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Non-spherical hydrogel particles are of fundamental interest and can find use in a variety of applications
ranging from pharmaceuticals to biomedical to food. Here, we report a new method that leverages the
yield stress property of viscoplastic fluids to synthesize shape-engineered alginate particles. By dripping
an aqueous viscoplastic solution composed of sodium alginate and a yield-stress material into an ionic
gelation bath, droplets are controllably deformed and crosslinked, producing a wide assortment of
shapes. We find that by tuning the yield stress of the solution and the nozzle tip orientation, a range of
shapes from symmetric and near-spherical, to asymmetric and anisotropic (e.g., egg-, rice grain-, arc-,
ring-, snail shell-, tear-, and tadpole-like) can be produced. We explain our observations using scaling
analysis of the forces exerted on the droplet at different stages of particle production. We show that the
main factors that determine the degree of droplet deformation during bath entry and the final
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DOI: 10.1039/d2sm00621a appearance of the alginate particles are the initial shape of the droplets, the timescales of the

viscoplastic fluid relaxation versus the crosslinking reaction, and the physico-chemical properties of the
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1 Introduction

Hydrogel particles are hydrated 3D networks of crosslinked
polymer chains that have found diverse application in the
biomedical, pharmaceutical, environmental, food, and cos-
metic industries due to their versatile nature with highly
tunable physical and chemical properties.' Hydrogel particles
are extensively used for controlled drug delivery,®® cell and islet
encapsulation,”™* scaffold building and 3D biofabrication,"***
biosensing," bioactive delivery in aquaculture,'® and water
treatment.”” Hydrogels can be made of both natural and synthetic
polymers." Alginate is a natural anionic polysaccharide derived
from brown algae that can be crosslinked in the presence of
divalent cations such as Ca’* to form stable hydrogels.'"® Due
to its biocompatibility, biodegradability, non-toxicity, low-cost,
tunable mechanical properties, and swelling behavior, alginate is
an ideal candidate for a wide range of biomedical and pharma-
ceutical applications.'®*°
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Prior research on producing alginate hydrogel particles has
mostly focused on producing spherical shapes. Extrusion is a
well-known method used to produce large (>1 mm) spherical
alginate particles at a low production rate by simply dripping
an alginate solution from a nozzle into a gelation bath.?’™
This technique can be modified to produce smaller particles
at a higher production rate using electrostatic potential,***
a vibrating nozzle,” jet-cutting,*® and centrifugal force.
Emulsification methods such as mechanical stirring and
high-speed homogenization that involve dispersing an alginate
solution in an immiscible liquid followed by a gelation process
are also used to produce a broad range of particles from 10 to
1000 pm.”"*° Over the past two decades, there has been a
growing interest in microfluidics to produce spherical alginate
particles because it allows for precise control over size, produc-
tion rate, and properties of the particles.**™*

Non-spherical hydrogel particles have received tremendous
attention in the past decade because of several advantageous
features they offer compared to the more common spherical
particles. These features include higher surface area-to-volume
ratios, shorter diffusion distances for encapsulated loads,'***
anisotropic responses to external stimuli,>>*® better attach-
ment to cells and tissues,”’*® enhanced targeting as drug
carriers, and controllable drug circulation and release
dynamics inside the body.***° Given these advantages, numer-
ous methods have been developed to produce non-spherical
hydrogel particles from different polymer systems (see Cai
et al.,** Zhu et al.,** Dendukuri et al,** Champion et al,’”
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and the references therein). Less attention, however, has been
devoted to produce non-spherical alginate particles and the
diversity of the shapes generated with current techniques is
limited.

Extrusion dripping combined with microfluidics or electro-
spraying has been used to produce non-spherical alginate
particles (e.g., mushroom-like, hemispherical, red blood cell-
like, and tadpole-like shapes) by altering parameters such as
the distance between nozzle tip and gelation bath surface, fluid
(extruded fluid or bath) viscosity, and surface tension.?®*%43~*>
Anisotropic gelation of an alginate solution extruded from a
bevel-tip capillary was also used to produce hydrogel micro-
springs.*® Recently, ‘vortex ring freezing’ method has been
developed and used to produce toroidal alginate and chitosan
particles. In this technique, the droplets from an electrospray
nozzle enter a miscible fluid bath during which they deform
and experience various intermediate shapes. These inter-
mediate shapes can be frozen into particles in order to make
teardrop, jelly fish, and toroidal shapes.***’

