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Incorporating hydrogel particles with the core—shell architecture is a promising route to fabricate colloidal
“smart gels” with tuneable properties. This study reports a facile electrospray-based method to generate
compositionally homogeneous core-shell hydrogel microspheres. By manipulating different process
parameters (e.g., electric field strength, flow rate, and gel-forming polymer concentration), the size of
the microspheres can be tuned from microns to millimetres. Drug release studies demonstrate that
coating the surface of the hydrogel microsphere with a hydrogel layer remarkably prolongs the drug
release sustainability. In 3T3 and HEK293 cells, both the acute and delayed toxicity caused by the
hydrogel microspheres are shown to be negligible. Together with the ease of operation of the
production method, the compositionally homogeneous core—shell microspheres generated by our
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1. Introduction

Hydrogels are three dimensional hydrophilic polymer networks,
which on the one hand can absorb a substantial amount of
fluids and on the other hand are resistant to dissolution.* This
is ascribed to the presence of cross-links among the polymer
chains, as well as to the availability of hydrophilic functional
groups attached to the polymeric backbone.” Over the years,
hydrogels have played an important role in drug delivery
research due to their advantages over many other drug carriers.
For instance, compared to emulsions whose potential use as
drug carriers is commonly impeded by the surfactant toxicity
and droplet coalescence,® hydrogels are relatively stable and
biocompatible. In comparison with liposomes,*® whose
production process is often time-consuming and involves the
use of volatile organic solvents, hydrogels can be generated
simply in an all-aqueous environment. The encouraging prac-
tical potential of hydrogels in drug delivery has already been
evidenced in the preclinical context.”**

Since the turn of the last century, the development of core-
shell hydrogel particles has received an increasing amount of
research attention because incorporating particles with the
core-shell architecture is one of the promising routes to
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method may enhance the versatility and flexibility in future drug delivery.

fabricate colloidal “smart gels” with tuneable properties.*® Till
now diverse methods for the production of core-shell hydrogel
particles have been reported, ranging from seed and feed
precipitation polymerization'” to surfactant-free emulsion
polymerization.*® Other methods such as epitaxy have also been
investigated for the generation of microspheres with the core-
shell structure.' Notwithstanding these advances, most of the
reported methods either necessitate the use of bulky and
complicated instrumental apparatuses, or involve chemical
cross-linking during the process. The former has made proper
translation of the reported methods to practical settings diffi-
cult; whereas the latter has subjected the loaded drugs to side
reactions that may inactivate the therapeutic activity. There is
an urgent need for a search of simple methods to manipulate
the microstructure of hydrogel particles while enabling
minimal interference in the therapeutic action of the loaded
drug.

We have previously adopted the microfluidic electrospray
technology to successfully manipulate the microstructure of
hydrogel particles to generate multicompartment microgels for
co-delivery of incompatible agents.” With the use of light-
emitting cadmium telluride (CdTe) quantum dots (QDs) and
poly(ethylenimine) (PEI) as a model pair, the microgels have
been shown to be able to partition different agents in separate
compartments to minimize the interactions between the co-
delivered agents during the delivery process. The drug release
sustainability in different compartments of a bead has also
been demonstrated to be tuneable by manipulating the hydro-
gel composition to modulate the release profiles of the co-
delivered agents.”® In this study, we further extend the

This journal is © The Royal Society of Chemistry 2017


http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra07568e&domain=pdf&date_stamp=2017-09-14
http://orcid.org/0000-0003-0585-6396
http://orcid.org/0000-0002-8263-8141
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra07568e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007070

Open Access Article. Published on 15 September 2017. Downloaded on 2/26/2026 5:04:06 AM.

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

(cc)

Paper

capacity of microfluidic electrospray, and develop a novel yet
facile method for the fabrication of compositionally homoge-
neous core-shell hydrogel microspheres. The size of the
microspheres can be tuned by simply adjusting the flow rate,
the solution concentration and the electric field strength. Our
approach enables easy generation of core-shell microspheres
with homogenous composition for a wide range of drug delivery
applications.

