl homoserine lactones, which activates receiver cells to activate GFP, on the 

right, it was discovered that after one hour of concentrating cells, the receiver cells started to 

show GFP signals while no fluorescence signals were detected on the sender cells. This easy 

single layer PDMS device facilitated the research on the effect not only of spacing distances 

but also of populational density in bacterial cell-to-cell communication. More recently, Luo 

et al132 published a paper in which they demonstrate a device that uses microfluidics to 

modulate communication between proximal cells and distant populations. The design used 

multiple microchannels connected in pairs with a flexible tube for the signaling experiments 

and three distinct cell populations. The transmitter cell community was located upstream and 

signaled a molecule autoinducer-2 to a reporter population that receive the signal after it was 
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either amplified or attenuated by a “modulator” cell population (Fig 6B). For the assembly 

of the cell population within the chip, a chitosane membrane was used allowing for the 

positioning of reporter cells adjacent to the membrane, while the reporter and modulator 

cells were assembled in calcium alginate hydrogels. This design enabled the modulation of 

the longitudinal transport of small molecules transmitted by non-pathogenic E. coli 

mimicking long distal signaling among in the human intestinal track which in live species is 

hard to access. The development of microfluidic devices to the study of bacteria and other 

small organisms will continue to increase the possibility for future developments in this 

field.

Application V: Wound Healing

Microfluidic devices have been used as an alternative to the traditional scratch wound 

healing assay. In the classical scratch assay, cells are physically removed by a razor-like 

device, and the remaining cells are responsible for closing the gap left by the scratch device. 

This scratch is the “wound,” and the cells are monitored to close the scratched area. Despite 

being a simple and fast method to perform, the scratch assay has several disadvantages. For 

example, this method does not account for the influence that different chemical gradients 

might pose. The physical characteristics of the wound area are difficult to replicate since the 

manual method is highly dependent on the user. The use of microfluidic devices, where cells 

can be patterned with precise and constant distances regardless of the operator’s ability, 

combined with the smaller structural device size for an easy visualization, has helped 

overcome some of the disadvantages. One of the earliest applications was to study the 

influence of a surface for cells to grow free from cell damage caused by the earlier 

scratching methods. This device used a microstencil technique to culture cells in physically-

separated open structures to enable the study of cell migration without inflicting any damage 

to the cells133. Another application involves the culturing of cells within closed microfluidic 

channels, where the wound is produced by exposing the cells in one channel to trypsin; this 

effectively removes cells from the device and creates a gap or wound in between the cells in 

the other channels and allows for the study of NIH-3T3 fibroblasts migration to close the 

wound134. This approach has provided the concept for numerous studies to quantify 

endothelial cell migration135, the effects of ethanol on MCF-7 human breast cancer cells136, 

the regenerative effect of HGF on wounded alveolar epithelium137 and vascular smooth cell 

migration138. The major problem with wound healing studies is that despite these advances 

in devices, the assay itself has not undergone significant changes in the last 20 years. New 

techniques of inducing wounds, monitoring wound healing, and controlling the wound 

microenvironment are needed to make wound healing studies more physiologically relevant. 

More recently, a microfluidic device was developed that used a membrane to induce the 

wound and allowed repeated injury139. Continual advances need to be made in this field if it 

will truly have an impact in understanding in vivo wound healing.

Conclusion and Future Perspectives

We briefly detailed various microfluidic devices for cell-cell communication and some 

applications that researchers have used these devices for. The unique ability to study single 

cell signaling or small populations in microfluidics with be important in future 
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understanding of cell heterogeneity, and it will have wide implications in many topics 

including cancer stem cells, metastasis, immunology, neuroscience, and more. Immunology 

has been one of the biggest directions for cell-cell communication and single cell analysis 

devices34, while neuroscience has been widely popular for long-distance 

communication140–142. Despite this, there are still many unexplored biological areas where 

research could benefit from microfluidic cell-cell signaling devices. Entosis, or when a cell 

