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Abstract: Electrospraying is a technique used to generate microparticles in a high throughput manner. For biomedical applications,
a biocompatible electrosprayed material is often desirable. Using polymers, such as alginate hydrogels, makes it possible to create
biocompatible and biodegradable microparticles that can be used for cell encapsulation, to be employed as drug carriers, and for use
in 3D cell culturing. Evidence in the literature suggests that the morphology of the biocompatible microparticles is relevant in controlling
the dynamics of the microparticles in drug delivery and 3D cell culturing applications. Yet, most electrospray-based techniques only
form spherical microparticles, and there is currently no widely adopted technique for producing non-spherical microparticles at a high
throughput. Here, we demonstrate the generation of non-spherical biocompatible alginate microparticles by electrospraying, and
control the shape of the microparticles by varying experimental parameters such as chemical concentration and the distance between
the electrospray tip and the particle-solidification bath. Importantly, we show that these changes to the experimental setup enable the
synthesis of different shaped particles, and the systematic change in parameters, such as chemical concentration, result in monotonic
changes to the particle aspect ratio. We expect that these results will find utility in many biomedical applications that require

biocompatible microparticles of specific shapes.
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1. Introduction

Microparticles have found applications in a variety of different fields, including applications in
pharmaceutical, food, pesticides, cosmetic industries, as well as biotechnological applications, for instance
cell encapsulation for three-dimensional cell culturing for tissue engineering purposes.!* Specifically,
biodegradable and biocompatible microparticles are useful for drug delivery applications because of their
unique features such as their small size, drug encapsulation ability, bioavailability, reduced toxicity, and
minimized adverse health effects in comparison to conventional drug delivery methods.® These polymer
drug carriers are often made with various biodegradable polymers,® such as alginate. As a polysaccharide,
alginate is one of the most used materials in applications such as the encapsulation of drugs, proteins,

insulin, and cells in particles,[”-® in regenerative medicine,*° 3D culture,**-*4 and tissue engineering.%!

The vast majority of research on drug delivery particles only use particles that are spherical.l°16-18]
However, recent evidence in the literature suggests the emergence of the morphology of drug carrying
particles as an important parameter controlling the mechanism of drug delivery.®8 Namely, the shape of
non-spherical particles affects the movement of particles in the presence of flow,"® and particle morphology
impacts the drug release’s pharmacokinetics,*® the mechanics of the drug carrier's transportation and

circulation inside the body,?%2% and the targeting ability of the particles as drug delivery vehicles.[!

Despite the fact that the morphology of alginate-based particles significantly affects the drug delivery
mechanism, there are only a handful of manufacturing methods developed to tune the shape of alginate
microparticles. Also, for gravity-driven droplet impact into calcium chloride baths, it is known that the impact
energy, fluid viscosity, and surface tension all contribute to determine the final size and the shape of
fabricated particles.’>>4 The generation of non-spherical microparticles is possible using synthetic
techniques such as lithography,?>-28 photopolymerization,?>-27-2% and microfluidics.?>-? However, barriers
to generating shape-controllable alginate microparticles still persist. For example, combining microfluidics
and photopolymerization is a well-developed technique to make highly tunable non-spherical particles.?>-
21.29-311 However, it is difficult to apply this method to generate non-spherical alginate microparticles because
alginates need to be modified to be photocrosslinkable.®2 Other methods that make non-spherical
microparticles are challenged by low throughput (for example, O(1-100) particles per second),34 and

some cannot create microparticles that are less than hundreds of microns in diameter.[?4

Here, we describe a new method, based on electrospraying, to manufacture non-spherical alginate
microparticles. Electrosprays are able to generate microparticles at rates up to 4x10° particles per
second,® so this new method should overcome the low-throughput challenges associated with current
techniques used to make non-spherical microparticles.** Our technique achieves alginate microparticles
with tunable shapes, by adjusting several electrospray experimental parameters. Namely, we adjust the
chemical initiator concentration of the liquid bath, and the distance from the metallic ring of the electrospray
system to the free-surface of the liquid bath below. The liquid-air surface tension and liquid viscosities also
play a role in controlling the resulting particle shape.¥! However, these variables are kept constant in our
experiments (The values of these variables are provided in Tables S1 and S2 in Supporting Information).



In this manuscript, we first report our experimental observation of the different alginate microparticle
morphologies achievable with our electrospray setup. We build a phase diagram of the possible particle
shapes by systematically changing two experimental parameters: the chemical initiator concentration in the
liquid bath and the distance from the metallic ring to the free surface of the bath. We also show that, for
hemispherical shape microparticles, the particle aspect ratio—the particle height divided by its base—is
controllable by the two experimental parameters. We further demonstrate that the action of stirring the liquid
bath enables an additional interesting morphology—microparticles that have tail-like features whose
curvature changes with the liquid stir rate. Finally, we demonstrate that the technique can be applied to
make magnetizable non-spherical particles, and cell encapsulating non-spherical microcapsules. We
anticipate that this approach to make non-spherical alginate microparticles will be able to address
biomedical needs, including improving the efficacy of drug delivery, and enabling cell encapsulation and

3D cell culturing.

