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release of bioactive compounds
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Hydrogels have gained interest as sustained-release matrices partly because of their high biocompatibility

and ease of preparation. Their wide application has, however, been limited by their poor mechanical

strength and their lack of tunability in the performance of bioactive agent delivery. By using the lake

substratum as a gel property modifier, in combination with the use of the surface coating approach and

the ionic gelation technique, hydrogel beads are generated from algal alginate for controlled and

sustained release of bioactive compounds. Both the acute and chronic toxicity of the beads are found to
be negligible in 3T3 fibroblasts. The capacity of the beads in retaining the activity of the loaded agent is

verified by the negligible change in the action of the loaded compound on foodborne bacteria (viz.,
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Staphylococcus aureus and Escherichia coli). Along with the high flexibility provided by the adopted

method in the choice of coating materials, our beads extend the limitations of conventional ionically
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1. Introduction

Hydrogels are three-dimensional crosslinked networks of poly-
mers. They swell considerably in an aqueous medium without
undergoing dissolution at physiological temperature and pH,
and gain wide applications as sustained bioactive agent release
matrices." Among different types of hydrogels, those generated
from algal alginate, which is a naturally occurring polysaccharide
extracted and isolated from marine brown algae, have been
widely adopted as carriers of bioactive agents,* partly due to their
high biocompatibility, low production cost, and simplicity of
preparation.? Despite this, the process of bioactive agent delivery
mediated by most of these carriers is determined passively and
predominately by the intrinsic carrier properties (including the
swelling capacity, erosion behavior, and affinity with the loaded
molecules). Tunability of the delivery performance is limited. In
addition, very few energy dissipation mechanisms are available
in alginate-based hydrogels to retard the process of crack prop-
agation. Those gels easily break under low stress.* The situation
is compounded by the fact that crosslinking points in those gels
are often irregularly distributed, with wide variations in the
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crosslinked gel systems, and show high potential for applications in functional food development,
nutraceutical delivery, and pharmaceutical formulation.

length of the polymer chain among crosslinking points.* This
leads to the failure of the stress experienced by the gels to be
evenly distributed among polymer chains, rendering the gels
susceptible to crack initiation.

To overcome the technical limitations as mentioned above,
this study has not only adopted the surface coating approach to
manipulate the hydrogel surface so as to control the release of
the loaded agent, but has also incorporated the substratum of
food lake dyes into the surface coatings to further enhance the
strength of the gel and the tunability of the delivery perfor-
mance. Technically, food lake dyes are produced by reacting
water soluble pigments with a substratum, such as aluminum
oxide (Al,03), which has low solubility in water or organic
solvents.® Some of the lake dyes permitted for use in food
coloring include ponceau 4R aluminum lake, tartrazine
aluminum lake, sunset yellow aluminum lake, erythrosine
aluminum lake, brilliant blue aluminum lake, amaranth
aluminum lake, new red aluminum lake, allura red aluminum
lake, and indigotine aluminum lake.? These dyes are commonly
used to stain fatty foods or dry foods (e.g., chocolates, cream
products, and cocoa products), in which the water content is not
sufficient for the food to be stained effectively using conven-
tional water-soluble colorants. Till now, Al,O; is the only
substratum approved for producing Food, Drug & Cosmetic
(FD&C) lakes.® By incorporating this substratum into gel coat-
ings, not only have we achieved tunable performance in
encapsulation and release of the bioactive agent, but due to the

This journal is © The Royal Society of Chemistry 2020
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track record of food applications of the substratum, our beads
show high potential for future use in functional food develop-
ment, nutraceutical delivery, and pharmaceutical formulation.

2. Materials and methods
2.1 Materials

Minocycline hydrochloride (MH), tetracycline hydrochloride
(TH), and calcium chloride (CaCl,) were purchased from
Macklin Chemical Co., Ltd. (Shanghai, China). The sodium salt
of algal alginate extracted from brown algae Sargassum cristae-
folium was obtained from Sigma-Aldrich (St. Louis, MO, USA).
Al,O; was obtained from Acros Organics (New Jersey, USA).
Dulbecco's Modified Eagle's Medium (DMEM; Gibco, Grand
Island, USA), penicillin G-streptomycin sulfate (Life Technolo-
gies Corporation, Chicago, USA), and fetal bovine serum (FBS,
Hangzhou Sijiqing Biological Engineering Materials Co.,
Hangzhou, China) were used as the cell culture medium.
Trypsin-EDTA (0.25% trypsin-EDTA) was obtained from Invi-
trogen (Carlsbad, CA, USA).

