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1. Introduction

Continuous production of uniform chitosan beads
as hemostatic dressings by a facile flow
injection method

#°¢ Qin Gui® and Hu Yang () *°%¢

Boxuan Li, & +°° Juan Wang,
In this work, we developed a facile flow injection method to fabricate chitosan beads of uniform size in
a continuous manner and assessed their properties as hemostatic dressings. Chitosan was dissolved into
the ionic liquid 1-ethyl-3-methylimidazolium acetate (EMIM Ac) to form a solution, and then the
chitosan/EMIM Ac solution was flow injected into ethanol to form beads of uniform size. The formed
chitosan beads were obtained following the exchange of ethanol solvent with water and freeze-drying.
The overall process is ecofriendly and scalable without acid/alkali treatment or the use of cross-linking
agents. The morphology, swelling, and cytotoxicity of the chitosan beads were characterized. The blood
coagulation and whole blood clotting kinetics of the chitosan beads were also studied. The chitosan
beads have a significantly high swelling capacity. They can absorb 30 times as much water and 40 times
as much PBS/0.9% NaCl solution as their dry mass. Cytotoxicity was not observed on NIH3T3 fibroblast
cells after 24 h- or 48 h-incubation, when the concentration of the chitosan beads was 1.2 mg mL™* or
lower. Pig whole blood quickly lost its flowability in 10 min after the blood (1 mL) was incubated with
1 mg of chitosan beads. The whole blood clotting kinetics results showed that the chitosan beads
efficiently caused the pig whole blood to clot with the absorbance of red blood cells (RBCs) dramatically
reduced in 20 min and further reduced in 1 hour. The chitosan beads were shown to be biocompatible
with excellent hemostatic properties. This work can apply a simple method to prepare chitosan beads for
trauma hemostasis and broaden chitosan processing such as continuous manufacturing and 3D printing.

dissolving chitosan in acids and precipitating in alkalis. Many
small molecules/macromolecules are involved in cross-linking.

Chitosan has broad biomedical applications and has been used
in the form of a scaffold, fiber, film, and foam.'™° Chitosan-
based antibacterial and hemostatic wound dressings have been
approved by the Food and Drug Administration (FDA).'! In
particular, chitosan beads have received considerable attention
for their use in the fields of drug delivery, protein release, adsorp-
tion and so on.””™® Due to the macromolecular hydrogen-bonded
network of chitosan, chitosan beads are usually prepared by
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The process is tedious, and the acid and alkali residuals or
cross-linkers may affect the biological properties of chitosan
materials.

The preparation of chitosan materials by adjusting the
chitosan hydrogen-bonded network itself in plain water is an
eco-friendly way for its biomedical applications, which needs
critical safety demand. Ionic liquids (ILs) are environmentally
benign solvents as they have features such as non-volatility,
thermal and chemical stability, and ease of recycling.”2° Many
water-miscible ionic liquids can dissolve nature-based polysac-
charides. It opens an opportunity to use them as media for
breaking and rebuilding the hydrogen-bonded network of chit-
osan in plain water.*** Recently, we developed an eco-friendly
method to prepare plain water-based chitosan solution.* In the
method, we first solubilize chitosan in an ionic liquid, freeze the
chitosan/IL system, and then subject it to extensive solvent change
with water to remove the IL. The method provides a new approach
to fabricate chitosan products. A drug-loaded chitosan film has
been prepared with the plain-water based chitosan solution for
improved drug delivery.”* In this work, we went on to develop a
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method to fabricate chitosan beads by integrating continuous
flow injection into the process. In particular, chitosan/IL solution
is flow injected into ethanol to form beads and remove IL, which
is then washed with water and freeze-dried. The overall process is
ecofriendly and potentially allows for large-scale continuous
production. The morphology, swelling, cytotoxicity, blood coagu-
lation, and whole blood clotting kinetics of the resulting chitosan
bead were studied for its performance assessment as a potential
hemostatic dressing. The chitosan products prepared by this
method do not require acid/alkali treatment or the use of cross-
linking agents, more appealing for biomedical applications.