In this work, we report a new method to produce non-
spherical alginate particles by making use of viscoplastic fluids.
Viscoplastic fluids (also known as yield-stress fluids) are a class
of complex materials that behave like an elastic solid below a
threshold applied stress (i.e. a ‘yield stress’), and flow like a
fluid above the yield stress.*®° Viscoplastic materials are
abundant among everyday cosmetic and food products (e.g.,
toothpaste and ketchup). Due to their extremely useful flow
behaviour, there is a growing interest in these materials for
various applications including drug delivery®' and 3D printing
of continuous structures.’>>* Recently, a new technique has
been developed for ‘embedded droplet printing’ in which
individual droplets are generated and fixed in place inside a
yield-stress fluid bath that can subsequently be manipulated
and used for biological assays and as microreactors.”*>> Drip-
ping behavior of viscoplastic fluids has also been extensively
investigated. It has been shown that the drops of viscoplastic
fluids formed at the nozzle tip, transition from spherical to
prolate shapes by increasing the yield stress value.>*° Here, we
leverage the ability of viscoplastic fluids in forming non-
spherical droplets and combine it with the gel-forming capacity
of sodium alginate to tune the shape of alginate particles.
We use the extrusion dripping technique to drip non-spherical
viscoplastic droplets composed of sodium alginate and a yield-
stress material into a CaCl, gelation bath. We use two yield-stress
materials with distincet microstructures for which the yield stress
comes about by either jammed, repulsive or networked, attractive,
interactions. We show that after vertical bath entry of the prolate
viscoplastic droplets, they undergo further deformation and a
crosslinking reaction, producing a range of shapes from near-
spherical to egg-, rice grain-, and tear-like. In addition, we find that
tuning the nozzle orientation alters the shape of viscoplastic
droplets significantly and intensifies the degree of droplet defor-
mation during bath entry, yielding an assortment of spectacular
asymmetric, anisotropic, shapes. We further demonstrate that
changing the type of yield-stress material can affect the shape,
size, and appearance of the alginate particles. We find that within
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our investigated range, increasing the concentration of the gela-
tion bath did not have a significant effect on the shape and size of
the particles.

2 Materials and methods
2.1 Preparing solutions

Materials. Carbomer 940 (polyvinyl carboxy polymer cross-
linked with ethers of pentaerythritol to form polyacrylic acid)
was obtained from MakingCosmetics. Xanthan gum (G1253),
sodium alginate (W201502), sodium hydroxide (71690), and
calcium chloride (C1016) were purchased from Sigma-Aldrich.

Viscoplastic solution preparation. We prepared nine aqu-
eous viscoplastic solutions containing sodium alginate and
either Carbomer (C) or xanthan gum (X) which are additives
known to produce a yield-stress fluid at sufficient concentra-
tions; Carbomer 940 forms a jammed microgel solution and
xanthan gum forms a gel network. Five sodium alginate-
Carbomer solutions were prepared by mixing 0.5 wt% sodium
alginate with different concentrations of Carbomer in DI water
(hereafter denoted as C-o), where o), is the yield stress of the
solution). Carbomer powder was mixed with DI water for
30 min at 1000 rpm and room temperature. Sodium alginate
powder was then added to the solution and stirring was
continued for an additional 30 min at 1600 rpm. The solutions
were neutralized to pH of 6.5-7 by adding a 1 M NaOH solution.
Four sodium alginate-xanthan gum solutions were also pre-
pared by mixing 0.5 wt% sodium alginate with xanthan gum in
DI water (hereafter denoted as X-0,, where oy, is the yield stress
of the solution). Xanthan gum powder was slowly added to DI
water while being mixed with an overhead stirrer at 700 rpm
and room temperature for 5 minutes. Then the solution was
placed on a hot plate at 80 °C and mixed at 400 rpm for an
additional 30 min. Sodium alginate powder was then added to
the solution and stirring was continued for 30 min at 1600 rpm
with the heating element turned off. Before performing the
experiments, a few drops of food dye (blue for C-o, and green
for X-0, solutions) were added to all nine solutions in order to
increase their visibility during imaging. Solutions were centri-
fuged at 2000 rpm for 15 min to remove air bubbles.

Gelation bath preparation. Three CaCl, aqueous solutions
were prepared by mixing 2, 10, and 20 wt% CacCl, granular
powder with DI water. 0.1 wt% Tween 80 was added to lower the
surface tension.

