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Abstract

The concept of high liquid repellency in multi-liquid-phase systems (e.g., aqueous droplets in an
oil background) has been applied to areas of biomedical research to realize intrinsic advantages
not available in single-liquid-phase systems. Such advantages have included minimizing analyte
loss, facile manipulation of single cell samples, elimination of biofouling, and ease-of-use
regarding loading and retrieving of the sample. In this manuscript, we present generalized design
rules for predicting the wettability of solid-liquid-liquid systems (especially for discrimination
between exclusive liquid repellency (ELR) and finite liquid repellency (FLR)) to extend the
applications of ELR. We then apply ELR to two model systems with open microfluidic design in
cell biology: 1) In situ underoil culture and combinatorial co-culture of mammalian cells in order
to demonstrate directed single cell multi-encapsulation with minimal waste of sample as compared
to stochastic cell seeding; 2) Isolation of a pure population of circulating tumor cells (CTCs),
which is required for certain downstream analyses including sequencing and gene expression
profiling.
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INTRODUCTION

Recently, phenotypic heterogeneity and the influence of rare cell populations are emerging
themes in a number of different biomedical fields,[-?] including cancer progression,[34]
autoimmune disease,®! and developmental biology.[®] Accompanying this emergence is a
parallel need for new cell culture tools that are optimized to interrogate phenotype via ex
vivo or in vitro culture of a single cell or a limited number of cells.[7-14] Specifically, these
culture platforms would ideally possess a number of enabling characteristics, including:

1) amenable to handling precious samples (e.g., fine needle aspirates, liquid biopsies,
bronchoalveolar lavages) and will retain cells with minimal loss; 2) minimize “observer
effect” on the target population, as cells can be placed in the culture system with minimum
shear stress and no contact with non-biological surfaces (while every in vitro culture system
has artifacts, limiting exposure to exogenous components of the culture system will mitigate
this effect); 3) scalable in terms of both target cell number and total cell number; 4)
facilitate straightforward manipulation of specific target cells (e.g., combining specific cells
for targeted multi-phenotype culture experiments, collection of selected cells-of-interest).

In response to this unique collection of requirements, cell culture platform developers

have attempted to leverage the intrinsic advantages of microfluidics. While many creative
solutions have been proposed in the literature, they can be largely classified by two
dichotomous characteristics: 1) Closed vs. open microfluidics; 2) single-liquid-phase vs.
multi-liquid-phase systems. Closed microfluidic devices offer precise control over liquid
components and limit evaporation via physical enclosure.[15:16] However, closed systems
typically rely on fluidic control components (pumps, tubing, valves) integrated into the
platform, which introduce mechanisms of failure and increase costs. Additionally, closed
systems limit accessibility to samples of interest and hinder cellular manipulation with
external tools due to the physical microchannel barriers. In contrast, open microfluidic
systems (e.g., traditional microtiter plate, microwells) offer direct access to individual cells,
and enable high system simplicity from both fabrication and operation.[17-191 Medium loss
via evaporation on open platforms is a significant issue especially when systems are scaled
to single cell volumes (/.e., a few pL or less). While single-liquid-phase systems have
proven immensely valuable, release and retrieval of adherent cells-of-interest is challenging
and frequently involves cell loss (e.g., trypsin release of cells from a high density well
plate).[20] Conversely, multi-liquid-phase platforms (e.g., droplet microfluidics) enable facile
manipulation of specific cells with minimized sample loss and device fouling. Cells can be
encapsulated and transported in micro emulsions in carrier oil and in no direct contact with
solid.[21] Here we propose an open, multi-liquid-phase cell culture and screening system that
leverages an underutilized combination of the aforementioned characteristics and enables
novel applications in cell biology.
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RESULTS AND DISCUSSION

Design rules, experimental realization and benefits of ELR for cellular studies

The underlying principles depicting the wetting behavior of multi-liquid-phase systems have
been previously explored[22-26] and have been applied to several biomedical applications
such as single cell isolation,[27:28] digital droplet polymerase chain reaction (PCR),[20.29.30]
anti-thrombosis coating,[3! and tissue engineering.[32] While powerful and conceptually
well understood by many, the principles remain known mainly to a “niche” within specific
research communities and are complicated to reliably implement, limiting the use of this
potentially powerful regime. Here, we outline a straightforward protocol for distinguishing
two regimes of liquid repellency: ELR (the dispersed liquid phase is completely repelled
and shows no adhesion on solid) and FLR (the dispersed liquid phase is non- or partially-
repelled, and shows adhesion on solid). Further, we demonstrate the utility of these design
rules through two applications for research in cell biology. First, /n situ underoil cell
culture and directed single cell multi-encapsulation of monocytes (THP-1) were achieved
in ELR microdroplets. In addition, single cell subgrouping of a rare cell type (CTCs) was
demonstrated, which could enhance the precision for downstream analysis (e.g., whole
genome sequencing).

