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Abstract

Cellular fusion is a key process in many fields ranging from historical gene mapping studies and monoclonal
antibody production, through to cell reprogramming. Traditional methodologies for cell fusion rely on the
random pairing of different cell types and generally result in low and variable fusion efficiencies. These
approaches become particularly limiting where substantial numbers of bespoke one-to-one fusions are required,
for example for in-depth studies of nuclear reprogramming mechanisms. In recent years, microfluidic
technologies have proven valuable in creating platforms where the manipulation of single cells is highly
efficient, rapid and controllable. These technologies also allow the integration of different experimental steps
and characterisation processes into a single platform. Although the application of microfluidic methodologies to
cell fusion studies is promising, current technologies that rely on static trapping are limited both in terms of the
overall number of fused cells produced and their experimental accessibility. Here we review some of the most
exciting breakthroughs in core microfluidic technologies that will allow the creation of integrated platforms for

controlled cell fusion at high throughput.

Keywords: droplet microfluidics, cell fusion, cell encapsulation, single-cell, high efficiency, cell sorting.
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Introduction

Cellular fusion is an important part of the normal growth and development of organisms, ranging from yeast to
humans.! The process occurs naturally, and the most prominent example of developmentally induced cell fusion
is between an oocyte and a sperm cell, which gives rise to a fertilized egg and hence the generation of a new
life.2 The importance of cell fusion can also be exemplified by other biological processes such as the
development of skeletal muscles (myoblast fusion), bones (osteoclast fusion) and placentae (trophoblast
fusion).>> Moreover, cell fusion plays a key role in innate immune responses, as macrophages can fuse to form
multinucleated giant cells which can engulf and destroy pathogens.® Cell fusion also takes place in lower
eukaryotes such as Caenorhabditis elegans (epidermal cell fusion) and Drosophila melanogaster (myoblast
fusion).!” On the other hand, failed or unregulated cell fusion is implicated in human diseases.® Despite the
importance of these processes in living organisms, very little is known about the mechanism of cell fusion or the
factors that control the fusion process.>!® Accordingly, much research has been directed towards the study of
cellular membrane fusion and the cellular components and signalling factors involved, with fusion involving

human cell types being of particular interest due to its therapeutic significance.!!

In addition to cell fusion within physiological environments, cell fusion in vitro has also been reported. Fusion
of cells of the same species or of different species results in the formation of homokaryons or heterokaryons
respectively, where the nuclei of the fusion partners are included in a single cytoplasm but remain separate and
stable over time (up to a few days, depending on cell type and culture conditions).!>!* Growth and division
processes can also occur in homo- or heterokaryons, where nuclei are subsequently fused to give proliferating
hybrid cells that contain double the genome dose.!* The possibility to fuse cells of distinct cell types has
attracted much interest in molecular biology. For example, heterokaryons, in which nuclei of different cell types
are contained in the same cytoplasm, serve as a valuable experimental system to study the control of gene
expression and the impact of one genome on another.” In addition, fusing cells at different states of
differentiation or at different stages of the cell cycle allows the study of genetic complementation and cellular
dominance or differentiation plasticity.!> Indeed, in recent times, cell fusion has become an experimental tool to
induce nuclear reprogramming, a process by which the fate of a cell is altered.' Nuclear reprogramming falls
into two broad categories: pluripotent reprogramming, in which the differentiated state of a cell can be reversed
back to a pluripotent embryonic stem-like state, and lineage reprogramming, in which the differentiated state of
a cell is directly switched into another.!® For instance, it has been reported that the reprogramming of human B

