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Abstract

In this study, we developed a high-throughput microchannel emulsification process to

encapsulate pancreatic beta cells in monodisperse alginate beads. The process builds

on a stirred emulsification and internal gelation method previously adapted to pancre-

atic cell encapsulation. Alginate bead production was achieved by flowing a 0.5–2.5%

alginate solution with cells and CaCO3 across a 1-mm thick polytetrafluoroethylene

plate with 700 × 200 μm rectangular straight-through channels. Alginate beads ranging

from 1.5–3 mm in diameter were obtained at production rates exceeding 140 mL/hr

per microchannel. Compared to the stirred emulsification process, the microchannel

emulsification beads had a narrower size distribution and demonstrated enhanced com-

pressive burst strength. Both microchannel and stirred emulsification beads exhibited

homogeneous profiles of 0.7% alginate concentration using an initial alginate solution

concentration of 1.5%. Encapsulated beta cell viability of 89 ± 2% based on live/dead

staining was achieved by minimizing the bead residence time in the acidified organic

phase fluid. Microchannel emulsification is a promising method for clinical-scale pancre-

atic beta cell encapsulation as well as other applications in the pharmaceutical, food,

and cosmetic industries.
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1 | INTRODUCTION

Islet transplantation is now an established clinical intervention for the

treatment of Type 1 diabetes in many jurisdictions, with 50–70% ofChristina M.E. Bitar and Karen E. Markwick contributed equally to this study.
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patients remaining insulin independent for ~5 years post transplantation.1

Islet encapsulation has the potential to eliminate the requirement of life-

long immune suppression,2-4 while broadening the cell supply to include

pluripotent stem cells and xenogeneic islet sources.5,6

Traditional nozzle-based encapsulation devices have an alginate

viscosity operating range between 0.03 Pa�s and 11 Pa�s and through-

puts typically <2 L/hr.7-10 Since the resulting alginate beads are gener-

ally permeable to antibodies, a variety of cationic polymer coatings

have been applied to reduce the pore size and increase bead stability.

However, this has been correlated with increased fibrotic overgrowth

of the beads.11,12 Another method to reduce bead porosity is to

encapsulate cells in high-concentration alginate beads that can be

obtained by stirred emulsification and internal gelation.13,14 This cell

encapsulation process, adapted from a method originally described

by Poncelet et al.,15 can be scaled to m3/hr production rates of algi-

nate beads using solutions with viscosities exceeding 100 Pa�s.14
Since the local energy dissipation rate varies greatly in turbulent flow

as applied in the stirred emulsification process, a broad bead size dis-

tribution is obtained. Polydisperse beads may influence the islet sur-

vival given the risks of incomplete islet encapsulation in smaller

beads16 and oxygen limitations in larger beads.17 More recently, islets

encapsulated in larger (1.5 mm) alginate beads transplanted into allo-

geneic primate animal models survived and remained functional for at

least 4 months.18

A device that can accommodate a broad alginate viscosity operat-

ing range and produce uniform beads at clinical-scale throughputs is

desirable. Microchannel emulsification was previously used to pro-

duce monodisperse oil-in-water emulsion droplets of 1 μm to several

millimeters in diameter.19-21 The droplets form spontaneously due to

the hydrodynamic instability of the dispersed phase exiting the chan-

nels, unlike in membrane emulsification where external shear stresses

facilitate droplet formation.22 Up to a critical transition point, identi-

fied by the critical capillary number, the droplet diameter is indepen-

dent of the inlet dispersed phase flow rate, rendering the

microchannel emulsification process highly robust and scalable.

The encapsulation of human embryonic kidney cells in 50–200 μm

alginate beads was achieved at 20 mL/hr production rates using

100 microchannel arrays.23 The external gelation method applied in

this process relied on the contact and coalescence between alginate

droplets and CaCl2 solution droplets in the flowing oil phase, resulting

in a significant proportion of deformed beads.23 Moreover, in the con-

text of islet encapsulation, larger beads would be desirable to encap-

sulate ~150 μm diameter (or larger) cell clusters.

Here, we describe a novel microchannel emulsification and inter-

nal gelation process to encapsulate pancreatic beta cells in monodis-

perse alginate beads. Process development involved the design and

characterization of the novel system that can produce uniform (<10%

variation) 1.5–3 mm alginate beads for animal cell encapsulation at

throughputs required for clinical islet transplantation (>100 mL/hr).14

These results were achieved by investigating the effects of various

process parameters (e.g., density, surface tension, viscosity, and flow

rate) on bead size and uniformity. Successful encapsulation of insulin-

producing beta cells was achieved by optimizing the acetic acid con-

centration as well as the bead residence time in acid.