The repellency of a dispersed liquid droplet within a surrounding immiscible liquid against
a solid is inherently determined by the interfacial energy between the two liquids as well

as the interfacial energies between each liquid and the solid.[33] The principle can be
silhouetted with thermodynamic modeling of a solid-liquid-liquid three phase system. Here
we start by rewriting the subscript of each parameter in Young’s equation to address this
situation: ys/icp = ¥s/Ldp * ¥Ldp/LcpCOSE, Where Ois Young’s contact angle (CA), ys/Lep,
¥s/Ldps ¥Ldp/Lcp are the interfacial energies of solid/liquid of continuous phase (S/Lcp),
solid/liquid of dispersed phase (S/Ldp) and between the two liquids (Ldp/Lcp), respectively.
Setting &to 180° (e.g., ELR, or no contact between the dispersed liquid phase and the solid)
yields ys/Ldp = ¥s/Lep + YLdp/Lcp- IT we next apply the thermodynamic boundary conditions
of surface energy (¥s/G, ¥Lcpic and y1gp/c > 0) and S/L and L/L interfacial energies (ys/Lcp
< 758G * Yep/Gy ¥s/Ldp < ¥s/G t ¥Ldp/G» aNd ¥idpiiep < ¥LdpiG * Yicp/a) (SI Figure 1), the
relationship between ys;_qp and ys/cp + 7Ldp/Lcp CaN be either “>”, “=", or “<” (Sl Figure
2).

To better visualize the balance between interfacial energies, we introduce a solid-water-oil
(S/W/0O) triangle and Venn diagram graphical representation to map the parameter space
(Figure 1a). The three points of a S/W/O triangle correspond to the three phases of S, W, and
O. Each side is formed by connecting any of two points with a solid line and represents the
corresponding interfacial energy (e.g., S/W, S/O, and W/O). Thus, the relationship between
¥s/iLdp @nd s/ cp + YLdp/Lcp Can be comparably expressed via “triangle inequality” (Ze.,

Is the sum of the lengths of any two sides of a triangle greater than the length of the third
side?). In other words, ELR (CA = 180°) will occur if the sum of the two sides (ys_cp and
YLdp/Lcp) Of the S/W/O triangle is equal to or less than the third side (ys/_qp), otherwise
FLR (CA < 180°) will occur. To demonstrate how the S/W/O triangle is implemented, we
chose three non-textured solid materials (O plasma-treated glass, polystyrene (PS), and
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(polydimethylsiloxane (PDMS)) and three W/O pairs (water/mineral oil, water/silicone oil,
and water/Fluorinert FC-40) (Sl Table 1, Sl Table 2). The CAs of each test liquid on the
three solid materials were measured in air to calculate the interfacial energies of S/W and
S/O (Sl Figure 3, SI Methods). On PDMS, ELR is only obtained against water when silicone
oil is used as continuous phase. In contrast, ELR is only obtained against silicone oil and
Fluorinert FC-40 on O, plasma-treated glass when water is used as continuous phase (S|
Figure 4). It is worth noting that on PDMS, if silicone oil is replaced with either mineral

oil or Fluorinert FC-40, ELR is eliminated because the interfacial energy between water and
oil is too large as per the S/W/O triangle (Sl Figure 5, orange right column, SI Movie 1,

SI Movie 2). An analogous effect can be observed on O, plasma-treated glass (SI Figure 5,
blue left column, SI Movie 3). Provided that a solid material shows no obvious preference
between water and oil (e.g., PS), no matter which (water or oil) is set as continuous phase
ELR will not be obtainable (SI Figure 5, orange and blue center column, SI Movie 4).

