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Millimeter-scale calcium alginate aqueous core capsules (mm-CaSA-Caps) are suitable for embedding of temperature and
chemical sensitive substances because of its excellent biocompatibility and biodegradability. In this study, mm-CaSA-Caps were
coated with multiwalled carbon nanotubes (MWNTs) via in situ self-polymerization of dopamine (DA) under mild conditions.
During the modification process, mm-CaSA-Caps transferred quickly from colorless and transparent capsules to dark and opaque
“pearls” in 15 min. The obtained MWNTs-polydopamine- (PDA-) modified mm-CaSA-Caps (mm-MWNTs-PDA@CaSA-Caps)
retained the spherical appearance of mm-CaSA-Caps with uniform coating of MWNTs-PDA. Obviously, the MWNTs were easily
coated on the mm-PDA@CaSA-Caps due to the strong adhesive property of PDA. As the MWNTSs content increased, the stacking
density of MWNTs on surface of the mm-MWNTs-PDA@CaSA-Caps raised. The water loss ratio of mm-MWNTs-PDA@CaSA-
Caps was enhanced ascribed to increasing the path length of water by raising stacking density of MWNTs. This study provided a

new path for enhancement of the barrier property of hydrogel capsules.

1. Introduction

Compared with microscale and nanoscale capsules, milli-
meter-scale capsules own high encapsulation efliciency,
uniform monodispersity, and excellent dimensional stability
[1, 2] and have important application in high energy physics,
biological medicine, construction and decoration, food, and
cosmetics engineering. The conventional preparation
method of microscale and nanoscale capsules, such as
emulsion polymerization and duplicate-lattice method,
cannot be used to fabricate the millimeter-scale capsules. The
microfluidic method [3, 4], orifice-bath coagulation method
[5, 6], liquid marbles method [7, 8], and layer by layer self-
assembly method [9] have been developed.
Millimeter-scale calcium alginate aqueous core capsules
(mm-CaSA-Caps) which have excellent biocompatibility
and biodegradability are suitable for embedding of tem-
perature and chemical sensitive substances [10]. The mm-
CaSA-Caps can be prepared with the orifice-bath coagula-
tion method under mild reaction conditions [6, 11, 12] that

the droplets containing calcium ion are dripped vertically to
coagulating bath of alginate solution at room temperature.
Size and sphericity of mm-CaSA-Caps can be controlled by
regulating parameters of solution (concentration, surface
tension, viscosity, and density) and parameter of equipment
(extrusion velocity, diameter of dripper, and drop height).

Calcium alginate capsules can swell slightly in acidic
gastric solution, while they can be rapidly degraded in al-
kaline intestinal solution, which are used as intestinal agents
for controlled release [10]. In addition, the degradation rate
of calcium alginate capsules at 60°C is accelerated. Because of
its temperature sensitivity, calcium alginate microspheres
encapsulated with gold nanoparticles via the in situ method
can degrade and release drugs slowly if the temperature of
microbulb suspension raises above 60°C through infrared
laser irradiation. It can be used in the photothermal therapy
and controlling chemotherapy of tumors [13]. However, the
surface modification methods of calcium alginate capsules
are limited by its pH and temperature sensitivity [13].
Physical blending [2] and ion crosslinking [14] are usually
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used in surface modification of calcium alginate capsules at
room temperature.

This study took advantage of the mild reactivity, strong
adhesion, and good biocompatibility [15] of polydopamine
(PDA). Multiwalled carbon nanotubes (MWNTs) were
coated on the surface of mm-CaSA-Caps via in situ cross-
linking with dopamine (DA) under conditions of room
temperature and weak alkaline. The effect of MWNTs
concentrations on the controlled release performance of
mm-CaSA-Caps was investigated.

2. Materials and Methods

2.1. Materials. Sodium alginate (SA, 10gL™', 20°C,
>20 MPa-s) and sodium carboxymethyl cellulose (CMC,
20g-L7", 25°C, 800-1200 MPa-s) were chemically pure and
purchased from Sinopharm Chemical Reagent Co., Ltd.,
China. Disodium hydrogen phosphate dodecahydrate
(Na,HPO4-12H,0), citric acid monohydrate (CsHgO,-H,0),
calcium chloride (CaCl,), ammonium persulfate (AP), and
sodium periodate (SP) were analytically pure and pur-
chased from Sinopharm Chemical Reagent Co., Ltd.,
China. Hydrochloric acid was analytically pure and pur-
chased from Xinyang Chemical Reagent Factory. Tris
(hydroxymethyl) aminomethane (Trisbase) was obtained
from Guangzhou Saiguo Biotech Co., Ltd., China. Dopa-
mine was purchased from Macklin, Shanghai, China.
Multiwalled carbon nanotubes (MWNTSs) with diameters
ranging from 10 to 20 nm and lengths ranging from 10 to
30 ym were purchased from Beijing Deke Daojin Science
and Technology Co., Ltd.

