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Alginate is used extensively in microfluidic devices to produce discreet beads or fibres at the microscale. Such structures

may be used to encapsulate sensitive cargoes such as cells and biomolecules. On chip gelation of alginate represents a

significant challenge since gelling kinetics or physicochemical conditions are not biocompatible. Here we present a new

method that offers a hitherto unprecedented level of control over the gelling kinetics and pH applied to the encapsulation

of a variety of cells in both bead and fibre geometries. This versatile approach proved extremely simple to implement and

resulted in highly reliable device operation and very high viability of several different encapsulated cell types. We believe

this method offers a paradigm shift in alginate gelling technology for application in microfluidics.

Introduction

Hydrogels are an important class of soft materials with far
ranging applications in biomedicine, health, food and
pharmaceutical sciences. Current strategies used to form
discrete hydrogel particles or droplets include electrostatic
extrusion, 2 acoustic emulsification,? microfluidic micro-nozzle
array* and airflow nozzles,® to mention some. However, these
techniques have limitations in terms of producing small (below
100pm) and monodisperse particles. Microfluidics has
emerged as a powerful technique to form discrete and uniform
hydrogel structures at the microscale with particular focus on
the encapsulation of high value or delicate cargoes such as
antibodies,® proteins’ and cells for diagnosis and drug
development,® ° for example. Additionally, microfluidics
supports production of multicomponent structures such as
core-shell or janus particles by combination of hydrogel
forming polymers and aqueous solutions from discrete flows.°
From a vast library of hydrogel forming (bio)polymers,
alginate, a linear polysaccharide comprised of combinations of
B-D-mannuronic (M) and a-L-guluronic (G) acid residues, is an
exceptional polymer for many encapsulation purposes due to
its biocompatibility and mild ionic gelation conditions.!! In
particular, the selectivity of sequences of guluronic acid
residues to interact with Ca?* and induce gelation'? under mild,
physiologically compatible conditions, are widely explored.
Use of alginate has for instance been demonstrated for
encapsulation of cells for tissue engineering purposes!31¢ and
has been investigated for treatment of diabetes mellitus type
I.17. 18 However, a number of technical barriers currently
remain which limit the applicability of the Ca?* induced
gelation in microfluidics, including.'® 2° (1) Appropriate gelling
conditions for microchannels, (2) Maintenance of good cell
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viability throughout encapsulation and post processing, (3)
High throughput particle production, (4) High throughput
sorting of cell containing microparticles from empty ones. The
limitation has largely been addressed by the
development of sophisticated microfluidics cell-sorting
systems.?? 22 Also, low throughput has recently been greatly
enhanced with improved microfluidic device designs with
highly multiplexed capacity for droplet generation?® allowing
about 1000 fold higher throughput than standard devices,
which could also potentially be applied for synthesis of
hydrogel microbeads. The remaining identified challenges on
biocompatibility and microchannel compatible gelation are

latter

therefore the current main hurdles to this fledgling
technology.

Recently, we reported on a new approach for cell-friendly
ionic crosslinking of ionotropic polymers which shows

excellent features for solving both these limitations.?* This
method exploits the difference in equilibrium binding
constants between anionic chelates and ionotropic polymers
with inorganic cations. Selection of appropriate chelate and
ion combinations in 2 different solutions allows for
competitive ligand exchange between the chelates and
ionotropic polymer upon mixing, which in turn can be tuned to
control the kinetics of ionotropic induced gelation (Fig. 1a). For
example, at pH 6.7, ZnEDDA-alginate solution will not gel, nor
will a CaEDTA-alginate solution, but upon mixing, the Zn?* will
be exchanged between EDDA and EDTA due to a difference in
affinity, resulting in release of Ca?* which subsequently cross-
links the alginate. The kinetics and efficiency of this exchange
process is dependent both on the pH and chelators used,
allowing for control of both gel formation kinetics and gel
strength through the amount of released cross-linking ions.
The competitive ligand exchange crosslinking (CLEX) is
particularly interesting for applications in microfluidics as
gelling is not instantaneous, but controlled from seconds to
minutes by choice of chelates and pH of the precursor
solutions which may be selected within the physiological
range.?* This temporal control of crosslinking kinetics is highly
advantageous for microfluidic applications as this avoids
problems of gelling at stagnation points within the
microchannels associated with instantaneous gelling using free
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Fig.1 lllustration of CLEX (competitive ligand exchange crosslinking) for synthesis of hydrogels from ionotropic polymers in microfluidics. The mechanism relies on a
competition between a gelling ion and an exchange ion towards chelates and the ionotropic polymer. The ions and chelates as well as pH are selected to allow for gradual

