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Biomaterials Processing

Impact of electrostatic potential
on microcapsule-formation and
physicochemical analysis of surface
structure: Implications for
therapeutic cell-microencapsulation

Ana Paula Santos1 , Sylvie Swyngedau Chevallier2,
Bart de Haan3, Paul de Vos4 and Denis Poncelet2,5

Abstract

Cell-encapsulation is used for preventing therapeutic cells from being rejected by the host. The technology to encap-

sulate cells in immunoprotective biomaterials, such as alginate, commonly involves application of an electrostatic droplet

generator for reproducible manufacturing droplets of similar size and with similar surface properties. As many factors

influencing droplet formation are still unknown, we investigated the impact of several parameters and fitted them to

equations to make procedures more reproducible and allow optimal control of capsule size and properties. We dem-

onstrate that droplet size is dependent on an interplay between the critical electric potential (Uc,), the needle size, and

the distance between the needle and the gelation bath, and that it can be predicted with the equations proposed. The

droplet formation was meticulously studied and followed by a high-speed camera. The X-ray photoelectron analysis

demonstrated optimal gelation and substitution of sodium with calcium on alginate surfaces while the atomic force

microscopy analysis demonstrated a low but considerable variation in surface roughness and low surface stiffness. Our

study shows the importance of documenting critical parameters to guarantee reproducible manufacturing of beads with

constant and adequate size and preventing batch-to-batch variations.
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Introduction

Since the introduction of the so-called electrostatic drop-

let generator,1,2 electrostatic potential has been widely

used to regulate the diameter of microcapsules for cell

encapsulation. The field of cell encapsulation is expand-

ing fast as it allows minute-to-minute regulation of hor-

mones and metabolites, which cannot be achieved with a

pharmaceutical intervention.3 This technology is used

for treating diseases such as anemia,4 dwarfism,5 hemo-

philia B,6 kidney7 and liver8 failure, pituitary9 and cen-

tral nervous system insufficiency,10 and diabetes

mellitus.11 In recent years, microencapsulation has also

been considered an essential technology to allow immu-

noisolation of stem cell-derived therapeutic cells that

protect insulin-producing cells obtained from replenish-

able progenitor cells.3

Despite its broad application, the process by which

microcapsules are formed in electrostatic droplet

generators is not well understood. Although it is broad-
ly accepted that the capsules should be small to allow
rapid exchange of glucose and insulin and to allow dif-
fusion of nutrients into the capsules,12 not much is
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known about the factors influencing the capsule diam-

eter or formation process. To date, capsule size has

been mainly controlled by changing the electrostatic

potential, but many more factors influence capsule

properties in the process. Items such as viscosity of

the polymer solution, needle diameter, and their

impact on droplet size are essential for capsule forma-

tion2,13 but have not been studied in great detail and

are limited mostly to experimental studies without

mathematical verification.
The study of microcapsules manufactured from bio-

degradable polymers has received special attention due

to its low-cost applicability and the versatile properties

of these materials. Among this class of polymers, one

of the most commonly applied for cell encapsulation is

alginate14,15 which is preferred as core material by

many groups because of its biocompatibility, heat

stable nature, non-antigenicity and chelating abili-

ty.16,17 To make capsule formation possible, the solid-

ification of the alginate is necessary. Solidification may

include gelation in contact with a divalent cation, such

as calcium, or cooling of a melt solution, such as liquid

wax in cool air. Capsules should be produced at a rel-

atively high speed to avoid long exposure of cells to

divalent cations. The speed at which droplets form

depends on the flow rate of the solution through the

needle in the droplet generator and the force acting on

the droplets. Under low flow rates, droplets are formed

on the nozzle until their mass surpasses the surface

tension force between the droplet and the tip of the

nozzle18

mg ¼ pd3

6
qg ¼ pcdne (1)

d ¼
ffiffiffiffiffiffiffi
6m

pq
3

s
¼

ffiffiffiffiffiffiffiffiffiffiffi
6cdne
qg

3

s
(2)

where m is the mass of the droplet (kg), g the gravita-

tional constant (m/s2), c the surface tension (N/m), dne
the external diameter of the needle (m), d the droplet

diameter, and q the solution density.
If the flow rate is enhanced, this process of droplet

formation is disrupted and the alginate solution is

ejected as a jet, which requires a different technology

to break down the solution into droplets. Jet breakage

for droplet formation is generally performed by vibra-

tion or by a cutting device, producing homogeneous

droplets (200 mm to 2mm) with a higher flow rate (up

to several liters for large droplets).
Large quantities of capsules are not required for

biomedical applications, as the production of several

milliliters per hour usually suffices. For example, one

million capsules of insulin-producing cells are needed
for treating human diabetes, and this quantity can
easily be produced in an hour. Using capsules of
500 mm, the volume of 106 capsules is only 60mL.19

