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Abstract. Centrifugal microencapsulation has been shown to be a promising encapsulation technique, satis-
fying at the same time many requirements needed for biomedical applications (monodispersity, controlled
size, spherical shape, sterile production environment) and allowing a high capsules production rate, using
only conventional lab material. Another important advantage of this technology is the ability to process
highly viscous biopolymer solutions. The usage of such solutions is desirable in multiple biomedical appli-
cations, because they yield capsules with improved mechanical properties (stiffness and yield strength) and
with optimised porosity, which increases the immunoprotection in the case of biomaterial encapsulation ap-
plied to cell therapy and enhances a prolonged dissolution behaviour in the case of drug delivery applica-
tions. However, previous studies have shown that spherical capsules cannot be obtained using highly viscous
solutions, and a capsule tail is always present when such solutions are used. This represents a significant lim-
itation of this technology, since capsule shape regularity is an important requirement for various biomedical
applications (e.g. cell therapy implants, drug delivery). In this article we propose and validate experimentally
an adaptation of the centrifugal microencapsulation, based on the concept of “soft landing” [1]. This tech-
nique allows the production of ellipsoidal and spherical capsules using very viscous (typically up to several
tens of Pa.s) biopolymer solutions.
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1. Introduction

Centrifugal alginate hydrogel synthesis has been proven to be a promising technique for mi-
croencapsulation and microbead generation, and has been successfully employed for produc-
ing monodisperse Calcium-alginate particles with controlled size and shape for a large range
of applications (microcarriers, encapsulation, self-assembly, etc.) [2, 3]. In the last decade, vari-
ous teams have worked to improve the design and optimise the performances of centrifugal mi-
croparticle generation devices [2,4-18], while proving different examples of successful applica-
tion in different fields, in particular biological and biomedical. Other studies have been dedicated
to the generalisation of the usage of this technology by establishing generic phase diagrams [3], to
the experimental and theoretical analysis and description of certain stages of the microgels gen-
eration process [19-22], or to the complete description of all the transformation steps involved in
the process [23].

Centrifugal encapsulation stands out from other external gelation encapsulation techniques
by its ability to process highly viscous polymer solutions while using only common lab mate-
rial. For other encapsulation methods, processing highly viscous solutions is either impossible
or requires very specialised equipment, while losing some of the other qualities of the encapsu-
lation process (sterility, controlled environment and temperature, beads monodispersity in size
and shape, etc.) [24]. Capsules obtained from highly concentrated (and thus viscous) polymer so-
lutions present certain advantages for different applications in the biomedical field: (i) increased
mechanical resistance, stability and stiffness [25-27], which are important to control in implant
applications [28]; (ii) smaller pore sizes, which increases the immunoprotection in the case of
cell therapy applications [29]; (iii) an extended dissolution behaviour in the case of drug release
applications [24, 30, 31].

In addition to the advantages of using highly viscous solutions, a spherical shape of the
capsules is desired in many biomedical applications (e.g. implant, drug delivery, cell therapy) due
to a better diffusion capacity (high surface area to volume ratio), a high resistance to mechanical
stress, a short and uniform diffusion time, a more fluent transport inside tubing, while offering
access to a number of implantation sites by a simple injection procedure [32-38]. The presence
of a protuberance involves that capsule surface is not regular and not smooth, which can lead,
for instance in the case of implant applications, to the failure of the implant function [39-41].

An important observation from the literature is that several authors, using slightly different
centrifugal devices, have reported that fabrication of spherical or ellipsoidal capsules is not
possible for alginate solutions with a concentration above a certain threshold which often lies
around 2% w/v [2,18]. In previous work, it has been shown that capsules formed using alginate
solutions with high concentrations always present a protuberance1 (see Figure 1) [3, 23]. The
existence of an upper limit in alginate concentration (and therefore in droplet viscosity) for
ellipsoidal capsule production had also been reported for dripping extrusion techniques [24,42].

Thus, the fact that capsule shape regularity and high polymer concentrations cannot be
satisfied at the same time represents an important limitation of the centrifugal encapsulation
technique for biomedical applications.

The formation of a protuberance in centrifugal capsule production when using highly viscous
biopolymer solutions has recently been shown to be due to an insufficient relaxation time of
the droplet during its flight in air, before impacting the gelation solution [23]. This has been
quantified with the definition of a Deborah number Dey,y;, that compares the relaxation time to
the fall time, as it will be defined in Section 2. The same study has shown that increasing the fall
height above a certain limit induces (i) higher velocities of the falling droplet and hence a more

1Also called tip or tail in the literature.
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Figure 1. (a) Phase diagram from [23], showing the generation of capsules protuberance
in the centrifugal encapsulation technique when using high viscosity alginate solutions,
due to resulting Deborah numbers higher than unity. (b) and (c) Examples of tear-shaped
capsules both with an encapsulated cargo (THP-1 cells, (b)) and without cargo (c).

violent impact on the surface of the gelation solution, damaging or breaking the droplet; (ii) a risk
that the droplet impacts the container walls before reaching the gelation solution, due to its non-
rectilinear trajectory in the centrifugal field. So, the flight time in air cannot be increased above a
certain threshold. In this paper we put forward a technique allowing to go beyond this limitation.
The design idea is based on the work of Buthe et al. [1] in the context of gravitational dripping
encapsulation, who added several layers of immiscible liquid on top of the gelation bath, slowing
down the alginate droplet and thus increasing the time available for shape relaxation, therefore
helping to improve a spherical shape recovery before gelation. In that study the alginate solutions
used were not highly viscous, so the question of tail formation (tear-shaped capsules) was not
addressed. Moreover, the question of the biotolerability of the intermediate organic solvent layers
was not addressed either.