invades another cell’s cytoplasm, could be studied with short distance microfluidic 

devices143,144. For long distance devices, the role of exosomes in cell-cell communication 

and subsequent reactions still needs to be investigated145, especially because microfluidics 

can be used for exosome enrichment and detection146. Exosomes have recently become a 

topic of interest, and their role in cellular communication has just briefly been 

touched147,148 We believe that soon researchers will leverage the advantages of microfluidic 

cell-cell communication devices to exosome communication research. Another area that is in 

the early stages of research is gene editing and manipulation during cell-cell 

communication149. The ability to study how cells interact after gene manipulation can lead 

to better understanding of cell-cell communication at the genetic level, as well as help in 

fields like synthetic biology7. Studying cell-cell communication through gene editing could 

also be useful for cell-based screening of subpopulations of interest, similar to work our 

group has done on cell screening based on deformability150. With novel strategies for gene 

editing using microfluidics recently being developed151, future studies combining gene 

editing and cell-cell communication studies are expected to follow. Based on these insights, 

there are still many avenues for researchers where microfluidics would help increase 

information and understanding in cell-cell communication.

While many devices have been presented, more devices and designs still need to be 

developed. Of note is the lack of cell-cell migration devices, which allow for cells to migrate 

towards signaling of other cells. The challenge in this is having effector cells produce 

enough signals to form a noticeable gradient over long periods of time that the target cell can 

sense. Another area of need is the ability to pair more than 2 single cells together with high 

spatial resolution, high efficiency, and high throughput. Technologies that are competing 

with that include single cell bioprinters152 and laser writing153,154. The disadvantage of 

these technologies lies in the low throughput of these technologies, while microfluidics has 

the potential for high throughput printing while retaining high viability. Single cell long 

distance devices could also be developed to isolate and examine individual protrustions/

synapses88. Another opportunity would be to further develop devices that allow cell-cell 

communication integrated into 3D tissue or 3D environments, to monitor how single cells 

communicate in different or more native environments155. As mentioned above, these 

devices only focus on the in vitro devices and neglected the impact that the 3D 

microenvironment. To account for and better replicate the microenvironment, organ-on-chip 

systems have been developed that better mimic in vivo factors156. There are many organ-on-

chip technologies and techniques already developed that can be used to study cell-cell 

communication. Another technique is stacking paper-culture platforms to simplify 3D 

culture157–159. By being able to stack different layers of culture, the Whitesides group has 

been able to monitor migration/invasion and develop 3D models and organ-on-chip 

models160,161. The paper-based culture is a platform that can be used for monitoring cell-cell 
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interactions and may have many advantages in reducing the cost and difficulty associated 

with materials and 3D culture161. Overall, the needs and opportunities exist for both 

biologists to utilize microfluidic devices to enhance their research, as well as engineers to 

develop better cell-cell communication tools to aide biologist.

The true hurdle for advancing these studies is the usability of microfluidics for traditional 

biology labs. While there are countless opportunities that biologists could use these 

microfluidic platforms for, the limiting factor is the ease and adoptability of these devices 

towards non-microfluidic researchers. Lack of standard designs and the difficulty for new 

users to start using microfluidics means more traditional, but technically lacking systems are 

still used. Other microfluidic devices are designed with pump systems (syringe, peristaltic, 

or pressure pumps) that make implementing microfluidic systems costly. In order to push the 

potentials of microfluidics to advance biological research, simple devices which are easily 

utilized and require no external equipment are necessary. These devices also need to pursue 

commercialization. Indeed, some companies have already started commercialization for cell-

cell communication devices, with applications in endocrine systems162, neuroscience163, 

and general co-culture164. Even some larger companies have started distributing microfluidic 

systems and are helping make microfluidics a more universal research tool165. The goal 

should be to create a device as simple as the widespread transwell system, with standard 

protocols and procedures, but with technical features that will allow researchers to expand 

their research. Engineers need to keep in mind specific biological questions that require 

advanced technology to solve, as well as creating simple systems that allow for ease of 

utility for the scientific population as a whole.
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Figure 1. 
Horizontal and vertical cell pairing methods. A) Electrode based method of creating 

horizontal pairs. Positive dielectrophoresis(DEP) is used to trap each cell type(red and 

green) into the well wall, and negative DEP is used to manipulate the distances between cell 

pairs52. B) Droplet-based approach for encapsulating two cells. Cell types 1 and 2 are 

stained and encapsulated, and the correct double positives can then be sorted out through 