2. Materials and methods
2.1 Materials

Carboxymethylcellulose (CMC) (sodium salt, M,, = 250 kDa,
1500-3100 cP, degree of substitution = 1.2) was obtained from
Aladdin (Shanghai, China). Methylene blue (MB), calcium
chloride (CaCl,), 3-mercaptopropionic acid (MPA), tetracycline
hydrochloride (TH), alginic acid (Alg) (sodium salt from brown
algae), and various other chemicals were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Dulbecco's Modified Eagle's
Medium (DMEM; Gibco, Grand Island, NY), penicillin G-
streptomycin sulphate (Life Technologies Corporation. USA),
and fetal bovine serum (FBS; Hangzhou Sijiqing Biological
Engineering Materials Co., Ltd., China) were used as the cell
culture medium. Trypsin-EDTA (0.25% trypsin-EDTA) was ob-
tained from Invitrogen.

2.2 Synthesis of CdTe QDs

CdTe QDs were synthesized according to a previously reported
protocol with slight modifications.>* Briefly, a three-necked
flask with 50 mL of distilled water was degassed by N,
bubbling for 20 min. After that, 1 mmol of cadmium acetate
dehydrate and 400 mL of distilled water were added, followed by
the addition of 1.12 mmol of MPA. The pH of the reaction
mixture was adjusted to 10.5 by using a 1 M sodium hydroxide
solution. 50 mL of a sodium tellurite solution (0.44 mg mL™")
containing 10 mmol of sodium borohydride were added into
the solution mixture. The reaction mixture was refluxed at
100 °C under open-air conditions. After reaction, CdTe QDs
were purified by two precipitation-washing-centrifugation
cycles with isopropyl alcohol. The purified CdTe QDs were
finally re-dispersed in deionized water, and stored at 4 °C for
subsequent use.

2.3 Fabrication of the capillary microfluidic device

Cylindrical capillaries (World Precision Instrument Inc.),
having an inner and outer diameter of 0.58 mm and 1 mm, were
tapered using a micropipette puller (P-97, Sutter Instrument,
Inc.). The tips of the capillaries were polished to a diameter of
500 um using a sand paper.

2.4 Preparation of hydrogel microspheres

CMC was dissolved in distilled water to prepare a 4% w/v
solution. The solution was driven by syringe pumps (Model
LSP01-2A, Baoding Longer Precision Pump Co., Ltd.). A high-
strength electric field was formed between the nozzle and
a ground circular electrode connected to a high voltage power
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supply. By increasing the electric field strength, the solution was
ionized, and a tapered tip driven by the electrostatic force was
formed. Afterwards, the jet with the tapered tip shape broke up
into micro-droplets in the high-strength electric field. The
droplets of the CMC solution were collected in a collection bath,
in which a 3% w/v CacCl, solution was added. The calcium ions
(Ca*") cross-linked the micro-droplets to form microspheres.
By replacing the CMC solution with an Alg solution, the same
procedure was applied to generate hydrogel microspheres from
Alg. To load light-emitting QDs or model drugs into the
microspheres, a gel-forming solution was first mixed with CdTe
QDs, MB or TH to a final concentration of 1% (w/v), before the
solution was subjected to the electrospray process. To fabricate
microspheres with the core-shell architecture, 3 mL of a drug-
loaded polymer solution were first adopted to generate hydro-
gel microspheres, which were then suspended in an aqueous
solution of an appropriate gel-forming polymer. The suspen-
sion obtained was introduced into the capillary microfluidic
device, followed by the repetition of the procedure employed to
generate the hydrogel microspheres in the first place.