2. Results and Discussion

2.1 Controlling the particles’ morphology

1wt% CaClz2 25wt% CaCl2 5wt% CaClz 7.5 wt% CaClz 10 wt% CaCl2

Lb=20mm Lb=3 mm

| m

Qe

Figure 1 | Particle shape controlled by electrospray properties. a) Tadpole-like microparticles are generated when the ring-to-

bath distance L, = 3 mm and the calcium chloride concentration C = 1 wt%. b-d) In all other cases in our experiments, where the
calcium chloride concentration C < 2.5 wt%, we obtain cupcake-like particles. e-j) Hemispherical shaped particles are produced when
the calcium chloride concentration C = 5 wt%. In all of these experiments, the voltage of the electrospray, and the flow rate of the
pump are fixed at 5 kV and 0.1 mL/hr, respectively. Scale bar represents 150 um. lllustrations that more clearly show what we define

as k) tadpole-like, 1) cupcake-like, and m) hemispherical shape microparticles.

The morphology of microparticles is important in controlling the efficacy of drug delivery and 3D cell
culturing.® Figure 1a-1j shows microscopic images of microparticles formed using our electrospray setup,
with corresponding values of the ring-to-bath distance, Ly, and liquid bath calcium chloride concentration,
C. We observe tadpole-like (Figure 1k), cupcake-like (Figure 1I), and hemispherical shape (Figure 1m)



microparticles, depending on our experimental values of the ring-to-bath distance, L,, and liquid bath
calcium chloride concentration, C.

Notably, the tadpole-like and cupcake-like microparticles only form when the calcium chloride concentration
C < 5 wt%. Tadpole-like shape particles occur when the ring-to-bath distance Ly is low. When Ly, is high,

cupcake-like particles form.

2.2. Controlling the aspect ratio of hemispherical microparticles

=
1
.
TS
.
.
.
S
®
°

-
n
*
*
*
*
*
L J

Concentration of calcium chloride C (wt%)

N
)
@
L
L
[ ]
]
[ ]

A ® ® ® ® ®

1 i 1 M L L L " 1

0 5 10 15 20 25
Ring-to-bath distance Ls (mm)

Figure 2 | Different types of alginate microparticles. A phase diagram of the generated calcium-alginate particles illustrates
differences in particle shape as a result of changing the calcium chloride concentration C, and the ring-to-bath distance L,. We find
that the electrospray setup generates hemispherical particles as long as calcium chloride concentrations C = 5 wt%. When calcium

chloride concentration C < 5 wt%, we observe tadpole-like particles or cupcake-like particles.

The phase diagram in Figure 2 shows that when the liquid bath calcium chloride concentration C = 5 wt%,
our system produces only hemispherical microparticles. Our hypothesis is that, increasing the chemical
initiator concentration, C, of the liquid bath, increases the alginate-calcium gelation rate. Therefore, when
the alginate droplets from the electrospray impact the free surface of the bath, they deform such that the
bottom side of the droplets flatten, and the immediate gelation of the alginate droplets “freezes” the droplets’
hemispherical shapes (Figure le — 1j). (Further details of our hypothesis on the formation mechanism of
hemispherical particles is discussed in Supporting Information, and shown in Figure S1.) In this regime, we
define the particle aspect ratio Q = h/b, where h and b are the height and base length of the hemisphere,
respectively (Figure 3a). In order to distinguish between different microparticle shape regimes, we define a
Shape Index Sl = h-d/h+d, where d is the effective diameter of the microparticle. When SI < 0, the fabricated
microparticles are defined to be of hemispherical shape. For SI > 0, we observe both tadpole-like and

cupcake-like particles. To differenciate between tadpole-like and cupcake-like particles, we further define a



Normalized Tail-Length TL = w/d, where w is the width of the tail. When TL < 0.5, tadpole-like microparticles
are formed, and when TL > 0.5, cupcake-like microparticles are produced (Further details of how the shapes
are defined are discussed in Supporting Information).