lymphocytes by mouse ES (mES) cells can be achieved by cell fusion in vitro, where the resultant
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reprogrammed B cells elicit the expression of a human ES-specific gene profile.!” The development of nuclear
reprogramming technology has led to great excitement in the scientific community regarding the potential use of
reprogrammed cells to not only improve the understanding and treatment of diseases, but also in patient-specific
cell replacement therapies.'® Nevertheless, there is a need for a better mechanistic understanding of the
reprogramming process. In particular, characterisation of the factors and regulators required for efficient
derivation of induced pluripotent stem (iPS) and somatic stem cells and how they can subsequently be induced
to differentiate towards the cell type of interest is critical.!® In this respect, heterokaryons act as a useful tool to
study nuclear reprogramming, because the effects of trans-acting factors specific for one cell type on altering the
transcriptional programme of the partner can be investigated. It also allows examination of the earliest
molecular events that occur in the nucleus during reprogramming that have until now been difficult to capture.
Furthermore, interspecies heterokaryons have the additional benefit of allowing gene expression changes to be
sensitively monitored on the basis of species-specific genetic differences, so that key events in successful

reprogramming can be uncovered.!”2

Hybrid cells are also important tools for molecular biology. When cultured, the predominant growth of hybrid
variants that have lost chromosomes derived from either one or both parental cell types becomes evident. Taking
advantage of this, gene mapping?' has been historically used to map specific phenotypes to gene products.
Hybrids generated between tumour and normal somatic cells have also been widely used for malignancy
studies.”> Most importantly, the use of hybrid cells has led to the development of promising therapeutic
applications?, of which the production of hybridomas (hybrid cells between an immortalised cell and an
antibody producing lymphocyte), and hence the generation of monoclonal antibodies (mAb) against an antigen
of choice, is the most well-known. This technique was first introduced in the 1970s?* and has been implemented
extensively over the past few decades as a source of humanised monoclonal antibodies in targeted cancer
therapies.”> More recently developed cellular-based cancer vaccinations are another key application derived
from hybrid cells. This technology is based on the fusion of dendritic cells and tumour cells, from which the
hybrid cells can induce an anti-tumour specific immune response. Such an approach has been shown to be

effective both in vitro and in vivo, and a plethora of clinical trials have been conducted.?®

Despite its utility in a variety of applications, current methods for achieving cell fusion among cell populations
in vitro are cumbersome and inefficient. They include the use of inactivated Sendai virus, polyethylene glycol
(PEG), focused laser beams and electric pulses, of which PEG-mediated fusion and electrofusion represent the

most commonly used techniques due to their relative simplicity.?’! Electrofusion is achieved through
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electroporation: as cells are exposed to short pulses of a high-strength DC voltage, membrane reorganisation
occurs, resulting in the formation of nanopores. Electroporation is reversible and pores on two cells under
investigation must come into contact so that membrane connection can be induced. However, the use of
excessive fields can result in cell rupture and lysis. Cell-to-cell connection facilitates cytoplasmic exchange
between the two cells and eventually fusion between the pair. The mechanism of PEG-mediated fusion®® is
slightly different. The major effect of PEG is volume exclusion, which enables the formation of large areas of
close membrane contact between cells. Subsequent removal of PEG and incubation of cells leads to the
formation of small cytoplasmic bridges between cells, with the expansion of these cytoplasmic connections
(promoted by cell swelling) resulting in fusion. The major drawback of such bulk cell fusion methods is that
they rely on random initial cell-cell pairing, making it extremely difficult to fuse in a selective and controllable
manner. Fusion efficiencies when using PEG as fusogen are also generally low. For example, using PEG to
chemically fuse mES and human B cells typically yields between 10 and 15% viable heterokaryons.!’**
Electrofusion has been shown to give higher efficiencies when compared to PEG treatment® (varying
considerably with cell type) but the other drawbacks mentioned above remain unresolved. This prevents, for
example, detailed mechanistic studies of fusion-mediated reprogramming, as screening of substantial numbers
of heterokaryons fused in one-to-one ratio, is required. Additionally, for other applications such as hybridoma
production and cell vaccine preparation, an efficient protocol is clearly needed. To this end, a more robust

methodology that allows cell-to-cell fusion in high throughput and in a controlled manner is required.