release of gelling ions and subsequent gelation of the polymer. Chelated gelling and exchange ions are introduced via separate channels in a microfluidic device. The chelated

gelling ion is incorporated in the polymer solution (blue in | and II, red or blue in Il and IV) while the chelated exchange ion is introduced through the carrier fluid (I and II,
transparent) or an additional aqueous solution (Il and 1V, red or blue). Upon contact, the exchange ion will bind to the chelate that holds the gelling ion rendering this ion free

for gelation of the polymer solution.

crosslinking ions. Moreover our initial findings have shown
this approach to be highly compatible with a mammalian cell
line and here we investigate this approach in a wider variety of
cell types and durations.

The combined requirement of sufficient control of gelation
and providing near physiological conditions for cells to be
encapsulated within microfluidic channels is highly challenging.
Here we demonstrate how CLEX can be utilized in co-flow
microfluidic devices for the facile encapsulation of a variety of
different cell types in alginate hydrogel microbeads and
microfibers with high cell-viability and efficient device friendly
gelation. The results obtained herein exploiting the CLEX
gelation strategy indicate the potential of this approach to
replace current methods for ionotropic hydrogel crosslinking
within microfluidic devices since it overcomes significant
shortcomings of current commonly used gelling techniques;
namely, the need for a sheathing buffer solution to prolong
diffusion of the gelling ion which complicates design and
operation, use of highly acidic conditions which is not suitable
for certain prominent cell types (i.e. mammalian) or solid
components (e.g. CaCOs) suspended in the aqueous flow that
will likely clog microchannels and prohibit synthesis of
homogenous gels.
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Results and discussion

In order to apply the CLEX method to gel alginate within a
microfluidic chip, a design which enables the mixing of an
aqueous chelated gelling ion with an aqueous exchange ion
solution at the point of droplet or fiber formation is needed.
Introducing the aqueous solutions of the gelling and exchange
ions in two separate flows close to the droplet generating
feature in the device ensures this (Fig. 1b). Note that the
microfluidic channel design should include an additional
channel inlet for a second aqueous solution if the exchange ion
cannot be introduced via the carrier fluid. As well as suitable
chip design, the above identified criteria of controlling gelation
kinetics and designing the process being pH compatible with
the immobilized cargo are essential to address. In this study,
we investigated the encapsulation of mammalian cells (pre-
osteblasts and Jurkat cells), a bacterium (Synechocystis sp. PCC
6803) and algae (Chlamydomonas reinhardtii CC-4532) and
therefore focused on controlling the pH in the range of 6.5-7.4.
It should also be noted that the pH will directly impact the
kinetics of the gelation process and thus the gelation time.

CLEX gelation of monodisperse alginate droplets



(a) o J——"

3. HFE7500 + fluorosurfactant

2. Alginate/ZnEDDA + Cells

1. Alginate/CaEDTA + Cells

P

10 pm

Fig. 2 A droplet-based microfluidics device was utilized for encapsulation of cells in
alginate microbeads with a new cell friendly and device compatible gelling
mechanism. (a) A Schematic of the microfluidic co-flow device (b) Micrograph of
the region of the device at which encapsulation of cells occur (c) Micrograph of
collected microgels suspended in the carrier oil with fluorosurfactant (d) Confocal
image of encapsulated pre-osteoblasts in microgels after rinsing and re-
suspending in cell medium to remove the oil and surfactant.