2.2 Preparation of hydrogel beads with composite coatings

6 g of the sodium salt of algal alginate was dissolved in 150 mL
of distilled water. Droplets of the solution, in which an appro-
priate amount of Al,O; was added, were crosslinked in
a collection bath containing an aqueous solution (10% w/v) of
CacCl, for one hour at ambient conditions. The same approach
was adopted to generate agent-loaded hydrogel beads. In this
case, the model agent (MH or TH) was first dissolved in the
solution of the sodium salt of algal alginate to reach a concen-
tration of 0.2% (w/v) prior to undergoing gelation in the
collection bath. The generated hydrogel beads were rinsed with
distilled water, and were added to a coating solution, which was
prepared by mixing a desired amount of Al,O; with 100 mL of
an aqueous solution (4% w/v) of the sodium salt of algal algi-
nate. The algal alginate solutions containing 0% (w/v), 2% (w/v),
4% (w/v) and 6% (w/v) of Al,O; were designated as A0, A2, A4
and A6, respectively. Before gelation of the coating, an excessive
amount of the coating solution on the surface of the beads was
blown off by using a stream of dry air. Afterwards, the coating of
the bead was crosslinked in a collection bath containing an
aqueous solution (10% w/v) of CaCl, for another one hour at
ambient conditions. Ionically crosslinked A0, A2, A4 and A6
were designated as CAO, CA2, CA4 and CAS6, respectively. CAO
beads coated with CA0, CA2, CA4 and CA6 were indicated as
CA0(CA0), CA2(CA0), CA4(CA0), and CA6(CA0), respectively.
Processes of rinsing, coating and crosslinking were repeated to
coat CA4(CAO0) beads with CA0, generating CA0/CA4(CAO).

2.3 Fourier-transform infrared (FT-IR) spectroscopy

FT-IR spectroscopy was carried out using an FT-IR spectrometer
(Spectrum 2000; PerkinElmer, Norwalk, CT, USA) at ambient
conditions. The potassium bromide (KBr) disk technique was
adopted for analysis. Spectra were obtained at a resolution of
2 cm ™, and reported as an average of 16 scans.

This journal is © The Royal Society of Chemistry 2020
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2.4 Scanning electron microscopy (SEM)

Microstructures of the samples were imaged using a scanning
electron microscope (JSM-6380; JEOL, Tokyo, Japan) operated at
an accelerating voltage of 10 kV. Before SEM analysis, the
samples were sputter-coated with gold.

2.5 X-ray diffraction (XRD) analysis

XRD analysis was performed using a D8 Advance diffractometer
(Bruker-AXS; Bruker, Karlsruhe, Germany) with Cu-Ka radiation
(A = 1.5406 A). XRD data were collected at 40 kv and 40 mA.
Diffraction patterns were obtained from 5-80°.

2.6 Thermogravimetric analysis (TGA)

TGA curves were obtained using a Q50 TGA analyzer (TA
Instruments, New Castle, Delaware, USA) equipped with plat-
inum pans. The curves were collected in an inert atmosphere of
nitrogen from 40 °C to 600 °C. The heating rate was set as
10 °C min ' throughout analysis.

2.7 Tensile test and rheological measurement

Tensile tests were carried out under strain control using an in
situ bidirectional tension-compression testing system (IBTC-
300; Tianjin Care Measure & Control Co., Ltd., Tianjin,
China). All tests were performed at a rate of 0.1 mm s '. The
viscosity of A0 and A4 solutions were determined using
a Brookfield DV-III Ultra programmable rheometer (Brookfield
Engineering Laboratories Inc., Middleboro, MA, USA) with
spindles (CP-40). Viscosity parameters were collected at
different shear rates at ambient conditions, with the equili-
bration time at every shear rate being set as 15 s. Viscoelastic
properties of CA0 and CA4 solutions were also examined in the
frequency range of 1-100 rad s~ *. The storage modulus (G') and
loss modulus (G”) were determined.

