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Block copolymer fluorosurfactants are frequently utilized to
stabilize water-oil interfaces in droplet microfluidics, enabling
parallel and compartmentalized biochemical reactions within
individual droplets. Surfactants are able to self-assemble into
inverse micelles with the concentration exceeding the critical
micelle concentration (CMC), which has been identified as
the main reason causing cross-contamination among
droplets. This study explored the possibility to utilize the
micelles for passive cargo delivery from the
phase into the aqueous droplet interior,
which has rarely been studied previously. We presented a
novel strategy to load the molecular cargo,
calcium, into the inverse micelles and subsequently transport
it into the water-in-oil droplets. Specifically, calcium chloride
was firstly solvated with methanol and well-dispersed in
fluorocarbon oil containing fluorosurfactants. Upon
interaction with droplets containing un-crosslinked alginate
stabilized by the same kind of fluorosurfactant, calcium ions
were able to transport from inverse micelles through the
water-oil interface and ultimately to the aqueous droplets, as
observed by the successful production of alginate beads
through ionic crosslinking of alginate in the microdroplets.
The cytotoxicity of methanol was also validated to be
minimal in two tested cell lines, suggesting the potential for
broad adoption of alginate microbeads produced by the
proposed approach.
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1. Introduction

Water-in-oil (W/O) droplet microfluidics has emerged as a
transformative and versatile tool in biological and chemical
applications, for instance, droplet digital polymerase chain
reaction (ddPCR),"> protein crystallization,>™ single-cell
analysis,®® directed enzyme evolution,""™ and drug
screening. W/O droplets with a volume ranging from
picoliters to nanoliters are produced uniformly at a high
throughput (~kHz), allowing encapsulation of single
mammalian cells, plant nuclei, bacteria, viruses, and/or
molecular components for parallel analysis. Fluorocarbon
oils are frequently utilized as the continuous phase due to
their documented biocompatibility, high gas permeability,
and chemical inertness."®"” To maintain
compartmentalization from droplet coalescence, block
copolymer surfactants with fluorous tail and hydrophilic
head are commonly employed to stabilize the interface
between fluorocarbon oil and aqueous phase by reducing
surface tension and the thermodynamic driving force
toward droplet fusion.'®"® However, an addition of
components into individual droplets may be required for
many complex reactions including steps of reaction
initiation, termination, or modification, where the barrier
of surfactant needs to be transiently overcome. For
example, a  surfactant-stabilized droplet containing
molecular barcodes is often fused with a droplet
containing pre-amplified genomes from single cells,
allowing barcoding the genomes extracted from a single
cell.®>?

With surfactants present at the W/O interfaces,
approaches categorized as active and passive methodologies
are developed to allow additions of reagents into droplets.
In the active approaches, external energy sources including
electric fields,°* thermal energies,” and surface acoustic
waves (SAW)*®*’ are typically required. Electric fields are
often applied across microchannels wusing integrated
electrodes made of indium solder’**' or salt water,>>>3
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facilitating droplet electro-coalescence or pico-injection. In
electro-coalescence, dipoles are induced when adjacent
droplets containing high-conductivity solutions traverse an
electric field region, resulting in coalescence due to the
strong attractive Coulomb force.”® Typically, the voltage is
set to several hundreds of volts at frequencies of dozens of
kHz to effectively induce droplet fusion. Similarly, reagents
can be injected into individual droplets with controlled
volume by fine-tuned droplet velocity and injection pressure
in the presence of an electric field.> Another active
approach destabilizing the interfaces of two
proximate droplets using localized laser heating, potentially
due to the evaporation of surfactants and the oil film
between droplets.”> For the SAW-based technique, the
proposed mechanism entails the pushing and pulling of
droplet pair interfaces by acoustic streaming in the oil
phase, ultimately causing rupture and coalescence.*>*’
Despite their use in numerous chemical and biological
assays, these active methods necessitate complex
microfluidic devices embedded with electrodes, interdigital
transducers, high-voltage modules, or lasers, requiring well-
trained personnel for precise operation, thereby limiting
their broader applications.