A hydrodynamic flow focusing device was utilized to produce
monodisperse Ca-alginate microbeads using the CLEX
mechanism. Ca?" was used as the gelling ion and Zn?* as the
exchange ion since both these ions are well tolerated
biologically. Ca?* chelated with EDTA was mixed with the
alginate precursor solution. Zn?* chelated with EDDA was used
as the exchange ion complex to release the Ca?* from CaEDTA
upon mixing and make this ion available to interact and induce
gelation of the alginate. This combination was tested in the pH
range of 6.0-8.0. Glycine was also investigated as a possible
chelator for the Zn?*, however, the gelation kinetics and
therefore gelling was too rapid resulting in stagnation point
gelation within the device (ESI Fig. 1). This was the case even
at higher pH (tested between pH 6.7 and 7.8) for the
combination involving ZnGlycine. Fluorinated oil with
biocompatible fluorosurfactant (similar to Holtze and co-
workers?®) was used as an immiscible carrier fluid to produce
monodisperse emulsions of the precursor alginate solutions
prior to gelation. This carrier fluid is biocompatible, offers high
oxygen solubility?® and is compatible with PDMS
microchannels. Since we could find no zinc salt or Zn?*-chelate
combination that was soluble in this carrier fluid, an additional

aqueous inlet was necessary to generate microbeads with
CLEX (Fig. 1b, Ill). The microfluidic droplet device design
therefore includes three fluid inlets as illustrated in Fig. 2a;
one inlet for the carrier fluid and two inlets for alginate
solutions with chelated gelling ions (CaEDTA) and chelated
exchange ions (ZnEDDA), respectively. Alginate was used in
both solutions to balance the hydrodynamic resistance in the
two channels as well as to avoid dilution of the overall polymer
concentration when mixed in equal volumes in a co-flow
region of the microfluidic channels prior to droplet break-up
(Fig. 2b). Higher viscosity alginate solutions may cause
irregular droplet formation.? The gelation time was adjusted to
avoid clogging of the channels by adjusting the pH to 6.7 in
both aqueous solutions, which resulted in no stagnation point
gelation at the junction where the aqueous phases meet, and
allowed prolonged device operation (more than 12h). The
microbeads were produced at a frequency of 282Hz with a
mean diameter of 53.2 + 1.0 um using flow rates of 50uL/hr
and 200 uL/hr for the two alginate solutions and the carrier
fluid, respectively. For higher pH (above 7.2), the amount of
Ca?* for crosslinking of the alginate used in this study was
insufficient to produce microbeads since a competition
between the alginate and EDDA for Ca?* is shifted towards
CaEDDA at such pH. Moreover, higher pH will also result in
slower gelation and we observe coalescence of precursor
alginate droplets ~20-30 min after emulsification. We
speculate that the alginate may alter the solubility of the
hydrophilic surfactant tails (polyethylene glycol chains)
resulting in reduced emulsion stability. Therefore, gelation
should be initiated before the coalescence of emulsions take
place. A balance between gelation time and strength must be
satisfied to apply CLEX in microchannels.

pH has been shown to be of critical importance for cell
metabolic activity and viability.?” Contemporary methods that
rely on a sudden drop in pH to release chelated Ca?* therefore
suffer from poor cell viability if cells are exposed to conditions
of low pH for only a few minutes. We monitored conditions of
pH during gelling using a fluorescent dye (N-(rhodamine 6G)-
lactam-ethylenediamine (R6G-EDA))?® and photon counting
using a confocal microscope and compared the evolution of pH
with an alginate containing CaEDTA and gelled by acetic acid
contained in the oil phase as described by Utech and co-
workers.?® As expected, using ligand exchange, pH was
maintained at a constant pH 6.7 for the duration of the
experiment, however upon addition of fluorinated oil
containing acetic acid, pH rapidly dropped from pH 6.7 to pH
4.6 as H* diffused from the oil phase to the aqueous alginate
phase, a prerequisite to initiate gelling with this method (ESI
Fig. 2).

With CLEX, if the gelation kinetics is suitably slow, the
alginate phases have time to properly mix. To illustrate this,
we produced alginate microbeads with FITC labeled alginate as
one of the two dispersed components (Fig. 3a). Due to the
slowed gelation kinetics with CLEX, the labeled alginate mixes
with the second unlabeled alginate solution (Fig. 3b). In
contrast, core-shell like microbeads are achieved due to very
rapid gelling using an acidified carrier fluid (HFE7500 and



Fig. 3 (a) The hydrodynamic flow focusing device used to encapsulate cells was

also utilized to investigate the mixture of the two alginate solutions in the
produced microbeads. (b) Using CLEX, the fluorescently labeled alginate was well
distributed in the microbeads upon gradual release of Ca?* from CaEDTA . (c)
Release of Ca2* from CaEDTA with an acidified carrier fluid initiated rapid gelation
which yielded more distinct domains of fluorescently labeled and unlabeled
alginate of the gelled microbeads.

acetic acid) which release Ca?* form the CaEDTA almost
instantly after a rapid pH drop (Fig. 3c). CLEX offers discrete
control of the gelation time through choice of chelates and/or
by adjusting the pH within physiological range of the precursor
solutions, which opens possibilities of mixing the solutions on-
chip using micro-mixers e.g. herringbone structures prior to
droplet formation (slow gelation) or production of janus and
core-shell particles (quick gelation).