2.8 Cytotoxicity assay

3T3 mouse fibroblasts and HEK293 cells were cultured in
DMEM supplemented with 10% FBS, 100 UI mL™" penicillin,
100 pg mL ' streptomycin, and 2 mM 1-glutamine. 24 hours
before the assay, cells were seeded in a 96-well plate at an initial
density of 5000 cells per well, and were incubated under
a humidified atmosphere of 5% CO, at 37 °C. During the assay,
the cell culture medium in each well was replaced with 100 pL of
the cell culture medium containing different concentrations of
a sample (either the sodium salt of algal alginate or Al,O3). After
5 hour incubation at 37 °C, the medium was replaced with the
fresh cell culture medium. The CellTiter 96 AQueous non-
radioactive cell proliferation assay (MTS assay; Promega Corp.,
Madison, WI, USA) was performed, according to the manufac-
turer's instructions, either immediately or after 24 hours of
post-treatment incubation.

2.9 Determination of the hemolytic activity

Female New Zealand White rabbits were purchased from
Guangdong Medical Laboratory Animal Center (Guangzhou,

RSC Adv, 2020, 10, 44522-44532 | 44523
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China). During assay, blood was collected from the marginal ear
vein into a heparin-containing tube, followed by centrifugation at
2000 x g for 10 minutes at 4 °C. All procedures were performed in
accordance with the Guidelines for Care and Use of Laboratory
Animals of the Hong Kong Polytechnic University and approved
by the Animal Ethics Committee of that university. The collected
erythrocytes were washed with PBS (pH = 7.4) until the super-
natant was colorless. An appropriate amount of a sample
(including algal alginate, Al,Os, or a lyophilized gel) was ground
in PBS using mortar and pestle, and the solution obtained was
filtered before use. Erythrocytes were added to the filtrate until
a final concentration of 8% (v/v) was attained. After incubation at
37 °C for one hour, the mixture was centrifuged at 2000 x g for 15
minutes. The absorbance of the supernatant was recorded at
414 nm. The extent of hemolysis in PBS and 0.1% Triton X-100
was defined as 0% and 100%, respectively.

2.10 Determination of the swelling and erosion behavior

0.05 g of a lyophilized gel containing a desired mass percentage
of Al,O; was immersed in 50 mL of simulated body fluid, which

(A)(a) COOH

Q
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was prepared as previously described.” At a pre-set time interval,
the gel was retrieved by centrifugation for 5 min at a relative
centrifugal force of 4000 x g, followed by the removal of the
supernatant. The water absorption ratio (WAR) of the gel was
calculated using the following formula:

ms — nmy

WAR = (1)

myq

where mg and mq represent the mass of the swollen gel and the
mass of the lyophilized gel, respectively. To evaluate the erosion
behavior, a known initial dry mass of a lyophilized gel was
immersed in simulated body fluid, and was incubated at 37 °C.
The sample was retrieved at a pre-set time interval, and was
dried in an oven at 60 °C. The ratio between the final dry mass
(m) and the initial dry mass (m,) was determined.

2.11 Determination of the bioactive agent encapsulation
efficiency

MH and TH were used as model agents. Agent-loaded hydrogel
beads were generated as described above. The CaCl, solution was
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Fig. 1 (A) Structures of (a

incorporated with multiple composite coatings. (D) Optical images of (a) CAO hydrogel beads, and those coated with (b)

The beads are all cut in half to show the internal structures.
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a) B-p-mannuronic acid and (b) a-L-guluronic acid. (B) The interactions between the Ca®*
algal alginate during gel formation. (C) A schematic diagram showing the procedures for the fabrication of ionically crosslinked hydrogel beads

jon and the G monomers of

1, (c) 2, and (d) 3 layers.
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then collected from the collection bath. The concentration of
unencapsulated MH was determined at 280 nm using a UV/Vis
spectrophotometer (Varian, Inc., USA), and that of TH was
determined at 360 nm as previously described.® The encapsula-
tion efficiency (EE) was calculated using the following equation:

(2)

T 7 00%

EE (%)= “
T

where my is the total mass of the model agent added during the
loading process, and myp is the mass of the model agent
remained in the collection bath.

2.12 Evaluation of the release profile

After fabrication of agent-loaded hydrogel beads, 10 mL of
simulated body fluid was added to the beads. At a pre-set time
interval, 0.5 mL of the buffer solution was removed for testing,
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and was replaced with 0.5 mL of simulated body fluid. The
amount of the loaded agent released from the beads was
determined using a UV/Vis spectrophotometer (Varian, Inc.,
USA). The cumulative release of the loaded agent was calculated
using the following formula:

13

> m
Cumulative release (%) = =>— x 100%

©

(3)

where m;, is the mass of the loaded agent released from the
beads at time ¢, and m., is the mass of the model agent loaded
into the beads.