Current microfluidic platforms for cell fusion

Microfluidic systems precisely control fluids that are geometrically constrained in sub-millimetre scale
environments, and offer many advantages for cell manipulation such as the ability to use small quantities of
samples and reagents, reduced analysis times and the possibility to conduct studies at the single cell level.
Examples of reported applications include on-chip long-term cell culture’®, cell trapping®’, cell screening®®-? and
cell patterning.*® Microfluidic systems for cell fusion have also been developed. In particular, much research has
focused on the use of electrofusion to accomplish cell fusion due to the ease of microelectrode integration within
a planar chip format and the ability to precisely manipulate electric fields, in both space and time, at a scale
comparable to that of a biological cell. A recent review by Hu et al.*! provides a detailed account of this class of
microfluidic systems and therefore only key literature will be highlighted in here. In brief, most of these systems

incorporate continuous fluid flows and consist of a microfluidic channel along which an array of
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microelectrodes is fabricated. These microelectrodes are designed such that the electric field is non-uniform
within the channel, with higher field strengths at specific positions. For example, Hu ef al.** used an array of
protruding microelectrodes such that when an AC electric field is applied, cells flowing along a microfluidic
channel are attracted to the side-wall surfaces of the protruding electrodes due to the higher field strength. This
was then followed by cell alignment due to dielectrophoresis (Figure 1a). Cells can then be exposed to high
direct current (DC) pulses, to induce (reversible) electroporation and ultimately cell fusion.*> Generally
speaking, the interplay between microelectrode geometry and electric field governs pairing efficiencies in this
type of devices, which typically fall in the range of 40 to 70%.*' The major disadvantage of using protruding
microelectrode arrays is that cells can be trapped in areas between adjacent electrodes (indicated by white
circles in Figure 1a). In these areas, electric field strength is lower, resulting in reduced fusion efficiencies.
Moreover, pairing of cells is still a random process, where both homogenous and heterogeneous cell pairing can
occur. Similar to bulk electrofusion methodologies, multi-cell fusion can occur in this type of microfluidic

platforms and separation of fused cells from non-fused cells on-chip is not possible.

Flow direction

Load green cells Transfer cells Load red cells
‘down’ ‘down’

AR

Figure 1. Microfluidic platforms for cell fusion. a) Cell alignment in flow in a microchannel with an integrated
microelectrode array such that electric field strength at sidewall surfaces of the protruding electrodes is higher

than other positions of the channel. The red dotted circles show cell pairs aligning at the surfaces of protruding
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electrodes and white circles show cells trapped in between adjacent protruding electrodes.’ Reprinted with
permission from Biomicrofluidics 5, 034121 (2011). Copyright 2011, AIP Publishing LLC. b) Fluorescent

. % Cells are pre-conjugated

image of fused cells created via the flow-through method proposed by Wang et a
based on biotin-streptavidin interactions and the red circles highlight fused cells where one cell is labelled with
calcein AM and is one unlabelled. Reprinted with permission from Appl. Phys. Lett. 89, 234102 (2006).
Copyright 2006, AIP Publishing LLC. c¢) Three-step loading protocol to pair different cell types in weir-based
cell traps (the scale bar is 50 um) and d) overlay of red and green fluorescence images of cells after loading

and pairing using traps shown in (c) (the scale bar is 200 um).** Reprinted by permission from Macmillan

Publishers Ltd: Nature Methods 6, 147 - 152 (2009), copyright 2009.