Figure 3b shows that increasing the calcium chloride concentration C results in decreasing aspect ratio Q.
There is also a nearly monotonic decrease of the aspect ratio Q with increasing ring-to-bath distance Ly.
The decrease in aspect ratio Q indicates that the hemispheres are flatter. Larger ring-to-bath distances L,
also result in more repeatable control of particle shape, as indicated by the aspect ratio O's smaller error

bars.
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Figure 3 | Hemispherical particle aspect ratio Q = h/b controlled by the liquid bath calcium chloride concentration C and the
ring-to-bath distance Ls. a) Q is defined as the ratio between the height h of the hemisphere and its base length b. b) A plot of the
resulting hemispherical particle aspect ratio Q versus the calcium chloride concentration C. Different symbols represents distinct
values of the ring-to-bath distance L. Increasing the ring-to-bath distance L, for a particular calcium chloride concentration C results
in a nearly monotonic decrease in particle aspect ratio Q. Increasing the calcium chloride concentration C, while fixing the ring-to-bath

distance L, also results in a nearly monotonic decrease in Q. Error bars indicate one standard deviation in a sample size of 20 particles.

2.3. Generating microparticles with curved tails



An additional parameter that we can adjust in our electrospray setup is the flow of the liquid in the calcium
chloride bath. In normal conditions, the liquid bath is static, however, we can simply use a magnetic stirrer
to controllably create a flow in the liquid bath. As a proof-of-concept demonstration, we conduct an
experiment using a ring-to-bath distance L, = 10 mm, and a calcium chloride concentration C = 10 wt%,
while stirring the bath. We generate different degrees of flow in the liquid bath by tuning the rotational rate
of the magnetic stirrer in the bath at 50, 250, and 500 rpm.

50 rpm 250 rpm 500 rpm
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Figure 4 | The effect of stirring the liquid bath. We use a magnetic stirrer to create a flow in the liquid bath. Here, the ring-to-bath
distance L, = 10 mm, and calcium chloride concentration C =10 wt%. As the magnetic stirrer rotation rate increases from a) 50, b)

250, to ¢) 500 rpm, the curvature of the resulting particle increases. Scale bar represents 150 pum.

Interestingly, we observe that the liquid bath flow results in the production of tear-shaped particles (Figure
4). When we increase the fluid flow by increasing the magnetic stirrer's rotational rate, we observe
qualitatively, that the microparticle tails’ curvature increases. We hypothesize that this curvature is

influenced by the magnitude of shear stresses exerted on the micropatrticle, by the flow in the bath.

2.4, Generating non-spherical magnetizable microparticles
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Figure 5 | Magnetic particles. Fabrication of magnetic microparticles using magnetic beads. The ring-to-bath distance is fixed at L,

=20 mm, and two different calcium chloride concentrations a) C = 5 and b) C = 10 wt% are used, resulting in different particle aspect



ratios Q. c) A sequence of images showing that an external magnetic field from a moving permanent magnet causes a particle to

rotate. Scale bar represents 150 um.

Our technique can also be adapted to create microparticles that have the added functionality of
magnetizability. Figure 5 shows magnetized non-spherical microparticles fabricated using our electrospray
technique. Here, we add carboxylate-modified magnetic beads to the alginate precursor solution. As a
proof-of-concept, we perform two sets of experiments with calcium chloride concentrations C = 5 and 10
wt%, and a ring-to-bath distance L, = 20 mm, while keeping all other parameters constant.

The fabricated magnetic microparticles are able to preserve the non-spherical shape of microparticles
without magnetic function (Figure 5). These particles are magnetizable, and rotate in the presence of a
moving magnetic field (see Figure 5 and also Supporting Information, Movie 1). This electrospray technique
is therefore applicable to manufacturing magnetizable non-spherical particles at high throughput, for

magnetic separation schemes.®

2.5, Cell encapsulation

5 wt% CaCl2 7.5 wt% CaClz2
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Figure 6 | Cell encapsulation. BT-474 breast cancer cells encapsulated in hemispherical microparticles using our electrospray
technique. Here, the ring-to-bath distance is fixed at L, = 20 mm, and we use two different calcium chloride concentrations, a) C = 5

and b) C = 7.5 wt%. Scale bar represents 150 um.

Figure 6 illustrates the encapsulation of breast cancer cells in non-spherical micropatrticles. The suspension
of cells in alginate is sprayed into the bath, using our electrospray technique, and upon gelation of the
particle, cells are encapsulated. Cell encapsulation in non-spherical microparticles, such as the ones shown
here, may be desirable for immunoisolation of cells.?-3% This platform has the potential to achieve mass
production of encapsulated cells, while providing control on the size and the shape of the cell encapsulating

vehicles.

3. Conclusions

Even though microparticle shape is an important parameter in determining the effectiveness of drug delivery

and 3D cell culturing, there are very few established methods to generate non-spherical biocompatible



microparticles in a high throughput manner. The electrospray-based technique for producing non-spherical
alginate microparticles, which we describe, provides precise control over the shape of biocompatible
microparticles produced, by simply tuning the experimental parameters of the system.