2.13 Antibacterial test

10 mL of a lyophilized MH-loaded gel was ground in PBS using
mortar and pestle. After centrifugation, the supernatant was
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Fig. 2

(A) Viability of (a, b) 3T3 fibroblasts and (c, d) HEK293 cells after 5 hour treatment with different concentrations of Al,Os and algal alginate,

(a, c) without or (b, d) with subsequent 24 hour post-treatment incubation. (B) Hemolytic rates of erythrocytes with different concentrations of
algal alginate, Al,Os, CAOQ, CA2, CA4, and CA6. All data were expressed as the means + standard deviation (SD).
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collected. The amount of MH in the supernatant was deter-
mined. The concentration of MH in the supernatants of
different samples was diluted to 1% (w/v) by using PBS. 1 mL of
the supernatant, of distilled water, or of a 1% (w/v) MH solution
was added to filter paper which was cut into a shape of a column
(diameter = 1.5 c¢m, height = 0.2 mm). Either Staphylococcus
aureus or Escherichia coli was swabbed on an LB agar plate. After
placing the filter paper in the plate and incubating the plate for
24 hours at 37 °C, photos were taken, and the zone of inhibition
was measured to determine the growth of bacteria around the
sample.

3. Results and discussion

3.1 Fabrication of surface-coated alginate-based hydrogel
beads

Algal alginate extracted from Sargassum cristaefolium is selected
as a gel forming material partly because of its natural source
and its high biocompatibility for biomedical and food
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applications. It comprises o-i-guluronic (G) and B-p-mannur-
onic (M) acid residues (Fig. 1A),>*® with the M-blocks and G-
blocks interspersed within regions of alternating struc-
tures.> Upon an exchange of sodium ions from the G mono-
mers of the sodium salt of algal alginate with divalent ions (e.g.,
Ca”" ions),*? a characteristic “egg-box” structure is formed due
to the stacking of the G blocks (Fig. 1B),** leading to the
formation of gel matrices for subsequent encapsulation and
sustained release of bioactive agents.'* To enable precise tuning
of the bioactive agent delivery performance, the hydrogel beads
formed are further coated in this study with composite hydro-
gels (Fig. 1C and D). Because the coating process is mediated by
ionic gelation, any materials that form gels ionically with
divalent ions can be adopted. The choice of the coating material
is, therefore, diverse, and is not affected by the chemical and
physical properties of the core.

To render the delivery performance tunable and to enhance
the strength of the gel, Al,O;, which is the only substratum
approved by the U.S. Food, Drug & Cosmetic Act for the
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Fig. 3

(A) FT-IR spectra of (a) algal alginate, (b) Al,Os, and (c) CA4. (B) XRD patterns of Al,Oz, CAO and CA4. (C) SEM micrographs of (a) AlbOz and

(b) CAO, and (c) a magnified view showing the presence of Al,Oz incorporated into the get matrix of CA4. (D) TGA curves of algal alginate, Al,Os3,

CA2 and CA4.
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production of food lake dyes,® is adopted to manipulate the
properties of the surface coatings. The lack of toxicity of this
agent has previously been reported by Yang and co-workers,*
who observed that, after oral exposure of Al,O3, no change in
the serum biochemical parameters or the balance of essential
trace elements (including Fe, Cu and Zn) occurred in mice. To
confirm the high safety profile of constituents of the beads, the
toxicity of algal alginate and Al,O; is examined in vitro by using
the MTS assay (Fig. 2A). No apparent loss of cell viability, and
hence no acute cytotoxicity, is noted after 5 hours of treatment
of the cells with either algal alginate or Al,O;. To evaluate
possible chronic cytotoxicity displayed by the bead constituents,
the viability of the treated cells is assayed after 24 hour post-
treatment incubation. No observable cytotoxicity is found in
all concentrations tested. Along with the high biocompatibility

Fig. 4
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of the beads constituents, as well as of the generated beads
(CA0, CA2, CA4, and CA®6), as revealed by the low hemolytic rates
(<2%) (Fig. 2B), the beads demonstrate adequate safety for
possible use in bioactive agent delivery.