2.2 Rheological characterization

Rheological measurements were performed using a TA Instru-
ments DHR-3 combined motor/transducer rotational rhe-
ometer with a flat-plate upper geometry (diameter = 40 mm)
and bottom Peltier plate at 25 °C; results are shown in Fig. 1(a)
and (b). Sand paper (Norton, grit = 180) was used to avoid slip at
low shear rates. Shear-rate controlled experiments were per-
formed in the shear rate range of 107> < j < 10°and 107> < j
< 1 for C-g, and X-g, solutions, respectively. Note that xanthan
gum formulations are generally thixotropic and we only
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Fig. 1 Shear-rate controlled test results for (a) C-a, and (b) X-a, solutions. The solid curves correspond to Herschel Bulkley (H-B) model fits used to
calculate the yield stress of the solutions, g,. (c) Experimental setup to study viscoplastic droplet formation at the nozzle tip, its entry to a CaCl, bath, and

its deformation and ionic crosslinking to form alginate particles.

observed a clear yield-stress signature for X-o, solutions when
ramping the shear rate from low to high. Carbomer solutions,
on the other hand, are non-thixotropic and for our C-g, solu-
tions, the yield stress measurements were independent of the
ramp direction. For consistency, we present low-to-high shear
rate ramp data for both formulations, and therefore probe the
static yield stress. The data sets were fit to the Herschel-Bulkley
model to obtain the shear yield stress of the samples (¢ = g, +
kj", where o, g, k, and n are shear stress, yield stress, consis-
tency index, and flow index, respectively).

2.3 Experiments

Fig. 1(c) shows a schematic of the experimental setup used to
produce shape-engineered alginate particles. Viscoplastic solu-
tions (C-0, and X-0,) were dripped from a 14G nozzle (Nordson
EFD, inner diameter D, = 1.54 mm, length = 12.7 mm) into a
CaCl, gelation bath using a syringe pump (Harvard Apparatus,
PHD 2000 series, Infuse/Withdraw) operating at Q, =
0.05 ml min~". For selecting a value for Q,, we ensured that a
small variation in the flow rate does not alter the shape of
extruded filaments and droplets. The nozzle was positioned at
an angle 0 with respect to the horizontal direction (i.e., 0 = 90°
for a vertical nozzle). The distance between the nozzle tip and
bath surface was 4 ~ 4 cm and the droplet impact velocity, U,
was measured using image processing just before the droplet
impacts the bath surface. Previous work measuring the surface
tension of Carbopol and xanthan gum solutions found only
small deviations from that of water, and therefore, here we use
the surface tension of water (i.e., 7 = 0.072N m™* at 20 °C) for
our calculations.®®®" A Phantom Miro M 3208S Vision Research
high-speed camera connected to a Nikon AF-S DX Nikkor
18-70 mm lens recorded the process at a resolution of
1024 x 1024 pixels. Droplet formation and pinch-off at the
nozzle tip were recorded at 200 fps, while the droplet free fall
in the air and bath entry were recorded at 2000 fps. After the
bath entry, droplets were allowed to stay in the gelation bath
until the crosslinking reaction was complete and the food dye
diffused out completely. The resultant alginate particles were
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then removed from the bath and washed with DI water several
times. We then allowed the particles to stay in DI water for 48 h
before taking their images to ensure that they were in an equili-
brium swollen state. Finally, images of the particles were
captured with an LCD digital microscope (PalliPartners, ASIN
BOSLVM9361) while they were inside the DI water. Different
approaches may be used to calculate the size of droplets and
particles using either their volume or projected area (Fig. S1,
ESIt). Considering the asymmetric shape of the droplets and
particles in our experiments, calculating an accurate volume is
a challenging task. Therefore, for consistency in our analysis,
we chose to use 2D images of the droplets and particles to
calculate their projected area diameter, i.e., Dy = (44/m)">.