This paper is structured as follows. In Section 2, an analytical model that is used to evaluate the
feasibility of the concept of soft landing in centrifugal encapsulation is introduced. In Section 3
we present the centrifugal encapsulation device and carry out an experimental screening of
possible materials that can be used for the soft landing layer, in order to select the three best-
performing candidates. In Section 4 we analyse in detail, through an experimental parametric
study, the behaviour of the system using each of the three candidates. Finally, in Section 5 we
confirm, through the experimental results, the results obtained with the model introduced in
Section 2.

2. Physical basis
2.1. Formation of tear-shaped capsules with the standard device

Figure 2(a) shows a schematic representation of a standard centrifugal encapsulation device, de-
scribed in detail in previous work [3,23,43]. In this paragraph we discuss the initial device with-
out the improvement by the soft landing layer. As mentioned in the introduction, the formation of
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capsules with protuberance in standard centrifugal systems when using highly viscous polymer
solutions has been shown in [23] to be due to a short relaxation time after extrusion and before
gelation. Two time scales determine this behaviour:
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Figure 2. (a)-(b) Schematic representation of the centrifugal encapsulation device: (a)
standard device without a soft landing layer (figure adapted from [23]); (b) improved device
with a soft landing layer (figure adapted from [23]).

1)

2

the travel time of the droplet before its gelation, tz,y. In the standard device, this time is
equal to the travel time in air ¢, This time can be estimated using a dynamic point mass
model for the droplet motion between the ejection from the capillary and the entry in the
gelation solution, as will be detailed below. In [23] it has been shown that for the droplet
motion in air the drag term can be neglected in the equations of motion and a simple
estimation of #7,; can be found:

" — . = l 2Hair 1)
fall air o —_Vtip"‘ Hirl2

where w is the angular velocity, y;;, the radial position of the capillary tip and Hg;r the
distance between the capillary tip and the gelation bath.
the characteristic relaxation time of the droplet, 7,,;. Based on a first modelling effort
by Taylor [44], Luciani et al. developed an analytical description of the relaxation of
an ellipsoidal drop toward a spherical shape under the assumption of relatively small
deformations [45]:

80(m+1) y
@2m+3)(19m +16) 16D grop

where 2 is the dimensionless deformation of the ellipsoidal droplet defined using its
major and minor axis A and B: 9 = (A— B)/(A+ B); 9y is the deformation at t = 0; m is
the ratio between the viscosity of the droplet fluid n; and the viscosity of the surrounding
fluid 14;  is the surface tension of the droplet fluid and D g, is the equivalent diameter
of a spherical droplet with the same volume. In the case of aliquid drop in air or of a very
viscous drop inside a low-viscosity fluid (m >> 1), which is always the case in our system,
equation (2) can be simplified as follows [46]:

2(t) =Dpexp|— 2)

40
D(t) = Dpexp (__—Y t) 3)
19 niDdrop
We will use the characteristic decay time of this exponential function as an estimation of

the characteristic relaxation time of the tail formed on alginate droplets in our system:

19 NaigDa
Trel = — _faig™ arop 4)
40 Yalg

where 74 is the viscosity and y 4 the surface tension of the alginate droplet.
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These two time scales can be compared by the definition of a Deborah number:

T
Defyy = —re (5)
Lfall

If Degy > 1, the time available to a droplet before impacting the gelation bath is shorter
than the time it needs to relax to a spherical shape. Thus, when the droplet begins to gel, a
tail is still present and the gelation reaction will freeze it into a tear-shaped capsule. It has been
shown that using the standard device (Figure 2(a)), in the case of medium to high concentrations
of alginate, Def,; was always superior to unity, which causes the production of capsules with
protuberance [23] (see Figure 1(a)).

Increasing fry can be done by increasing the fall height Hg;, by decreasing the rotation
velocity w, or by changing the properties (typically viscosity and density) of the medium in which
the droplet falls before entering the gelation solution. The first solution can only be used in a
limited manner, since a too large fall height increases the risk both of a droplet impact with the
tube wall and of damage or deformation of the droplets upon impact with the gelation bath, due
to higher impact velocities. The second solution is also not convenient, because decreasing w will
modify the capsule size and decrease the droplet production frequency. In this paper, we propose
using the third solution, which has been employed previously for capsule shape optimisation in
dripping systems, called the “soft landing” approach [1,47].

2.2. Using a soft landing layer approach to increase droplet transit times tf,

The principle of soft landing is the following: we introduce a layer of an immiscible liquid on top
of the gelation solution, as shown in Figure 2(b). The purpose of this liquid layer is to slow down
the droplet long enough, so that it can relax to a spherical shape, before it reaches the gelation
solution. If we denote 4y, the travel time of the droplet in the immiscible liquid layer, the total
transit time gy of the droplet before reaching the gelation solution becomes:

Uall = Lair + ayer (6)

Two properties of the immiscible liquid in the layer influence the transit of the polymer droplet
through this layer: its density (which deternlines the buoyant force ?Buoyanq,) and its viscosity
(which affects the hydrodynamic drag force Fp,qg through the drag coefficient Cp), as shown in
the set of equations (9). In the following we will refer to this liquid as the “soft-landing layer”.
We denote its thickness Hy,y,r, the air gap between its surface and the ejection needle Hg;, and
define its relative thickness as:
hluyer = M )
Hair + Hlayer
In this section we use an analytical model to study the feasibility of using a soft landing
approach to increase the droplet relaxation time before gelation. In order to assess the travel
time and trajectory of the droplet in the different fluids, we propose the following droplet motion
model in the reference frame rotating with the centrifuge, based on [23]:
arv . . - o -
mdropa = FCentrifugal + FBuoyanc_y + Feoriolis + FDrag+ FGmuity 8)

with the following expressions of the forces:
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FCentrifugal = —PalngmpLT) x (@ xT)
FBuoyancy = P fiuidVarop [cT) x (@ xF)— gE]

ﬁCoriolis = —ZPalngmpE) X U )
- 1 .
Fprag = =5 Cp P fiuia Adrop V1V

FGravity = Paig Varop 8k

Here, ® = (0,0,w) is the rotation vector, aligned with the centrifuge rotation axis z and with
constant rotating velocity w; 7 is the position of the droplet, U the velocity of the droplet; pqq
and pyq the densities of alginate solution and surrounding fluid; Cp is the drag coefficient of
the alginate droplet moving in the surrounding fluid, estimated for example using the correlation
from Rivkind and Ryskin [48]; the droplet cross-section is Agyop = animp/ 4; gp=1(0,0,—gp) is the
gravitational acceleration, with gp =9.81 m/ 2.