To truly improve the efficiency of cell fusion, both the mechanism of initiation of membrane fusion as well as
control over how cells are brought into contact with each other and paired, are critical. At the same time,
undesirable fusion events, such as those between the same cell type or multi-cell fusion, must be avoided or
removed from final samples. Cell pairing by chemical methods or microstructures have been proposed to
improve fusion yield. For example, Wang et al. reported a flow-through method in which cells are introduced
into a narrow microfluidic channel (designed to contain no more than three cells across the channel), followed
by the application of a continuous, DC voltage to initiate fusion, using electrodes integrated on-chip (Figure
1b).* Using this system, fusion of Chinese hamster ovary cells was demonstrated. Cells were conjugated based
on biotin-streptavidin interaction before being subjected to an electric field. Depending on the electric field
strength, the number of pulses applied and their duration, about 40% of the total number of cells loaded in
device were fused and remained viable. Despite showing an improved efficiency when compared to
conventional bulk methods, this approach lacks the ability to controllably pair cells, and thus the overall fusion
yield is still low. Skelley et al. proposed the use of weir-based cell traps arrayed within a microfluidic channel
(Figure 1c and 1d).** A key advantage of this method is that cell pairing relies solely on passive
hydrodynamics, thus obviating the need for label-modified cells. Additionally, cell pairs are held close in
contact in the traps, which is a prerequisite for successful cell fusion. Both electrofusion and PEG-mediated
fusion can be accommodated in this system using mES cells, mouse embryonic fibroblasts (mEFs), myeloma
cells, B cells and NINH3T3 fibroblasts to give rise to hybrid cells. Cell pairing efficiencies of up to 70% were
demonstrated with overall fusion efficiencies significantly higher than conventional bulk protocols or

commercial fusion chambers. However, the percentage of fused cells recovered from the device post-fusion and
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their viability were not reported. Reprogramming of mEFs via fusion with mES cells* and pair-wise interaction
studies of mouse lymphocytes at a single-cell level*® have also been performed using this system. Using a very
similar cell-trapping microdevice, but implementing a deformability-based approach (use of high flow rates
caused cells to deform and were hence squeezed through a constriction into each cell trap) to capture and pair
cells, Dura et al. reported pairing and electrofusion efficiencies of up to 80% and 95% respectively, and an
overall yield (fusion between correctly paired cells) of 56%.% This system also has the potential to fuse more
than two cell partners. However, the exposure of cells to hypoosmolar buffer would be necessary to facilitate
fusion of cells with a large difference in cell size, and since different cell types vary in their responses to
deformation, excessive hydrodynamic forces induced within the device could impair cell viability. Overall, the
application of these trap systems although promising, is limited as only a few thousand traps can be included in

a single device.

Another interesting approach to perform cell fusion on-chip involves the use of micro-orifices to create an
electric field constriction. The idea of field constriction using a micro-orifice for cell fusion was first proposed
by Masuda et al.*’ in 1989 and later adopted by Techaumnat et al.*® to perform real-time observation of cell
fusion. In this system, two parallel microfluidic channels are separated by an insulating barrier along which an
orifice is created (Figure 2a). When an AC voltage is applied across the electrodes, the presence of the
insulating barrier results in a concentration of electric field lines at the small orifice. Cells are therefore attracted
to, and forced into contact with each other, at the orifice based on dielectrophoresis. Electroporation and
subsequent cell fusion were then induced by further application of a pulsed voltage. Most importantly, under the
applied electric field, only one-to-one cell fusion between the cell pair in the orifice was plausible, even when
cell chains are formed near the orifice. To further improve fusion yield, Gel et al*® developed a device
comprised of an array of micro-orifices (Figure 2b). By modifying the mould fabrication process, the orifice
size could be tailored (ranging from 2-10 um) to accommodate different cell types and sizes.® For instance,
fusion of mouse fibroblasts using the device shown in Figure 2b resulted in a pairing efficiency of 95-100% and
a fusion efficiency of over 95%. Nevertheless, the throughput of this type of devices is generally low due to the
limited number of orifices that can be created along the channel. At the upper limit, Kimura et al.*' fabricated a
micro-orifice array sheet that could accommodate up to 6x10° micro-orifices in a two-dimensional arrangement
(Figure 2¢ and 2d). Using this device, fusion yield was reported to be about 80%. Despite the high fusion yield,
the throughput of this method is still relatively low. Furthermore, operation of the device is rather complex, as

pairing of cells relies on not only the dielectrophoretic force, but also on cell sedimentation. In other words, the
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device had to be flipped over whilst keeping the voltage on (to keep cells in the upper chamber trapped at the

orifices), in order to allow cells from the lower chamber to sediment and reach orifices for pairing and fusion