Passive methodologies, facilitating droplet coalescence
without external energy input, represent relatively accessible
means to deliver cargos into surfactant-stabilized droplets.
Through the meticulous design of a flowing chamber within
the microfluidic device, droplet coalescence has been
observed when a pair of droplets is forcibly separated within
the chamber, plausibly due to the formation of a nipple

involves

Methanol-Solvated CaCl,

View Article Online

Communication

during droplet separation, leading to depletion of surfactants
at the droplet interfaces.”® Another example is demonstrated
by reinjecting a collection of surfactant-stabilized droplets
into a microfluidic device and controllably pair a surfactant-
stabilized droplet with a droplet not fully covered by
surfactants.’>*' Experimental results have shown that the
contact time of the pair of droplets and the surfactant
coverage of un-stabilized droplets are critical for effective
fusion.®® Beyond passive droplet merging to deliver
components into designated droplets, small molecules
dissolved in the oil phase may also be gradually diffused into
a collection of droplets. For instance, oxygen and carbon
dioxide respiratory gases are permeable and soluble in
fluorocarbon oils typically used in droplet microfluidics,
thereby allowing gas supply to cells encapsulated in W/O
droplets for investigation of an extended duration.*”
Fundamentally, surfactants are essential for stabilizing
W/O interfaces, producing the so-called inverse micelles
when the surfactant concentration exceeds the critical
micelle concentration (CMC). Inverse micelles formed by
surfactants in fluorocarbon or hydrocarbon oils have been
shown to facilitate transport of molecules, such as
fluorophores, among W/O droplets or water-in-oil-in-water
(W/O/W) double emulsions.>*® For instance, Y. Skhiri et al.
have observed increased fluorophores dissolved in fluorous
oil at surfactant concentrations above the CMC, because
fluorophores incorporated into surfactant-assembled inverse
micelles.*® The fluorophore exchange rate between droplets
also raises with the surfactant concentration, indicating that
the inverse micelles may facilitate inter-droplet transport as
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Fig. 1 Schematic of the inverse micelle mediated cargo transportation (IMCT). Calcium chloride (CaCl,), as a model, is pre-dissolved in methanol
and subsequently transferred into fluorocarbon oil supplemented with commercially available molecular fluorosurfactant, producing inverse
micelles containing methanol-solvated CaCl,. Subsequently, the same fluorosurfactant is used to stabilize droplets containing un-crosslinked
alginate. Upon mixing of the methanol-solvated CaCl, containing inverse micelles and the alginate droplets, alginate within the droplets is
observed to be crosslinked. Gelation of alginate is plausibly through: (1) calcium ion diffusion and partition from the inverse micelle through the
fluorocarbon oil and subsequently to the aqueous droplet interior; and (2) competition of fluorosurfactant from the methanol-solvated CaCl,
containing inverse micelles and the Pluronic F-127 surfactant on the interfaces of W/O droplets, resulting in dismantling of inverse micelles, and
consequently allowing the released calcium ions to be transported into the water-in-oil droplets. Fig. 1 is created with https://BioRender.com.
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nanocontainers. On the other hand, at the surfactant
concentration below CMC, leakage of fluorescent dye across
the W/O/W double emulsions decreases, further suggesting
the important role of inverse micelles in molecular
transport.** In a separate study, the size of diffusing entities
aligns with the dimension of inverse micelles based on a
calculation from the diffusion coefficients, corroborating
the role of inverse micelles as mediators of small organic
molecules transporting across droplets.*

Inspired by these findings, this study explores the
possibility to use molecular cargo-loaded inverse micelles
as a facile approach for passive cargo transportation into
surfactant-stabilized droplets, termed inverse micelle
mediated cargo transportation (IMCT). As a proof-of-
concept, calcium chloride (CaCl,) is selected as a cargo to-
be-delivered into fluorosurfactant stabilized W/O droplets.
As illustrated in Fig. 1, CaCl, is dissolved in methanol,
forming a methanol-solvated structure, in which the
calcium and chloride ions interact with methanol
molecules through element pairs, including Ca-O, CI-O,
and Ca-C.>>*® At the CaCl, concentration of around 3.6
M in methanol, a hypothetical solvate structure model
assumes that each Ca-Cl ion pair is surrounded by six
methanol molecules, based on previously presented X-ray
diffraction  studies.”®> When the calcium-containing
methanol solution is introduced to a mixture of
fluorocarbon oil and fluorosurfactant, such as the
commercially available Pico-Surf, inverse micelles, depicted
as discrete nanostructures composed of a water core
surrounded by fluorosurfactant, encapsulating the
methanol-solvated CaCl,, as shown in Fig. 1, are
produced. The Pico-Surf fluorosurfactant is composed of
Jeffamine-PFPE, (ref. 18) and the hydrophilic head with
amide, methylene, and methyl groups is assumed to
interact with methanol by hydrogen bonding and
hydrophobic interactions, thus enabling the stabilization
of calcium-loaded inverse micelles. Mixing the cargo-
loaded micelles with un-crosslinked alginate
droplets, stabilized with the same type of fluorosurfactant,
is able to initiate an immediate transportation of calcium
ions from the inverse micelles to the aqueous core of W/O
droplets wvia two potential mechanisms (Fig. 1),
subsequently promoting alginate gelation in a facile
manner. Alginate, as one of the natural biomaterials, has