2 | MATERIALS AND METHODS

2.1 | Dispersed phase preparation

Unless otherwise mentioned, all reagents were purchased from Thermo

Fisher Scientific. Alginate (FMC Manugel® GHB alginic acid, FMC Bio-

Polymer, Lot # G0600201) was dissolved in HEPES 4-[2-hydroxyethyl]-

1-piperazineethanesulfonic acid (HEPES)-buffered saline solution (10 mM

HEPES, 170 mM NaCl from Sigma-Aldrich, pH 7.4) and then autoclaved

for 30 min. Autoclaving reduced the weight average molecular weight

from 135 to 75 kDa as determined by a size-exclusion chromatography

system equipped with multiangle light scattering detector.24 Complete

cell culture medium consisted of Dulbecco's modified Eagle medium

supplemented with 10% fetal bovine serum (FBS), 1% penicillin/

streptomycin, 2 mM L-glutamine, and 5 mM β-mercaptoethanol (Sigma-

Aldrich). The CaCO3 suspension consisted of 0.05 g/mL CaCO3 in

HEPES-buffered saline solution. The to-be-dispersed phase was prepared

by mixing alginate solution (29.7 mL), complete medium with or without

cells (2.3 mL), CaCO3 suspension (1.65 mL), and FBS (1 mL).

2.2 | Surface tension and viscosity measurements

Fluid surface tension was measured using a DCAT 9 Dynamic Contact

Angle Meter and Tensiometer (Particle and Surface Sciences

Dataphysics) at motor speeds of 1 and 0.1 mm/s for continuous phase

fluids and alginate solutions, respectively. Dynamic viscosity measure-

ments of alginate solutions at 25 and 37�C over a shear rate range of

0–600/s were performed using an Anton Paar MCR 302 rheometer with

a double gap configuration. The effect of shear rate on alginate viscosity

was fitted to the Cross model,25 while the effect of alginate concentra-

tion on zero-shear viscosity was described by the Huggins equation.26

2.3 | Microchannel plate fabrication

Three-dimensional (3D)-printed plastic plates were printed by Shapeways

(New York, NY) using ultraviolet (UV)-cured Frosted Ultra Detailed

Plastic. Laser micromilling (355 nm UV diode-pumped solid-state

picosecond-pulsed laser system from Oxford Lasers, Inc.) was used to

create microchannels through 1-mm thick polytetrafluoroethylene (PTFE)

and fluorinated ethylene propylene (FEP) sheets (McMaster-Carr). Chan-

nels were tapered with average dimensions of 700 × 200 μm. The laser

mill parameters were 35 mW power, 400 Hz repetition rate, 0.1 mm/s

feed rate, 40 μm spot size, and 15 μm hatch pitch. Under these condi-

tions, channels with clean edges were achieved after 10 passes, stepping

the focusing lens 200 μm closer after 5 passes.

2.4 | Contact angle measurements

Contact angles between a static droplet (<30 μL) of various solvents

(water, 1-octanol, and toluene) and the microchannel plates were
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determined using an OCA 150 system goniometer (DataPhysics

Instruments GmbH) and SCA-20 software. The solid–liquid interfacial

free energy (γSL) was obtained by Young's equation and the Owens–

Wendt method.27

2.5 | Microencapsulation by microchannel
emulsification

A novel microchannel emulsification device prototype was fabricated

as illustrated in Figure 1. The device consisted of two flow chambers

flanking a microchannel plate comprising one to three straight-

through microchannels (700 × 200 μm). Above the top chamber was

an outlet tube (1.3 cm in diameter) leading to a collection vessel

(8.0 × 12.0 × 8.8 cm). The bottom chamber with alginate phase was

connected to a Sage Instruments model 355/365 syringe pump (Cole-

Parmer). Although an inlet port was included in the device prototype

design to allow fluid flow in the top chamber, no flow was applied in

reported experiments. For cell encapsulation studies, MIN6 cells were

suspended in the complete medium at 13×106 cells/mL prior to pre-

paring the dispersed phase fluid as described above. The dispersed

phase fluid was transferred into a 30-mL syringe (VWR International)

mounted onto the syringe pump and the syringe was then pushed

manually to fill the bottom chamber. The continuous phases tested

were 3M™ Novec™ 7500 (3M Company), light mineral oil (O121-4,

Thermo Fisher Scientific), or glyceryl trioleate (~65%, Sigma-Aldrich).