(Figure 2e).
Inlet 1
a) b) @ Cell Type A 1
Cell A Cell B @ Cell Type B Se
Field constriction Microstructure
area at the small _ -~ created by insulating Electrode
opening ~ material
\\\
~
b __ Electric lines
/5 ~77 of force

Electrode Electrode B
l

Figure 2. a) Cell pairing based on field constriction at a micro-orifice.*'*’ Reproduced from Sens. Actuators B
Chem. 178, 63 (2013) with permission of Elsevier. b) Schematic of a microfluidic device containing an array of
micro-orifices for cell fusion as proposed by Gel et al.¥ Reproduced from Biomicrofluidics 4, 022808 (2010)
with permission of AIP Publishing LLC. c) Structure of a micro-orifice array sheet and d) SEM images of the
corresponding micro-orifices.>! e) Schematic of the cell pairing process on the orifice sheet: (i) under applied
electric field, cells in the top chamber (green circles) are attracted to orifices due to dielectrophoresis, (ii) the
device is then flipped over whilst keeping the voltage on to allow (iii) cell pairing when cells originally in the
lower chamber (red circles) fall into orifices via both sedimentation and dielectrophoresis.”' Reproduced from

Electrophoresis 32, 2496 (2011) with permission of Wiley.
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Droplet-based microfluidic platforms for cell fusion

Droplet-based microfluidic technologies could offer the highest potential and versatility for single-cell studies.
These platforms usually involve the generation of monodisperse aqueous droplets in a continuous oil phase,
where each droplet effectively acts as an individual and isolated reaction chamber.>? Droplets can be generated
and manipulated at kHz rates, with each droplet having volumes between a few femtoliters and hundreds of
nanoliters. Droplet contents can be varied, exchanged or sampled using a large variety of merging, splitting and

sorting strategies,> >’

and droplets significantly can support living cells and organisms for many days through
the use of highly gas-permeable fluorinated oil phases and biocompatible surfactants.®® Another key advantage
of droplet microfluidic systems is the ease of integration of multiple experimental and analytical steps within a
single platform. This makes them particularly suitable for single-cell studies, which usually involve complex
workflows. For example, Cho et al.’® describe the first fully integrated and high-throughput droplet-based
microfluidic platform for the assessment of photodynamic therapy photosensitizer efficacy. This system enabled
screening almost an order of magnitude faster than conventional methods. Perhaps the most interesting feature
of the approach is its ability to gather multidimensional information in a rapid fashion; in this case the authors

were able to measure the effect of oxygen saturation and dark toxicity in the same device, an operation not

possible using traditional methods.

Not surprisingly, performing cell fusion in droplets has been attempted. Schoeman et al. reported a platform that
allows parallel encapsulation of HL60 cells in two separate streams, pairing and merging of the droplets formed,
and droplet shrinkage of merged droplets to promote cell contact for subsequent electrofusion. They achieved
pairing and merging of droplets with efficiencies close to 100% and 95% respectively, and ultimately 40% of
merged droplets were shown to contain exactly two HL60 cells. This platform was, however, only tested with
one cell type, and, surprisingly, the authors did not perform the final step of cell fusion within the device.®®
Nevertheless, it is clear that the use of droplets potentially affords the high degree of control required for
efficient cell fusion in a high-throughput manner. Furthermore, there are other microfluidic techniques that can
be leveraged to overcome the current limitations of this platform. In the final section of this review we describe
droplet-based microfluidic tools or building blocks that can be used to create an integrated platform for cell

fusion studies with the aim of encouraging research in this field.