2.5 Microscopic evaluation of the microspheres

CMC-based hydrogel microspheres were prepared at different
flow rates (950, 1000, 1500, 2000 and 2500 uL h™') and electric
field strength values (2.5, 5, 7.5 and 10 kv cm™'). The
morphology of the microspheres, as well as their size, has been
examined under an inverted microscope (Eclipse Ti-U, Nikon,
Japan). Grayscale microscopic images were acquired using
a CCD camera (CoolSNAP HQ2, Photometrics, USA) attached to
the microscope. Image J was used to analyze the size of the
microspheres. The size recorded was an average of 10
measurements.

2.6 Viscosity measurements

Viscosity measurements were made using a viscometer (LVISC;
RheoSense, San Ramon, CA, USA) at ambient conditions
according to the manufacturer's instructions. The B10 pVISC
chip (60-5000 cP, 100 um flow channel) was used for all
measurements.

2.7 Determination of the drug encapsulation efficiency

After the formation of drug-encapsulated hydrogel micro-
spheres, the CaCl, solution was collected from the collection
bath. The concentration of the un-encapsulated model drug
(viz., MB and TH) was determined using a UV/vis spectropho-
tometer (Varian, Inc., USA) as previously described.”” The drug
encapsulation efficiency was calculated using the following
equation:

Encapsulation (%) = % x 100% (1)

T

where myp, is the mass of the drug encapsulated in the micro-
spheres, and my is the total mass of the drug added during the
drug encapsulation process.
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2.8 Drug release evaluation

Drug-encapsulated microspheres were generated from 3 mL of
a drug-loaded polymer solution. After that, the CaCl, solution
from the collection bath was removed, and 5 mL of phosphate
buffer saline (PBS, pH = 7.4) were added to the microspheres. At
a pre-set time interval, 1 mL of the buffer solution was removed
for testing, and was replaced with 1 mL of PBS. The amount of
the drug released from the microspheres was determined using
a UV/vis spectrophotometer (Varian, Inc., USA) as previously
described.”” The cumulative drug release was calculated using
the following formula:
t
D m

=0

Cumulative drug release (%) = x 100%

2
o @)
where m;, is the mass of the drug released from the micro-
spheres at time ¢, and m.. is the mass of the drug encapsulated
in the microspheres.

2.9 Cytotoxicity assay

HEK 293 and 3T3 fibroblast cells were purchased from ATCC,
and were cultured in the DMEM medium containing 10% FBS,
100 UI mL ™" penicillin, 100 pg mL ™" streptomycin, and 2 mM
t-glutamine. 24 hours before the assay, the cells were seeded in
96-well plates at an initial density of 5000 cells per well, and were
incubated at 37 °C and 5% CO,. When the assay was performed,
the growth medium was replaced with 100 puL of the fresh cell
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culture medium with or without 10% FBS. 10 pL of a solution
containing different amounts (0, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75,
and 2 pg) of the lyophilized microspheres were added to each
well. After 5 hours of incubation at 37 °C, the cell medium was
replaced with 100 pL of the fresh growth medium. The Cell Titer
96 Aqueous One solution cell proliferation assay (MTS assay;
Promega Corp., Madison, WI) was then performed either
immediately or after 24 hours of post-treatment incubation of the
cells. Assays were performed according to the manufacturer's
instructions. The cell viability (%) in each well was determined by
dividing the absorbance value (A490) of the test well by the A490
value of the control well, followed by a multiplication of the
quotient by 100%.

2.10 Statistical analysis

All data were presented as the means + standard deviations of
triplicate experiments. Student's ¢-test was performed to assess
the statistical significance. Differences with a p-value < 0.05
were considered to be statistically significant.