The continuous phase fluids were acidified by adding 0.22% glacial

acetic acid and vortexed prior to use. Next, 200 mL of the acidified

continuous phase was poured into the collection vessel to fill the top

chamber. Alginate flow was initiated at 10 mL/min to purge air from

the channels and then reduced to the flow rate to be tested

(0.55 mL/min unless otherwise specified) to initiate droplet

generation. The beads were left in the collection vessel for a gelation

time of up to 10 min before separation using a 40 μm nylon cell

strainer and washing (3× in complete medium). The gelation time rep-

resents the time after the first droplet is generated.

2.6 | Full factorial design of experiments

The effects of the final alginate concentration in the dispersed

phase (Ci with low level 0.5% and high level 2.5%) and the

inlet alginate phase flow rate (Fi with low level 0.31 mL/min and

high level 0.78 mL/min) on the average bead diameter (Y) were

assessed via a 22 full factorial design of experiment with three

center points and two replicates. Results were fitted to a linear

model:

Y = β0 + β1X1 + β2X2 + β3X1X2, ð1Þ

where X1 = (Ci − 1.5%)/1%, X2 = (Fi − 0.55 mL/min)/0.24 mL/min,

X1X2 is the interaction between alginate concentration and flow rate,

and βi values represent regression coefficients.

2.7 | Alginate bead size distribution

As previously described,13 1 mL of alginate beads were incubated in

5 mL of 0.02 g/L Toluidine Blue O (Sigma-Aldrich) in HEPES-buffered

saline solution for 80 min on a rotary shaker. A photo of the stained

beads dispersed in HEPES-buffered saline solution (with 10% com-

plete medium) was taken using an iPhone 6s 12-megapixel camera

(Apple). CellProfiler freeware28 was used to determine the mean

diameter, Sauter mean diameter (D32), and volume moment mean

diameter (D43).
13,14

F IGURE 1 Schematic illustration of the microchannel emulsification process and apparatus. (a) Beads were produced via microchannel
emulsification and internal gelation followed by rinsing in complete medium (three times or until phenol red indicator no longer changes in color)
prior to further product assessment. (b) Photo of the microchannel emulsification device consisting of a top (oil phase) and bottom (alginate
phase) chamber as well as a polytetrafluoroethylene (PTFE) plate in between with three oblong (700 × 200 μm) microchannels in parallel. (c) Two-
dimensional drawing of the front view of the device with dimensions in mm. (d) Three-dimensional (3D) computer-assisted design drawing of the
device. (e) 3D drawing of the PTFE plate along with a microscope image of a laser micromilled channel on the plate
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2.8 | Bead production by stirred emulsification

Alginate beads of D32 matching the microchannel emulsification pro-

cess bead diameters (~2 mm) were produced using a stirred emulsifi-

cation and internal gelation process as previously described,13,29

except that the initial continuous phase (light mineral oil) volume was

20 mL instead of 10 mL. Briefly, 20 mL of light mineral oil was intro-

duced into a 100-mL microcarrier spinner flask of previously

described dimensions13,29 placed on a calibrated magnetic stir plate to

apply 190 rpm rotational speed to the impeller. Next, 10.5 mL of the

to-be-dispersed phase was slowly introduced into the vessel and

emulsified for 12 min before adding 10 mL of acidified mineral oil

(0.4% acetic acid, leading to a final concentration of 0.13% in the total

30 mL mineral oil). After 8 min of internal gelation, agitation was

stopped, and beads were collected in complete cell culture medium.

2.9 | Mechanical properties, permeability to
immunoglobulin G, and spatial distribution of alginate

Beads produced by microchannel or stirred emulsification were trans-

ferred to filtered (Stericup® and Steritop®, 0.22 μm, Millipore) storage

solution (2 mM CaCl2 and 100 ppm NaN3 in HEPES-buffered saline

solution) at a 1:10 volumetric ratio and shipped to the Polymer Insti-

tute of the Slovak Academy of Sciences (SAS) for characterization of

their physicochemical properties. The bead mechanical strength

expressed as the bursting force was determined from the compression

deformation at a compression speed of 0.5 mm/s using a Texture

Analyzer (Stable Micro Systems, Godalming, United Kingdom). To

match the size of both types of beads for this analysis, the measure-

ments were done on hand-picked beads in the size range of

2–2.5 mm.