CLEX for production of cell containing alginate microfibers

Reported methods for on-chip alginate microfiber production
typically apply sheathing buffer solutions to delay diffusion of
Ca?* and thus gelation of alginate to avoid clogging of
microchannels.3% 31 Since gelling kinetics can be tuned using
ion chelate combinations and pH adjustment, CLEX is not

4|

reliant on delaying the flux of Ca?* using a sheathing fluid and
therefore chip design may be simplified. We propose a
simplified route for facile on-chip fiber synthesis with only two
aqueous components (one carrier fluid and one fluid with the
ionotropic polymer) in a hydrodynamic flow focusing device
(Figs. 4a and b). Here, dextran was used as the carrier fluid to
match the viscosity of the alginate solution. The chelated
exchange ion (ZnEDDA) was introduced via the carrier fluid
(Fig. 1b, 1). A 3D PDMS microfluidic device (Figs. 4a and b) was
used which was fabricated using a previously reported
method3? to mimic glass capillary microfluidic devices often
used for alginate fiber synthesis,*® 33 however, similar results
could be achieved with standard 2D microfluidic devices using
CLEX. The 3D junction offers coaxial flow focusing for the
synthesis of axisymmetric fibers and a larger operation
window of flow rate difference between the alginate and
dextran solutions since the relatively large hydraulic resistance
in the narrow region (Fig. 4a and b) channel restricts backflow
of the carrier fluid.3* Fabrication of coaxial flow focusing
devices with cylindrical PDMS channels have previously been
reported for production of alginate fibers also using only two
aqueous inlets (alginate and CaCl,),3> however, the fabrication
of such devices is cumbersome with existing lithography
techniques. In our 3D device, CLEX was initiated upon contact
between the alginate and dextran solutions where Ca?* was
gradually rendered free within the alginate containing solution
to gel the alginate and form microfibers. For fiber production
in microfluidic devices, it is necessary to initiate gelation
before the streams of fluids exit the device. Therefore, the
choice of ions, chelates and pH as well as the flow rates are
crucial parameters that need fine tuning for on-chip fiber
synthesis. We found that the determined pH and ion-chelate
combinations for droplet devices were also suitable for fiber
synthesis with flow rates of 200 uL/hr and 1000 pL/hr for the
alginate and dextran solutions, respectively. These parameters
resulted in fibers with mean diameter of 62.5 + 4.4 ym and
with a production rate of ~10 mm/s. The fibers were collected
immediately after production without intermediate rinsing
steps (ESI Fig. 3). We observed no stagnation point gelation,
even after running the device for over 12h. Cells were
introduced into the alginate solution and were encapsulated in
the microfibers. This approach enabled the formation of cell
containing alginate microfibers directly into cell culture
medium without a rinsing step. Two cell types were tested,
non-adherent Jurkat cells (Fig. 4c) and adherent Murine pre-
osteoblasts (Fig. 4d) and excellent post encapsulation cell
viability was observed for both cell types.

Cell viability in CLEX prepared alginate microbeads
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Fig. 4 A microfluidics fiber device was used for the encapsulation of cells in

alginate microfibers using CLEX. (a) A schematic of the 3D microfluidic fiber device
(b) Micrograph of the region of the device at which the two aqueous phases meet
to form cell-laden alginate microfibers (c) Confocal image of encapsulated Jurkat
cells in microfibers suspended in cell medium (d) Confocal image of encapsulated
pre-osteoblasts in microfibers suspended in cell medium. No rinsing step is
required as the continuous phase is aqueous.