3 Results and discussion
3.1 Effect of oy

Fig. 2 shows the stages of producing alginate particles from
C-o, solutions dripped from a 14G nozzle angled at 0 = 90° into
a 2 wt% CaCl, gelation bath. During the droplet formation
stage, a competition between surface tension and yield-stress
forces, described with the dimensionless number 8 = g,D,/y,
determines the initial shape of the droplets.>” At low g, (8 ~
0(0.1)), surface tension force deforms the fluid filament that is
extruded from the nozzle to a pear-like shape (Fig. 2(a), column
1). As oy, increases (f ~ 0(1-10)), the filament is less deformed
and it takes a more prolate shape (Fig. 2(b)-(e), column 1). In all
cases, the filament continues growing until the normal stress
due to the fluid weight (~ psgL), exceeds its elongational yield-
stress, 0, (~ v30y).°> At a critical filament length of I. ~ a, ./
(prg) the fluid yields locally below the nozzle tip and necking
starts. At this stage, neck diameter, D,,, continues decreasing as
the normal stress increases with ~ 1/D2,>**° and eventually the
droplet pinches off (Fig. 2(b)-(e), column 2). After the onset of
necking until the droplet pinches off, its length, L, does not
change significantly and can be approximated by I. (Fig. 3).
Upon pinch-off the rear end of droplet and the residual fluid tip
attached to the nozzle slightly retract. During the free fall

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Effect of g, on the shape of alginate particles. Particles are formed
by dripping (a) C-4.19, (b) C-18.2, (c) C-42.5, (d) C-74.0, and (e) C-102
solutions from a 14G vertical nozzle (6 = 90°) into a 2 wt% CaCl, bath. The
columns show different stages of the particle production, final shape of
the particles, and histograms of the projected area diameter, Dj, for the
particles. The red scale bar is 5 mm for all images and the corresponding
videos are provided in Movie S1 (ESIY).

(Fig. 2(b)-(e), column 3), all droplets maintain their shape since
the drag force in the air (~ p,CpUgD3) is not strong enough to
overcome the yield stress (~a,D5) and deform the droplets.*’

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Droplet length, L, versus critical length, [c = 6,,¢/(prg), for C-g, and
X-a, solutions. Each data point is the average of 3 trials and the error bars
(not shown) are smaller than the marker size. Dotted lines are used as a
guide for the eyes.

When C-4.19 and C-18.2 droplets impact the bath surface
with Uy = 0.81 & 0.01 m s *, the bottom of the droplets flattens
and they take oblate and pear-like shapes, respectively (Fig. 2(a)
and (b), columns 4 and 5). Previous work on water entry of
viscoplastic Carbopol droplets showed more deformation at
this range of o, and U, than observed here.”> The smaller
deformation observed in our experiments can be attributed to
the presence of sodium alginate in our viscoplastic solutions
and the ionic crosslinking reaction that begins upon droplet
entry to the gelation bath. For C-42.5, C-74.0, and C-102
solutions, the droplet tip deformation upon impact (U, = 0.69 +
0.05m s ') is less pronounced due to higher g, (Fig. 2(c)-(e),
column 4). The small difference observed between the impact
velocities of the droplets despite having similar release heights
(h ~ 4 cm), is due to the difference in the length of the
droplets. Upon impact, the droplet is perturbed and an over-
turning couple is formed that makes the droplet tip move in the
lateral direction and rotate as it penetrates into the bath.%*
While the lower part of the droplet decelerates due to impact
and higher drag force exerted by the bath (~p,CpUsD3), its
upper part falls almost freely, leading to a vertical velocity
mismatch. Therefore, the droplet buckles elastoplastically
during the bath entry (Fig. 2(c)-(e), column 5).

After the rear end of the deformed viscoplastic droplet
detaches from the bath surface, it relaxes partially during
sinking (Fig. 2(a)-(e), column 6). At this stage, a competition
between the time scales of the viscoplastic fluid relaxation and
the crosslinking reaction plays an important role in determin-
ing the final shape of the particles. Although, the time required
for full crosslinking might be higher than the relaxation time
scale,®*®’ a partial crosslinking that starts from the edges of
droplet might be strong enough to limit the degree of relaxation
and freeze the shape of particle. The final shape of the particles
are depicted in the last column of Fig. 2(a)-(e) along with the
histograms of their projected area diameter. A range of shaped
particles from near-spherical to egg-like and rice grain-like were
produced. The small coefficient of variation (CV = SD/u) of
the particle size distributions indicate that the particles were