ELR droplets of aqueous medium surrounded by a background of oil offer multiple
advantages for cellular studies. First, all medium droplets regardless of size can rest in
flow-free conditions and move freely on non-textured substrate without noticeable hysteresis
and volume loss (Figure 1b and 1c). Next, no surfactant is required to maintain ELR and

the addition of water-soluble molecules (including extracellular matrix (ECM) biomaterials
such as collagen, SI Methods) in aqueous phase did not cause any obvious changes on
droplet manipulation (Figure 1d and 1e). Thirdly, ELR mitigates cell and medium loss due
to biofouling or evaporation. In general, the loss of material from the aqueous phase underoil
can be attributed to either diffusion into the surrounding oil phase and/or adsorption onto a
solid. ELR eliminates the second of these potential loss mechanisms by eliminating direct
medium aqueous contact with any surface. This principle was demonstrated by observing
fluorescently-labeled BSA in aqueous medium over time. In this experiment, all conditions
of FLR show a time dependency of fouling, while ELR (PDMS-grafted glass/silicone oil)
exhibits no fouling after 24 hours (SI Figure 6). The diffusion of molecules between aqueous
phase and oil phase is determined by the partition coefficient of a given solute in the two
phases. Less solubility and diffusion of polar compounds can be expected in oil phase
compared with non-polar ones. A test done with Nile red (a hydrophobic dye) clearly
showed that the extraction of non-polar molecules can be mostly inhibited if fluorinated

oil used instead of silicone oil (SI Methods). The specific influence of depletion of non-
polar molecules on cell culture will be for a further work. Based on the design rules,

water drops show FLR under fluorinated oil on PDMS substrate. To achieve ELR with
fluorinated oil in that situation, as reflected in the S/W/O triangle (SI Figure 4) a small
amount of fluorosurfactant is needed to lower both S/O and W/O interfacial tensions in

the meantime. In experiment, it turned out 0.2% of fluoro-PEG-ylated surfactant is enough
for this purpose. Further testing demonstrated long-term stability (24 hours) of droplets in
flow-free conditions, obviously reduced evaporation and medium loss of the dispersed phase
all achieved in ELR systems (SI Figure 7, SI Methods).

In situ underoil cell culture in ELR droplets

Single cell isolation has been widely achieved on both closed and open microfluidic
platforms.[13.27.28] Here, we aimed to further validate that single cells could be isolated
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and further cultured /7 sitv underoil in ELR droplets. As a tutorial demo, THP-1 leukemia
cancer cells were prepared in medium containing collagen | (~2 mg/mL, bovine,) at a
concentration of 1 cell/pL and then distributed with 1 pL droplets, aiming for maximized
single cell droplets (see protocol selection in SI Figure 8). Here, collagen | was used in
order to increase the viscosity of medium and therefore keep cells from settling down during
dispensing. Cells (with per droplet cell number in range of 1 to 5) were then cultured for
four days underoil in ELR droplets without medium change (SI Methods), during which
they were regularly imaged (Figure 2a to 2d). Proliferation efficiency (/.e., the fold change
in cell number within a prescribed time period) was calculated for cells in each droplet over
four days. Of the droplets interrogated, three out of the thirteen showed no proliferation,
while the remaining ten proliferated with proliferation efficiencies ranging from 1.75 to

7 (Average = 3.05, SD = 1.98; Figure 2e). This variation in the proliferation efficiencies

is typical as the heterogeneity in proliferation potential from cells derived from leukemia
widely exists.[34] These findings provided a simple solution to isolate, culture (/n sit), and
recollect single cell derived colonies using an ELR system. It should be noted that the /n
situunderoil cell culture in ELR droplets can be extended to adherent cells. For example, a
type of adherent cell from a prostate tumor cell line (C4-2) was tested (SI Methods). It is
demonstrated that C4-2 can grow in ELR droplets in presence of ECM, showing normal cell
viability within the culture time executed.

Single cell multi-encapsulation via directed merging of ELR droplets

Traditionally, single cell isolation is typically achieved by stochastically seeding cells

into confined spaces (e.g., microdroplets, microwells). This stochasticity limits analysis
efficiency by fundamentally limiting the number of “traps” (or droplets in the case of ELR)
that contain a single cell. This limitation is compounded when using stochastic seeding

to place multiple cell types within a single trap (7.e., while 36.8% of traps will contain a
single cell type of interest (based on Poisson distribution), 36.8% x 36.8% = 13.5% of traps
will contain exactly one of each cell type of interest when trying to co-culture two cellular
phenotypes, and this declines to just 5.0% when three cell types are included) (SI Figure