Microfluidic encapsulation of various cell types in hydrogels
including bacteria,3® yeast3” adherent and non-adherent
mammalian cells3® have previously been reported. However,
difficulties in maintaining high cell viability rates throughout
the encapsulation and subsequent gelling process have been
shown. The amount of encapsulated cells depends on the cell
concentration and follows a Poisson distribution,3® 4° and we
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20pm

Synechocystis
Chlamydomonas

ARTICLE

observed a similar behavior for all cells tested. Cells were
injected via both aqueous phases in our two-alginate inlet
droplet device to increase the encapsulation efficiency.
Alginate samples containing cells were stirred continuously
throughout the experiments to avoid sedimentation.

Successful encapsulation of highly viable bacteria, algae
and mammalian cells in microbeads was achieved using our
microfluidic design and gelling technique. We monitored the
growth of the naturally fluorescent cyanobacteria
Synechocystis sp. PCC 6803 and Chlamydomonas reinhardtii
CC-4532 algae in the microgels until the cells formed colonies
and escaped the microgel confinements (Fig. 5a and b,
respectively). Using a standard live/dead staining assay after
the collection and subsequent rinsing (Fig. 2c and d) of the
hydrogels, high cell viability (~95%) of the encapsulated
mammalian pre-osteoblasts was achieved (Fig. 5c). The cells
were monitored for 21 days with no significant change in cell
viability. The alginate was not modified to facilitate cell
adherence by, for example, functionalization with RGD-groups
and we observe no cell division of the pre-osteoblasts within
the hydrogels.

Comparison with other gelation strategies

Forming a hydrogel of an ionotropic polymer, such as alginate,
by crosslinking with a multivalent ion inside a microfluidic
channel is a delicate process that is difficult to control on-chip
since the rapid kinetics of gelation likely result in irregular
droplet production or even complete clogging of the
microchannels.?® 4! Introducing aqueous Ca?* directly to the
alginate stream in a device will result in immediate gelling and
clogging of the channels. Therefore, in addition to having an
inlet for Ca?* and alginate, an extra inlet is often introduced to
the microfluidic geometry whereby sheathing buffer is injected
to temporary shield the Ca?* stream from the alginate.® 4> 43
The sheathing buffer acts as a barrier to delay diffusion of Ca?*
ions towards the alginate and therefore slows gelling.
Currently, this is the standard approach for alginate fiber
synthesis using microfluidic devices,?> 3! but has also been
demonstrated for alginate bead synthesis.® The main drawback
to this approach is inhomogeneous gelation and complexity in
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Fig.5 Micrographs of (a) the cyanobacteria Synechocystis sp. PCC 6803 and (b) of the algae Chlamydomonas reinhardtii CC-4532 encapsulated in alginate microbeads at
indicated time points. After two weeks and 72h the cyanobacteria and algae colonies grew beyond the microgel confinements, respectively. Images are overlaid images of

bright field and fluorescent images capturing the auto fluorescence of chlorophyll produced by the bacteria and algae. (c) A Live/dead staining assay was utilized to quantify

the cell viability of microencapsulated pre-osteoblasts where live and dead cells appear green and red, respectively. The cell viability was monitored for 21 days after

encapsulation showing high and constant survival rates (~95%). No cell division was observed.
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operating the microfluidic device due to the additional
aqueous phase, and, if the Ca?* solution temporarily comes in
direct contact with the alginate stream, instant gelation will
take place likely resulting in clogging. Others have opted to use
oleic acid as the continuous phase as CaCl; is partly soluble in
this oil and will diffuse into the dispersed precursor alginate
phase upon contact, resulting in gelation of the alginate
downstream in the microfluidic device.?® However, the cell-
viability is strongly dependent on rapidly removing the oleic
acid through an on-chip exchange mechanism with mineral oil
introduced by an additional channel inlet.

In an attempt to overcome these shortcomings, pH
sensitive Ca%* chelates (e.g. CaEDTA, CaEGTA) or solid CaCO3
have been added to the dispersed phase with the alginate. To
release the chelated Ca?', an acidified carrier fluid is typically
applied to decrease the pH through the diffusion of H* from
the continuous to the dispersed phase resulting in subsequent
internal gelation of the alginate.?® 3% 4% 4446 \Whijle effective in
achieving a slower and more homogeneous gelation process
that does not clog microfluidic channels immediately and
results in well dispersed microparticles, unfortunately all of
these approaches are reliant on a pH drop well below the
physiological range and are therefore detrimental to cell
viability. A recent study?® showed that cell viability can