Soft Matter, 2022, 18, 6848-6856 | 6851
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uniform in size. The images of Fig. 2 show that the sizes of
particles are smaller than the sizes of uncrosslinked droplets, even
in their fully swollen (un-dried) state. It is unlikely that this
shrinkage is due to diffusion of the Carbomer macromolecules
out of the particles into the bath considering the diffusion time
scale of Carbomer (0(10°-10%)s),°® and the fact that the particles
shrink considerably during the first few minutes of bath entry.
In addition, comparing the alginate mesh size (~ 10-100 nm
depending on the polymer solution and gelation bath
concentration®®) and the size of unswollen Carbomer macromole-
cules (average diameter ~ 20-410 nm depending on the molecular
weight’®) suggests that Carbomer diffusion is unlikely to happen.
Instead, the decrease in the size of particles can be attributed to
shrinkage of alginate after gelation.”® Furthermore, it is known
that Carbomer microgels deswell and precipitate in the presence
of di- and multi-valent ions.>*”""?> Therefore, Ca** ion diffusion
from the gelation bath into the particles can contribute to their
shrinkage by deswelling the Carbomer.

3.2 Effect of 0

Fig. 4 demonstrates the stages of alginate particle production
using C-74.0 and C-102 solutions dripped from a 14G nozzle
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angled at 6 = 60°, 0 = 30°, or 0 = 0° into a 2 wt% CaCl, bath.
As mentioned earlier for the case of 6 = 90°, the residual fluid
attached to the nozzle tip retracts and becomes unyielded
quickly after a droplet pinches off. For a tilted nozzle, when
fresh fluid is extruded out, the filament initially follows a
trajectory in the direction of nozzle tip. However, it quickly
yields locally, bends downward, and rotates underneath the

nozzle above a critical length of ~ /6,Dy/(p,¢cos(0)) due to the

action of a gravitational moment which overcomes the yield
stress.”® Note that the filament tip remains unyielded. After the
filament collapses toward the vertical direction, it continues
growing until its weight exceeds o, . and the droplet pinches
off. After pinch-off, and during the free fall, the droplet buckles
plastically with a degree inversely proportional to 0, due to its
asymmetric geometry. For C-74.0 solution dripping at 0 = 0°, the
droplet formation stage differs slightly from other configura-
tions (Fig. 4(c), column 1); as soon as the fluid is extruded out
from the nozzle and starts rotating underneath the extrusion
point, the tip of the fluid adheres to the outer wall of the nozzle.
The filament first coils up like a snail shell, and then as the
fluid weight increases, it detaches from the nozzle wall and
pinches off.
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Fig. 4 Effect of 0 on the shape of alginate particles. Particles are formed by dripping C-74.0 (left) and C-102 (right) solutions from a 14G nozzle angled at
(a), (d) 6 =60°, (b), (e) 6 = 30°, or (c), (f) @ = 0°. The columns show different stages of the particle production, final shape of the particles, and histograms of
the projected area diameter, Dy, for the particles. The red scale bars are 5 mm for all images and the corresponding videos are provided in Movie S2 (ESIT).

6852 | Soft Matter, 2022, 18, 6848-6856

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sm00621a

Open Access Article. Published on 31 August 2022. Downloaded on 7/29/2025 4:05:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Paper

The fundamental mechanism for the droplet impact and entry
to the gelation bath for the tilted nozzles is similar to the case of
0 = 90°. However, here the droplets have already buckled during
the formation and free fall, and therefore are prone to further
deformation. When a buckled droplet hits the bath surface, its
lower half enters the bath and an air cavity is initially formed. The
lower half of the droplet remains attached to the cavity, decelerates
significantly, and deforms plastically. The upper half falls with a
higher vertical velocity and bends dramatically over the lower half
as it falls. When the lower half of the droplet is detached from the
cavity, an air bubble sticks to its wall which subsequently detaches
from the droplet or bursts. In some configurations (Fig. 4(b), (e),
and (f)), the two ends of the droplet come together and form a ring
shape. After the droplet pinches off from the bath surface com-
pletely, the upper half of the droplet relaxes back slightly and the
droplet continues sinking in the bath and fully solidifies. The final
shape of the particles and the corresponding size histograms are
depicted in the last column of Fig. 4. Snail shell-like and arc-
shaped particles were produced by changing 0. Occasionally, for
the conditions shown in Fig. 4(e) and (f), the droplet tail sticks to
its head during deformation and maintains its shape, forming a
ring-shaped particle.