2.2. Preparation of mm-CaSA-Caps. Referring to the pre-
vious work of our research group, 2.01g SA swelled in
400 mL deionized water at room temperature for 4h and
stirred at 55°C for 6h. Then, 0.5°wt% SA solution was
obtained. 6.09 g CMC swelled in 400 mL deionized water at
room temperature for 4 h and stirred at 90°C for 6 h. 1.5°wt
% CMC solution was obtained after standing and
defoaming for 24 h. 4.04 g CaCl, was dissolved in 1.5°wt%
CMC solution with stirring. 1.5°'wt% CMC/1.0°wt% CaCl,
mixed solution was obtained after standing and defoaming
for 24 h.

1.5°'wt% CMC/1.0°wt% CaCl, solution was loaded into a
plastic syringe (20 mL) and pumped dropwise vertically with
a flow rate of 0.5mL-min~' by a dripping nozzle into
continuously stirred 200 mL 0.5°wt% SA solution. Inner and
outer diameter of the dripping nozzle was 0.41/0.71 mm. The
distance between the dripping nozzle and the surface of SA
solution was 10 cm fixed. The stirring speed was 200°r-min~"
for 15min, and the reaction continued for 15min after
dripping. The obtained capsules were washed with deionized
water three times through a sieve. Then, an additional
crosslinking process for capsules was conducted for 15 min
in 100mL 2.0°'wt% CaCl, solution. The mm-CaSA-Caps
were obtained after washing with deionized water for three
times. The above experiments were carried out at room
temperature.
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2.3. Preparation of mm-CaSA-Caps Coated with MWNTS via
In Situ of DA (mm-MWNTs-PDA@CaSA-Caps). 0.061 g
Trisbase was dissolved in 50 mL deionized water under
magnetic stirring. 0.02 g SDBS and a certain amount of
MWNTs were added to the above solution under mag-
netic stirring for 30 min. The solution was dispersed by
an ultrasonic cell disruptor (JY96-IIN, Shanghai LNB
Instrument Co., Ltd., China) with 1000 W power for
30 min. 0.056 g SP was added, and hydrochloric acid was
added to adjust pH to 8.5. 250 mm-CaSA-Caps and 0.1 g
DA were added to the above solution and then were
stirred at room temperature for 24h. Then, the mm-
MWNTs-PDA@CaSA-Caps were obtained after filtering.
MWNTs concentrations were 0.1, 0.4, 0.6, and 1.0 g-L™",
respectively.

The preparation process and structure of mm-MWNTs-
PDA@CaSA-Caps are shown in Figures 1(a) and 1(b),
respectively.

2.4. Properties and Characterizations of Samples. The reac-
tion degree of DA in the reaction system was monitored with
UV-vis spectrophotometry (TU-1900, Beijing Pullout
General Instrument Co., Ltd., China). The wavelength
ranged from 250 nm to 700 nm. During the reaction process,
1 mL solution in the reaction system was diluted to 25 mL
with deionized water at certain times, respectively. The
images of capsules were captured with a digital camera (BL-
SM500, Jinhua Oushilang Trade Co., Ltd., China). The water
on the surface of capsules was dried with filter paper and
freeze-dried for 24 h. The surface morphology of capsules
was observed with a scanning electron microscope (SEM,
JSM-IT300, JEOL Ltd., Japan).

20 capsules were selected randomly. The diameter of
capsules was measured with a digital display vernier caliper,
and the average of diameter was calculated. The sphericity
(SF) of the water bead can be calculated by the following
equation [16, 17]:

(Dmax_D

_ min)
SF = (Do +D (1)

b
max min )

where D,
minimum diameter perpendicular to D
cated a good sphericity.

20 capsules were selected randomly. In formula (2), m is
the initial weight of capsules and m,, is the weight of capsules
at a certain time of testing. The water loss ratio of capsules is

is the maximum diameter, and D, is the
SF <0.07 indi-

max*

. m,
Water loss ratio = —* x 100%. (2)
my

3. Results and Discussion

3.1. Surface Morphology Characterization and Mechanism
Analysis. As shown in Figure 2, during the process of DA
polymerization, the colorless transparent mm-CaSA-Caps
became black translucent mm-MWNTs-PDA@CaSA-Caps
rapidly within 2 min, and then, they became opaque within
15 min. The black color gradually deepened as the reaction
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FIGURE 2: Images of mm-MWNTs-PDA@CaSA-Caps during the reaction process. Scale bar is 2 mm.

continued. The UV absorption spectrum curves of the so-
lution system during the reaction process (Figure 3(a))
showed that DA (280 nm) was oxidized to dopamine qui-
none (350nm) first in an alkaline solution containing
oxidants.