3.2 Evaluation of gel structures and properties

The structures of CA4 and its constituents (algal alginate and
Al,O3) are characterized by FT-IR spectroscopy (Fig. 3A). In the
FT-IR spectrum of algal alginate, the broad peak at 3412 cm ™" is
attributed to the vibrations of the hydroxyl groups. Signals at
1605 and 1411 cm ' are assigned to the asymmetric and
symmetric stretching vibrations of the -COO groups, respec-
tively.' Characteristic peaks at 1086 cm™* and 895 cm™ " are
caused by the C-O stretching vibrations of the polysaccharide

structure and by the vibrations of the Na-O bonds,

B _
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(A) SEM micrographs showing the microstructures of (a) CAO, (b) CA2, (c) CA4, and (d) CA6. (B) Tensile stress—strain curves of CAO and

CAA4. (C) The viscosity of AO and A4 at shear rates from 0 to 10 s—*. (D) The G’ values and G” values of CAO and CA4 at angular frequencies from 1

to 100 rad s *.
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respectively.’” In the spectrum of Al,O3, the signal at 459 cm ™" is
attributed to the AI-O stretching vibrations." Multiple peaks
appear in the wavenumber range of 500-900 cm ‘. This
suggests that the lake substratum adopted is in the crystalline
form.* All the characteristic peaks observed in the spectra of
Al,O; and algal alginate are observed in the spectrum of CA4.
The XRD pattern of CAO reveals the presence of crystals formed
by CacCl, inside the gel. Peaks in the spectrum of CA0 are found
in the spectrum of CA4, in which peaks specific to Al,O; are
observed (Fig. 3B). This indicates that the crystallinity of the gel
formed by algal alginate is not affected by the process of particle
reinforcement. Along with SEM analysis which reveals the
presence of Al,O; in the gel matrix (Fig. 3C), the successful
incorporation of Al,O; into the gel system is confirmed.

Changes in the thermal properties of the alginate-based gel
upon the incorporation of Al,O; are studied using TGA (Fig. 3D).
A weight loss is found up to 110 °C in all samples tested. This
weight loss is attributed to the presence of moisture in the
samples. Owing to the rupture of the chains and fragments, one
weight loss at 215-270 °C is observed in the TGA curve of algal
alginate. This weight loss step is also found in the curves of CA2
and CA4. Al,O; shows very high thermal stability, with only 5%
of weight loss observed in total when the sample is heated to
600 °C. Such high thermal stability of Al,O; explains the
observation that the thermal stability of the gel increases with
the mass percentage of Al,O; present.

The microstructures of the hydrogel beads containing
different mass percentages of Al,O; are examined using SEM
(Fig. 4A). Results show that the porous structure of the gel
formed by algal alginate is retained after particle reinforce-
ment. Mechanical tests show that all tested gels possess high
stretchability under a tensile force in the magnitude of kilo-
pascals (Fig. 4B). Due to load transfer from the matrix to the
reinforcing particles, the tensile strength of the gel is
increased, along with a decline in the fracture strain of the gel,
upon the addition of Al,0;. This is because the presence of
Al,O; increases the brittleness and hence the ductility level of
the gel. Apart from the tensile strength, the rheological prop-
erties of the gel are examined. The apparent viscosity of the
algal alginate solutions, with or without the presence of Al,O3,
is higher at a low shear rate than at a high shear rate (Fig. 4C).
This reveals that both A0 and A4 display pseudoplastic
behavior. Upon ionic gelation, the G’ values of both CA0 and
CA4 are higher than their respective G” values (Fig. 4D),
revealing that the elastic behavior of the gels predominates
over the viscous behavior.

3.3 Effects of aluminum oxide on gel properties

The swelling capacity of a gel is one of the factors determining
the release sustainability because water in the gel matrix is
a medium through which the molecules of the bioactive agent
diffuse.”® As the swelling of a gel depends predominately on
the amount of fluids the gel can take up upon hydration, in
this study the WAR value, which is widely adopted by other
studies as an indicator of the swelling capacity,”®** is deter-
mined. Results reveal that the WAR value of the gel and the
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Fig. 5 (A) The swelling capacity and (B) erosion susceptibility of
hydrogel beads consisting of CAO, CA2, CA4, and CA6. Data are pre-
sented as the means + SD of triplicate experiments. (C) Photos of (a, ¢)
a hydrogel bead consisting of CAO and (b, d) a magnified view of the
cross-section of the bead after lyophilization. The photos are taken (a,
b) before and (c, d) after immersion of the bead in simulated body fluid
for 1 day.