We demonstrate that the setup’s ring-to-bath distance Ly and the calcium chloride concentration C can both
be used to control the final shape of the microparticles. We show the proof-of-concept production of
particles that have tunable curvature tails, by magnetically stirring the liquid calcium chloride bath. We also
show that the technique can be applied to generate magnetizable and cell encapsulating non-spherical
alginate microparticles. Since electrospray is a method that generates particles at high throughput,54% we
anticipate that this new non-spherical particle generation method will find utility in biomedical applications
that benefit from shape-controlled biocompatible microparticles, such as cell encapsulation, drug delivery,

and 3D cell culturing.

4. Experimental Section

4.1. Chemicals and cells

We prepare the alginate droplet phase solution as 2 wt% alginic acid sodium salt (Sigma-Aldrich Corp., St.
Louis, MO, USA) in deionized (DI) water. The liquid bath phase is made with either 1 wt%, 2.5 wt%, 5 wt%,
7.5 wt%, or 10 wt% calcium chloride dihydrate (Sigma-Aldrich Corp., St. Louis, MO, USA) in DI water. We
pass the alginate solution through a syringe filter that has 0.45 um size pores (Corning Inc., NY, USA) prior
to use, to remove particulates and impurities from the droplet phase. We use 0.945 ym diameter Sera-Mag
carboxylate-modified magnetic speed-beads (Thermo Scientific, Waltham, MA, USA) in experiments that
generate magnetizable non-spherical microparticles. We centrifuge 2 ml of the magnetic bead solution until
form a cluster at the bottom. Then, we remove the liquid content of the magnetic bead solution, add the
alginate solution, and suspend the magnetic beads by mixing the solution. We prepare the magnetic
alginate solution this way so that the alginate concentration is unaltered upon addition of the magnetic

beads.

In cell encapsulation experiments, we use BT-474 breast cancer cells (ATCC, Manassas, VA, USA),
cultured using Dulbecco's modified eagle’s medium (DMEM) with 10% fetal bovine serum (FBS). We
incubate the cells at 37 °C with 5% CO: in a T-25 flask. We measure the concentration of cells by
transferring 10 pL of the cell sample to a hemocytometer (Hausser Scientific, Horsham, PA, USA). The
calculated number of cells is approximately 2.8 x 106 cells per mL. We centrifuge the cells in to remove the
growth medium, and subsequently, we wash the cells with PBS to remove all the remaining DMEM. Then,

we transfer the cells to a 1 mL alginate solution.

4.2, Experimental setup



Alginate

Syringe Pump Glass Capillary

High Voltage Power Supply
(5kV)

Scheme 1 | Schematic diagram of the electrospray system for alginate particle generation. A high-voltage power supply with
low current is used to generate the electric field. The positively charged droplet phase is electrosprayed into a calcium chloride bath
through a tapered glass capillary, to generate particles. The distance between the tip of the glass capillary and the ring is fixed at 1
mm. We adjust the distance between the ring and the free-surface of the calcium chloride bath, Ly, to observe its effects on the

resulting particle shapes.

Scheme 1 shows a schematic diagram of the experimental setup. We use a high-voltage power supply
(Pasco Scientific, Roseville, CA, USA), with a constant voltage of 5 kV, to generate an electric field. The
power supply is connected to a metallic needle on the dispensing syringe through a wire to positively charge
the droplet phase. A metallic ring is also connected to the power supply, which is negatively charged. We
use a constant flow rate syringe pump (Harvard Apparatus, Holliston, MA, USA), set at a flow rate of 0.1
mL/hr, to pump the droplet phase through tubing (Saint-Gobain Corp., Malvern, PA, USA) to a borosilicate
glass capillary (1 mm O.D. and 0.25 mm |.D.; A-M System Inc., Sequim, WA, USA). The tip of the glass
capillary is tapered, using a micropipette puller (Model P-97, Sutter Instruments, Novato, CA, USA), so that
the tip has a diameter of 50 um (x 5 um). The internal and external surfaces of the glass capillary are coated
with triethoxy(octyl)silane (Sigma-Aldrich Corp., St. Louis, MO, USA) to make the surfaces hydrophobic,
which prevents wetting of the glass capillary and achieves smoother and more monodisperse dispensing.

Dispensed droplets pass through the negatively charged metallic ring under the effect of the electric field.
As Scheme 1 shows, the distance between the glass capillary tip and the metallic ring, L = 1 mm. In our
experiments, we investigate the effects on the formation and morphology of the particles by adjusting two
variables: the liquid bath calcium chloride concentration, (C), and the metallic ring to liquid bath surface
distance, (Lv) (Scheme 1). After the particles are formed, we image the morphology and structure of the

particles using an inverted Zeiss optical microscope (Carl Zeiss, Oberkochen, Germany).


https://en.wikipedia.org/wiki/Oberkochen
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