The permeability of beads to immunoglobulin G (IgG) was evalu-

ated by confocal laser scanning microscopy (CLSM) using Alexa Fluor

488-labelled IgG antibodies (Life Technologies, Molecular Probes).30

Approximately 10 beads were placed in a 1.5-mL Eppendorf tube and

the storage solution was replaced by a storage solution containing

0.02 mg/mL IgG-Alexa Fluor 488. The tube was incubated at 37�C on

a rocking platform (2 rpm) for 24 hr. The images of six different beads

with the focus on their equatorial plane were acquired using LSM510

META on Axiovert 200 (both Zeiss) and 10× Apochromat objective.

For each bead, the mean intensity from its inner region (Iin) and the

mean intensity of the staining solution outside the bead (Iout) were

measured. The permeation of IgG into beads was expressed as P

(%) = Iin/Iout×100, where the intensities represent the mean intensities

acquired from six beads.

Spatial distribution of alginate in the beads was determined using

a confocal Raman microscope (CRM) WITec alpha300R (WITec, Ulm,

Germany) equipped with a water immersion objective (Carl Zeiss

20×/1NA), and the WITec UHTS300 spectrometers, at a controlled

room temperature of 23�C. The 785-nm laser line was used for excita-

tion of Raman signal with an integration time of 10 s. Data acquisition

and evaluation, including the quantitative analysis of alginate concen-

tration, were performed as previously described.31

2.10 | MIN6 cell culture and viability staining

MIN6 cells32 were obtained from Dr James Johnson (University of British

Columbia) and cultured at 4 × 104 cells/cm2 seeding density on surface-

treated T-flasks (Sarstedt), in 0.27 mL/cm2 complete medium that was

replenished every 2 days. The cells were passaged using TrypLE at ~90%

confluency. Cells were enumerated using a hemocytometer (Hausser Sci-

entific) after stainingwith 0.2%Trypan blue solution (Sigma-Aldrich). Dead

encapsulated cell controls were incubated in 5 mL of 99% ethanol for

10 min prior to live/dead staining or flow cytometry. Immobilized cells

were stained for 30 min in live/dead staining solution (4 μM calcein AM,

4 μMethidium homodimer, 8 μMHoechst in HEPES-buffered saline solu-

tion) prior to fluorescence microscopy (IX81, model IX2, Olympus, Tokyo,

Japan). For flow cytometry, immobilized cells were added to a degelling

solution (55 mM sodium citrate dihydrate from Sigma-Aldrich, 10 mM

HEPES, and 95 mMNaCl, pH 7.4) at a 1:9 volumetric ratio and incubated

on a rotary shaker on ice at 90 rpm for 40–60 min. The cells were then

resuspended in propidium iodide solution (12.5 μg/mL in phosphate-buff-

ered saline solution, BD Life Sciences), incubated at 4�C for 30 min, and

analyzed by a BD Accuri C6 flow cytometer. FlowJo Single Cell Analysis

v10was used for data analysis.

2.11 | Statistics

Differences between groups (p < .05 unless otherwise stated) were iden-

tified by two-tailed t tests or one-way analysis of variance (for multiple

test conditions) followed by Tukey and Scheffe post hoc tests using JMP

software (SAS Institute). Unless otherwise mentioned, results shown rep-

resent the average ± standard error of the mean (SEM) of three indepen-

dent experiments.

3 | RESULTS AND DISCUSSION

3.1 | Continuous phase fluid selection

Selection of a continuous phase fluid that would promote droplet for-

mation in the microchannel emulsification device was conducted to

determine the orientation of the device, which depends on whether

the oil or aqueous phase is heavier. To promote droplet generation,

factors that drive droplet detachment (e.g., the density difference

between the phases) were maximized while forces counter-acting

droplet generation (e.g., interfacial tension) were minimized. We com-

pared the density difference and surface tension of various organic

phase fluids (3M™ Novec™ Engineered Fluid, light mineral oil, and

glyceryl trioleate) under the assumption that lower surface tensions

correlate with lower interfacial tensions. The alginate concentration

in the range of 0.5–1.5% did not significantly affect the surface ten-

sion value of 0.055 ± 0.001 N/m. Novec™ 7500 fluid (density

1,630 kg/m3) had the highest density difference with a 1.5% alginate

solution (density 1,020 kg/m3) and the lowest surface tension

(Figure 2), both of which favored the formation of smaller alginate

droplets. The selection of the heavier Novec™ 7500 led to a
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microchannel emulsification prototype design with the alginate

flowing below the microchannel plate and the oil phase above.