The following initial conditions are assumed:

7(t=0) = Frip = (Xzip» V1ip» 0)

o 10
v(t=0)=0 (10)

The first condition indicates that the droplet is initially situated at the tip of the ejection needle.
The reference system is chosen in such a way that the tip of the ejection needle is located in the
z =0 horizontal plane. The second condition assumes a zero initial velocity, given the quasistatic
droplet formation. Compared to the case of droplet motion in air, in the case of droplet motion in
the immiscible liquid of the soft landing layer the density ratio p e/ 0fuiq is orders of magnitude
smaller. As a result, the drag force cannot be neglected in the calculation, and all the terms in
equation (8) must be kept, hampering a simple analytical solution as the one of equation (1).
Therefore a numerical solution is performed by integrating the ODE (8) numerically in time, in
order to compute the trajectory and transit times of the droplet in the different media.

Let us now consider the following example: for a typical operating point where tear-shaped
capsules are formed in the standard centrifugal encapsulation system, we perform a calculation
of the transit time of the droplet before reaching the gelation solution, both with and without a
soft landing layer. The parameters are listed in Table 1. For the soft landing layer in this example
we will use soybean oil, which is immiscible with water, lighter than water and biocompatible; for
the droplet we use a Na-alginate solution at 40g/L, i.e. 4% w/v.2.

When using a soft landing layer, a first solution of equation (8) in air yields the droplet impact
position on the surface of the soft landing layer. With the assumption that the droplet velocity
falls to zero rapidly after the impact, a second solution of equation (8) is then performed inside
the soft landing layer, using as initial conditions the impact position and a zero initial velocity.

Table 1 gives the computed transit times of the droplet in air #4; and in the liquid layer #;4yr, as
well as the characteristic relaxation time of the droplet 7,,;. It can be more convenient to define
the relative transit times compared to the relaxation time: t;l.r = tair/ Trep and tl*a yor = Flayer! T rel-
Thus, the Deborah number is equal to:

1
Depyj = 7——— 1)
air + tlayer

The computed results show that by introducing only 20 mm of soft landing layer, the total transit
time of the droplet before gelation increases of orders of magnitude, becoming higher than the

2Detailed properties in Section 3.1.
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Table 1. Illustrative example for the feasibility of the soft landing approach in the centrifu-
gal encapsulation system. c,g is the concentration of the alginate solution in the droplet.
D.qp is the inner diameter of the ejection capillary.

Case Calg (g/L) Dmp (mm)  (RPM) Hg;r (mm) Hlayer (mm) tair (Ms) tlayer (ms) T e (IMS) Defall
No soft landing 40 0.20 2442 30 0 3.6 0 25.3 7.03
With soft landing 40 0.20 2442 10 20 1.96 508.2 25.3 0.05

relaxation time, resulting in a Deborah number lower than unity.® This example shows that the
passage of the droplet through a soft landing layer could help extend the total droplet transit time
so that the droplet tail has enough time to relax before entering into the gelation solution.

3. Experimental screening for materials

In order to address the problem of generating capsules without protuberance from highly viscous
alginate droplets, we will proceed in two steps:

 Firstly, a number of candidate liquids are proposed for the soft landing layer. In this
section, an experimental screening of these candidates is performed in order to retain
the three liquids that produce the best and most robust results.

o In Section 4, a parametric study is carried out with the three selected liquids in order
to find regions in the parameter space where spherical, or more in general ellipsoidal
capsules are produced.

In the following paragraphs, we discuss the procedure used for the screening of candidate liquids
for the soft landing layer and the results of this screening.

3.1. A priori selection criteria for materials

The candidate liquids for the soft landing layer must have certain properties in order to achieve
the desired function: a density lower than that of the gelation bath (which is practically the same
as water density), immiscibility with the aqueous gelation solution, so to form a mechanically
stable layer on top of the gelation solution, and biotolerability (for biomedical encapsulation
applications). In this study, seven candidates have been chosen for investigation, which can also
be regarded as representatives of different groups of liquids (vegetable oils, mineral oils, synthetic
oils, deep eutectic liquids, solvents). The properties of these liquids are listed in Table 2. To
produce the alginate droplets we use a Na-alginate solution at 40g/L (see Table 2 for properties).
No surfactant is used in the experiments in this work, due to the potential inhibitory effects on
the encapsulated material in biomedical applications [49].

The choice of the different vegetable oils is obvious, since they are known to be biotolerable.
The biotolerability of DLMA has been studied in [52]. While most of the solvents, like the ones
used by Buthe et al. [1] are not biotolerable, one study has shown that short exposure (under a
few minutes) of cells to n-Decane does not reduce cell viability [54]. That is why n-Decane was
also chosen as a candidate for the soft landing layer.

30ther computations of total transit times depending on the properties of the soft landing layer are given in the
supporting information S.3.
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Table 2. Properties of the liquids used as candidates for the soft landing layer and of the
alginate solution.