This is one of the reasons why relatively slow produc-
ing processes but precise, fine-tuning technologies such
as electrostatic droplet generators are widely used in
the cell-encapsulation field.20,21

Fine-tuning droplet size with electrostatic potential
is mainly accomplished by changing the electric charge
on the surface of the droplets, leading to some repul-
sion effects counteracting the surface tension. The sur-
face tension is related to the electrostatic potential, as
proposed by Poncelet et al.22,23

c ¼ c0 1�U2

U2
c

 !
(3)

where co is the surface tension without electric poten-
tial, U is the electrostatic potential applied on the
needle, and Uc is the critical electrostatic potential.
The breakage process is then determined by

mg ¼ pd3

6
qg ¼ pc0dne 1�U2

U2
c

 !
(4)

The electro-dripping theory was developed by mea-
suring the size of alginate beads. However, droplets
shrink during gelation due to the binding of opposing
guluronic acid backbones to alginate molecules with
divalent cations, according to the so-called egg-box
model.24 Shrinking may range from 30 to 70%,
depending on the alginate type and the type and con-
centration of the divalent cation applied, and it may
lead to issues such as protrusion of cells.25 Here we
studied droplet formation because a better understand-
ing of processes related to capsule formation is essential
to prevent capsule issues such as protrusion, the for-
mation of tails, or other irregularities on the surface
that might cause immune responses in vivo.

A previous study has shown that using a high-speed
camera may document and define the optimum condi-
tions to realize adequate dripping techniques for cap-
sule formation.26 In the present study, we used such
high-speed camera to study a more complex dripping
process using an electrostatic droplet generator. To this
end, we studied droplet formation with a novel high-
speed camera (up to 5000Hz) during alginate droplet
formation at different electrostatic forces and deter-
mined the optimal equations to predict droplet forma-
tion. Furthermore, as surface properties are essential
for the final capsule product and its behavior after
implantation, we performed X-ray photoelectron

2 Journal of Biomaterials Applications 0(0)



spectrometry analysis and atomic force microscopy on
the surface of the final capsules.

Materials and methods

Chemicals

Sodium alginate powder Algogel 3001 was kindly provid-
ed by Algaia, France. Algogel 3001 has a high guluronic
acid content and a M/G ratio of 0.8. Calcium chloride
(CaCl2.2H20) was purchased from Sigma-Aldrich. All
solutions were prepared with deionized water.

Solutions

Alginate solution was prepared by dissolving 15 g algi-
nate in 1L deionized water under magnetic stirring.
The alginate was allowed to dissolve for 60min under
stirring. It was stored at 4 �C but used at room temper-
ature. Calcium solution was prepared by dissolving
7.35 g of CaCl2.2H2O in 1L deionized water under
magnetic stirring (50mM).

Viscosity and surface tension measurements

The viscosities of alginate solutions were determined by
using a viscometer (Haake VT 550, USA) and Rheowin
Job Manager Software. To this end, 15mL of alginate
was placed into the chamber and subjected to an increas-
ing shear rate from 180 to 1000 s�1 followed by a
decreasing shear rate from 1000 to 180 s�1, over 60 s.

The surface tensions of the solutions were deter-
mined by using a tensiometer (KR €USS K-12, France)
according to the du Nouy ring method and
LabDeskTM software. For the surface tension mea-
surement, 70mL of alginate solution was used.27 The
temperature during measurements was kept at 25 �C
and three replicates of the experiments were performed.

Equipment

The alginate solution was extruded using a syringe
pump (Fisher Scientific, Illkirch, France) through a
needle connected to an electrostatic energy generator
(Bertan, USA, positive connector). This generator was
placed above a beaker containing the calcium solution
and connected to the negative but grounded connector
of the electrostatic generator. The needle was purchased
from Eleco Produits (Gennevilliers, France) and fixed
on a 3D printed build block through luer lock connec-
tors (Fisher Scientific, Illkirch, France) (Figure 1).