3. Results

3.1 Fabrication of hydrogel microspheres

Microfluidic electrospray is a technique for the generation of
aerosols via electrostatic dispersion of liquids.* In this study,
this technique is adopted to fabricate hydrogel microspheres.
By using this approach, a CMC solution supplied by a syringe
pump is dispersed into droplets by an electric field (Fig. 1A). The
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(A) A schematic diagram showing the microfluidic electrospray setup for hydrogel microsphere fabrication; (B) size distribution of the hydrogel

microspheres fabricated using a 4% w/v CMC solution, with the flow rate and electric field strength being 1500 uL h~* and 5 kV cm™?, respectively. The
photo in the right corner is an optical image of the microspheres. The scale bar is 500 pm. (C) Optical images of CMC-based hydrogel microspheres
fabricated using different flow rates: (a) 950 pL h~? (b) 1000 uL h™, (c) 1500 pL h=? (d) 2000 uL h™, and (e) 2500 uL h™*. The electric field strength is
5 kV cm™. The scale bar is 500 um. (D) A plot of the particle size as a function of the flow rate. The electric field strength is 5 kV cm ™.
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droplets are collected by a collection tray in which the coun-
terion (Ca®") is present, and then undergo ionic gelation to form
hydrogel microspheres. During the process of microfluidic
electrospray, break-up of the bulk solution into fined charged
droplets is a result of the interplay among the liquid/air surface
tension, the gravitational force, and the electrostatic force (F.).>*
Such a process has been described by an electrochemical
model.* Microscopic evaluation reveals that the diameter of the
CMC microspheres fabricated by a 4% w/v CMC solution (flow
rate = 1500 pL h™", electric field strength = 5 kV em™") is in
a range of 430-570 um (Fig. 1B). The average diameter is 490
pum, and the polydispersity is approximately 5.8%.

3.2 Adjustment of the size of microspheres

The size of the hydrogel microspheres can be adjusted by
changing the flow rate. We fabricate microspheres using five
different flow rates while keeping the electric field strength
constant (Fig. 1C and D). The size of the microspheres increases
from around 470 pm to 590 um as the flow rate increases from
950 uL h™" to 2500 uL h™". The electric field strength is another
parameter which can be adjusted to change the size of the
microspheres (Fig. 2A and B). In the absence of an electric field
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between the circular electrode and the nozzle, the size of
the microsphere attained (4% w/v CMC solution, flow rate =
1500 uL h™") is over 3.4 mm. Upon the application of an electric
field, the size of the microspheres decreases. At the electric field
strength of 5 kV cm ™, the diameter of the hydrogel microspheres
is around 520 pm, which is roughly 7 times as small as that
attainable in the absence of the electric field.

In addition to tuning the flow rate and the electric field
strength, changing the concentration of the CMC solution may
modulate the droplet formation process and hence the size of the
microspheres formed (Fig. 2C-E). With an increase in the CMC
concentration from 1 to 4%, the viscosity increases by more than
an order of magnitude, from 157 to 4514 mPa s (Fig. 2D). The size
of the generated microspheres also increases from 400 um to
around 550 pm (Fig. 2E). Our results reveal that an increase in the
viscosity of a solution leads to an increase in the size of the
droplet formed, and hence the size of the microsphere formed.

3.3 Generation of core-shell microspheres and drug release
evaluation

By using a facile electrospray-based approach, compositionally
homogeneous microspheres with the core-shell architecture

4000
3000
2000
1000

Diameter (um)

0 2 4 6 8 10
Strength (kV cm-)

5000

4000

3000

2000

1000

Viscosity (mPa-s)

1 2 3 4
Concentration (% wi/v)
800

600
400
200

Diameter (um)

1 2 3 4
Concentration (% w/v)