Category Liquid Density Viscosity  Surface tension
(g/cm?) (mPa.s) (mN/m)

Synthetic oil PDMS8 0.913¢ 5.0¢ 26.4P
Deep eutectic liquid DLMA" 0.90¢ 33.2¢ n.a.
Solvent n-Decane’ 0.734 0.85% 23.07
Vegetable oil Almond oil/ 0.91¢ 71¢ n.a.
Vegetable oil Soybean oil* 0.92¢ 60 20.77
Vegetable oil Corn oil’ 0.92¢ 68/ n.a.
Mineral oil Parffin oil™ 0.83...0.89% 110...230¢ n.a.
Na-Alginate Alginate” 40g/L 1.027 15.2-103 7 72P

@ Average reference values from manufacturer. b Surface tension in water, measured using the pendant droplet method
(Kriiss DSA100, Germany). € Values taken from the literature [50]. 4 Values taken from the literature [51]. € Values taken
from the literature [52]. [ Values taken from the literature [53]. & Sigma 317667 (Sigma-Aldrich, USA). h DL-Menthol:
Sigma W266507 (Sigma-Aldrich, USA) and Lauric Acid: Sigma W261408 (Sigma-Aldrich, USA). i Sigma 8.03405
(Sigma-Aldrich, USA). / Sigma 63445 (Sigma-Aldrich, USA). ¥ Roth 3686 (Carl Roth, Germany). ! Acros 405435000
(Thermo Fisher Scientific, USA). " Sigma 18512 (Sigma-Aldrich, USA). " PRONOVA SLG100 (Novamatrix, Norway). ”
Values from (3, 23].

3.2. Control parameters for the screening experiments

A series of capsule generation experiments was performed with each of these liquids in order to
identify the most suitable candidates. For each candidate liquid, three experiments were carried
out with different rotation velocities. The rotation velocity was varied because it is one of the
main parameters controlling the transit time of the droplet in air and in the soft landing layer, as
well as the velocity of the droplet during the transit. The inner diameter of the ejection capillary
was adapted for high rotation velocities in order to avoid ejection in a jetting regime. The control
parameters for these experiments are listed in Table 3.

3.3. Results of the screening experiments

Qualitative results from the screening experiments are presented in Figure 3. For each of the three
experiments and for each of the liquids tested, we show a representative image of capsules that
were generated. The main criteria for the selection of a candidate are the ability to produce cap-
sules without protuberance, the regularity of capsule shapes (ellipsoidal), and the monodisper-
sity of the capsule sizes.

The vegetable oils (almond, corn and soybean) have a roughly similar performance, due to
their similar properties. For low rotation velocities, all of them generate some capsules with
protuberance. For middle and high rotation velocities, both the almond oil and the soybean oil
experiments show the production of capsules which are more uniform in shape and roughly

Table 3. Parameters used in the screening experiments.

Hgir (mm)  Hjgyer (mm)  Degp (mm)  Cae (/L) @ (RPM)  [CaCly] (mM)
Experiment 1 15 28 0.410 40 1221 100
Experiment 2 15 28 0.410 40 1865 100
Experiment 3 15 28 0.200 40 2442 100
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Almond oil Corn oil Soybean oil Paraffin oil DLMA n-Decane PDMsS No layer

Experiment 2 Experiment 1

Experiment 3

Figure 3. Results of the screening experiment with each of the seven candidate liquids,
for the three experiments. The column labelled “No layer” at the right shows results of
experiments without the soft landing layer (Hjy,r = 0), keeping all other parameters con-
stant.

monodisperse in size. The corn oil, however, generates an aggregate of capsules for middle
velocities and polydisperse-sized capsules for higher velocities. Between the almond oil and the
soybean oil, the latter was retained as a candidate for the immiscible liquid layer, due to the
slightly better performance and the significantly lower cost.

The experiments with paraffin oil generated polydisperse and tear-shaped capsules in all three
cases, which justifies its rejection as a potential candidate.

The experiments with the deep eutectic liquid DLMA produced fairly uniformly shaped cap-
sules for low and medium rotation velocities. However, at high rotation velocities, the capsules
were not regular in shape and size, and the formation of long fibres was also observed, for which
a clear explanation is not yet available. Moreover, the DLMA seems to react with the salts in the
gelation solution and produce white aggregates at the interface with the gelation solution (giving
the shaded regions in the corresponding images in Figure 3), that eventually fragment and sink to
the bottom. These could represent a hindrance for the formation of capsules, therefore the DLMA
was not further considered as a candidate for the soft landing technique.

Finally, remarkably good results were obtained with both n-Decane and PDMS as soft landing
layer. For lower rotation velocities, the presence of a protuberance on some capsules was still
observed, but for middle and higher rotation velocities both the liquids produce capsules with
regular shapes and relatively uniform sizes. Therefore, both these liquids were retained, along
with the soybean oil, as candidates for the soft landing layer in the centrifugal soft landing
technique. The use and performances of these three liquids as soft landing layer will be analysed
experimentally in Section 4.

4. Experimental study of the three selected materials

Once two or three candidates for the immiscible liquid layer were identified after the screening
experiments, a parametric study was carried out with the selected liquids, in order to identify
regions of optimal operation of the centrifugal encapsulation device with the immiscible liquid
layer, using highly viscous alginate solutions. The main two parameters that were varied are the
rotation velocity and the depth of the soft landing layer, since they both control the transit times
and velocities of the droplets in the soft landing layer:
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« For the rotation velocity, four values were chosen corresponding to a medium-to-high
range for this device. This range is relevant for applications, since a higher rotation
velocity increases the production frequency of the capsules.

» Four different depths of the soft landing layer were tested, from a relatively small value
(less than half of the fall height in air) to a relatively large value (four times the fall
height in air). A soft landing layer with a thickness lower than 5 mm would not increase
significantly the transit time of the droplet and might be more sensitive to the effect of
its two bordering interfaces. A thickness much higher than 40 mm is not reasonable in
our device for two reasons: (i) enough gelation bath should be left below for an efficient
gelation of the droplet and avoiding aggregate formation on the bottom of the tube [23];
(ii) the droplet trajectory is not parallel to the tube axis and the droplet might reach the
tube wall during transit in the soft landing layer, which might generate an undesired
behaviour and deformation of the droplet.