inverse

been demonstrated for a wide range of biomedical
applications  including  drug  delivery,*"™®  tissue
engineering,”>*> and 3D cell culture.”**® Chemically,

alginate consisting of B-p-mannuronic and a-r-guluronate
residues can be crosslinked readily in the presence of
divalent cations, with ions being the most
commonly used to form physical networks.”’ To produce
alginate microbeads, droplet microfluidic methods are
widely employed,® in systems containing either
hydrocarbon oils (e.g., vegetable oil, hexadecane, and
mineral oil)>**® or fluorocarbon oils (e.g., HFE7500 and
FC40).>97% their ~ gas  permeability  and

calcium
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biocompatibility, fluorocarbon oils have become increasing
attractive for droplet-based biological applications.'®"’
When it comes to the preparation of alginate microbeads
by the fluorocarbon oil system, gelation of the W/O
droplets containing un-crosslinked alginate solution and
Ca-EDTA requires an addition of acetic acid to the oil
phase.®® However, the acidic pH, below the physiological
range, is shown harmful to cells. This issue has been
largely addressed by introducing competitive ligands, the
competitive ligand exchange crosslinking (CLEX) method,
which maintained cell viability by keeping the pH at 6.7
during the gel bead preparation.®® Notably, alginate
gelation is shown to be swift under a pH below 6.7,
however, clogging in the microfluidic channel may
consequently occur. Under a pH above 7.2, on the other
hand, gelation is observed to be insufficient, resulting in
inadequate calcium ions for alginate gelation. Therefore,
precise pH control within a narrow range is essential,
complicating the preparation procedures. Additionally,
chelators such as EDTA and EDDA in the gelation system
may also react with other metal ions, potentially affecting
enzyme activity in cells.®’ A chelate-free approach has
been subsequently proposed, where calcium ions are
introduced to the alginate-containing droplets via
picoinjection.®” However, the reported method involved a
complex chip design with embedded metal electrodes, and
the operation of injection may not be favorable for
untrained personnel. In this report, the proposed
schematic of IMCT provides a facile approach for the
controlled transportation of calcium ions into the droplet
interior for alginate gelation with fluorocarbon oil as the
continuous phase. Given the mild concentration and short
exposure of methanol in the proposed process, -cell
viability has also been observed to be minimally altered.
Taken together, the proposed scheme represents a
biocompatible, facile, and wuser-friendly strategy to
transport molecular cargos from fluorocarbon oil to
fluorosurfactant stabilized W/O droplets, which is expected
to expand the tool sets for droplet-microfluidics based
biochemical applications.

2. Materials and methods

Materials and chemicals

5% (w/w) Pico-Surf™ dissolved in NOVEC™ 7500
fluorocarbon oil, hereafter abbreviated as Pico-Surf, was
acquired from Sphere Fluidics (UK). Droplet generation oil
with surfactant (Catalog No.: 1863005) was from Bio-Rad
(USA). Methanol, CaCl,, 1H,1H,2H,2H-perfluoro-1-octanol
(PFO), alginate (Catalog No.: A2033), Pluronic F-127 (Catalog
No.: P2433), Tween 20 (P1379), and DMSO were purchased
from Sigma Aldrich (USA). Polydimethylsiloxane (PDMS) base
and curing agent were from Dow Corning (USA). SU8-3050
photoresist and developer were purchased from Kayaku
Advanced Materials (USA) and MicroChem (USA), respectively.
Dulbecco's modified Eagle medium (DMEM), FBS, and

This journal is © The Royal Society of Chemistry 2025
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penicillin-streptomycin were acquired from Gibco (USA).
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) (Catalog No.: M6494) was purchased from Thermo
Fisher Scientific (USA).

Characterization by dynamic light scattering

The inverse micelle size distributions from three distinct
samples were analyzed by dynamic light scattering (DLS,
DelsaMax Pro, Beckman Coulter, USA). Sample A comprised
500 pL of NOVEC™ 7500 fluorocarbon oil with 5% (w/w)
Pico-Surf. Sample B was prepared by mixing 5 pL of
methanol with 500 pL of the same fluorocarbon oil
containing 5% (w/w) Pico-Surf, followed by vortexing for
approximately 2 minutes, achieving a final methanol
concentration of 1% (v/v). For sample C, 5 uL of methanol
containing 1.8 M CaCl, was dispersed into 500 uL of the
fluorocarbon oil with 5% (w/w) Pico-Surf through vortexing
for about 2 minutes, resulting in a final concentration of
1% (v/v) methanol and 18 mM calcium chloride. Each
sample was measured at least three times via DLS at 25 °C,
with the viscosity and dielectric constant values set at 1.24
cP and 5.8, respectively.