9). In the event that one or more of these cell types is rare, this effect severely limits the
information that can be obtained from the limited sample. Here, we demonstrate the ELR
system enables us to overcome this fundamental limitation via a two-step process involving:
1) Stochastic seeding within ELR droplets of each cell type independently and imaging to
identify ELR droplets containing single cells; 2) Directed combination of single cell ELR
droplets to form target multi-culture combinations. While this method remains limited by
the initial stochastic seeding (e.g., ELR droplets containing 2+ cells will be discarded), the
compounded effects of stochastic seeding are eliminated (this principle is described in more
detail in SI Methods). The experimental result is demonstrated in Figure 3, where ELR
droplets containing different cell “phenotypes” (modeled here by different color staining)
were generated and merged with high efficiency to produce a “tri-culture” system (Sl
Figure 10). Note that tradeoffs exist in step one between high efficiency stochastic seeding
(maximize single cell droplets) and low loss stochastic seeding (minimize multi-cell droplets
that must be discarded) (SI Figure 8). The suitable stochastic seeding method should be
chosen based on the rarity of cell samples and required processing throughput.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2022 November 28.
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Purification of CTCs by single cell encapsulation in ELR droplets

CTCs are a potential clinical marker for patients with metastatic disease and are typically
found in very low concentrations of 1-10 CTCs per mL of whole blood. Our previous

work has demonstrated isolation of hundreds of CTC candidate cells in 15 mL whole

blood sampled from a patient-donor,[3%] albeit with a typical purity of no more than 10%.
This significant population of background cells adds difficulty and/or inconsistency in
downstream readouts including gene expression analysis and next-generation sequencing
(NGS). Here, the ELR system is used to further subgroup/purify rare cell samples by
further allocating sorted populations into single cell ELR droplets. Specifically, we acquired
a pre-isolated sample in total including 212 CTC candidate cells (including peripheral
blood mononuclear cells (PBMCs) that remained after our sorting protocol stained against
pan-Cytokeratin (pCK) and exclusion markers (CD11b/CD34/CD45) (see details of CTC
VERSA isolation in our previous works and SI Methods).[35-37] The cell stock (0.5 cell/uL)
was distributed into single droplets (1 puL) under oil (silicone oil) on a PDMS-grafted 384
well plate (see protocol selection in SI Figure 8). This distribution condition was chosen in
order to minimize droplets containing multi cells (Figure 4a). Single cell droplets were then
located and identified with fluorescent microscopic imaging (SI Figure 11). Further image
analysis by gating high pCK signal (threshold > 1.8) and low exclusion signal (threshold <
2.3) concluded and recollected 12 CTCs (Figure 4b to 4d). This experiment demonstrated
that isolated CTCs (and associated background cells) could be further subgrouped/purified
by suspending all cells within an ELR system and then subsequently identifying and re-
collecting only the confirmed CTCs, all without the risk of irreversible cell adhesion/loss
within a device reliant on solid surfaces. Given the rarity of CTCs, this is a key advancement
toward high fidelity selection and analysis of pure CTC populations.

CONCLUSION

ELR, as defined by the design rules outlined in this manuscript, directly addresses a
growing need in cell culture as themes of heterogeneity and single cell analysis emerge.
The simplicity of both fabrication and operation offers a low acceptance barrier, making

the proposed platform readily accessible to end users outside of engineering/surface science
(e.g., clinics, biology research labs) and facilitating implementation in areas with limited
infrastructure. ELR droplets can be generated, stored, and manipulated without contact with
a solid in flow-free conditions. Additionally, this platform technology offers an ensemble of
enabling attributes including low sample loss, open accessibility, high simplicity/reliability,
and minimized evaporation. Further, ELR facilitates the ability to directly isolate and/or
combine rare cell phenotypes in a minimal-loss process, enabling the interrogation of
cell-cell interactions with high efficiency. This is demonstrated via applications involving
monocyte culture and CTC purification. While these applications are important, we believe
that they represent the “tip of the iceberg” regarding the potential of ELR and we hope

that the design rules outlined in this manuscript will enable other researchers to adapt this
technology to a wide range of functionality.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2022 November 28.
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Figurel.
S/W/O triangle, Venn diagram of undermedia liquid repellency and water droplet

manipulation in ELR systems. (a) The universal set to describe undermedia liquid repellency
consists of two subsets, subset A for underwater liquid repellency and subset B for underoil
liquid repellency. The intersection of A and B (AB) represents undermedia finite liquid
repellency (/.e., FLR) with CA < 180°. The S/W, S/O and W/O interfaces are all present