The diameter of the ejection capillary was chosen adequately for each centrifugation speed in
order to avoid an ejection in jetting regimes [23]. The alginate concentration was kept constant
and the value was chosen in the region where tear-shaped capsules were obtained with the
standard device. The viscosity of the alginate solution at this concentration is around 15 Pa.s [3].
The fall height in air Hy; was kept constant, so that an increase of Hjgyer corresponds to a
decrease of the depth of the gelation solution, for two reasons: (i) its effect on droplet relaxation
is much less significant than that of the soft landing layer thickness (see Table 6); (ii) a large fall
height in air leads to a high impact velocity with the air-liquid interface, that can possibly damage
or deform the droplet and hamper comparison between the experiments.
A summary of the operating points explored in the parametric study is listed in Table 4.

4.1. Overview of possible capsule shapes

Before analysing in detail the results of the parametric study for each of the three liquids, let us
first give an overview of the different types of capsules that could be obtained. Figure 4 shows ex-
amples of capsules shapes and some combinations of these features. Figures 4(a) and 4(b) show
spherical and ellipsoidal capsules. Such protuberance-free uniformly shaped monodisperse cap-
sules could be obtained with all three candidate liquids with certain combinations of parame-
ters, as we will show later. These results are a confirmation of the successful use of the soft land-
ing method for the generation of ellipsoidal capsules from highly viscous alginates in centrifugal
encapsulation devices.

Figure 4(c) shows an experiment where capsules were highly polydisperse in size. The large
capsules are most probably a result of a coalescence of alginate droplets. Since in the standard
centrifugal encapsulation device droplet coalescence is extremely rarely observed [3, 23], the
coalescence most likely takes place inside the soft landing layer, before entering the gelation

Table 4. Parameters varied in the parametric study. SO stands for soybean oil and nD for
n-decane.

Series 1 Series 2 Series 3 Series 4
Liquid nD, SO, PDMS nD, SO,PDMS nD, SO, PDMS nD, SO, PDMS
Higyer (mm) 5,19, 33, 40 5,19, 33, 40 5,19, 33, 40 5,19, 33, 40

Deap (mm) 0.410 0.200 0.200 0.100
Calg (8/1) 40 40 40 40
Hiy (mm) 10 10 10 10

o (RPM) 1865 2115 2442 3153
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(d) MPTP.

(e) PBLP.

(f) Both MPTP and (g) Coalescence and (h) Aggregate forma-
PBLP. PBLP. tion.

Figure 4. Examples of capsules obtained in the parameteric study.

solution. One can suppose that two successive droplets may come into contact due to the very
low sedimentation velocity in the soft landing layer, given by a low density ratio.

Figure 4(d) shows an example of tear-shaped capsules, that present the following features: (i)
they are monodisperse in size and shape; (ii) they feature a pointed “tip” on the protuberance
which seems to be a remainder of the broken ligament which was connecting the drop to the
rest of the alginate in the capillary at the moment of detachment; (iii) this tip is aligned with the
longitudinal axis of the capsule. These features indicate a protuberance formation mechanism by
insufficient relaxation of the droplet before gelation, as discussed in detail in [23]. When this type
of capsules is obtained, it indicates that the slowing down of the droplets in the soft landing layer
was notlong enough to allow a full relaxation of the droplet to a spherical shape. In this paper, we
will use the term monodisperse pointed-tip protuberance (MPTP) for capsules featuring these
characteristics.

Figure 4(e) shows examples of polydisperse tear-shaped capsules, which are different from the
tear-shaped capsules introduced above by the following features: (i) the protuberances are poly-
disperse in size and shape; (ii) some circular lines are present at the basis of the protuberance;
(iii) the protuberance is often rounded at the tip (it has the aspect of a bump) and does not fea-
ture a pointed tip that could be identified as a remnant of a broken ligament; (iv) if the capsule
body has an ellipsoidal shape, the protuberance is often not aligned with the longitudinal axis of
the capsule body. These characteristics are distinctive for another mechanism of protuberance
formation, namely the attachment of the droplet to the interface between the two fluids during
gelation [23]. In the case of an interface between air and gelation solution, this phenomenon oc-
curs very rarely, when droplets impact the solution with very low velocities [3, 55]. However, in
the case of an interface between the gelation solution and an overlying immiscible liquid, this
phenomenon has been reported in multiple studies in the literature [38, 56-59]. These studies
showed that this phenomenon is very limiting for ellipsoidal capsule production, and requires
special treatments with pre-gelation steps when gravity with no centrifugation is used to sedi-
ment the droplets. Regarding the nomenclature that will be used to describe this kind of shapes,
while characteristic (i) is universal for this type of protuberance and is present in all the cited
studies, the other characteristics (ii-iv) have been noticed mostly in centrifugation experiments
with and without a soft landing layer ( [3] and the present study). This is why for capsules featur-
ing these shape characteristics the term “polydisperse bump-like protuberance” (PBLP) will be
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used here specifically, whereas the term polydisperse protuberance would be more largely appli-
cable to all the similar cases in the literature.

Additionally, Figures 4(f) and 4(g) show combinations of the three latter cases above. The
capsules in Figure 4(f) present two protuberances: the first protuberance is aligned with the
capsule longitudinal axis and has a pointed tip; the second protuberance is located laterally from
the capsule longitudinal axis, and it has the aspect of a bump, rounded and with no pointed tip.
Given the distinctive characteristics of the two protuberance formation mechanisms mentioned
above, we believe that the two protuberances observed on this type of capsules correspond to the
coexistence of the two different mechanisms. Moreover, the location of the protuberance which
we attribute to the attachment to the interface during gelation, located on the side of the prolate
tear-shaped capsules, might indicate the orientation the droplets had while crossing the interface
between the two liquids and started gelling [23].