mass percentage of Al,O; are negatively related (Fig. 5A). In
addition to the swelling capacity, the release sustainability of
a gel system is affected by the process of erosion, which is
linked to material degradation caused by crosslink dissolution
and bond cleavage.*” Similar to the case of swelling, suscep-
tibility to erosion is negatively related to the amount of Al,O;
added (Fig. 5B). This is partly attributed to the higher
mechanical strength of the gel with a higher mass percentage
of Al,O3, leading to higher resistance to swelling and erosion.
As shown in Fig. 5C, no significant change in the external
appearance and size of the bead is observed after immersion
in simulated body fluid for one day; however, a closer exami-
nation of the cross-section of the bead after lyophilization
reveals a remarkable increase in porosity after one day of
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Fig. 6 (A) The EE of hydrogel beads consisting of CAO, CA2, CA4, and
CAG6. Data are presented as the means + SD of triplicate experiments.
(B) The profiles of release of (a) TH and (b) MH from hydrogel beads
consisting of CAO, CA2, CA4, and CA6. Data are presented as the
means + SD of triplicate experiments.
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Fig.7 (A) Images showing the zone of inhibition induced by (a, d) distilled water, (b, e) free MH, and (c, f) loaded MH extracted from CA4 for (a—c)
S. aureus and (d—f) E. coli. (B) Area percentages of the zone of inhibition induced by free MH and loaded MH extracted from the hydrogel beads
(viz., CAO, CA2, CA4 and CAG6) for (a) S. aureus and (b) E. coli. Free MH is used as the control (Ctrl). Data are presented as the means + SD of
triplicate experiments.

erosion. This suggests that the matrix of the hydrogel bead The EE of the beads is found not to be affected by the process
degrades evenly from the surface and the interior, and is of particle reinforcement (Fig. 6A), though the release sustain-
a feature of bulk erosion.”® ability of the beads is positively related to the mass percentage
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Fig. 8 (A) Optical images of (a) a CAO hydrogel bead, (b) the bead coated with a layer of CA4, and (c) the internal structure of the CA4-coated
CAO hydrogel bead. The CAO hydrogel bead is dyed with Congo red to enable easy recognition of the core—shell structure. (B) The swelling
capacity and (C) erosion susceptibility of CAO hydrogel beads and those coated with CAO, CA2, CA4, and CA6. Data are presented as the means +
SD of triplicate experiments. (D) The EE of (i) CAO hydrogel beads and those coated with (ii) CAO, (iii) CA2, (iv) CA4, and (v) CA6. Data are presented
as the means + SD of triplicate experiments. (E) The profiles of release of TH from CAO hydrogel beads and those coated with CAO, CA2, CA4, and
CAG6. Data are presented as the means + SD of triplicate experiments.
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of Al,0; added (Fig. 6B). The latter is attributed to the increase
in the mechanical strength of the gel upon an increase in the
amount of Al,O; present, resulting in a lower degree of swelling
and a lower rate of erosion. The retention of the activity of the
bioactive agent after the loading process is examined by using
MH as a model. MH is a semisynthetic tetracycline derivative
displaying broad-spectrum antibiotic activity against Gram-
positive and Gram-negative bacteria. Upon loaded into CAO,
CA2, CA4 and CA6, the capacity of loaded MH in inhibiting the
growth of bacteria is examined by using Staphylococcus aureus
(Gram-positive bacteria) and Escherichia coli (Gram-negative
bacteria) as models. The area percentage of the zone of inhi-
bition led by loaded MH is the same as that led by free MH
(Fig. 7). This reveals that loading into the composite gel has
little influence on the bioactive agent activity.
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3.4 Tunability of surface-coated beads in bioactive agent
delivery