Elemental analysis of sediments

5 pL of methanol containing 3.6 M CaCl, was firstly
dispersed into 500 pL of fluorocarbon oil with 5% (w/w) Pico-
Surf through vortexing for approximately 2 minutes. The
solution became turbid after incubating for about 10
minutes, and sediments were identified by centrifugation at
1000g for 5 minutes. These sediments were then washed
three times with 500 uL. NOVEC™ 7500 fluorocarbon oil and
resuspended in 500 pL fluorocarbon oil. The elemental
composition of the sediments was analyzed using scanning
electron microscopy-energy dispersive spectroscopy (SEM-
EDS, Quanta 400F, FEI, USA). Approximately 10 pL of
fluorocarbon oil containing sediments was dropped onto
double-sided carbon tape. After drying for about 10 minutes
at room temperature, the sample was coated with platinum
to prevent charge accumulation. EDS data was collected from
three different points on the sample surface at an
accelerating voltage of 20 kv.

Fabrication of microfluidic chips

The microfluidic chip was fabricated by the widely adopted
soft photolithography. Briefly, the chip pattern (Fig. S1) was
designed using CAD software (Autodesk, San Rafael, USA)
and subsequently printed on a transparency film with a
resolution of 25400 DPI (MicroCAD Photo-Mask Ltd.,
Shenzhen, China). Following the manufacturer's instructions,
SU8-3050 photoresist (Kayaku Advanced Materials, USA) was
coated onto a 4-inch silicon wafer. Through appropriate UV
exposure and development, the un-crosslinked SU8-3050
photoresist was removed using the SU8 developer
(MicroChem, USA). After post-exposure bake, the fabricated
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SU8 master mold was measured to be approximately 45 pm
in height.

Polydimethylsiloxane (PDMS) base and curing agent
(Dow Corning, USA) were thoroughly mixed in a weight
ratio of 10:1 and poured onto the fabricated master
mold. After degassing to eliminate bubbles, the PDMS
mixture was fully cured in an oven at 80 °C overnight.
Subsequently, the crosslinked PDMS was peeled from the
mold and cut into slabs. The inlets and outlets were
generated using a puncher with a 1.0 mm diameter
(Integra LifeSciences, USA). Finally, the PDMS slabs were
bonded to a cover glass pre-coated with a thin layer of
semi-cured PDMS (base and curing agent in a weight ratio
of 2:1). The assembled microfluidic chips were further
incubated in an oven at 80 °C overnight to strengthen the
bonding.

IMCT-based alginate gelation

An alginate solution, as the aqueous phase, was prepared in
a concentration of 1% (w/v) alginate and 0.1% (w/v) Pluronic
F-127 or 0.1% (v/v) Tween 20 in PBS. The oil phase containing
0.5% (w/w) Pico-Surf surfactant in NOVEC™ 7500
fluorocarbon oil was also prepared. The aqueous and oil
phases were separately loaded into two 1 mL syringes (BD
Biosciences, USA), which were connected to the two inlets on
the microfluidic chip (Fig. S1) using 23G needles (BD
Biosciences, USA) and PFPE tubing (Cole-Parmer, USA).
Controlled by two syringe pumps (PHD ULTRA, Harvard
Apparatus, USA), the alginate solution was emulsified by the
oil phase to produce microdroplets, with volumetric flow
rates set at 2.5 pL, min~* and 10 pL min ", respectively.

Further, fluorocarbon oil dispersed with CaCl, was
prepared by adding varying amounts of methanol (0.125 pL,
0.25 pL, 0.5 pL, and 1 pL) containing 3.6 M CaCl, to 300 pL
of fluorocarbon oil with 5% (w/w) Pico-Surf surfactant,
resulting in final CaCl, concentrations in the oil of 1.5 mM, 3
mM, 6 mM, and 12 mM, respectively. Subsequently, alginate
gelation was assessed by adding 30 pL droplets containing
1% (w/v) un-crosslinked alginate and 0.1% (w/v) Pluronic
F-127 or 0.1% (v/v) Tween 20 into the 300 pL oil phase
dispersed with calcium chloride. After shaking and
incubating for one to twenty minutes, the alginate
microbeads were released by adding 20 pL of 1H,1H,2H,2H-
perfluoro-1-octanol (PFO) to destabilize the water-oil
interfaces. Bright-field images of the alginate microbeads
were captured using an inverted microscope (ECLIPSE Ti-U,
Nikon, Japan).