3.2 | Device design and plate material selection

A dual flow chamber device was designed (Figure 1) based on the fol-

lowing criteria: (a) sufficient microchannel plate surface to allow the

eventual use of 25 × 25 microchannel arrays with ~2 mm distance

between channel centers; (b) sufficient bead travel distance between

the microchannel and the top wall to allow bead detachment without

contacting the wall; (c) inlet ports for alginate and oil as well as an out-

let for bead collection; (d) sufficient vertical distance between the col-

lection vessel and the main device chamber to limit bead coalescence

prior to transfer to the collection vessel. To promote droplet detach-

ment in water-in-oil microchannel emulsification, a hydrophobic plate

material was required such that the continuous phase would preferen-

tially wet the microchannel surface.33 All three materials considered

(PTFE, FEP, and 3D-printed plastic) were hydrophobic with water

contact angles >90�. Table 1 presents the component and total sur-

face free energies of PTFE, FEP, and 3D-printed plastic. The contact

angle of toluene on a 3D-printed plastic surface was reported to be

0�, as complete wetting was observed. The experimentally determined

surface free energies of PTFE and FEP were of the same order of

magnitude as values reported in the literature: 20.0 mJ/m34 and

17.9 mJ/m2,35 respectively. As expected, the surface free energy of

PTFE was higher than FEP, suggesting that PTFE would enhance wet-

ting of the continuous phase fluid in the microchannel emulsification

process.36 For this reason, we continued using PTFE as the micro-

channel plate material for further microchannel emulsification

experiments.

Oblong straight-through microchannels of aspect ratio exceeding

3.5 were previously shown to minimize the droplet diameter/

microchannel diameter ratio by maximizing the instability of droplets

exiting the channel, with a ratio of 2:1 achievable with suitable emulsi-

fiers.37,38 The target channel dimensions were determined to be

700 × 200 μm to theoretically achieve a target diameter of

~600 μm.39 The first microchannels were produced in a plate with a

thickness of 500 μm. However, these channels resulted in continuous

outflow and jetting of the to-be-dispersed phase. Given that the dis-

persed phase is destabilized along the length of the channel, it was

hypothesized that increasing the length of the channel would improve

formation and pinch-off of the dispersed phase neck. A plate thick-

ness of 1 mm resulted in robust pinch-off and bead production.

3D-printed channels could only be printed in an oval shape with mini-

mum achievable dimensions of ~640 × 240 μm. Using the highest res-

olution material, Frosted Extreme Detail Plastic (Shapeways, USA), the

material caved in and occluded the channels. Figure 1e displays

smooth rectangular microchannels obtained by laser micromilling a

1-mm thick PTFE plate achieving both an aspect ratio of 3.5 and

dimensions of 700 × 200 μm. In contrast, laser-micromilled FEP

resulted in rough channel edges, leading to between-channel variabil-

ity. Considering the solid surface energy and dimensional fidelity of

the microchannels, the most promising microchannel fabrication tech-

nique was laser micromilling of PTFE.

3.3 | Effect of alginate viscosity and flow rate on
bead diameter

The main factors that drive droplet detachment in microchannel emul-

sification, and therefore dictate bead diameter, are interfacial tension

and buoyancy forces up to a certain dispersed phase flow rate. This

limit is dictated by the critical capillary number, above which pro-

longed droplet formation or continuous outflow of the alginate fluid

TABLE 1 Contact angles of solvents on various microchannel materials and the component (γdS and γpS) and total (γS) solid surface free

energies

Solid surface material Solvent Average contact angle (o) γdS (mJ/m2) γpS (mJ/m2) γS (mJ/m2)

PTFE Water 106 ± 2 28 ± 1 0.1 ± 0.1 28 ± 1

Toluene 23 ± 2

FEP Water 103 ± 1 21 ± 1 0.8 ± 0.2 22 ± 1

Toluene 40 ± 1

3D-printed plastic Water 121 ± 5 36 ± 13 2 ± 14 38 ± 30

Toluene 0

Abbreviations: PTFE, polytetrafluoroethylene; FEP, fluorinated ethylene propylene.