3.3 Effect of changing yield-stress material

To investigate the behavior of an attractive network-based yield-
stress fluid and produce a wider range of shaped alginate
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particles, we replaced Carbomer with a different rheological
modifier, xanthan gum. Xanthan gum is a natural polysacchar-
ide produced by Xanthomonas campestris bacterium that can be
used to prepare shear-thinning®® and yield-stress fluids.”
Fig. 5(a) shows the stages of non-spherical alginate particle
production using X-o, viscoplastic solutions. The formation
stage of the X-g, droplets (column 1) is very similar to C-g,
droplets; as oy, increases, the shape of the droplets becomes
more prolate. However, neck length, defined as twice the
distance between nozzle tip and minimum neck diameter
position, increases significantly before the droplet pinches off
(Fig. 5(a), column 2). After pinch-off, X-¢, droplets are longer
than C-g, droplets with similar g, (Fig. 3). The high extensibility
behavior of the X-o, solutions can be attributed to the long-
chain, stretchy, attractive polymer network of xanthan gum
compared to the repulsive-dominated systems with small exten-
sibility such as Carbomer.”® During the free fall, there is no
significant change in the shape of droplets, except the retrac-
tion of the neck filament residue upon pinch-off. The X-5.45
droplets flatten upon impact and entry into the 2 wt% CacCl,
bath, producing an oblate shape that subsequently relaxes back
partially and generates a particle with an egg-like shape. X-12.3,
X-16.4, and X-22.6 droplets buckle as they enter the bath,
similar to the C-g, droplets. After the droplets completely enter
the bath and detach from the bath surface, they partially relax
back towards their initial shape and continue sinking until the

(b) X-22.6 solution dripped at 6
formation
& pinch-off  free fall  impact & entry relaxing

I I I I Ipartldes

0 = 60°

0 = 30°

0=0°

Fig. 5 Using xanthan gum to impart a yield stress. Different stages of particle formation from (a) X-g, solutions dripped from a 14G nozzle positioned at

0 = 90° and (b) X-22.6 solution dripped from a nozzle angled at 0 = 60°, 0 =

30° or 0 = 0° into a 2 wt% CaCl, bath. The red scale bars are 5 mm for all

images and the corresponding videos are provided in Movies S3 and S4 (ESI+). The image contrast of the X-o,, particles has been enhanced to increase the

visibility of the transparent particles.
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C-4.19

C-18.2 C-42.5

. 5 mm

Fig. 6 Images of all particles produced by dripping C-g, or X-g, solutions
from a 14G nozzle positioned at § = 90°, 6 = 60°, § = 30°, or 6 = 0° into
a 2 wt% CaCl, bath. The red scale bar is 5 mm for all images. The
image contrast has been enhanced for X-g, particles to increase their
visibility.
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crosslinking reaction is complete. The final shape of X-o,
particles at their equilibrium swollen state are shown in the
last column of Fig. 5(a).

The effect of nozzle orientation on the shape of alginate
particles made from X-22.6 solution is demonstrated in Fig. 5(b).
Droplets with a rounded tip and a large tail (tadpole-shape) are
generated for 0 = 60° and are further buckled after bath entry.
By decreasing the angle to 0 = 30°, the droplet tip becomes larger
and the tail length decreases. At 0 = 0°, the X-22.6 solution’s
behavior is similar to the C-74.0 solution. The droplet tip attaches
to the nozzle wall and the droplet coils up at the nozzle tip. As the
fluid is extruded, the weight of the droplet increases and it
detaches from the nozzle wall to finally pinch off. The impact,
entry, relaxation, and gelation stages are similar to producing
particles from C-74.0 and C-102 solutions using a tilted nozzle tip.
The final shape of particles are depicted in the last column of
Fig. 5(b). It can be seen from Fig. 5 that the sizes of X-g, particles
are considerably larger than the initial droplets. This suggests
that, unlike C-oy, particles, X-o, particles swell in the bath during
crosslinking and their water uptake continue increasing after
transferring them into DI water. In addition, X-g, particles are
larger and more transparent compared to the opaque C-g, parti-
cles (Fig. 6) and their transparency increases over time in DI water.
Note that the image contrast of X-o, particles has been enhanced
in Fig. 5 and 6 to increase the visibility of the transparent
particles. As mentioned earlier, the shrinkage behavior of C-g,
particles is due to alginate crosslinking and Carbomer microgel
deswelling and precipitating in the presence of Ca** ions. Carbo-
mer precipitation also gives rise to the white nontransparent
appearance of the C-g, particles. However, X-), particles become
more transparent as their water uptake increases.