The tunability of the beads in bioactive agent delivery can be
enhanced by using the surface coating approach. As illustrated
in Fig. 8, the rate of release of the loaded agent from CAO0 beads
is retarded upon the incorporation of a composite coating,
although no significance change in the EE is observed after the
coating process. The effect on bioactive agent release sustain-
ability is attributed partly to the inhibiting action of the coating
on the overall swelling capacity and erosion susceptibility of the
beads. Such action is enhanced as the concentration of Al,O;
present in the coating increases, leading to a reduction in the
rate of diffusion of the molecules of the bioactive agent from the
gel matrix. In addition, the presence of the coating per se
increases the diffusion distance of the loaded molecules from
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(A) Optical images of (a—c) a CAO/CA4(CAO0) bead and (d—f) a CA4/CAO0/CA4(CAO) bead, demonstrating (a, d) the external appearance of

the bead, (b, e) the internal structure of the bead, and (c, f) different layers of the bead that is cut in half. The core and the CAO layer are dyed with
Congo red to enable easy recognition of the core—shell structure. (B) The swelling capacity and (C) erosion susceptibility of CA4(CA0) and CAO/
CA4(CAOQ) beads. Data are presented as the means + SD of triplicate experiments. (D) The EE of (i) CAO hydrogel beads, (i) CA4(CAQ) beads, and
(iii) CAO/CA4(CAOQ) beads. Data are presented as the means + SD of triplicate experiments. (E) The profiles of release of TH from CA4(CAO)
hydrogel beads and those further coated with CAO. Data are presented as the means 4 SD of triplicate experiments.
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the beads to the surrounding medium. This further enhances
the release sustainability of the beads. Apart from manipulating
the coating composition, the rate of bioactive agent release can
be controlled by changing the number of coatings incorporated.
This is demonstrated by Fig. 9, in which the swelling capacity,
erosion susceptibility and finally the rate of bioactive agent
release of CA4(CAO0) are shown to be reduced by the presence of
a surface coating consisting of CA0. Similar to the case of CA0
beads, incorporation of a coating on CA4(CA0) beads leads to
negligible effects on the efficiency of the beads in bioactive
agent encapsulation.

Besides gel swelling and erosion, other factors (including
interactions between the loaded compound and the gel, the size
of the loaded molecules, and the aqueous solubility of the
loaded compound) play a role in determining the overall rate of
diffusion of the loaded molecules.* This is partly demonstrated
by the observation that, despite MH and TH are loaded into the
beads having exactly the same composition; the overall rates of
bioactive agent release are different (Fig. 6B). The properties of
the molecules of the bioactive agent, unfortunately, can hardly
been tuned in practice because this involves the manipulation
of the structure of the agent per se. Changing them is often
equivalent to changing the choice of the agent. Our results
demonstrate that by manipulating the number and composi-
tion of the composite coating, the effects of factors related to the
loaded agent on the ultimate rate of bioactive agent release can
be tuned regardless of the fact that the properties of the mole-
cules of the loaded bioactive agent per se have not been altered.

4. Conclusions

Surface coating is one of the extensively used strategies to
manipulate and modify the performance of carriers for delivery
of bioactive agents.”® By taking advantage of the accumulated
knowledge of surface coating techniques, as well as the unique
advantage of our coating strategy in which the coating process
does not rely on interactions between the core and the coating
agent, our method can be easily applied to any coating materials
(ranging from chitosan to carboxymethyl cellulose) that can
undergo ionic gelation without requiring much consideration
of the chemical properties and surface charge of the core. In this
study, the formation of droplets of the algal alginate solution
relies solely on jet breakup caused by Rayleigh-Plateau insta-
bility, along partly with the high viscosity of the coating agent
and the resulting thick coating layer, the size of the generated
hydrogel beads is in the millimeter-size range and can hardly be
further reduced to the micron scale. The current size range is
enough for diverse applications ranging from oral delivery of
bioactive agents to the formulation of sustained-release depots
for cutaneous drug administration. If having micron-sized
beads is required, other techniques (e.g., electrospray* and
microfluidic flow focusing®’) will have to be applied so that the
size of the hydrogel cores as well as that of the resulting coated
beads can be further reduced. Changes in the size may,
however, alter other properties (e.g., the diffusion distance of
the loaded molecules, and the surface area-to-volume ratio of
the bead), leading to changes in the ultimate performance of

This journal is © The Royal Society of Chemistry 2020
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the coated beads in bioactive agent delivery. Further charac-
terization of the performance will be needed to evaluate the
impact of size reduction on delivery efficiency. Nevertheless,
results in this study demonstrate the successful control of the
overall swelling and erosion behavior, and hence the delivery
performance, of the beads via incorporation of composite
coatings. Our reported strategy enables manipulation of the rate
of diffusion of the molecules of the loaded agent from the gel
matrix for controlled and sustained release.
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