F IGURE 2 Surface tension of various continuous oil fluids (3M™

Novec™ Engineered Fluid, light mineral oil, and glyceryl trioleate) and
density difference between these oil phases and a 1.5% alginate
phase. *p < .05 for both density difference and surface tension
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occurs.33 The critical capillary number is useful in identifying the flow

transition from droplet formation to elongated droplet formation with

a neck (first transition) followed by continuous outflow of the dis-

persed phase (jetting).40 As shown in Figure 3a, increasing the alginate

viscosity decreased the alginate flow rate (and hence the velocity)

required to reach first transition and jetting, as expected based on the

capillary number relation. To identify the dispersed phase flow rate

operating range within which uniform droplets are formed, critical

capillary numbers for alginate solutions of different concentrations

(Cad), summarized in Table 2, were estimated by Cad = (ηdU/γ), where

ηd is the dispersed phase viscosity, U is the velocity of the dispersed

phase through the microchannel when first transition was observed,

and γ is the equilibrium interfacial tension between the dispersed and

continuous phases.41 The critical capillary number increased with algi-

nate viscosity even though the flow rate resulting in jetting had a

decreasing trend. This trend suggests that interfacial phenomena

alone are insufficient to predict the mechanisms at play in the transi-

tion between jetting and droplet formation in this situation. The calcu-

lated critical capillary number at an alginate concentration of 1.5%

(0.39 ± 0.04) was similar to literature values of 0.3.43

A 22 full factorial design of experiments was then conducted to

assess the significance of the effects of alginate viscosity, alginate

flow rate, and the interaction of the two, on the average alginate bead

diameter. Increasing the alginate concentration from 0.5% to 2.5%

(i.e., viscosity increases from 0.01 Pa�s to 0.20 Pa�s) resulted in a sig-

nificant increase in the average bead diameter (Figure 3b). As the algi-

nate concentration did not affect the fluid surface tension, viscous

forces appear to impact droplet formation at these concentrations. In

contrast, the effect of the alginate flow rate on the average bead

diameter was not found to be statistically significant over the range of

0.31–0.78 mL/min. The interaction between concentration and flow

rate was also not found to be statistically significant. These results

imply that the bead production rate can be altered without an unde-

sirable change in bead diameter; however, tuning the alginate viscos-

ity would alter the bead size. These observations are consistent with

previous reports showing that increasing the dispersed phase average

velocity in each channel increases droplet production frequency with

limited impact on droplet diameter up to a critical point, which

depends on the viscosity ratio between the phases.44

3.4 | Bead size distribution

To determine whether the microchannel emulsification system leads

to the expected increase in bead uniformity compared to the existing

stirred emulsification process, the bead size distributions were mea-

sured for both processes (Figure 4). The average D32 of 1.5% alginate

obtained by microchannel emulsification was 2,141 ± 81 μm (SEM)

with an average coefficient of variation of 9.1 ± 0.5%. The rotational

speed during stirred emulsification was successfully adjusted to

achieve a similar D32. As expected, the beads produced using the

F IGURE 3 Characterization of the alginate flow regime through microchannels and the average bead diameter as a function of viscosity and
flow rate. (a) Alginate flow rate resulting in first transition (droplet elongation with a neck) and jetting at a system temperature 25�C as a function
of alginate viscosity. (b) Effect of alginate viscosity and flow rate on average bead diameter. This response plot was obtained directly from the
Prediction Profiler plot generated by JMP statistical software. The blue curves represent the confidence intervals, and the intersection of the
dotted red lines on each plot represents the point at which the data in the other plot is presented. *p < .05 (first transition only); **p < .01

TABLE 2 Alginate fluid properties used in the calculation of the
critical capillary numbers for each alginate concentration in this flow
system at T = 25�C

Alginate
concentration
(%)

Alginate
viscosity
(Pa�s)

Calculated
average fluid
velocity in the
channel (m/s)

Critical
capillary
numbera,b

0.5 0.01 0.66 ± 0.18 0.08 ± 0.02

1.5 0.04 0.41 ± 0.04 0.39 ± 0.04

2.5 0.20 0.11 ± 0.02 0.51 ± 0.08

aThe dispersed phase critical capillary number (Cad) was calculated by

Cad = ηdU/γ, where ηd is the dispersed phase viscosity, U is the velocity of

the dispersed phase through the microchannel when first transition was

observed, and γ is the equilibrium interfacial tension between the

dispersed and continuous phases.41

bThe interfacial tension value used for the critical capillary number

calculation was obtained from the literature for a similar Novec/water

system: 43 mN/m.42
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microchannel emulsification were much more uniform in size com-

pared to the beads produced using stirred emulsification (coefficient

of variation of 65 ± 6%). The sporadic production of smaller diameter

beads in the microchannel emulsification process was noted both dur-

ing the process and in the resulting beads, potentially due to the tem-

porary obstruction of a microchannel. The average microchannel

emulsification bead diameter to microchannel diameter ratio was sig-

nificantly higher than 2, suggesting that smaller beads could be

obtained with appropriate emulsifier selection. We previously used

bovine serum albumin as an emulsifier when transplanting stirred

emulsification beads,14 but other cytocompatible transplantation-

grade emulsifiers could be considered.