2. Materials and methods

Materials

High molecular weight (HMW) chitosan (310 000-375 000 Da),
ionic liquid 1-ethyl-3-methylimidazolium acetate (EMIM Ac,
>95.0%) and WST-1 assay were purchased from Sigma-
Aldrich. Ethanol, phosphate-buffered saline (PBS, 1x, pH
7.4), sodium chloride (NaCl), and calcium chloride (CaCl,) were
purchased from Thermo Fisher Scientific. Water was ultra-
purified by deionization and filtration before use. Pig whole
blood (collected following the United States Department of
Agriculture (USDA) guidelines with 3.8% anticoagulant sodium
citrate solution at 1: 10 dilution) was purchased from Pel Freez
Biologicals.

Preparation of chitosan beads

Chitosan (HMW) was dissolved into ionic liquid EMIM Ac
at ~115 °C to prepare a solution at a concentration of
20 mg mL™". The chitosan/EMIM Ac solution was then injected
into ethanol through a syringe with a 0.33 mm inner-diameter
needle at room temperature. The injection speed was set at
10 mL h™" controlled using a syringe pump (KD Scientific KDS
270, USA). The resulting beads were kept in ethanol overnight
and washed with ethanol three times to remove ionic liquid
completely. Then the chitosan beads were washed with water
three times to allow solvent exchange between ethanol and
water in 30 min. Finally, the hydrated chitosan beads were
freeze-dried to obtain anhydrous chitosan beads. The sizes of the
chitosan beads were measured by using the Image] software.*

Scanning electron microscope (SEM)

SEM images of chitosan beads were taken under a scanning
electron microscope (Hitachi FE-SEM Su-70 and S-3400N,
Japan) after being sputter-coated with gold-platinum for 90 s.

Swelling

Lyophilized chitosan beads were pre-weighted as W, and then
immersed and incubated at 37 °C in 1 mL of water, PBS (pH
7.4), or 0.9% NaCl aqueous solution, respectively. At predeter-
mined time points of 0.25, 0.5, 1, 2, 4, 6, and 24 h, the hydrated
chitosan beads were weighed as W,. The swelling ratio (%) is
calculated as (W, — W,)/W, x100.
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Cytotoxicity

The cytotoxicity of chitosan beads was evaluated in NIH3T3
mouse embryo fibroblast cells by WST-1 assay as previously
reported.”® Briefly, NIH3T3 cells were seeded in 24-well plates
at a density of 1 x 10° cells per well. After cell attachment,
chitosan beads were added to each well at a density of 0.4 mg mL ™",
0.8 mg mL™", and 1.2 mg mL™", respectively. After 24 h and
48 h incubation, the cell viability was tested on WST-1 assay
using a microplate spectrophotometer.

Blood coagulation tests

Chitosan beads (1 mg, 2 mg, and 5 mg) were added to 1 mL of
pig whole blood as-purchased with an anticoagulant in a 37 °C
water bath. Time was recorded right after the addition of 50 pL
of 0.1 M CaCl, aqueous solution to the mixture. The tube was
tilted every 30 s to observe if the blood was gelatinized. The
clotting time was recorded when the blood completely lost
flowability.””

Whole blood clotting kinetics

Clotting of 1 mL of pig whole blood was initiated by adding
50 pL of 0.1 M CaCl, aqueous solution. The initiated blood
(100 pL) was immediately added to a tube containing 1 mg,
2 mg, or 5 mg of chitosan beads maintained at 37 °C. At each
time point of 5, 20, 35, and 50 min, 3 mL of water was added to
each tube for 5 min to lyse red blood cells (RBCs), which were
not trapped within the blood clot. The diluted hemoglobin released
from the lysed RBCs was added to a 96 well plate (200 pL per well)
in triplicates for each sample and time point. The absorbance
at 540 nm was recorded using a microplate reader.>®

Statistical analysis. The data were reported as means =+
standard deviation (SD). Student’s t-test was conducted for
statistical analysis. P values less than 0.05 were considered
statistically significant.