Study of droplet formation using a high-speed camera

We measured the shape and size of droplets as they
develop over time and studied the volumes and veloc-
ities of the jets and the droplets using a high-speed

camera (HighSpeedStar 6 from Lavision) with a

Precise Eye lens. The image capture was performed at

5000 fps, shutter speed of 10�8 s, and image resolution

of 1024x1024 Pixels.2 The images were recorded and

analyzed using ImageJ software (National Institutes

of Health, USA). The mean size and size dispersion

were quantified by measuring 50 droplets.

X-ray photoelectron spectroscopy (XPS)

To quantitatively study the atomic composition, sam-

ples of fresh capsules were washed three times with

ultrapure water and placed on gold plates. Excess

fluid was carefully aspired and slowly dried to keep

the capsules in their original round shape. The

sample holder was inserted into the chamber of an X-

ray photoelectron spectrometer (Surface Science

Instruments, S-probe, Mountain View, CA). An alumi-

num anode was used for the generation of X-rays

(10 kV, 22mA) at a spot size of 250� 1000 mm.

During the measurements, the pressure in the spec-

trometer was approximately 5x10�9 mbar. The scans

were performed over the binding energy range of 1–

1100 eV at low resolution (150 eV pass energy). Next,

C1s, N1s, and O1s peaks over a 20 eV binding energy

range were recorded at high resolution (50 eV pass

energy). The polymer contents of the capsule surface

were expressed as a percentage of the total C, N, and O

content of the membrane.

Surface roughness of capsules

Single capsules were carefully selected using a dissec-

tion microscope (Leica MZ75 microsystems), washed,

and placed on microscopic slides. The surface rough-

ness (Ra) and Young’s modulus (YM) of different

microcapsules were determined by a Bruker Catalyst

atomic force microscope (AFM) with a Bruker DNP

silicon nitride cantilever. Topographic imaging of the

Syringe pump

Electrostatic generator

Luerlock/UTC connector

Luerlock/UTC connector

Needle

Plastic tube

Magnetic stirrer

Steel plateGround

Plastic tube

Figure 1. Set-up for the electrostatic dripping experiments and
droplet formation studies.
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capsules was performed at room temperature using the
contact mode. Ra was calculated by using the
NanoScope Analysis 1.8 software. The YM was calcu-
lated from 25 force curves on three different capsules
with the same software.

Results

Alginate solution properties

As surface tension is considered an essential factor in
droplet formation, we quantified the viscosity and sur-
face tension for 15, 17, 19, 22, and 25 g/L alginate sol-
utions. As shown in Table 1 and Figure 2(a), the
viscosity increased with a gradual increase in the con-
centration of the alginate while the surface tension
decreased. For all solutions, the viscosity was constant
over a large range of shear rate (180 to 1000 s�1) and
the relation between shear stress and shear rate was
proportional (Figure 2(b)). The solution was, therefore,
considered to be Newtonian.

Droplet formation and release

As 17 g/L still allows for reasonable production speeds
for cell-containing capsules, this concentration was

chosen for the follow-up study on droplet formation

and impact of the gradual increase in the electrostatic

potential. Figure 3 illustrates the formation and the

release of the droplet with a gradual increase in the

electrostatic potential. Without voltage, the droplet

gained a relatively spherical form on the tip of the

needle. When its mass became too high, the droplet

deformed creating a throttle until the droplet detached.

With moderate voltage (<7 kV), the deformation

occurred faster, and smaller droplets detached from

the tip. For higher voltages (>10 kV), the liquid

formed a neck or even a jet. The droplet detached

from the end of the neck/jet and not from the needle

itself. The transition between the two processes was

progressive. The size dispersion of droplets (standard

deviation divided by the mean size) was in general

lower than 3%. However, for the higher electrostatic

potential, some satellite droplets were observed result-

ing from breakage of the liquid filament connecting the

droplet to the neck just before detachment.

Droplet formation according to theoretical models

Figure 4(a) shows a typical evolution of the mean drop-

let size with a gradual increase in the electrostatic

potential. Without electrostatic potential, the size of

the droplet corresponded mainly to equation (1). As

the electrostatic potential increased, the size was

fitted to equation (2). However, for electrostatic poten-

tial higher than a critical value, the size remained rela-

tively constant. In the absence of electrostatic voltage,

there was a well-fitted correlation between experimen-

tal and theoretical diameter (equation (1)). For higher

voltages, i.e. 10 kV, the diameter was constant and

equal to approximately twice the internal diameter of

the nozzle (vide infra).