3.5 | Bead physicochemical properties

This work resulted in alginate beads prepared by a novel method of

microchannel emulsification. It is desirable to establish that this mode

of bead formation leads to bead characteristics suitable for an

intended application. Specifically, microspheres developed for cell

therapies must fulfill strict criteria.45 In this work, we compared

selected physicochemical characteristics of newly prepared beads by

microchannel emulsification with the characteristics of beads pro-

duced using the stirred emulsification method.13,14

CRM imaging, recently introduced as a powerful tool for visualiza-

tion of spatial distribution of polymers in hydrogel microspheres,31

was employed to determine the local concentration of alginate within

the bead profile. Generally, the spatial distribution of polymers

impacts the principal properties of microspheres such as chemical and

mechanical stability, molecular weight cut-off, diffusion properties,

and cell microenvironment.31 Figure 5 shows the representative algi-

nate concentration profiles for beads produced by microchannel emul-

sification (Figure 5a) and stirred emulsification (Figure 5b) processes.

These profiles are comparable showing a homogeneous spatial distri-

bution of alginate throughout the bead with an alginate concentration

of around 0.7%. The combined plot using a normalized distance and

the averaged data from imaging of several beads of each type con-

firms practically identical alginate concentration for both types of

beads (Figure 5c). This is expected behavior, since both processes

used the same alginate, CaCO3 concentration, and duration of acidifi-

cation. A higher concentration of acid in the microchannel emulsifica-

tion than in the stirred emulsification process was used (0.22%

vs. 0.13% acetic acid) that did not seem to influence the absolute algi-

nate concentration, consistent with a calcium or guluronic acid

residue-limited reaction. This concentration of 0.7% in the beads is

about twofold lower than the nominal concentration in the alginate

solution. This indicates that both types of beads are susceptible to

swelling likely resulting from bead washing and storage conditions

after preparation. Based on the alginate concentrations in solution

and in the beads, one can calculate that the size of the alginate droplet

formed is 1.6 mm for a bead size of 2.0 mm. This relatively weak

F IGURE 4 Size distribution
determined for beads produced
from 1.5% alginate solution by
(a) microchannel, (b) stirred
emulsification, as well as (c,d) the
respective bead size distributions.
The coefficients of variation of
the microchannel and stirred
emulsification beads were 9%
and 65%, respectively
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crosslinking density of formed alginate beads is also reflected in the

high IgG permeability values of 83% for both bead types. On the other

hand, these data are not surprising as alginate beads of similar nominal

alginate concentration made by a more typical external gelation pro-

cess were found to be permeable to IgG.30,46

Interestingly, the microchannel emulsification beads exhibited a

higher mechanical stability compared to the stirred emulsification

beads that can be related to a higher acid concentration in the micro-

channel emulsification process. The bursting force values determined

from the uniaxial compression deformation tests were 27.3 ± 0.4 g

and 14 ± 1 g, respectively. The compression curves shown in Figure 6

also indicate that the microchannel emulsification beads were more

homogeneous throughout the batch compared to the stirred emulsifica-

tion beads (much like the bead size uniformities). The bursting force of

the stirred emulsification beads was higher than the previously

reported strength for smaller 1.5% alginate beads (average diameter of

~700 μm) produced via the same stirred emulsification process

(~0.5 g).14 This means that once smaller beads are produced using

microchannel emulsification, the bursting force of the beads will likely

decrease. However, the bursting force for alginate-based microcapsules

F IGURE 5 Concentration profiles for alginate beads determined by confocal Raman microscopy imaging for (a) microchannel emulsification
beads and (b) stirred emulsification beads. (c) Combined alginate concentration profiles made of averaged profiles for five microchannel
emulsification beads and four stirred emulsification beads. In order to directly compare beads of different sizes, the profiles are plotted against
the normalized distance that is calculated as M/R×100, where R is radius andM is distance within R, providing 0% in the centre and 100% at the
bead surface, respectively. Dashed lines represent the initial concentration of alginate in solution equal to 1.5%
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being transplanted in the peritoneal cavity and subcutaneous space of

rats was reported to be as low as 0.91 g47; there is thus ample room

for a reduced compressive burst strength as a result of smaller beads.

3.6 | MIN6 cell survival

As a first step toward assessing the suitability of the microchannel

emulsification process for animal cell encapsulation, MIN6 beta cell

viability was measured before and after microchannel emulsification.