3. Results and discussion

The flow injection process for the fabrication of chitosan beads
is shown in Fig. 1. A dissolution process is the first step, in
which chitosan (HMW) is solubilized in ionic liquid EMIM Ac at
115 °C. Flow injection is subsequently carried out as the
chitosan/EMIM Ac solution is dropwise injected to ethanol to
form spherical chitosan beads. The resulting chitosan beads
are collected, washed with ethanol, and then engaged in the
solvent exchange process in water. Finally, freeze-drying is
followed to dry chitosan beads.

The flow injection system is simple to set up and enables the
bead fabrication process to be carried out easily. It is composed
of a syringe pump and a receiver filled with ethanol, which is
positioned on a magnetic stirrer (Fig. 2a). Continuous produc-
tion of transparent pale yellowish chitosan beads with a dia-
meter of 2.5 & 0.2 mm is enabled as chitosan/EMIM Ac solution
is dispensed into ethanol at a controlled rate (Fig. 2b). The
hydrogen-bonded network of chitosan macromolecular chains
is disrupted by ionic liquid EMIM Ac through the dissolution

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic illustration of the fabrication of chitosan beads through a flow injection process.
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Fig. 2 The flow injection system setup and monitoring of chitosan beads throughout the process. (a) Flow injection experimental setup. (b) Chitosan
beads produced upon the injection of chitosan/EMIM Ac to ethanol. (c) Chitosan beads after ethanol wash. The appearance of chitosan beads following
ethanol wash for various lengths of time, i.e., 10 min (d), 30 min (e), and overnight (f) and subsequent 30 min solvent exchange with water.

process.>> When chitosan/EMIM Ac is added to a nonsolvent
like ethanol, chitosan/EMIM Ac drop immediately collapses
and stabilizes in spherical shape. As the ionic liquid EMIM
Ac was washed out with ethanol and the hydrogen-bonded
network was rebuilt, the chitosan beads gradually turned white
(Fig. 2c). The chitosan beads retrieved from the ionic liquid
maintained relatively stable shape and size (2.6 = 0.1 mm) in
ethanol.

The subsequent shape-maintenance of chitosan beads in
water depends strongly on its hydrogen-bonded network
rebuilding through the ethanol-based washing process. It is
especially important to control the duration of the ethanol
washing before the solvent exchange with water. If we directly
injected chitosan/EMIM Ac into the water without ethanol
processing, we could only get a chitosan water solution. This
is because the amine groups of chitosan would be gradually

This journal is © The Royal Society of Chemistry 2020

protonated during the solvent exchange process from ionic
liquid EMIM Ac to water.”® It reduces the cross-linking effect
from the hydrogen-bonding interactions of chitosan through
electrostatic repulsion. A water-based gel-like solution of chit-
osan would form, which was also observed in our previous
study.”® When the ethanol washing step was less than 10 min,
the ionic liquid largely residues in chitosan beads, and there is
no shaped chitosan material left after removing the washing
water for 30 min solvent exchange with stirring (Fig. 2d).
Extending ethanol washing to 30 min helped preserve chitosan
beads (4.2 & 0.2 mm) (Fig. 2e). To further eliminate the effect of
ionic liquid residues, we prolonged the ethanol washing over-
night, during which ethanol was refreshed three times. As a
result, the chitosan beads were maximally preserved in water
despite that their size increased to 4.6 + 0.5 mm due to swelling
(Fig. 2f).>* In this process, the hydrogen-bonded network of
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Fig. 3 Proposed chitosan macromolecular chain formation from chitosan powder, chitosan/EMIM Ac solution and formed chitosan bead in ethanol and water.

chitosan was broken by the dissolution of EMIM Ac and
successfully rebuilt as a cross-linking effect for the chitosan
beads in ethanol. This cross-linking effect has largely remained
after the subsequent solvent exchange process with water. A
micron-sized bulky structure—chitosan bead was formed in
water by the cross-linking effect of chitosan hydrogen-bonding
interactions itself (Fig. 3).