Finally, in some experiments the formation of aggregates of capsules on the bottom of the
centrifuge tube was noticed (Figure 4(h)). This is different from coalescence, because these
aggregates are most likely formed when a partially gelled capsule sediments on the bottom
of the tube and sticks to the capsules which sedimented there before [23]. Depending on the
application, the formation of aggregates may not be a major limitation since it does not alter
the capsule shapes or monodispersity and it can usually be remedied relatively easily, just by
agitating the solution. Due to these considerations, the formation of capsule aggregates on the
tube bottom will not be further discussed in this paper.

A qualitative analysis of the capsule shapes, based on the criteria presented in this section,
was carried out for each experiment in order to identify the types of capsule shapes obtained in
that experiment. This is presented in the paragraphs below and will be used to assess the results
of the microcapsule production experiments with a soft landing layer.

4.2. Soybean oil
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(a) Soybean oil. (b) PDMS. (c) n-Decane.

Figure 5. Results of the parametric study for each of the three liquids used as soft land-
ing layer. Green: ellipsoidal capsules; black: coalescence, capsules without protuberance;
brown: coalescence, capsules with MPTP; pink: coalescence, capsules with a PBLP; cyan:
coalescence, capsules with both MPTP and PBLP; red: capsules with MPTP; blue: capsules

with with PBLP; purple: capsules with both MPTP and PBLP.

Results of the parametric study using soybean oil as soft landing layer are shown in Figure 5(a).
With soybean oil, coalescence was observed in many of the experimental points, especially at a
low thickness of the liquid layer and low rotating velocities. These are linked in our experiments
with larger droplet diameters D 4,0, and lower velocities at the interface v;,;. Without the ability to
visualise the droplet trajectory in the liquids during the centrifugation, it is not simple to predict
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where and why this coalescence of the drops takes place. The fact that coalescence takes place at
lower rotating velocities, might correlate with a slower crossing of the soft landing layer and of the
interface of the interface of the gelation solution, resulting in a higher probability of successive
droplets to meet inside the soft landing layer.

For soybean oil, the formation of a protuberance by insufficient relaxation (MPTP) was not
observed. This probably due to the higher viscosity of the soybean oil compared to the other
liquids, which increases the transit time of the droplet in the soft landing layer, giving it sufficient
time to relax to a spherical shape (cf. Table 6).

On the other hand, the formation of capsules with a PBLP, linked to an attachment to the
interface between the two liquids, was observed in many of the experiments with using soybean
oil as soft landing layer, coupled with the coalescence and especially for low rotation velocities.
Lower rotation speeds, as well as larger droplet diameters, lead to a lower velocity of the droplet.
The study in [23] showed that the ability of a droplet to cross an interface correlates with
the Froude number at the interface Friu = Vini/ \/gintDarop» Where viy, is the velocity of the
droplet before reaching the interface, g;,; is the centrifugal acceleration at the location of the
interface and D), the diameter of the droplet. A low Froude number, implying low velocities
of the droplet at the interface and/or large droplet diameters, favours the attachment to the
interface and the formation of a PBLP. This is confirmed in the experiments with soybean oil,
where protuberance-free capsules were obtained only for smaller droplet diameters and larger
velocities at the interface.

Globally, using soybean oil as soft landing layer provided good results mostly for small droplet
diameters, larger depths of the soft landing layer and for large velocities of the droplet at the
interface.

4.3. PDMS

The results of the parametric study for the PDMS soft landing layer are plotted in Figure 5(b).
Firstly, less cases of coalescence were observed compared to the soybean oil, and these are all
found for the lowest rotating velocity (and highest droplet diameter). As discussed in the previous
section, this is probably related to a slower crossing of the soft landing layer and of the interface
and thus a larger probability of successive droplets meeting inside the soft landing layer.

Secondly, insufficient relaxation occurs more often in the case of PDMS, although only for
the smallest height of the soft landing layer. Since PDMS has a similar density but significantly
lower viscosity than soybean oil, the droplet transit times in the soft landing layer are shorter (see
Table 6), which explains why more cases of insufficient relaxation were observed.

At the same time, more cases of PBLP formation were obtained using PDMS as soft landing
layer. Similarly to the experiments with soybean oil, this phenomenon is correlated with the
Froude number at the interface. For smaller droplet diameters and higher velocities at the
interface, implying a larger Froude number at the interface, capsules without protuberance could
be produced.

Although the parametric study using PDMS yielded slightly more successful results than using
soybean oil, the same tendency has been noticed: in general monodisperse ellipsoidal capsules
are obtained for smaller droplet diameters and large depths of the soft landing layer, inducing
larger velocities at the interface between the soft landing layer and the gelation solution.

4.4. n-Decane

Using n-Decane as soft landing layer has yielded globally the most satisfactory results.
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Coalescence was observed in only one of the experimental points, for a low thickness of the
n-Decane layer and low rotating velocity (large droplet diameter), implying a low Froude number
at the interface.

On the other hand, the formation of capsules with MPTP occurred more frequently when using
n-Decane, compared to the other two liquids. The lower viscosity and density of the n-Decane
cause a faster transit of the droplet through the soft landing layer (see Table 6). Especially for
small heights of the liquid layer, this transit time is not long enough to allow the droplet shape to
relax before reaching the gelation solution (Deg,; numbers are higher than unity). This leads to
the formation of capsules with MPTP for these cases.*

The formation of PBLP was observed in the experiments with low thickness of the soft landing
layer, which is correlated with a lower velocity at the interface. Secondly, the small values of Higyer
induce a higher uncertainty in the calculation of the droplet motion inside the soft landing layer,
because side effects and interface effects may become more important. This might lead to an
overestimation of the velocity at the interface in this case.

The experiments with n-Decane yielded the largest number of successful results in the ex-
plored parametric region and seem to be the most predictable and controllable: using a soft land-
ing layer with sufficient depth, n-Decane can be successfully employed to form monodisperse el-
lipsoidal capsules from very viscous alginate solutions.