In the stirred emulsification process, acidification rather than emulsifi-

cation led to the greatest drop in cell viability.13 The acetic acid con-

centration in the microchannel emulsification process (0.22%) was

higher than that in the stirred emulsification process (0.13%), which

may potentially lead to a higher pH drop and increased cell death. To

minimize cell losses in the microchannel emulsification process, the

time the alginate beads reside in the acidified continuous phase (acidi-

fication time) should be minimized. The minimum acidification time

required for the 0.5%, 1.5%, and 2.5% alginate beads to completely

gel in the acidified oil phase was determined to be 2 min as shown in

Figure 7a by the absence of CaCO3 particles (black spots) in the bead

center.

The viability of MIN6 cells encapsulated using the microchannel

emulsification process with the minimum required acidification time of

2 min was then compared to the viabilities of cells after 4 or 10 min of

acidification. As shown in Figure 7b,c, there was a significant effect of

the bead residence time in acid on the encapsulated MIN6 cell viability.

A longer residence time allows more time for acetic acid to partition

into the alginate phase, potentially decreasing the local pH near the

cells as well as increasing cell exposure time to this low pH. The live/

dead fluorescence microscopy images depicted in Figure 7b show that

the acidification time of 2 min resulted in the highest viability of

89 ± 2%, similar to the viability obtained using stirred emulsification

(~90%),13 and the acidification time of 10 min resulted in the lowest

viability (67 ± 11%). Similarly, cells recovered from degelled beads show

a decrease in cell viability from 61 ± 4% to 27 ± 6% upon increasing

the acidification time from 2 to 10 min (Figure 7c). Bead degelling and

flow cytometry results may underestimate viability compared to in situ

live/dead staining of the encapsulated cells due to cell death during the

degelling process. When comparing viability losses at different stages

of the microchannel emulsification process, the main step leading to cell

death was the acidification and internal gelation step rather than cell

passage through the microchannels (Figure 7d). This suggests that

improved pH control, potentially through buffer selection, could further

improve cell survival, as shown in previous stirred emulsification viabil-

ity studies.13

3.7 | Impact and future directions

Unlike previous microchannel emulsification processes, this novel

device can form a water-in-oil emulsion whereby simultaneous emulsi-

fication and internal gelation processes result in monodisperse gelled

alginate beads encapsulating cells. The device can overcome the chal-

lenges associated with conventional nozzle encapsulation devices,

including reaching clinical-scale production rates of 140 mL/hr per

microchannel, without substantially increasing process complexity. The

device also produces droplets much more uniform in diameter than

those produced using stirred emulsification. The microchannel emulsifi-

cation process has the flexibility to reach a wide variety of applications

aside from islet transplantation and Type 1 diabetes treatment. Bead

production can be achieved over a wide range of alginate types, con-

centrations, molecular weights, viscosities, and gelling conditions.

Hence, the stability and permeability of resulting beads could be tuned

to fit the application, which may range from the controlled release of

microorganisms in agriculture applications, to masking unpleasant tastes

in certain foods, or to the immunoisolation of tissues or biologically-

active substances.

Although the beads produced in this work were larger than the initial

target, larger beads have shown increased mechanical stability in vivo with

significantly reduced fibrosis.48 However, a smaller bead diameter may

reduce the acid concentration needed for complete bead gelation, improv-

ing the viability of encapsulated cells. Smaller beads can be achieved by

modifying temperature, emulsifiers, andmicrochannel dimensions, although

a lower channel dimension limit exists to prevent islet damage or channel

obstruction. With pluripotent stem cell-derived islets, it may be possible to

manufacture smaller islet-like clusters, which will reduce hypoxia as well as

allow the use of smaller microchannels. The bead production rate can also

be increased simply bymillingmoremicrochannels through the PTFE plates.

Following the continued development of the microchannel emulsification
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process to achieve scalable, adaptable, and robust generation of alginate

beads, thewidespread use ofmicrochannel emulsification is envisioned.

4 | CONCLUSIONS

In this study, a novel microchannel emulsification device was devel-

oped to produce monodisperse alginate beads for beta cell encapsula-

tion. Optimization of the device led to the generation of alginate beads

at higher production rates than conventional nozzle encapsulation

devices and higher uniformity than stirred emulsification. MIN6 cells

were successfully encapsulated using the microchannel emulsification

process with encapsulated cell viabilities reaching ~89%. The current

process was developed with the purpose of beta cell encapsulation for

Type 1 diabetes cellular therapy; however, the process is widely appli-

cable for immunoisolation of any cell type or 3D cell culture.
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