The first component required to enable the realisation of a fully integrated droplet-based®® microfluidic platform
for cell fusion is the encapsulation of cells within droplets. More specifically, the correct number of cells must

be brought together in each droplet, which in most cases means one of each cell type. This can be achieved



240  using two different approaches. The first involves single-cell encapsulation of each fusion partner separately,
241 followed by droplet merging to bring the desired cells together inside the united droplet.>® The second approach
242 involves the co-encapsulation of the two cell types during droplet formation such that one cell of each type is

243  delivered to each droplet.®

244
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246  Figure 3. Droplet-based microfluidic tools for cell fusion. a) and b) Dean-coupled inertial ordering in curved
247 channels to allow high-efficiency single cell encapsulation in droplets.> Reproduced from Lab Chip, 12, 2881
248 (2012) with permission of The Royal Society of Chemistry. c) Droplet sorting via dielectrophoresis. Main image
249 shows sorting of droplets when an AC electric field is applied (droplets were deflected towards the upper
250 channel). Inset image shows droplets flowing into the lower channel (due to hydraulic resistance in the absence
251 of applied electric field).’® Reproduced from Lab Chip, 9, 1850 (2009) with permission of The Royal Society of

252 Chemistry. d) Synchronisation of two populations of pre-formed droplets followed by electrocoalescence of the
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of Chemistry.

Traditional methods for single cell encapsulation use diluted cell samples and deliver cells to a droplet
generation nozzle in a random fashion. This yields a population of droplets with a Poissonian-distributed cell

occupancy®, i.e.
Py = Aexp(=2)/k!

Here P, j, is the probability of a droplet containing k number of cells, with A being the mean number of cells per
droplet. Single cell encapsulation efficiencies in this case are generally low, for example, the probability of a
droplet containing only one cell is limited to 36.8% when A = 1.°! However, to avoid droplets containing
multiple cells, diluted samples are normally used. For instance, for A = 0.3, the probability of droplets
containing a single cell is around 22%, and while 74% of the droplets formed will be empty, only around 3.7%
will contain two cells or more.®* Co-encapsulation of cell pairs of two distinct cell types based on Poissonian
statistics will occur with even lower efficiencies, with the probability of a droplet containing one cell of each
type being limited to 13.5%.%' However, the use of this method to encapsulate both fusion partners
simultaneously into the same droplet does not require droplet paring and merging, and the handling of cells prior
to fusion can hence be minimised. In light of the limits imposed by Poissonian statistics, various methods have
been developed to increase encapsulation efficiencies beyond the predicted probabilities (for both the case of
single cell encapsulation and co-encapsulation). In this respect, inertial microfluidic strategies have gained much
popularity in recent years.®® These passive methods make use of the inertial lift forces within narrow and high
aspect ratio channels to focus (at specific cross-sectional positions in a microchannel) and/or order (regular cell-
to-cell distances) cells prior to encapsulation.®’” Subsequently, by matching the periodicity of cell flow with
droplet generation, cell encapsulation efficiencies can be significantly increased. Edd et al.®® first demonstrated
self-ordering of HL60 cells via inertial migration within a straight rectangular microchannel of just 6 cm in
length. The system was tested using samples with a range of cell densities and resulted in much higher fractions
of droplets with single-cell occupancy when compared to experiments without ordering. For example, with a
cell sample of 4 = 0.5, over 50% of droplets were shown to have only one cell, while droplets with multiple
cells were kept below 5%. Employing the same ordering channel, Lagus ef al.®! generated ordered trains of two

separate strains of C. reinhardtii cells and performed co-encapsulation. The reported co-encapsulation efficiency
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of one cell of each strain in a droplet showed a two-fold improvement compared to that based on Poissonian

statistics. Kemna et al.®

achieved ordering of HL60 and K562 cells within a curved channel with a single cell
encapsulation efficiency of almost 80% (Figure 3a and 3b). Due to the use of curved channels, additional Dean

forces are introduced, and in combination with the inertial forces, cells are focused and ordered efficiently.®