somewhat be enhanced if the cell-loaded gels are rinsed from
the acidic environment shortly after gelation, however, even
after short time scales (~2min), the survival rate of the
encapsulated cells showed a decrease to ~“80% and to ~0%
after 30 min between encapsulation, gelation and re-
suspension in cell medium. Also, surviving cells may show
different metabolic behavior due to the stress induced by the
temporarily acidic environment. Encouraging results have
been obtained by using solid CaCOs; in combination with
glucono-1,5-lactone (GDL) in the carrier fluid to slowly release
the Ca?* in a milder fashion as compared to using an acidified
carrier fluid.*” However, the use of microcrystals or micron
sized agglomerates of nanocrystals of CaCOs; as a gelling
strategy can result in inhomogeneous gelling since the
distribution of these particles will vary between droplets and
the crystals may also cause clogging of narrow junctions in
microfluidic devices.?> 48 Additionally, this gelation strategy is
very slow (~hours), which limits the applications for synthesis
of more complex structures e.g. core-shell or janus particles
since the synthesis of such structures requires rapid gelation.
Others have explored release of Ca?* from photosensitive
caged Ca?* complexes,*® but these chemical compounds,
although offering a controlled release of Ca?*, have limited
availability due to high costs.>® Also, these approaches often

Table 1 Overview of gelation strategies that have been utilized in microfluidic systems with their strengths and weaknesses.

External
(1) = Solution 1 (1) Alginate (1) Alginate +
(2) = Solution 2 (2) CaCl, CaEDTA/CaEGTA
(2) Acetic acid
Cell viability Excellent Poor
Gelation in None/Poor® Good?
microchannels
Choice of pH Excellent None
pH stability during Excellent None
gelation
Choice of gelation time None Poor
Gel homogeneity Poor Excellent
Price Excellent Excellent

2 CO; as by-product upon release of Ca**

P High UV dosage is detrimental to cells and may degrade biomolecules

¢ Requires shielding water stream

d Stagnation point gelation may occur due to rapid gel initiation

¢ Dependent on buffer solution

f Gelation is rapid when initiated

8 Dependent on distribution of nano/micro agglomerates of CaCOs crystals
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Internal

(1) Alginate + (1) Alginate+ Caged (1) Alginate +

CaCOs Ca* CaEDTA
(2) GDL UV-light (2) Alginate/
Dextran + ZnEDDA
Good?® Poor® Excellent
Good Excellent Excellent
Good Excellent Excellent
Good*® Excellent Excellent
Poor Poorf Excellent
Good® Excellent Excellent
Excellent Poor Excellent



rely on UV radiation which is detrimental to the structure of
DNA and RNA if the dosage is high. The addition of short
segments of oligoguluronates (OligoG’s) to the alginate
solutions represents an additional means to delay Ca-induced
gelation and affect the final gel structure.®> >? This strategy can
be used in combination with the different methods to induce
Ca-alginate gelation discussed above.

In contrast to previously used on-chip gelling techniques,
CLEX is not dependent on pH and therefore allows gelling to
occur at conditions of controlled pH. CLEX also offers precise
control over gelation time and can thus be tailored for various
microfluidic applications requiring either slow (mixing of
compounds) or quick (janus and core-shell particle synthesis)
gelation. An overview of alginate gelation strategies in
microchannels with their perceived strengths and limitations is
shown in Table 1.

Experimental
Preparation of precursor solutions

All chemicals were purchased from Sigma-Aldrich unless stated
otherwise. All solutions were prepared using deionized water
(DIW) with a resistivity of 15 MQ cm (Milli-Q™, Millipore).
Alginate (source L. hyperborea stipe) with a guluronic acid
residue fraction of Fs=0.68, and a My of 275 x 103 g mol?
(PROTANAL LF 2005) or F=0.67 and a My of 275 x 103 g mol?
(PROTANAL SF 60) and labelled with Fluoresceinamine (both
FMC Biopolymer, Haugesund, Norway) were dissolved in DIW
to a final concentration of 3wt/vol%. The fluorescently labelled
alginate was made as described by Strand and coworkers.>3
CaCl, was mixed with ethylenediaminetetraacetic acid (EDTA)
and 3-(N-morpholino)propanesulfonic acid (MOPS) in aqueous
solution and equal molar proportions and then adjusted to pH
6.7 using HCl and NaOH. This solution was then mixed with
the alginate solution to give a final concentration of 0.6% (wt)
alginate, 84mM Ca?*, 84mM EDTA, 40mM MOPS. Zn(CHsCO,),
was mixed with ethylenediamine-N,N’-diacetic acid (EDDA)
and 3-(N-morpholino)propanesulfonic acid (MOPS) in aqueous
solution and then adjusted to pH 6.7 using HCl and NaOH. This
solution was then mixed with the alginate solution to give a
final concentration of 0.6% (wt) alginate, 84mM Zn?*, 84mM
EDDA, 40mM MOPS. In the case of fiber synthesis, the
ZnEDDA was mixed with 8% (wt) dextran (source Leuconostoc,
Mu: 450 x 103 - 650 x 103 g mol?) instead of alginate.