DEP53. C) Trap or structure based approached for horizontal cell pairing. The first 

cell(green) is captured upward into the gap and then transferred down into the trap. The 

second cell(red) is then flowed down to occupy the remaining trap space to be paired 

horizontally59. D) Surface acoustic waves allow for control and manipulation of cell 

positions61. A microfluidic chamber on top of the acoustic substrate with interdigital 

transducers allows for surface acoustic waves to travel into the device and connect the two or 

three cells together. E) Vertical cell pairing using DEP. Cells fall into the well using DEP 

and excess cells are removed away with a sucrose wash. Then the second cell is introduced 

and trapped using DEP on top of the first cell63. F) Structure approach for vertical cell 

pairing. Cells are captured at the trap and fall into the micropit, which clears the trap. This 

allows for a second cell to be captured at the trap on top of the first cell46. 1A. Reproduced 

from Ref 52 with permission from the Royal Society of Chemistry. 1B. Reproduced from 

Ref 53 with permission from the Royal Society of Chemistry. 1C. Reproduced from Ref 59 

with permission from Nature Publishing Group. 1D. Reproduced from Ref 61 from the 

National Academy of Sciences. 1E. Reprinted with permission from Ref 63 Copyright 2014 

American Chemical Society 1F. Reproduced from Ref 46 from The American Association 

of Immunologist.
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Figure 2. 
Applications of cell pairing for communication studies. A) Immune cell heterogeneity 

studies. Single cell studies conducted on Ca2+ flux and activation between T cells(red) and B 

cells(green), where 225 individual cell pairs were tracked and analyzed based on CD8 

expression(T cells) and MHCII and pMHC1 expression(B cells)67. The Ca2+ expression is 

measured by fluorescent signal over time. B) Imaging of the immunological synapse 

between a natural killer cell and a target cell. The authors were able to image the changes in 

localization between actin(red), perforin(green) and tubulin(blue) during the killing 

process46. C) Cell fusion of cells using both chemical and electrical techniques59. 

(a)Chemical fusion of mouse embryonic stem cells(green) to mouse embryonic(blue). 

(b)Electrical fusion of two 3T3s cells stained with DsRed and eGFP. Fusion is measured by 

the distance between fluorescence. D) Time lapse imaging and secretion analysis of NK 

cells interacting with target cells. NK cells(blue) can contact target cells(red) and 

subsequently kill the target cells(dead cells turn green through Sytox Green)49 Secreted 

factors are quantified by microengraving, where antibodies for MIP-1β and IFN-γ are bound 

to the bottom of the microwell. Secreted proteins are captured by the antibodies, and primary 

and fluorescent secondary antibodies for MIP-1β(yellow) and IFN-γ(green) bind. 

Concentration can be quantified by fluorescence intensity. 2A. Reproduced from Ref 67 with 

permission from Nature Publishing Group. 2B. Reproduced from Ref 46 from The 

American Association of Immunologist. 2C. Reproduced from Ref 59 with permission from 

Nature Publishing Group. 2D. Reproduced from Ref 49 with permission from the Royal 

Society of Chemistry.
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Figure 3. 
Long distance 2D(A) or 3D(B) co-culture devices for secretion based communication. A) 