Droplets containing un-crosslinked alginate and 1% (w/v)
Pluronic F-127 were also prepared using the fluorocarbon oil
containing 0.1x Bio-Rad surfactant with volumetric flow rates
of 10 uL min™" for the oil and 2.5 pL min~' for the aqueous
phase. Further, 0.5 pL of methanol containing 3.6 M CacCl,
was dispersed into 300 pL oil phase with undiluted Bio-Rad
surfactant by sonication for 2 minutes. Finally, 30 uL droplets
were introduced into the 300 pL oil with CaCl, to prepare

Lab Chip, 2025, 25, 4588-4597 | 4591
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alginate microbeads
incubation.

through one minute of shaking

Characterization of alginate beads

The circularity of alginate beads was quantified by using
eqn (1):

. . 4TA
Circularity = = (1)
A and P are the projection area and perimeter, respectively,
measured by Image] (NIH, USA).

The mechanical stiffness of produced alginate beads was
evaluated by an optical fiber-based interferometry
nanoindenter  (Pavone, Optics11 Life). Indentation
measurements were conducted on at least three alginate
beads with an indenter having a spherical tip radius of 3 pm
and a stiffness of 0.018 N m™". The measured forces were
processed by hydrodynamic correction.®” The Young's
modulus of alginate beads was extracted by fitting the force-
indentation curve with a double contact model (derived from
the Hertz model and the Johnson-Kendall-Roberts (JKR)
model),** according to eqn (2), where the factor k was
calculated based on eqn (3)-(5):

4ER142 3/2
F=—=(kd 2
AER (ka) @
R
k=—2— (3)
R +R3)
G “w
RlZ Rl RZ
1 _ 1 1 (5)
Rz Ry R

F, R, (3 pm), R, (33.9 um), R; (=), E, v (0.5), and d are the
indentation force, radius of the indenter, radius of alginate
beads, radius of the substrate, Young's modulus, Poisson's
ratio, and indentation depth, respectively.

Cell culture

HEK293 cells (ATCC Catalog No.: CRL-1573) and A549 cells
(ATCC Catalog No.: CCL-85) were cultured in cell culture
dishes (SPL, Korea) at 37 °C with 5% CO,. The culture
medium consisted of Dulbecco’s modified Eagle medium
(DMEM, Gibco, USA) supplemented with 10% FBS (Gibco,
USA) and 1% penicillin-streptomycin (Gibco, USA), and was
replaced every two days to ensure optimal cell culture
conditions. Cells were harvested by treating with trypsin for 5
minutes when cell confluence reached 70-90%, in
preparation for the subsequent MTT assay.

MTT cell viability assay

The cytotoxicity of methanol was assessed using the MTT
assay. Specifically, 20000 HEK293 or A549 cells per well
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were seeded into two distinct 96-well plates (SPL, Korea).
After overnight incubation at 37 °C with 5% CO,, the cells
were treated with a culture medium containing 2% (v/v) or
4% (v/v) methanol for one minute. Subsequently, a 0.5 mg
mL ™" MTT solution was added and incubated with the cells
for four hours at 37 °C. Finally, the MTT solution was
removed, and the formazan product within the cells was
solubilized by adding 100 pL of DMSO (Sigma-Aldrich, USA)
in each well. The optical absorbance was then measured at
540 nm using a microplate reader (SpectraMax M3,
Molecular Devices, USA).