Fabrication of microfluidic devices

PDMS microfluidic devices were molded from SU-8 masters.
SU-8 3050 (MicroChem Corp.) was spun at 3000 RPM for 30 s
onto a silicon wafer (University Wafers) and soft baked at 65°C
for 1 min and then 95°C for 15 min. The resist was exposed
with UV-light (250 mJ/cm? , 365nm) using a Siiss MA-6 mask
aligner through emulsion films (JD Photo-Tools, UK) with CAD
designs of the microfluidic devices. The post-exposure bake
was carried out at 65°C for 1 min and then 95°C for 5 min. The
sample was developed for 5 min using a photoresist developer
(mrDev 600, Micro Resist Technology). For the multilayered

microfluidic devices that were utilized to synthesize alginate
fibers, the above steps were repeated for a second layer of
photoresist and UV exposer through a second emulsion film to
render 3D structures. Two-component Sylgard® 184 PDMS
(Dow Corning) (10:1) was mixed, degassed in a desiccator,
poured over the SU-8 mold and baked for 3 hours at 65°C. The
cured PDMS was peeled from the mold and inlets were made
using a punch (@ 1mm, UniCore). The feature side of the PDMS
was treated with oxygen plasma (Femto plasma cleaner) and
bonded to a flat slab of PDMS. For the droplet devices, the
PDMS devices were rendered fluorophilic prior to use by filling
with hydrofluoroether (HFE7500, 3M) containing 2% (v/v)
fluorosilane (1H,1H,2H,2H-perfluorooctyl ) to increase the oil
wetting. The oil was removed by blow drying with a N>-gun. No
surface treatment was carried out prior to use of the fiber
devices.

Cell culture

Murine calvarial pre-osteoblast cells, MC3T3-E1 subclone 4
(ATCC® CRL-2593™) were cultured to 80% confluence in a-MEM
supplemented with 1 pm ml! gentamicin, 2mM glutamine and
10% foetal calf serum. Cells were detached using trypsin/EDTA,
suspended in PBS, and centrifuged at 1500 RPM. Cells were
re-suspended in fresh culture medium prior to mixing with
alginate solutions.

Human T lymphocyte cells (Jurkat, clone E6-1 (ATCC® TIB-
152™) were cultured in RPMI-1640 medium supplemented with
10% foetal calf serum, 2mM glutamine, sodium pyruvate and 1
pum mlt gentamicin.

Synechocystis sp. PCC 6803 cells were grown in 200 ml of
BG 11 media®* with 5 mM glucose at 30°C under continuous
illumination (20 uE.m2/s) for 72 hours before encapsulation.

The alga Chlamydomonas reinhardtii CC-4532 was grown in
TAP medium®® at 18°C under continuous illumination (light
intensity: 20 uE.m2/s) for 72 hours before encapsulation.

Cell encapsulation in alginate microbeads and microfibers

HFE7500 (3M®), a low viscosity hydrofluoroether that offers
high gas transport and avoids swelling of PDMS devices, was
used as the continuous phase. Fluorinated surfactant
containing two oligomeric perfluorinated polyethers (Krytox®
FSH 157, DuPont) attached to polyethelyneglycol (ED-900
Jeffamine®, Huntsman) was kindly provided by Gianluca
Etienne from the Soft Materials Laboratory (SMalL, EPFL). The
synthesis follows a previously described procedure by Holze
and coworkers.?> 2% (wt) of this fluorosurfactant was added to
the continuous phase to facilitate droplet breakup and
stabilize precursor alginate emulsions to avoid coalescence
prior to gelation. Two dispersed phases were used: (1) 0.6%
(wt) alginate containing 84 mM CatEDTA and 40mM MOPS at
pH 6.7 with cells and (2) 0.6% (wt) alginate containing 84 mM
ZnEDDA and 40mM MOPS at pH 6.7 with cells (Fig. 2a). The
two dispersed phases meet in a co-flow region in the
microfluidic channels prior to droplet break-up. The flow rates
were set to 200uL/hr for the continuous phase and 50uL/hr for
both dispersed phases by controlled injection using BD plastic