Fig. 2 (A) Optical images of the CMC-based hydrogel microspheres fabricated using different electric field strength values: (a) 2.5 kV cm™2, (b)
5kVem (c) 7.5 kV ecm ™ and (d) 10 kV cm ™. The flow rate is 1500 pL h™™. The scale bar is 500 um. (B) A plot of the particle size as a function of
the electric field strength. The flow rate is 1500 pL h™%. (C) Optical images of the CMC-based hydrogel microspheres fabricated using different
concentrations of a gel-forming polymer solution: (a) 1% w/v, (b) 2% w/v, (c) 3% w/v, and (d) 4% w/v. The scale bar is 500 pm. (D) Viscosity of CMC
solutions with different concentrations. (E) A plot of the particle size as a function of the concentration of the CMC solution used. The flow rate

and electric field strength are 1500 pL h~tand 5 kV cm™?, respectively.
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are successfully generated (Fig. 3A). In addition to coating the
CMC-based hydrogel core with a CMC-based hydrogel shell to
generate CMC/CMC (C/C) core-shell microspheres, the same
method is applied to coat the surface of the CMC-based
hydrogel core with an Alg-based hydrogel layer to produce
CMC/Alg (C/A) microgels. Intriguingly, by adjusting the volume
of the polymer solution used to resuspend the generated
microspheres, the method offers flexibility to microsphere
fabrication by enabling the generation of C/A microgels with
multiple cores (Fig. 3B). The CMC-based hydrogel microspheres
have the drug encapsulation efficiency of around 80% for TH
and 60% for MB (Fig. 4A and B). The encapsulation efficiency
slightly drops after incorporation of the hydrogel shell,
reasonable drug encapsulation efficiency (around 60% for TH
and 30% for MB) remains. This renders our facile electrospray-
based method applicable to drug loading in practice.

As revealed by the release profiles of TH from the micro-
spheres (Fig. 4C), while 90% or above of the encapsulated drug
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is released within the first 2.5 hours from the conventional
CMC-based microgels, the time to reach the same level of
cumulative drug release is extended to 30 hours when the core-
shell C/A hydrogel microspheres are used. This suggests that
incorporation of the Alg-based hydrogel shell significantly
decreases the drug release rate, and extends the drug release
sustainability 12-fold as much as that achieved by the uncoated
counterparts. To demonstrate the tunability of the drug release
sustainability of the C/A microspheres, the composition of the
hydrogel shell is modulated by incorporating with different
amounts of CMC. As shown in Fig. 4D, the drug release rate is in
a negative relationship with the Alg/CMC mass-to-mass ratios of
the hydrogel shell of the C/A microspheres.

In addition to CMC, we have applied our method to Alg,
which is a polymer similar to CMC in a way that physical
hydrogels can be formed by ionic gelation, to examine the
transferability of our reported method to other hydrogel
systems. Compositionally homogeneous Alg/Alg (A/A) core-

Fig. 3

(A) Optical images of C/C hydrogel microspheres: (a) CMC-based microgels, (b) C/C core—shell hydrogel microspheres, and (c)

a magnified view of the edge of a C/C microsphere. (B) Optical images of the C/A hydrogel microspheres, containing (a) one, (b) two and (c) three

CMC-based microgel cores.

44486 | RSC Adv., 2017, 7, 44482-44491

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra07568e

Open Access Article. Published on 15 September 2017. Downloaded on 2/26/2026 5:04:06 AM.

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

(cc)

Paper
(A) ©) 100
S
o 80
(7]
1]
(]
] 60
S
£ 40
S
E 2
o
O 1 1 1 )
0 12 24 36 48
Time (Hr)
(B) (D)
100 OTH _ 100
NI
_ 80 f WME = 8p
2
§ 60 ® 60
2 [
S 40 2 40 ——1:3
E 7] .
w s —0—1:1
20 E 20 ¢t —e—3:1
o ~o-1:0
0 L O [u! L 1 1 J
CMC C/A 0 12 24 36 48
Microsphere Time (Hr)
Fig. 4 (A) Optical images of (a) CMC-based microgels and (b) C/A

hydrogel microspheres. (B) The efficiency of different microspheres in
encapsulating TH and MB. (C) TH release profiles of the CMC-based
microgels and the C/A microspheres. (D) TH release profiles of the C/A
microspheres, with their hydrogel shells being generated from an Alg/
CMC mixture with different Alg/CMC mass-to-mass ratios.