The platform proposed by Schoeman et al.>

described previously also made use of Dean-coupled inertial
ordering to enhance single-cell encapsulation efficiency. In this case, the efficiency of single cell encapsulation
was close to 70%. That said, the primary drawback of inertial microfluidic strategies is the requirement for
relatively high flow rates, which may compromise the survival rates of cells post-encapsulation. Also, for cell
populations that have large intrinsic size variations, inter-cell ordering distances may vary considerably, making
controlled single cell encapsulation challenging. Chabert et al.”® reported another approach based purely on
passive hydrodynamics to increase single cell encapsulation efficiencies. This system utilised cell-triggered
Rayleigh-Plateau instabilities induced in a jet flow”' to encapsulate cells and create monodisperse droplets.
Resulting droplets underwent self-sorting on the basis of two hydrodynamic mechanisms: lateral shear-induced

drift”? and sterically driven dispersion, with up to 80% of the sorted droplets containing only one cell and with

less than 1% of droplets being empty.

An alternative strategy to such passive methods is to actively sort droplets containing cells from empty droplets.
Baret et al. developed the first system capable of sorting picoliter-sized droplets according to their fluorescent
signature based on dielectrophoresis (Figure 3¢).>® To validate the system, mixtures of two different strains of
E. coli cells (expressing either the reporter enzyme 3-galactosidase or an inactive variant) were first emulsified
with a fluorogenic substrate, followed by re-injection of the pre-formed droplets into the sorting system to
separate the population of droplets containing the active variant, which were 100-fold more fluorescent upon
hydrolysis with the fluorogenic substrate than the inactive variant. The sorting throughput was 300 droplets per

second, with a false positive error rate of less than 1 out of 10* droplets. Mazutis et al.%®

integrated a similar
sorting system into their droplet-based platform for binding assays. Depending on various factors including the
flow rates of emulsion and fluorinated oil (for spacing droplets) flows and the duration of the sorting pulse, this
type of sorter system can sort droplets at rates up to 2 kHz.’%%73 However, this is still much lower than
commercially available fluorescence-activated cell sorters (FACS), which can sort at rates of up to 50 kHz™
(although FACS sorts based on a continuous flow and cells are not compartmentalised individually like in the

case of droplets). Recently, Sciambi et al.>’ described a sorter that can accurately sort 25 pm-sized droplets

encapsulated with fluorescent beads at rates up to 30 kHz. This system was designed based on the
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aforementioned system, but with new microstructures called gap dividers being introduced to the device to
reduce droplet splitting at the sorting junction as well as to minimise oil spacer flow rate, which are the major
factors limiting throughput in previously reported sorters. This system is ten times faster than existing droplet-
sorters and provides better enrichment of specific droplet subpopulations. Moreover, since the use of this type of
sorting systems is independent of the cell type involved or cell size, they are more robust and reliable than

passive methods for obtaining droplets encapsulating a targeted number of cells.

Once populations of single cells in droplets are achieved in the required numbers, there are two important and
closely related microfluidic processes required for realising cell fusion, namely droplet synchronisation (pairing)
and droplet merging (fusion). In other words, droplets containing cell fusion partners have to be brought into
contact with each other and fused to create one entity. The most straightforward methods are passive and simply
involve ensuring that the two populations of droplets flow in a sequential manner that causes pairing. Droplet
fusion can then be realised when the synchronised flow is subjected to a merging architecture downstream. A
range of strategies for producing paired droplet streams have been reported. For example, the use of combined

59,75,76

T-junctions, where synchronisation is achieved on the basis of hydrodynamic coupling and pressure

equilibration between the two droplet flows has proved popular. A similar system integrated with a passive

A ’77 A 59

pressure oscillator was proposed by Hong et al.,”” and Schoeman et al.>” used a double T-junction to achieve
synchronised formation of droplets containing HL60 cells from two separate streams. Step emulsification (the
production of droplets occurs due to a step change in the height of the microchannel at the interface between two
immiscible fluids) has also been used to achieve synchronisation.”®” Application of these systems for cell
fusion is, however, limited unless it can be coupled with a droplet formation unit that allows high efficiency
single cell encapsulation (for example cell ordering prior to encapsulation) or with a droplet sorter, since
otherwise the subsequent droplet merging step will cause even lower cell pairing efficiencies. Another strategy
is to decouple droplet formation from droplet synchronisation, and use a microfluidic platform that has the
ability to synchronise two streams of pre-formed droplets. This provides much more flexibility and control of
droplet populations. Lee et al.® demonstrated the synchronization of two different populations of pre-formed
droplets via the use of opposing T-junctions, with merging of the synchronised droplets also shown in the same
device (Figure 3d). The synchronisation error rate was 13% with the droplet merging yield approaching 85%.