3. Results and discussion

To substantiate the proposition that CaCl,, in conjunction
with methanol, was encapsulated within inverse micelles
assembled by the fluorosurfactant, we conducted a
dimensional analysis of the inverse micelles utilizing
dynamic light scattering (DLS). As illustrated in
Fig. 2a and d, the inverse micelles in the fluorocarbon oil
(NOVEC™ 7500) containing 5% (w/w) Pico-Surf surfactant
exhibited a diameter of 11.1 + 0.2 nm. Upon the introduction
of 1% (v/v) methanol into the oil of identical surfactant
concentration, the average hydrodynamic diameter of the
inverse micelles augmented by approximately 11.7%,
reaching a diameter of 12.4 + 0.2 nm (Fig. 2b and d). This
increase in size was plausibly attributed to the inclusion of
methanol molecules within the inverse micelles, facilitated
by the extant non-covalent interactions between the
hydrophilic segment of the surfactant and the methanol
molecules. Moreover, the size of inverse micelles expanded to
approximately 16.3 + 1.0 nm (Fig. 2c and d), when methanol-
solvated CaCl, was introduced into the oil-fluorosurfactant
mixture at final concentrations of 1% (v/v) and 18 mM for
methanol and CacCl,, respectively. The further increase of the
inverse micelle size in the presence of methanol-solvated
CaCl, corroborated with the hypothesis that the produced
inverse micelles were co-loaded with CaCl, and methanol
molecules. It is noteworthy that the Pico-Surf surfactant
might also assemble into larger vesicles of hydrodynamic
diameters of around 100-200 nm, as shown in Fig. 2a. Upon
the introduction of 1% (v/v) methanol into the fluorocarbon
oil, the main peak intensity of the vesicle population was
observed below 10%, as depicted in Fig. 2b, indicating the
potential competition of fluorosurfactants between the
populations of inverse micelles and vesicles. Further obvious
disintegration of vesicular structures is seen in Fig. 2¢, where
the population of vesicles was almost suppressed, suggesting
that the fluorosurfactants were significantly competed out for
the structural preference of inverse micelles in the co-
presence of methanol molecules and CacCl,.

It was observed that the mixture of methanol-solvated
CaCl, containing fluorocarbon oil turned visually turbid after
a certain period. For example, in the sample containing 1%
(v/v) methanol and 36 mM CaCl,, the clear solution became
turbid within 10 minutes, as shown in Fig. 3a, presumably

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Hydrodynamic diameters characterized by dynamic light scattering. (a) Size distribution profile of sample A, ie. 5% (w/w) Pico-Surf
dissolved in fluorocarbon oil, serves as the control, (b) sample B, and (c) sample C supplemented with 1% (v/v) of methanol and methanol-solvated
CaCl, (1% (v/v) of methanol and 36 mM CaCly), respectively, in identical concentration of Pico-Surf-containing fluorocarbon oil. The populations
of inverse micelles and vesicles were observed in both (a) and (b), whereas the population of vesicles was relatively obscure in (c). (d) The averaged
hydrodynamic diameters of inverse micelles measured from the three samples. Data presented as the mean * SD. This figure is partially created

with https://BioRender.com.
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(a) The as-prepared methanol-solvated CaCl, (1% (v/v) methanol, 36 mM CaCl,) containing fluorocarbon oil was observed visually to be

turbid after around 10 minutes of incubation at room temperature. A typical bright-field image showing the sediments in the turbid solution. Scale
bar: 50 um. (b) EDS analysis of the collected sediments. (c) Molar ratio of chloride to calcium calculated from the peaked intensity of EDS

measurement. Data presented as the mean + SD.

due to the thermal instability of CaCl, loaded inverse
micelles. To examine this postulation, the turbid solution
centrifuged and the collected sediments
characterized via energy dispersive spectroscopy (EDS). As
shown in Fig. 3b, the spectroscopic peaks of chloride and
calcium elements were identified and the molar ratio of Cl
and Ca calculated from the intensity peak was around 1.8
(Fig. 3c), closely resembling the stoichiometric ratio
characteristic of CaCl,, i.e. 2, suggesting that the calcium and
chloride ions released from the inverse micelles may form
CaCl,, reaching the global energy minimum thereof, and
precipitate in the oil phase. Note that the spectroscopic peaks
of carbon, oxygen, and fluorine indicated the presence of
residual fluorocarbon oil in the sediments, whereas the
detected platinum was attributed to the metal coating for
preventing electric charge accumulation on insulating
samples.

Taking advantages of the instability of methanol-solvated
CacCl, encapsulated inverse micelles, we subsequently explored
whether the CaCl,-loaded inverse micelles may serve as a
carrier. As a proof-of-concept, transport of released CaCl, into