(B) |

OTH
EMB

1

Microsphere

Efficiency (%)

80 r

60

40 +

20 r

0 .
Alg

Fig. 5

View Article Online

RSC Advances

shell hydrogel microspheres are successfully fabricated
(Fig. 5A). The TH and MB encapsulation efficiency of the
uncoated Alg-based microgels is 90% and 80%, respectively.
Although some of the encapsulated drug is lost during the
processing of the hydrogel cores into core-shell microspheres,
the drug encapsulation efficiency of the core-shell particles is
still as high as 50-60% (Fig. 5B and C). In addition, compared to
the uncoated counterparts, the A/A microspheres exhibit much
higher drug release sustainability. After 48 hours of post-
incubation, the amount of TH released from the A/A micro-
spheres is only 80% of the total amount of TH released from the
conventional Alg-based hydrogel microspheres (Fig. 5D).

3.4 Toxicity of hydrogel microspheres

Immediately after treatment with various concentrations of
different types of hydrogel microspheres, no observable loss of
cell viability is detected. This indicates the lack of acute cyto-
toxicity of the hydrogel microspheres (Fig. 6). The delayed cyto-
toxic effect of the microspheres is examined by incubating the
cells at 37 °C for additional 24 hours before the MTS assay is
performed. The loss of cell viability is also found to be negligible.

4. Discussion

Hydrogels are highly biocompatible in general, and have been
widely exploited as drug carriers over the years."**** Compared
to chemical hydrogels, physical hydrogels possess a number of
favourable properties,* including lower toxicity and better
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(A) Representative (a and c) phase-contrast and (b and d) fluorescence images of (a and b) A/A microspheres encapsulating CdTe QDs. A

magnified view of a microsphere is shown in (c and d). CdTe QDs are encapsulated for easy visualization of the core—shell architecture. (B)
Representative (a and c) phase-contrast and (b and d) fluorescence images of the (a and b) Alg-based microgels and (c and d) A/A microspheres.
CdTe QDs are encapsulated for easy visualization of the core—shell architecture. (C) The efficiency of different microspheres in encapsulating TH
and MB. (D) TH release profiles of the Alg-based microgels and the A/A microspheres.
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Fig. 6 Viability of (A) HEK293 cells and (B) 3T3 mouse fibroblasts (a) immediately after 5-hour treatment with different hydrogel microspheres,

and (b) that after 24 hours of post-treatment incubation.

reservation of drug actions. The latter is attributed to the fact
that chemical or photochemical triggering is not required for
hydrogel formation. Therefore, not only structural changes
potentially introduced to the loaded drug can be minimized,***
but the loading process can also be simpler and more efficient.*
A common method to generate physical hydrogels is ionic
gelation, in which hydrogels are formed by means of electro-
static interactions between the polymer chains and the oppo-
sitely charged ions. Alg and CMC are selected in this study as
the starting materials for hydrogel formation because these
polymers possess a number of favourable properties (e.g., high
chemical stability, high aqueous solubility, and good biocom-
patibility)**** and have a track record of applications in diverse
areas, ranging from food production to drug delivery.>*”

The method reported in this study for the fabrication of
core-shell hydrogel microspheres is partly based on the use of
electrospray,® which has been adopted in a previous study to
produce hydrogel beads from Alg for delivery of paclitaxel-
loaded polymeric particles.*® In this study, we incorporate
capillary microfluidics into the electrospray technology to
develop a facile method for the production of compositionally
homogeneous core-shell hydrogel microspheres (Fig. 1), which
can hardly be fabricated using strategies reported in the existing
literature."®****> One favourable aspect of our reported method
is the capacity of fine-tuning the size of the microspheres. This
can be achieved by simply altering the process parameters such
as the electric field strength, whose magnitude is shown to be in
a negative relationship with the size of the microspheres
generated. In the absence of an electric field between the
circular electrode and the nozzle, droplet formation is driven
mainly by the interplay between surface tension and gravity.
The size of the microspheres attained (4% w/v CMC solution,