However, Dressler et al.®

recently reported a different methodology to perform synchronisation also using pre-
formed droplets, with error rates less than 0.2%. The only disadvantage of this system is that a large number of

droplets are discarded during the synchronisation process, although future refinements could recycle discarded
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droplets to ensure complete and waste-free synchronisation of the two droplet populations. However, to date,

most of these synchronisation methods have not been tested with cell-containing droplets.

After a train of single cell-containing droplets has been synchronised in the required sequence, droplet merging,
or fusion, must be induced to bring the cells into contact. In most cases, water-in-oil emulsions are stabilised
with the use of a surfactant and simply inducing a collision between droplets will not result in merging. To
ensure merging, two droplets must be brought into close contact and the surfactant layer covering the droplets
must be destabilised. There are multiple methods to induce destabilisation, such as electrical impulses (i.e.

) 63,81,82
s

electrocoalescence addition of a poor solvent for the surfactant,®® laser heating,®* or through the use of
p g g

different concentrations of surfactant.®’

Perhaps the most challenging part of droplet merging is to bring the
droplets into close enough contact for a sufficient period time. This is usually achieved using microstructures
on-chip to slow down the leading droplet and allow the following droplet to catch up within the synchronised
stream. Examples of reported geometries for this purpose include widening channels,®® pillar structures®*%” and
zig-zag structures.®> A more vigorous method to bring droplet together involves the use of on-chip electrodes to
attract and deform the lead droplet within the microchannel and allow the continuous phase to flow around the
trapped droplet. As the second droplet approaches, merging occurs and the resultant merged droplet is directed
along the channel due to pressure upstream.’! The use of microfluidic tools such as these should enable
populations of single cells to be paired in the required order and merged so that they are contained in a single
droplet, prior to fusion of the paired cells. To date, no induced fusion of cells within droplets has been reported

in the literature, although of the methods for cell fusion described previously, both PEG-mediated and

electrofusion of cells have been shown in microfluidic (non-droplet) formats.

The integration of cell fusion in droplet-based microfluidic systems will lead to the generation of large numbers
of individual heterokaryons that are necessary for more detailed analysis, for example in the case of pluripotent
reprogramming. These platforms could be used to assess reprogramming success and failure over time and to
examine how transcription factor binding to somatic DNA initiates reprogramming (using for example
chromatin immunoprecipitation methods). To enable these studies, reporters of successful reprogramming will
need to be engineered within somatic cells (for example fibroblasts carrying Oct4 promoter driven GFP) to
allow real-time tracking of events in heterokaryons. In addition, high-throughput cell fusion platforms will allow
the application of drug and RNAi-based screens for determining factors that enhance or prevent cellular
reprogramming. Overall, it is clear that the components of a droplet-based microfluidic platform for high-

efficiency cell fusion are ready and waiting for integration and application to fundamental biological questions.
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Conclusions

We hope that this review highlights various wide-ranging microfluidic tools that are available for use in cell

fusion studies. The process of single cell encapsulation in droplets, sample enrichment and droplet

synchronisation and merging are highly applicable to cell fusion studies and the use of microfluidic technologies

to perform and study cell fusion is an emerging and exciting area of research. The inherent ability of such

systems to exert high levels of control over single cells whilst enabling the manipulation of thousands of cells

per second is likely to impact cell fusion studies in a major way, allowing the pairing and fusion of distinct cell

types in a controllable, on-demand and high throughput fashion. Such technologies will undeniably prove useful

for in-depth biological studies of a variety of cell-based systems.
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