4.5. Summary of the results

Table 5. Summary of the results of the parametric study: number of experiments in the
parametric study (out of all experiments carried out with the respective candidate liquid)
where an undesirable characteristic was observed.

Liquid Coalescence  MPTP PBLP Ellipsoidal Total
monodisperse
Soybean oil 13 (81%) 0(0%) 9 (56%) 3 (19%) 16 (100%)
PDMS 5 (31%) 4 (25%) 7 (44%) 5 (31%) 16 (100%)
n-Decane 1 (6%) 7 (43%) 3 (19%) 9 (56%) 16 (100%)

The results of the parametric study with the three different liquids are summarised in Table 5. It
can be seen that ellipsoidal monodisperse capsules could be obtained with all the three candidate
liquids, in various configurations. Coalescence of droplets seems more likely to occur for the
more viscous and denser liquids, whereas the formation of MPTP is more likely for the less
viscous and less dense fluids. Regarding the occurrence of PBLB formation, the results indicated
that it is lower when using large rotating velocities and large depths of the soft landing layer.

5. Modelling of the three selected materials
5.1. Transit times and the Deborah number

The theoretical model presented in Section 2 was used to calculate the transit times of the
droplets in air and the soft landing layer for each of the experiments performed in the parametric

4The experiments with H layer = 19 mm reported in Figure 5(c) are located very close to the transition limit between
ellipsoidal capsules and MPTP formation. The experimental uncertainty causes some of these experiments to fall in the
ellipsoidal regime and others in the MPTP formation regime, which gives the impression of a non-monotonic evolution
of the resulted shape with the control parameters (alternating green and red points). Examples and more discussion is
given in the supporting information S.4.
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Table 6. Computed droplet transit times for the three candidate liquids in the four experi-
mental series. The bold values indicate experiments where capsules with MPTP were
formed.

Trel(ms) | £ Soybean oil PDMS n-Decane
Higyer (mm) 5 19 33 40 5 19 33 40 5 19 33 40
Series tl* t t
ayer layer layer
1 39.7 0.06 2.6 9.32 15.3 18.1 047 166 276 3.27 014 048 079 094
2 28.7 0.08 5.18 186 30.6 36.1 0.76 273 454 5.38 0.21 0.71 1.18 1.4
3 26.1 0.08 519 186 30.6 36.1 0.76 272 452 5.37 020 070 1.17 139
4 17.5 0.09 102 36.5 60.1 709 1.3 4.6 7.6 9.01 0.3 1.06 1.76 2.09

study with the three candidate liquids5. The relative transit times t;l.r and tl’; o a8 well as the
characteristic relaxation time 7, are reported in Table 6. The bold values in the table represent
experiments where capsules with MPTP were observed. These results show that the formation
of MPTP correlates with the condition t;l.r + tl*uyer < 1, which describes an insufficient time for
droplet relaxation.

In order to better visualise these results, Deborah numbers for the droplets in each of the
experimental points are computed using equation (11). In Figure 6 we plot the Deg,; number
and the relative thickness of the soft landing layer of liquid /4y, for each experimental point.
Red crosses were used to mark the experiments where tear-shaped capsules were produced, i.e.
where the distinctive features of a protuberance attributed to insufficient relaxation of the droplet
are noticed, according to the criteria discussed in the previous section. These also include the
experiments where capsules with two protuberances were formed. All other experiments, where
such protuberances could not be identified, were marked with green circles. In some cases, the
Degay and hjgyper numbers of two experiments are very close to each other, which leads to the
superposition of the markers on the plot, as it is the case for two experiments with De,; =~ 1.5
and hygyer = 0.66, giving different results. These two points correspond to experiments in the
parametric study with n-Decane, with Hjgye, = 19 mm and w = 2115 RPM and w = 2442 RPM
respectively. The produced capsules in both cases are very close to the limit between ellipsoidal
capsules and MPTP capsules, as detailed in the supporting information S.4.

It can be noticed in Figure 6 that the limit for protuberance formation due to insufficient
droplet relaxation seems to be located around Deg,; = 1, which was also previously shown for
the standard centrifugal device without a soft landing layer [23]. This confirms that the model
introduced in Section 2 can predict relatively well the transit times of the droplet in air and in the
soft landing layer. For a low thickness of the soft landing layer, side effects and the hypothesis of
zero initial velocity in the soft landing layer might introduce more uncertainty in this calculation,
which might explain the results with hy,y,r = 0.33, where the transition to capsules with MPTP
seems to occur at Defyy; = 0.7.

5.2. Contributions of different forces in slowing down the droplet

At this point, one may wonder which characteristic of the soft landing fluid is dominant in slowing
down the droplets. Indeed, both density and viscosity can play a role, the former through a
modification of buoyancy, the latter through a modification of drag.

In order to investigate more in detail the contribution of the different forces in slowing down
the droplet inside the soft landing layer, we can use the droplet motion model introduced in

50ther results from the computations, such as droplet trajectories or forces acting on the droplet, are given in the
supporting information S.1 and S.2.
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Figure 6. Formation of capsules with a protuberance due to insufficient relaxation as a
function of the Deborah number and the height of the soft landing layer.

Section 2 to calculate the mechanical work of each of the forces involved (set of equations (9)),
according to the following definition:
Wsz F-vdt 12)
I

where f; -ty is the theoretical transit time of the droplet inside the soft landing layer. The theorem
of kinetic energy states that the total work® done on a particle during a time lap is equal to the
variation of its kinetic energy Ej [60]:

WCentrifugal + WBuoyancy + WDmg + Wvaity =AEj (13)
Normalising the different terms by the work of the centrifugal force, we obtain the equation:
AE;: - Wguoyancy - WI;mg_ WG*mvity =1 (14)

where the star superscript indicate values normalised by Weennifugar-

Table 7. Computed mechanical work of the forces involved in the droplet motion, nor-
malised by Weensrifugar, Which is practically equal for all soft landing fluids.