44488 | RSC Adv., 2017, 7, 44482-44491

flow rate = 1500 uL h™') is over 3.4 mm (Fig. 2). However, when
an electric field is applied, the increasing electrostatic force
stretches the fluid dispensed through the nozzle, and a tapered
jet is resulted. The size distribution of the microspheres usually
is broad when the electrostatic force is comparable to the
gravitational force. This is because such a condition results in
an unstable fluctuating jet and hence the formation of satellite
droplets during jet breakup. As the electric field strength
increases, the electrostatic force, rather than the gravitational
force, dominates the pulling force against surface tension. This
forms a stable tapered jet, leading to more monodisperse
droplet formation. The size of the microspheres formed at the
electric field strength of 5 kv em ™' is approximated to be 520
um, which is roughly 7 times as small as that attainable in the
absence of an electric field.

Apart from modulating the electric field strength, the droplet
formation process and hence the size of the microspheres may
be tuned by manipulating the flow rate as well as the concen-
tration of the gel-forming polymer solution (Fig. 1 and 2). The
latter is revealed by the observation that with an increase in the
concentration of the CMC solution from 1 to 4%, viscosity
increases by more than an order of magnitude, from 157 to 4514
mPa s. As reported in an earlier study, an increase in viscosity
results in an increase in resistance of jet breakup and hence
droplet formation.** The effect of the viscosity of the solution to
droplet formation can be estimated using a dimensionless
number m,:*
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where v, p, & u, and K are surface tension, solution density,
dielectric constant, viscosity, and conductivity, respectively. In
general, an increase in the viscosity of a solution leads to an
increase in the size of the droplet formed.* There is an excep-
tion to this when the m, value of a solution is much larger than
1. In this way, the effect of viscosity on the size of the droplet
formed is negligible.** As the CMC solution does not meet this
condition, the effect of the increase in the concentration of the
CMC solution, and hence the viscosity thereof, on the size of the
microsphere formed is significant. As shown in Fig. 2E, as the
concentration of the CMC solution increases from 1 to 4%, the
size of the microspheres formed increases from 400 pm to
approximately 550 um.

Apart from forming conventional microgels, core-shell
hydrogel microspheres can be generated by re-suspending the
microgels into a gel-forming polymer solution, followed by re-
introduction of the suspension into the microfluidic electro-
spray device. This facile method is successfully used to generate
C/C, C/A, and A/A microspheres (Fig. 3-5). In addition to
generating core-shell hydrogel particles with one core (Fig. 3A),
we observe that by reducing the volume of the polymer solution
used to resuspend the generated microgels, the rate of
appearance of microspheres with two or more hydrogel cores
increases (Fig. 3B). Although further development and optimi-
zation of the method are required before the production of
multi-core microspheres can be precisely controlled in practice,
the viability of the method to fabricate multi-core microgels
may show future potential in drug delivery for multi-drug
therapy, whose execution has now been limited by the incom-
patibility problem arisen from co-delivered drugs. This problem
has been reported in a previous study, which has co-delivered
a plasmid with a chemotherapeutic drug using a polymeric
vector and has found that the action of the chemotherapeutic
drug has substantially suppressed the expression of the trans-
gene.*® The findings from that study have evidenced that
interactions of co-delivered agents can substantially reduce the
efficiency of multi-drug therapy. Our core-shell microspheres
with multiple cores might help to solve this problem by sepa-
rating the drugs in different regions during the delivery process.
The efficiency and viability of such an approach in tackling the
incompatibility problem has already been verified in our
previous study, in which interactions of incompatible agents
have been prevented when those agents are isolated in different
compartments in one single system.>®