Table 1. Impact of the alginate concentration on the viscosity
and surface tension of the solutions. Values are expressed as
mean� standard deviation.

Alginate (g/L)

Surface tension

(mN/m)

Viscosity (mPa.s)

(from 180 to 1000 s�1)

15 52.30� 0.30 25.00� 5.01

17 52.10� 0.30 35.00� 5.00

19 65.30� 0.80 36.00� 6.02

22 65.30� 0.80 53.00� 7.00

25 65.30� 0.90 84.00� 9.00
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Figure 2. (a) Variation in the surface tension (mN/m) and viscosity (mPa.s) for 15, 17, 19, 22, and 25 g/L alginate solution. (b)
Relationship between shear rate (1/s) and shear stress (Pa) for alginate 17 g/L.
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The critical voltage (Uc) was then determined by
fitting the experimental data to equation (2), assuming

a minimum diameter for the droplets at high voltage.

The correlation coefficient between the experimental

data was optimized by fixing the initial droplet size

without applying the electrostatic voltage (dom) and

the final droplet size at 10 kV (dfm), and by adjusting
the critical electrostatic voltage (Figure 5). In all calcu-

lations, the correlation between the experimental and

theoretical droplet diameter was higher than 0.99

(Figure 4(b)). From Figure 5, we also deduced that

the critical electrostatic voltage may be determined

with a precision of �200V (coefficient correlation

higher than 0.99).

Influence of the needle internal and external

diameters

It is insufficiently studied in the field of cell encapsula-

tion how the needle internal and external

diameters might impact droplet formation. Figure 6

and Table 2 present experimental data and fitted

models for different needle sizes. Up to the critical elec-

trostatic potential, the data fitted well to equation (2)

U = 0 kV

U = 7 kV

U = 10 kV

U = 5 kV

Figure 3. Impact of the electrostatic potential on the droplet formation and release of droplets (alginate concentration: 17 g/L,
needle: G25, flow rate: 1mL/min).
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0.61mm/0.92mm, flow rate: 1mL/min, height: 20 cm). Data correspond to the mean value of 10 batches with a batch-to-batch
dispersion variation between 2 and 5%.
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(R2> 0.99). At the highest tested voltage, i.e. 10 kV,
the minimum size of droplets varied between 1.6 and
2.2 times the internal diameter. The extruded liquid
formed a jet, which broke down into droplets. The min-

imum jet velocity, uj,min, given by Lindblad and
Scheider et al.,28 was as follows

uj;min ¼ 2

ffiffiffiffiffiffiffi
c
qdj

r
(5)

where dj is the jet diameter, generally assimilated to
the internal nozzle diameter, and q is the liquid density.
The surface tension decreased with higher electrostatic
potential applied to the needle, initiating the transition
from drop-by-drop to jet process. In the jet regime, the
droplet formation followed the Rayleigh theory,29

which predicts that jet primarily breaks in cylinders
of an optimum length or wavelength, k, equal to

kopt ¼ p
ffiffiffi
2

p
dj (6)

Taking into account that each jet cylinder will be
converted to a spherical droplet of the same volume

p
4
d2j k ¼ p

6
d3 (7)

Combining equations (5) and (6), after rearrange-
ment, the mean droplet diameter was then given by

d ¼ 1:88dj (8)

Moreover, the optimum wavelength may vary as a
function of the liquid properties and the flow rate.30

The experimental data for the minimum droplet size
were similar to but not exactly the same as the pre-
dicted value.

The critical electrostatic voltage, Uc, increased with
increasing needle size. Combining equations (3) and
(5), assuming that, for a defined needle, the minimum
jet velocity is constant, one would expect the critical
electrostatic potential to increase proportionally by
the root square of jet diameter or internal nozzle diam-
eter. This critical electrostatic potential was determined
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Figure 5. Determination of the critical electrostatic voltage by
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tion: 17 g/L, internal/external needle diameters: 0.33mm/
0.65mm, flow rate: 1mL/min, height: 20 cm).
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Table 2. Impact of the needle diameter on the droplet size (alginate concentration: 17 g/L; flow rate: 1mL/min; height: 20 cm).