AE It Wl;uoyancy WD*rag Wémvity Re

Soybean oil | 6.86-107° -0.902 -0.098 2.1-107° 0.16
PDMS 0.323-1073 -0.895  -0.105 2.18:107° 13.1
n-Decane | 5.12-1073 -0.716 -0.279 2.29-107° 245
Dense Air | 2.18-1073 -0.902  -0.096 2.91:107° 9430
Viscous Air | 0.781-107% -1.18-1073 -0.998 2.1-107% | 2.23.1073
Air 0.917 -1.18-10°% -0.082 3.15-107° 306

For each of the candidate liquids considered, the variation of the computed normalised work
showed very little variation (usually lower than 1 %) between the four experimental series and the
four depths of the soft landing layer. In Table 7, we present the results for one of the experimental
points’, which are representative of all the other experimental points for each liquid. Theoretical
results with two hypothetical fluids as soft landing layer are given for comparison: “Dense Air” is

6The Coriolis force produces a null mechanical work by its definition, being perpendicular to the velocity vector.
“The chosen case was experiment series 3 with a soft landing layer depth of 19 mm.
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a fluid with the properties of air but the density of soybean oil; “Viscous Air” is a fluid with the
properties of air but the viscosity of soybean oil. The results in air (without soft landing layer) at
equivalent fall height are also given. The computed Reynolds numbers Re = p 44iqv D grop/ 1 fluia at
final velocity are also given for reference.

For the three real liquids tested, the buoyant force plays the dominant role in slowing down
the droplet, while the rest is accomplished by the drag force. When comparing with the case in
air, we see that the introduction of either a higher density or a higher viscosity is sufficient to
significantly slow down the droplet (which can be seen in the final droplet kinetic energy). A
combination of the two might help reduce the transit time, for achieving a full relaxation of the
droplet to a spherical shape before gelation, and at the same time control the flow properties (Re
number), for the optimisation of the system operation.

6. Conclusion and perspectives

In this paper we report for the first time the successful usage of a soft landing approach in a
centrifugal microencapsulation device to generate monodisperse ellipsoidal capsules using high
viscosity alginate solutions. This method is generic and applicable to different types of centrifugal
encapsulation devices, including recent designs like in [18].

First, an analytical droplet motion model was used to highlight and quantify the phenomenon
of insufficient relaxation of the droplets, which is the cause for the formation of capsules with
protuberance when high viscosity alginates are used for encapsulation. The model confirmed
the feasibility of using a soft landing approach to counter this phenomenon.

Then, a first series of experiments was carried out in order to find the best candidate liquids
for the soft landing layer. Out of seven different candidates featuring three vegetable oils, one
synthetic oil, one mineral oil, one solvent and one deep eutectic liquid, three candidates were
selected based on their performance for producing monodisperse ellipsoidal capsules: soybean
oil, PDMS and n-Decane. Secondly, a parametric study of microgel production was carried out
with each of these liquids by varying the rotation velocity and the height of the soft landing layer,
which both control the transit time inside the soft landing layer.

Successful monodisperse ellipsoidal capsules production was reported with all three candi-
date liquids, in operating points where tear-shaped capsules are produced with the standard cen-
trifugal device (Figure 7). The best results were obtained for high rotating velocities, low droplet
sizes and large depths of the soft landing layer, giving larger droplet velocities at the interface.

Three major limitations for the production of monodisperse ellipsoidal capsules with the soft-
landing layer technique were identified. Firstly, as one would expect, experimental results show
that the use of a too thin soft landing layer does not allow to obtain ellipsoidal particles and a
thick enough soft landing layer must be used. This has been quantified with the introduction
of a relevant Deborah number Dey,; comparing relaxation time and fall time: the condition
Degay < 1 must be satisfied in order to ensure sufficient droplet relaxation before gelation.
Secondly, coalescence of droplets occurred for large droplet diameters and low rotation speeds,
mostly for the more viscous liquids, soybean oil and PDMS. This has been interpreted as being
related to contact between drops within the soft landing layer. Thirdly, the formation of capsules
with polydisperse bump-like protuberance was observed, for each of the tested liquids, at low
velocities at the interface and large droplet diameters, which correlate with low interface Froude
numbers Fr;,;. This has been explained as being an effect of a slow interface crossing between
the soft landing layer and the gelation solution.

The parametric study carried out in this work showed that the soft landing layer technique
applied to centrifugal microencapsulation can work successfully with various liquids. For all
the three candidate liquids examined here (soybean oil, PDMS and n-Decane), operating points
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(a) n-Decane, w = 2442 RPM, (b) Soybean oi, w = (c) PDMS, w = 3153 RPM,
Higyer =33mm, Hyjy = 10mm. 3153 RPM, Hygyer = 40mm, Higyer = 40mm, Hgjr = 10mm.
Hgjpr=10mm.

(d) No soft landing layer, w = (e) No soft landing layer, w =
2442 RPM, Hgjr = 10mm. 3153 RPM, Hgjy = 10mm.

Figure 7. (a), (b) and (c): Examples of successful ellipsoidal monodisperse capsule produc-
tion with each of the three candidate liquids. (d) and (e): Equivalent experiments without
soft landing layer, showing the formation of capsules with protuberance.

could be found for successful ellipsoidal or spherical capsule production from highly viscous
alginate solutions.

As future work, in order to move towards the biomedical applications, validation experiments
could be carried out by encapsulating cells using the soft landing approach and measuring the
viability and functionality of these cells compared to those encapsulated using the standard cen-
trifugal encapsulation process. For the improvement of the device, in order to avoid coalescence
in the soft landing layer when using soybean oil or PDMS, the usage of biocompatible surfactants
could be tested. Another improvement could be to find alternative liquids with similar physical
properties as the n-Decane, but with higher biotolerability. Finally, further work could be per-
formed to give a finer description of the physical phenomena at play in the slowing down of the
droplet inside the soft landing layer.
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