To assess the performance of the microspheres generated by
our method as drug carriers, TH and MB are used as model
drugs. These drugs have been extensively used in the literature
for studies in drug delivery.**®* The CMC-based hydrogel
microspheres show the drug encapsulation efficiency of around
80% for TH and 60% for MB (Fig. 4). The efficiency slightly
drops after the microspheres have been incorporated with the
core-shell architecture. This is ascribed to the fact that the gel-
forming polymer is in the form of a sodium salt. The release of
the loaded drug is triggered when the microspheres are re-
suspended in the polymer solution. This phenomenon has
been supported by the previous observation that Alg-based
hydrogel particles experience a higher rate of drug release in
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an NaCl solution than in distilled water.” Despite this,
reasonably high drug encapsulation efficiency (30-60%)
remains, and such efficiency is even higher in the case of A/A
microspheres (Fig. 5). This demonstrates that our electro-
spray-based method is applicable to drug encapsulation in
practice.

The capacity of sustaining drug release is another factor
pivotal to the functioning of a drug carrier. The rate of drug
release from hydrogels is affected by the polymer constituent,
which affects the swelling and erosion profiles of the hydrogel
system. The equilibrium swollen state of a hydrogel is a result of
the balance of diverse forces, including the osmotic pressure,
capillary forces, hydration forces, and the force exerted by the
cross-linked polymer chains to resist expansion of the hydro-
gel” Based on the drug release profiles of the CMC-based
microgels (Fig. 4), incorporation of an Alg-based hydrogel
coating can prolong the process of drug release. This is
explained by the fact that the swelling capacity of Alg is lower
than that of CMC.*® As water in the hydrogel network is the
medium through which drug molecules diffuse,* swelling is
one of the important parameters determining the release rate of
the encapsulated drug. Incorporation of a hydrogel shell with
a lower degree of swelling may help to restrain the swelling and
erosion of the CMC-based hydrogel cores (Fig. 4). This proposed
mechanism is supported by the success of tuning the drug
release sustainability of the core-shell microspheres by altering
the Alg/CMC ratio of the hydrogel shell. Such tunability is ex-
pected to be mediated by changes in the swelling capacity of the
shell upon incorporation of different amounts of CMC. Apart
from restricting the swelling of the core, the presence of a shell
may enhance the drug release sustainability by lengthening the
diffusion distance of drug molecules. This is confirmed by the
observation that although the core and the shell of A/A micro-
spheres are the same in composition, a much more sustained
release profile is still achieved as compared to that achieved by
the uncoated counterparts (Fig. 5).

Last but not least, low toxicity is a critical property of a drug
carrier. The high safety profile of the microspheres generated by
our method is confirmed by MTS assays in 3T3 mouse fibro-
blasts and HEK293 cells (Fig. 6). HEK293 is chosen because it is
one of the most extensively used cell lines in drug toxicology
studies,*® especially in evaluating the nephrotoxicity of a drug
candidate.> 3T3 mouse fibroblasts are non-specific cells which
also have a track record of use in cytotoxicity tests.> Our results
indicate that both acute and delayed toxicity exhibited by the
microspheres are negligible. This renders the microspheres
applicable to be further developed as well-tolerated drug
delivery systems.

5. Conclusions

Generation of hydrogel microspheres with the core-shell
architecture has attracted extensive research interests due to its
prospects of facilitating the development of colloidal gels with
tuneable properties. This study reports on the use of a novel yet
facile electrospray-based method for the production of compo-
sitionally homogeneous core-shell microspheres. Our results
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show that the size and the drug release sustainability of the
microspheres can be tuned easily by manipulating the process
parameters and the composition of the hydrogel shell.
Regarding the tunability and negligible toxicity of the micro-
gels, as well as the ease of operation of the fabrication method,
our system has provided a platform upon which further devel-
opment of core-shell particulate systems with higher flexibility
in compositional possibilities may be established.
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