was were

This journal is © The Royal Society of Chemistry 2025

W/O droplets containing un-crosslinked alginate, stabilized by
identical fluorosurfactants, was examined by gelation of
alginate initiated by divalent ions, ie. Ca®". To avoid
confounding interference of turbidity during experiments, the
supplemented CaCl, and methanol concentrations were first
optimized at 12 mM and 0.33% (v/v), respectively. In this
scenario, the  methanol-solvated CaCl, containing
fluorocarbon oil was observed visually to be clear for at least 30
minutes (data not shown), allowing sufficient handling time.
On the other hand, monodisperse Pico-Surf surfactant
stabilized W/O droplets (44.5 + 2.0 um, Fig. 4a) containing un-
crosslinked 1% (w/v) alginate in PBS were produced by a flow-
focusing based droplet generator (Fig. S1). 30 uL of these
droplets were mixed with 300 pL of methanol-solvated CacCl,
containing fluorocarbon oil followed by approximately one
minute of gentle shaking. Upon an addition of the droplet
breaking agent (1H,1H,2H,2H-perfluoro-1-octanol, PFO),
crosslinked alginate microbeads were observed to be expanded
as shown in Fig. 4b with the diameter measured at 67.7 + 5.0
pum (Fig. 4¢), due to the swelling of beads in pure water, similar
to the observations in previous studies.®®> Swelling of beads
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IMCT-based alginate gelation. (a) A representative bright-field image showing the un-crosslinked alginate (1% w/v) encapsulated in W/O

droplets stabilized by 0.5% (w/w) Pico-Surf in fluorocarbon oil. (b) Mixing the CaCl,-loaded inverse micelles (calcium concentration in the oil
phase: 12 mM) with the un-crosslinked alginate W/O droplets, followed by one minute shaking incubation to allow calcium transportation into
droplets by two possible mechanisms. Crosslinked alginate beads were visually observed under a bright-field microscope, through which the size
and circularity were characterized as shown in (c) and (d), respectively (n = 20). (e) A representative force-indentation plot measured from the as-

prepared alginate beads. Scale bar: 100 um.

was minimized by releasing the beads in PBS buffer containing
50 mM CaCl,, as conducted in ref. 51, and the resulting bead
size was measured to be 28.2 + 1.7 um (Fig. S2). Nevertheless,
alginate beads produced in Fig. 4c showed decent circularity
(~0.986) as shown in Fig. 4d, showcasing the facile transport of
CaCl, through the proposed IMCT method, henceforth
producing well-crosslinked alginate beads. Furthermore, the
stiffness of the as-prepared alginate beads was characterized by
a nanoindenter as shown by a representative force-indentation
curve in Fig. 4e. The estimated Young's modulus of 21.3 + 4.8
kPa was in the range of crosslinked alginate previously studied
with similar alginate percentages,®® demonstrating that the
alginate beads produced by IMCT were at a comparable level of
crosslinking.

Additionally, inclusion of Pluronic F-127, a hydrophilic
nonionic surfactant yet cyto-compatible,®”*® was observed
to be essential to the IMCT-based gelation process. Without
an addition of F-127, alginate gelation was incomplete even
with optimizations by reducing the concentration of Pico-
Surf to 0.1% (w/w) to minimize surfactant coverage on the
W/O interfaces, or extending the shaking incubation to 20
minutes for further diffusion of calcium ions into the W/O
droplets. Pluronic F-127 is often used to interface the water
and oil phases and is anticipated to facilitate the transport
of CaCl, from the oil phase to the aqueous phase of W/O
droplets by two possible mechanisms as illustrated in
Fig. 1 and 4b. The first potential mechanism involves the
instability of CaCl,-loaded inverse micelles as described
previously. The calcium ions released from the inverse

4594 | Lab Chip, 2025, 25, 4588-4597

micelles are hypothesized to rapidly bind with Pluronic
F-127 at the W/O interface through non-covalent
interactions, such as Ca-O and Ca-C, and subsequently be
transported into the aqueous phase given the dynamic
characteristic of water-oil films. The other possibility is
that the CaCl,-loaded inverse micelles might disassemble
due to the competition between Pico-Surf surfactant from
inverse micelles and Pluronic F-127 molecules for
stabilizing the W/O interfaces, thus bringing calcium ions
in proximity to and subsequently allowing calcium ions to
be transported into the droplet interior. Of note, polymeric
micelle disassembly is also one of the major mechanisms
allowing drug release given the interaction of polymeric
micelles with cells or tissues.®” Furthermore, the
observation of Pluronic F-127 in promoting calcium delivery
also corroborated with a previous simulation result, where
the molecule transportation at the W/O interfaces was
identified as the rate-limiting step.” However, the
optimized structure of the hydrophilic surfactant warrants
further study. As noted from Fig. S3, a counterpart
replacing F-127 by 0.1% (v/v) of Tween 20 also mediated
calcium transfer from the oil phase into the droplets,
producing alginate beads, given that Tween 20 function
similarly to F-127 anchoring at the oil-water interface. Yet,
the produced beads were observed to be heterogeneous in
size and in non-circular shape, possibly due to the shorter
hydrophobic tail of Tween 20 than that of F-127.
Acknowledging that organic solvents, including
methanol, may function as a strong dehydrant and cause