Needle gage Symbol G27 G25 G23 G20

Needle external diameter (mm) de 0.44 0.45 0.65 0.92

Needle internal diameter (mm) di 0.20 0.254 0.33 0.61

Initial droplet size (equation (1)) (mm) do 2.41 2.43 2.74 3.08

Initial droplet size (experimental) (mm) dom 2.37 2.30 2.60 3.00

Final droplet size (equation (4)) (mm) df 0.38 0.48 0.62 1.15

Final droplet size (experimental) (mm) dfm 0.32 0.52 0.78 0.98

Critical electrostatic voltage (experimental) (V) Uc 5800 6100 7800 8400

Correlation coefficient (R2) >0.99 >0.99 >0.99 >0.99
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by fitting to the experimental data but the sensitivity to
this parameter was not very high.

Influence of distance between needle tip and
gelation bath

The impact of the distance between the needle and the
gelation bath was tested as well. The distance between
the gelation bath and the needle was changed (i.e. 5, 10,
and 20 cm) while keeping the needle diameter and the
alginate concentration constant. As shown in Figure 7,
the 5- and 10-cm distance did not influence the diam-
eter of the capsules, but the capsules were larger at a
higher voltage when a 20-cm distance was applied.

Physicochemical surface properties of alginate
microcapsules produced by electrostatic forces

To gain insight into the elemental composition of the
capsule surface, we performed X-ray photoelectron
spectrometry of the first layers of the capsule surface
(Table 3). The absence of Na indicated that most of the
carboxyl groups of alginate were complexed with cal-
cium. Predominantly, C1s (47.14%) was present at the
surface corresponding to C-C, C-O-C, and O-C¼O
groups. In addition, we performed atomic force micros-
copy (Figure 8), which can be used to determine the
surface roughness (Ra) and the surface stiffness
(Young’s modulus). The resulting mean values and
the standard deviation of the Ra and YM are

summarized in Table 4. The Ra value was 39� 36 nm
and the large standard deviation was caused by a rela-
tively large heterogeneity of surface roughness of the
capsules. Young’s modulus was 45� 11 kPa, indicating
a rather homogenous surface stiffness, which was rela-
tively low as expected for hydrogels.

Discussion

Cell microencapsulation is a technology involving
immobilization of therapeutic cells using polymer scaf-
folds or semi-permeable hydrogel capsules to provide
cells with a protective environment that shields the cells
from harmful effects of the host immune system.19,31

Microcapsules made from biodegradable polymers
such as applied here have been used for biomedical
applications such as for controlled delivery of low
molecular weight drugs as well as for delivery of bio-
active proteins.32–36 These natural polymers are com-
monly applied as they are biodegradable and have
favorable biocompatibility properties which makes
them suitable for implantation in the body.37 One of
the challenges of cellular microencapsulation involves
controlling capsule size and stability in a reproducible
way and avoiding tissue responses against encapsulated
cells.25,38 Therefore, the droplet formation for cell
encapsulation should ensure the production of beads
with adequate size distribution parameters and stability
in a reproducible way.39 Insight into manufacturing
processes, as tested here, contributes to a better under-
standing of capsule formation and therewith to repro-
ducibility and side-by-side comparison of capsule
characteristics.40

Previous studies have demonstrated that the size of
beads gradually decrease with increasing electrostatic
potential.2,13,41,42 However, these experiments were
based on quantification of capsules sizes and not of
droplet sizes. This is an important difference as capsu-
les are smaller due to gelification and shrinking and
variable in size as the extend of shrinkage is alginate
and polymer concentration dependent.41,43 Here we did
direct measurements of the droplet sizes after produc-
tion, which allows fitting in mathematical equations
and prediction of sizes independent of shrinkage depen-
dent parameters. We demonstrate that droplet size is
influenced not only by the electrostatic voltage applied
to alginate solutions but also by the needle diameter,

Table 3. Study of the elemental surface composition of capsules by X-ray photoelectron spectroscopy (XPS).

Atomic composition of capsules

C, % C1, % C2, % C3, % C4, % O, % N, % Na, % Ca, %

59.44 47.14 35.66 15.12 2.07 32.37 0.48 1.49 3.29
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Figure 7. Influence of the distance between the nozzle and
gelation bath on the droplet size (see Table 1 for needle size, E:
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which potentially provides options for even more precise
regulation of the droplet size. We observed that in the

absence of electric potential, the droplets detach from

the needle with a size of 2 to 3mm, depending on the
external needle diameter. When the electric potential is

gradually increased, the droplet size decreases until a

critical value at which transition from drop-by-drop to

a jet process occurs. For the higher electric potential (i.e.
10 kV), the size of the droplet is constant and equals

approximately twice the internal diameter of the needle

and the process is accompanied by some undesired sat-
ellite droplets. The formation of many satellite droplets