in a S/W/O triangle for FLR systems. The complement of AB (AB bar) is undermedia
exclusive liquid repellency (Z.e., ELR) with CA = 180°, which is also equal to the union of
the complement of A (underoil exclusive water repellency, A bar) and the complement of B
(underwater exclusive oil repellency, B bar). Either the S/O or the W/O interface disappears
in a S/W/O triangle for ELR systems. (b) ELR water droplets (10 uL with red or blue

dye, side view) sitting on PDMS-grafted glass, under silicone oil (5 cSt). (Inset) Schematic
of ELR system consists of aqueous medium (dispersed phase), silicone oil (continuous
phase), and PDMS-saline coated surface (solid phase). (¢) Moving and merging of water
droplets (top view) in the ELR system described in (b). The combined droplet showed a
clear boundary of the two dyes after merging. Over time the dyes mix into each other via
diffusion. Merging of two 0.5 pL fluorescently labeled collagen droplets before (d) and after
(e) polymerization (37 °C/1 hour), respectively. The boundary of the two colored collagens
is stable unless disturbed due to the high viscosity. Scale bars represent 5 mm in (b) and (c),
500 um in (d) and (e).
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Figure 2.
In situ underoil cell culture in ELR microdroplets. (a) and (c) A single THP-1 cell observed

in a microdroplet (1 pL) 24 hours after seeding. (b) Proliferation of the single THP-1 cell
in (a) resulted in a seven-cell cluster after four-day culture without medium change. (d)
No proliferation was observed from the single THP-1 cell in (c) after four-day culture. (e)
Proliferation efficiency of THP-1 from thirteen ELR microdroplets (green = proliferative,
red = non proliferative) showing the heterogeneity in THP-1 proliferation dynamics. Scale
bars represent 500 um in (a), (b), (c), and (d) or 20 um in all insets.
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Figure 3.
Tri-color single cell multi-encapsulation. (a) Generation of (single) cell containing droplets.

Fluorescently labelled THP-1 cells (green, yellow, and red, stock concentration 1 cell/uL)
were stabilized in collagen | (~2 mg/mL in growth medium) and then dispensed into 1 pL
droplets by pipetting on a PDMS-grafted 384 well plate. (b) Using fluorescent microscope
to identify and locate single cell droplets. Thirty-two droplets were generated for each
condition. As illustrated in the schematic, eight (P; = 8/32 = 25.0%), nine (P,=9/32 =
28.1%), and thirteen (Pz= 13/32 = 40.6%) single cell droplets were obtained (from top to
bottom), respectively. (c) Recollection and merging of single cell droplets. With the obtained
sample size of single cell droplets, the maximum rate of combination of single cell droplets
(Pmimn= P43 =8.3%, n= 3 for tri-culture) was achieved (Sl Figure 10). (d) Composite of
fluorescent and phase micrographs of one merged droplet (denoted with dashed line circle)
containing three different fluorescently labeled (left to right: green, yellow, and red) single
cells. Scale bar represents 1 mm in (d).
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Figure 4.

Single cell subgrouping for rare cell (CTCs) purification from patient sample. (a)
Distribution of cell sample (212 cells after VERSA isolation) from patient sample (15 mL
whole blood). The cell sample (stock concentration 0.5 cell/uL) were stabilized in collagen |
(~2 mg/mL in PBS) and then dispensed into 1 uL droplets by pipetting on a PDMS-grafted
384 well plate. (b) Scatter plot of the 212 cells. CTCs (12 in total) were identified using
presence of pan-cytokeratin (pCK) and the lack of exclusion markers (CD45, CD11b,
CD34). (c) Fluorescent micrograph showing PBMCs identified from patient sample. PBMCs
exhibit high intensity in exclusion channel. (d) Fluorescent micrograph showing potential
CTCs identified from patient sample. Potential CTCs exhibit low intensity in exclusion
channel but high intensity in pCK channel. Scale bars represent 10 um in (c) and (d).

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2022 November 28.



	Abstract
	Graphical Abstract
	INTRODUCTION
	RESULTS AND DISCUSSION
	Design rules, experimental realization and benefits of ELR for cellular studies
	In situ underoil cell culture in ELR droplets
	Single cell multi-encapsulation via directed merging of ELR droplets
	Purification of CTCs by single cell encapsulation in ELR droplets

	CONCLUSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.