The freeze-dried chitosan beads appear as solid white par-
ticles (Fig. 4a) and have an average size of 3.5 + 0.4 mm
(Fig. 4b). The surface of the chitosan bead shrunk and formed
a compact wrinkled microstructure (Fig. 4c), which is typically
seen in freeze-dried materials.>® The internal microstructure
appears to be porous (Fig. 4d). The swelling behaviors of dehy-
drated chitosan beads were studied in water, PBS, and 0.9% NaCl
solution equilibrated at 37 °C. As shown in Fig. 5, chitosan beads

Fig. 4 Photograph and SEM images of freeze-dried chitosan beads. (a)
Photograph of chitosan beads. SEM images of a whole chitosan bead (b),
the surface morphology (c), and the internal structure (d) of chitosan bead.
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reached swelling equilibrium within 60 min regardless of the
medium type. Chitosan beads absorbed 30 times as much water
as their weight. More impressively, they absorbed nearly 40 times
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Fig. 6 Cytotoxicity of chitosan beads to NIH3T3 cells. n.s. indicates not
significant.
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mL) coagulated upon the addition of 1 mg of chitosan beads. Left panel:

Untreated pig whole blood; right panel, the blood stopped flowing after 10 min treatment with chitosan beads. (b) Pig whole blood clotting kinetics

induced by various amounts of chitosan beads.

as much PBS or 0.9% NaCl solution as their weight. The
significantly high swelling capacity of the chitosan beads is
attributed to their high hydrophilicity and porous microstruc-
tures. The chitosan beads were shown to have much higher
swelling in PBS and 0.9% NaCl solution due to their higher
affinity to salt solutions.>*™"

The chitosan beads were shown to possess excellent cyto-
compatibility. NIH3T3 fibroblast cells did not experience viabi-
lity reduction following 24 h or 48 h incubation with chitosan
beads within the concentration range of 0.4 and 1.2 mg mL ™"
(Fig. 6). Given the utility of chitosan-based materials for wound
healing and hemostasis,”*”**** we tested the hemostatic
properties of the chitosan beads prepared by us. Pig whole
blood quickly lost its flowability in 10 min upon the addition of
1 mg chitosan beads to 1 mL of the blood (Fig. 7a). None-
theless, higher amounts of chitosan beads (2 or 5 mg) did not
seem to accelerate blood coagulation. The whole blood clotting
kinetics induced by chitosan beads was further studied. The
absorbance is indicative of the number of red blood cells
(RBCs) not trapped within the clot. Therefore, the absorbance
of RBCs is used to monitor clotting kinetics. Chitosan beads
efficiently caused the pig whole blood to clot, as evidenced by
the dramatic reduction in RBC absorbance in 20 min and a
further reduction in 1 hour (Fig. 7b). Similar whole blood clotting
kinetics was observed among the three treatment groups, consis-
tent with blood coagulation test results.

Our preliminary assessment supports the potential use of
chitosan beads as hemostatic dressings prepared using this
simple ecofriendly flow injection method. Based on this
method, it is possible to prepare chitosan beads of different
sizes by adjusting injection parameters, e.g., the needle gauge,
flow rate, stirring speed, and rheological properties of chit-
osan/IL systems. Chitosan beads can be used to deliver drugs.
For instance, water-soluble drugs can be loaded on chitosan
beads through surface adsorption, and water-insoluble or
sparingly soluble drugs can be blended into chitosan during
the dissolution by ionic liquids.**** The ionic liquid can be
recycled and reused for reducing the overall manufacturing
cost. Taken together, this simple continuous flow injection

This journal is © The Royal Society of Chemistry 2020

method provides a new opportunity to fabricate scalable chitosan-
based biomedical materials and drug-loaded formulations.

4. Conclusions

In this work, we developed a simple flow injection method that
enables the continuous production of chitosan beads of uni-
form size. Chitosan is first dissolved in ionic liquid EMIM Ac
and injected into ethanol at a controlled rate using an infusion
pump for bead forming, followed by solvent exchange with
water and freeze-drying. The resulting chitosan beads have
uniform size and porous microstructures. Chitosan beads
possess high swelling capability and good biocompatibility.
They are capable of efficiently inducing blood coagulation
and clotting and have the potential use as hemostatic dressings
for trauma hemostasis. This flow injection method provides a
new way to fabricate chitosan products in a continuous man-
ufacturing fashion.
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