could trigger issues in the process since they are associ-

ated with protrusions of cells39 and inflammatory
responses.43 If this type of setting needs to be applied

to cell encapsulation, it is advisable to use alginates con-

taining higher amounts of guluronic acid (G)-chains at
2% concentrations as these are associated with lesser

formation of these satellites.25 Therefore, the possibility

of manufacturing smaller and defect-free capsules (aver-

age diameter around 0.44mm, size dispersion lower than
3%) could be achieved by working in the jet flow regime

and by a pre-defined choice for alginates concentrations.
In the present study, the alginate concentrations

ranged from 15 g/L to 25 g/L which corresponds to a

viscosity range of 25� 5 to 84� mPa.s. Chan et al.44

reported that an alginate solution should have a viscos-
ity above 60 mPa.s to produce beads with adequate

mechanical properties and desired spherical shape.

Lower viscosities lead to weaker capsules but also

high viscosities (>500 mPa.s) should be avoided as it
causes shape deformations of beads and production
issues due to low production rates.45

Our study also demonstrates that the droplet forma-
tion process is dependent on an interplay between the
electric potential (Uc,), the needle size, and the distance
between the needle and the gelation bath. The critical
electric potential, i.e. when the surface tension becomes
zero, increases with the needle size and the distance
between the needle and the gelation bath. The distance
between the needle and the gelation bath only had a
diameter-increasing effect at a higher distance and a
higher voltage. This should be explained by a lower
and slower electric (ions) charge accumulation on the
surface of the droplet at a higher distance.
Consequently, at the same alginate flow through the
needle, it will take longer to build a surface tension
around the droplets to divert them from the needle
tip. As a consequence, the droplets will be larger.

The surface properties of capsules determine the bio-
compatibility after implantation in vivo.40 As shown
here, the applied process results in a complete absence
of sodium on the surface, which implies that the gelation
process was performed correctly, because sodium was
substituted by calcium,46 subsequently connecting the
constitutive blocks of G-G polymers in alginate.47

Also, surface roughness is an important factor determin-
ing tissue responses. Although the value at which
responses occur likely depends on the system applied,
it is generally accepted that it should stay as low as
possible to prevent innate immune cells, such as circu-
lating monocytes, to adhere to the surface. Our study
shows that the roughness was low, but it varied consid-
erably between capsules and also per capsule, even
though capsule size distribution was rather monodis-
perse. What is causing this variation is unknown, but
it might be a characteristic of electrostatic droplet

Figure 8. Representative AFM topographical images of three different microcapsules.

Table 4. Average surface roughness (Ra) and Young’s modulus
(YM) of alginate microcapsules.

Ra (nm) Ra max (nm) Young’s modulus (kPa)

39� 36 263� 186 45� 11

8 Journal of Biomaterials Applications 0(0)



generation as the process requires upbuilding of electro-
static charge around the capsule and disconnection of
the needle tip, which always implies a heterogenicity of
roughness of the surface between the part of the capsule
connected to the needle tip and the other parts of the
droplet. The surface stiffness was also determined, and
the values of the alginate beads (45 kPa) were similar to
previously reported literature values47 and considered to
be conventional for a hydrogel.

The electrostatic droplet generator provides ade-
quate control over the droplet formation process,
making it possible to manufacture microcapsules with
regular shapes, uniform sizes, and smooth surfaces.
Moreover, this technology can be performed under
less stressful conditions without the use of organic sol-
vents that reduce cell viability.48 Other technologies
that has generated research interest that also allows a
precise control over size, morphology, and properties
of the droplets formed are microfluidic devices.49

Although droplet-based microfluidic devices offer
size-controlled particles, monodispersed capsules are
not always obtained due to the need for subsequent
solvent evaporation and application of a droplet solid-
ification step.50 In addition, due the complexity of han-
dling and the optimization of the fluidic circuit, broad
application of the process is not yet possible.50

Conclusion

Our study shows that the critical electric potential
(Uc,), the internal and external diameters of the
needle, and the distance between the needle and the
gelation bath influence the microcapsule formation in
an electrostatic droplet generator used for therapeutic
cell-encapsulation. Although this technology has been
applied for cell-encapsulation for more than 20 years,
we demonstrate that many factors influencing droplet
generation still need to be identified. We also highlight
the importance of documenting critical parameters to
guarantee reproducible manufacturing of beads with
constant and adequate size.
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