1 lre
€ (a) droplets (b) droplets 8 (c) particles . (d) particles
0.8l . 08},
.0 [ ] 2 "
=6 =6 -e-C-0y, 0 =90° .
é . . 0.6 é . ~0~X—0'y, 9=90° 0.6
ER Zod & P Zod .
S R £ N Y R
-o-C-0y, 0=90° 9 B v L 9 ® o
2 -e-X-0,, 0 =90° 0 ° ey 2. ° 0 °
0 0
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
oy (Pa) o, (Pa) o, (Pa) o, (Pa)
1 1
8 (e) droplets (f) droplets 8 % (g) particles (h) particles
0.8 s el 08 o
rapn e ° —_ o | | - [y
e 06 56 ol ¥ s
K ks A = : = > °
0.4] :-ig. < B 0.4
o C-74.0 e Q4 8 g o
-e- C-102 e g
i X2 0.2 L DT e C-74.0 -o C-102, arc 0.2
2 e X226 . -3 92le X-226 o C-102, ring )
0 30 60 90 0 30 60 90 0 30 60 90 0 30 60 90
() () 0 () 0 ()

Fig. 7 Projected area diameter, Dp, and Feret ratio, ¥, versus (a), (b) o, for droplets, (c), (d) g, for particles, (e), (f) 0 for droplets, and (g), (h) 0 for particles.
Each data point is the average of 3 trials and the error bars (not shown) are smaller than the marker size. Dotted lines are used as a guide for the eyes.
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Fig. 7 depicts the analysis of the size and shape of the
viscoplastic droplets and crosslinked particles in their equili-
brium swollen state. We use two parameters for our analysis:
projected area diameter, D,, and the Feret ratio, y, defined as
the ratio of minimum to maximum Feret diameter. Fig. 7(a)-(d)
shows that D, increases with o, for both droplets and particles.
However, the Feret aspect ratio, i, decreases from = 1 for the
semi-spherical C-4.19 particles to ~ 0.2 for C-102 particles.
Thus, as o, increases, the droplets and particles become larger
and more prolate. Fig. 7(e) and (h) show that D, does not
change significantly with 0 for the droplets and particles (except
that the snail-shell shapes produced at 0 = 0° from C-74.0 and
X-22.6 solutions have a larger D,). In addition, , which in this
case is a measure of degree of buckling, decreases with 6 for
both droplets and particles, with the highest value for the ring-
shaped particles. An interesting observation in this figure is the
size of swollen particles compared to the uncrosslinked dro-
plets which we discussed qualitatively in the previous sections.
C-o, particles shrink in size after the crosslinking reaction is
complete, while X-¢,, particles swell. We found that the degree
of shrinkage and swelling increases with ¢, for C-¢, and X-o,
particles, respectively (see Fig. S2, ESIT).

Our experiments did not show a substantial change in shape
and size of the alginate particles by increasing the CaCl, bath
concentration from 2 to 10 and 20 wt% (Fig. S3, ESI{), con-
sistent with previous work on the effect of CaCl, concentration
on the morphology of tail-shaped alginate particles.*®

4 Conclusions

We report a new method that leverages the flow features of
viscoplastic fluids to produce shape-engineered alginate parti-
cles. A viscoplastic solution composed of sodium alginate and
a yield-stress material (either Carbomer or xanthan gum)
is dripped into a CaCl, gelatin bath, where the droplet is
subsequently deformed and crosslinked. We find that the
morphology of viscoplastic droplets and alginate particles is
significantly affected by the yield stress of the solutions, g,
nozzle tip orientation with respect to the horizontal direction,
0, and type of the yield-stress material. We explain our observa-
tions in terms of (i) a scaling analysis of the forces exerted on
the droplet at different stages of particle production, (ii) a
competition between the time scales of the viscoplastic fluid
relaxation and the crosslinking reaction in the gelation bath,
and (iii) the physico-chemical properties of the yield-stress
material. We demonstrate that this method can produce uni-
form mm-sized alginate particles with a variety of shapes
resembling spheres, eggs, rice grains, arcs, rings, snail shells,
tears, and tadpoles. Our technique will find application in
pharmaceutical, food, and cosmetic industries that can benefit
from non-spherical particles. Future studies will focus on:
(i) producing a wider range of morphologies, (ii) exploring
how other parameters, such as impact velocity, alter the shape
of particles, and (iii) optimizing our technique to produce non-
spherical micron-sized alginate particles.

This journal is © The Royal Society of Chemistry 2022
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