syringes with PE plastic tubes (Scientific Commodities Inc.)
mounted on syringe pumps (Harvard Apparatus, PHD ULTRA).
The syringes used for the dispersed phases contained magnets
and were stirred continuously to avoid sedimentation of cells.
We injected cells via both dispersed phases to increase the
encapsulation efficiency.

The cell-loaded gels were collected directly in the
appropriate cell medium and rinsed using 20% (v/v) PFO
(1H,1H,2H,2H-Perfluoro-1-octanol) for surfactant removal and
centrifuged at 2500 rpm for 2 min to remove the HFE7500,
fluorosurfactant and PFO by phase separation. The gels were
collected in aMEM culturing medium for the pre-osteoblast
and Jurkat cells, BG11-medium for the Synechocystis sp. PCC
6803 and TAP-medium for the Chlamydomonas reinhardtii CC-
4532. The encapsulated Synechocystis and Chlamydomonas
were kept at 30°C and 18°C respectively, at constant
illumination and with slight agitation between imaging to
ensure optimal culturing conditions. The encapsulated pre
osteoblasts and Jurkat cells were incubated in aMEM at 372C.
To assess cell viability post encapsulation a calcein-AM/
ethidium homodimer-1 assay (LIVE/DEAD® Viability/
Cytotoxicity Kit, L-3224, Molecular Probes®) was applied. The
cell-loaded alginate gels were imaged using a Leica SP5
confocal microscope.

The microfluidic device used for controlled synthesis of
cell-laden alginate microfibers is shown in Figs. 4a and b.
Unlike the droplet based device, an immiscible carrier fluid
was not applied as we aimed to produce continuous fibers. We
used two aqueous phases for the facile production of alginate
fiber: (1) 8% dextran with 84 mM ZnEDDA and 40mM MOPS at
pH 6.7 as the continuous phase and (2) 0.6% (wt) alginate
containing 84 mM CaEDTA and 40mM MOPS at pH 6.7 with
cells as the inner phase. We utilized a 3D PDMS-PDMS device
to mimic the glass capillary device often used for alginate fiber
production.?® The cell-laden fibers were collected directly in
the appropriate cell medium by slicing the PDMS chip at the
outlet and suspending it directly in the medium. The fiber-
encapsulated cells were stored in appropriate conditions
dependent on cell type as stated above. The same Live/dead
assay was used to assess the cell viability within the alginate
microfibers.

Conclusions

Microfluidics has in recent years been widely applied for the
encapsulation and manipulation of cells in microgels as these
biopolymer based hydrogel scaffolds have the capacity to
mimic the extracellular matrix to a great extent in terms of
both structural and biochemical features. Due to excellent
biocompatibility and relatively mild gelling conditions, alginate
is often applied for these purposes. Although interest and
activity in the field of microencapsulation of cells in alginate
hydrogels continues to grow, the lack of viable cell compatible
and microchannel friendly crosslinking of alginate based
microgels has stagnated progress in this area recently. The
most reliable approach has been that of using pH sensitive
chelates for release of divalent cations (typically Ca?*) through
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the use of acidified carrier fluids resulting in release of ions
due to H* diffusion from the oil to the water phase and
subsequent internal gelation. Although offering homogenous
and well controlled gelation, these methods are often not
applicable in many cell encapsulation studies as the drop in pH
below that of physiological conditions is detrimental to cell
viability. Here, we demonstrate a route to achieve cell friendly,
pH stable and microfluidics compatible cell encapsulation in
microbeads and microfibers of alginate by applying a newly
developed method for controlled crosslinking of the polymeric
network by virtue of a competitive ligand exchange
crosslinking (CLEX) mechanism recently established by our
group. The produced cell-loaded gels are homogenous and
monodisperse and highly biocompatible as demonstrated by
excellent cell viability and survival following encapsulation and
rinsing for several different cell types.
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