Cells are divided by a valve that can separate the two cells and control the secretion of 

cytokines(A, top)95. To make the cells communicate, the valve is opened so that secreted 

proteins and conditioned media can be shared between the populations(A, middle). This 

device could then be coupled with electrode sensors to monitor cell behavior. A schematic of 

the chip is shown to demonstrate compartments don’t mix when the valve is turned on(A, 

bottom) B) 3D cell co-culture using hydrogel culture. Cells are loaded in basement 

membrane extract(BME) gel to compartmentalize the cell104. First, cell A(red) is introduced, 

then cell B(green) is introduced adjacent to cell A, but without mixing. The middle channel 

is filled with media to feed the cells. Cytokines, growth factors, and other secreted proteins 

can then pass through from one cell population to the next by diffusing through the gel. This 

also allows for cells to migrate through from one gel to the next. 3A. Reproduced from Ref 

95 with permission from the Royal Society of Chemistry. 3B. Reproduced from Ref 104 

with permission from the Royal Society of Chemistry.
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Figure 4. 
Applications of neuron and ocular synapses studies A) Schematic of the microfluidic chip 

used for the visualizations and manipulation of synapses, where flow direction is achieved 

with the use of negative pressure thus by preventing diffusion into the microgrooves. The 

use of Alexa Fluor 488 allows for the observation of the difference in profile between 

perfusion and the washout step108. B) Experimental setup of the 3 compartment microfluidic 

device used for synaptic competition. The use of microgrooves on the side chambers and 

‘target’ neurons in the centre establishes the synaptic competition between axons to reach 

the central chamber111. C) Schematics and actual image of neuron-astrocytes interaction 

microfluidic chip using food dyes to show the chambers and channels. This platform used 

for the first time simultaneously a combination of PEG, (polyethylene glycol), 

compartmentalized chambers and gen etically encoded calcium indicators for the analyses of 

neuron-neuron and neuron-astrocytes interaction88. D) Microfluidic device schematics for 

retinal synapse regeneration above the retinal structure mimicked with the use of two 

chambers connected by 108 microchannels. Scale bar, 200μm116. 4A. Reproduced from Ref 

108 with permission from Elsevier. 4B. Reproduced from Ref 111 with permission from 

Elsevier. 4C. Reproduced from Ref 88 with permission from Nature Publishing Group. 4D. 

Reproduced from Ref 116 under a CC-BY license through Nature Publishing Group.
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Figure 5. 
Applications of cell-to-cell protrusions in intercellular communication A) Image of the 

BloC-printing device displayed with ruler for scale and colored die for the visualization the 

channels B) Schematics of chip design with the symmetrical channel networks C) Flexibility 

of cell trapping with ribbon pattern as an example and body to body cell pairing with red and 

green cells with enlarged micrograph of cell pairs within dotted line D) Calcein transfer via 

GJIC in cell pairs with protrusion-to-protrusion and body-to-body pairing methods E) 

Forward and backwards protrusions generated by the fibroblasts after three hours of 
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trapping105. Fig 5. Reproduced from Ref 105 with permission from the National Academy 

of Sciences.
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Figure 6. 
Applications of bacterial cell communications A) Microfluidic device with a ratchet 

structure used bacterial cell-cell communication between two distinct motile bacterial cell 

types, the communication between cells was established via bridge-channels that connected 

both concentrator structures. The use of a ratchet structure prevents cells from moving 

through the bridge channels and insures only cell signaling molecules are able to cross the 

bridge. Both GFP and RFP cells were loaded at the same time and saw their concentration 

increased gradually over time131 B) Schematics of near cell-cell signaling with enhancement 

or attenuation of the signal molecules from the transmitter to reporter via modulating cells. 

The use of a 10cm flexible PTFE tube connecting the upstream transmitter cells with the 

reporter and enhancer/reducer cells downstream was essential for the detection gap time to 

mimic in vitro human digestion modules. The effluent solutions were collected either 

immediately after the transmitter cells upstream or allowed to flow downstream were they 

would encounter the remaining cell populations: test strain, reporter CT104, enhancer LW5, 

or reducer LW8132. 6A. Reproduced from Ref 131 with permission from the Royal Society 

of Chemistry. 6B. Reproduced from Ref 132 with permission from the Royal Society of 

Chemistry.
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