This journal is © The Royal Society of Chemistry 2025
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precipitation of cellular proteins, we subsequently screen a
range of methanol-solvated CaCl, concentrations for
sufficient alginate gelation. Specifically, methanol-solvated
CaCl, containing fluorocarbon oil was prepared with the
final CaCl, concentrations of 1.5-12 mM, where the final
methanol concentrations 0.04-0.33% (viv),
respectively. Following similar procedures to the above-
described, W/O droplets were broken by the droplet
breaking agent and gelation of alginate was assessed by
whether alginate beads were visually observed under
bright-field imaging. As noted from Fig. 5a, alginate beads
were widely observed with the CaCl, concentration of 3
mM and above, however, gelation was almost infeasible
with the CaCl, concentration below 1.5 mM. Even with an
extended incubation of up to 20 minutes, very few
crosslinking beads were observed (Fig. S4). Assuming
nearly complete transportation of calcium from the oil
into the aqueous phase, the tested calcium concentrations
were estimated 15 mM, 30 mM, 60 mM, and 120 mM in
droplets based on the total volume of added droplets (i.e.
30 pL droplets were introduced in 300 pl oil phase
containing 1.5 mM, 3 mM, 6 mM, and 12 mM CaCl,,
respectively). The observation of alginate gelation at CaCl,
concentrations of 30 mM or above aligned with previous
findings that alginate gelation was effectively achieved
with the concentration of 25 mM CaCl, or above.”
Additionally, alginate gelation within just one minute was
proved sufficient, as evidenced by the minimal size
variation between one- and five-minute incubation with 12
mM CaCl, in the oil phase (Fig. S5).

Subsequently, the methanol cytotoxicity was examined by
the MTT assay. Corresponding to the validated CacCl,
concentrations for effective alginate gelation shown in
Fig. 5a, the methanol concentrations in the droplets were
calculated to be 0.83% (v/v), 1.7% (v/v), and 3.3% (v/v),
assuming complete methanol transport into the droplets
during gelation. Herein, two cell lines, HEK293 and A549,
were subjected to methanol treatment at concentrations of
2% (v/v) and 4% (v/v), both higher than the methanol
concentrations introduced in the process, for one minute.
As shown in Fig. 5b, cell viability (normalized to untreated
cells) was close to 90% or higher, suggesting minimal

were

This journal is © The Royal Society of Chemistry 2025

alteration of cell viability for the presented IMCT-based
alginate gelation.

In addition to Pico-Surf surfactant, the observed alginate
gelation also holds valid for other PFPE-based
fluorosurfactants. The commercially available Bio-Rad
surfactant was also tested similarly to previously described.
However, 2 minutes of sonication was observed necessary to
effectively disperse methanol-solvated calcium chloride into
the oil with the Bio-Rad surfactant, achieving a final
concentration of CaCl, and methanol at 6 mM and 0.17%
(v/v), respectively. The necessitation of sonication for
dispersion might be attributed to the compositional
differences between the Bio-Rad surfactant (PEG-PFPE,) and
the Pico-Surf surfactant (Jeffamine-PFPE,). Moreover, these
surfactants might also differ in their inverse packing
parameters, which have been reported to influence the
formation of inverse micelles.>® Alginate microbeads were
also prepared by incubating droplets containing 1% (w/v)
alginate and 0.1% (w/v) Pluronic F-127 with the oil phase
containing the Bio-Rad surfactant and 6 mM CaCl,, using a
one-minute shaking incubation (Fig. S6).

4. Conclusion

The potential of the IMCT-based strategy is witnessed by
the facile production of alginate beads as presented in this
study. The molecular cargos CaCl, is prepared in the form
of methanol-solvated CaCl,. Upon mixing of methanol-
solvated  CaCl, with fluorocarbon o0il containing
fluorosurfactant, such as Pico-Surf, micelles
encapsulating CaCl, are produced, as characterized by the
increased diameter of inverse micelles through DLS.
Crosslinking of alginate is achieved facilely by a brief
incubation of these CaCl,-loaded inverse micelles with W/O
droplets containing un-crosslinked alginate. The cytotoxicity
is proven subtle with the relatively low concentration and
short exposure to methanol involved in the process. In
conclusion, the inverse micelle-mediated cargo delivery
presents an effective, undemanding, and biocompatible
alternative against existing strategies for the production of
alginate microbeads using microfluidics. Moreover, the
operating mechanism is expected to open up new

inverse
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possibilities for conducting complex biochemical reactions
for microdroplet-based applications.
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