The rate of DA polymerization was expressed by the UV
absorption peak of dopamine quinone (350nm) with the
change of its concentration [18]. Combined with the change
of absorbance at 350 nm in the reaction process (Figure 3(b)),
the concentration of dopamine quinone increased rapidly in
the first 15 minutes and slowed down after 15 minutes. It
showed that under room temperature and alkaline condi-
tions, DA polymerized into PDA quickly [19, 20], which
deposited on the surface of capsules. Then, MWNTs were
attached to the surface of capsules due to the adhesion of
PDA, and mm-MWNTs-PDA@CaSA-Caps were obtained.

3.2. Effect of MWNTs Concentration on Morphology and
Properties of Capsules. The effect of MWNTs concentration
on the morphology of mm-MWNTs-PDA@CaSA-Caps
was further investigated. As given in Table 1, all of the
colorless transparency mm-CaSA-Caps became black
opaque within 300 min with various MWNTs concen-
trations. At the same reaction time, especially at the re-
action time of 2 min and 15 min, when the capsules were
still black and translucent, obvious particles were aggre-
gated on the surface of capsules with the increase of
MWNTs concentrations. It indicated that MWNTs were
successfully adhered to capsules due to the strong

adhesion of PDA. In Figure 4, surface morphology of mm-
MWNTs-PDA@CaSA-Caps shows that MWNTs are at-
tached on the surface of capsules. The distribution density
of MWNTs on the surface of capsules increased with
MWNTs concentrations increasing.

The effect of reaction time on diameter of mm-MWNTs-
PDA@CaSA-Caps is shown in Figure 5(a). The diameter of
capsules increased gradually as the reaction time increased.
The diameter grew faster within the first 15 minutes; it
slowed down to a plateau after 15 minutes. In addition, with
MWNTs concentrations increasing, capsules diameter grew
faster. When the MWNTs concentration was 0.1 g-Lfl, the
diameter increased from 3.71 £0.05mm to 3.95+0.07 mm
during reaction time of 0-540 min. When the MWNTs
concentration was 1.0g-L™", the diameter increased from
3.71+0.03 mm to 4.10 £ 0.04 mm during the same reaction
time. Under alkaline condition, the oxidant of SP accelerated
the DA polymerization to PDA, and the generation speed of
PDA was the fastest in the first 15 min. At the same time,
PDA-MWNTs composite layer formed on the surface of
capsules, which was consistent with the report that PDA
could be used as an interface binder to bond inorganic
nanoparticles to any interface due to its strong adhesive
property [21]. With the increase of MWNTs concentration,
the density of MWNTS coated on the surface of capsules and
the thickness of wall increased. Figure 5(b) shows the effect
of MWNTs concentrations on SF of mm-MWNTs-PDA@
CaSA-Caps prepared. The SF value of capsules was
0.003-0.013 and far less than 0.07, indicating that PDA and
MWNTs had no obvious effects on the sphericity of capsules.



4 Advances in Materials Science and Engineering
0.6
12 f
09 04 o——¢ 4
/”
2 0ot 2% 02t e
0.3 /
ok L]
0 L
200 300 400 500 600 700 0 50 100 150 200
Wavelength (nm) t (min)
—— 2min —— 45min
—— 8min —— 60min
—— 25min 120 min
() (b)
FIGURE 3: (a) The UV-vis spectra of DA solutions. (b) Absorption intensity in 350 nm during the reaction process.
TaBLE 1: Effect of MWNTSs concentration on morphology of capsules during the reaction. The scales bar in photos is 2 mm.
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Figure 6 shows the effect of MWNTs concentrations on
water loss ratio of mm-MWNTs-PDA@CaSA-Caps. In
Figure 6(a), the data points are too dense to distinguish in
initial time, so the data from 0 to 120 min are listed alone in
Figure 6(b). Compared with mm-CaSA-Caps, water loss
ratio of mm-MWNTs-PDA@CaSA-Caps decreased with
different MWNTs concentrations in 120 min, indicating
that the PDA-MWNTs composite layer could delay the
water loss in capsules effectively, that is, the water storage
stability of the mm-CaSA-Caps was improved. It also

showed that water loss ratio of the mm-MWNTs-PDA@
CaSA-Caps with 0.1 g¢-L~' MWNTs had little difference with
that of the mm-CaSA-Caps. Because the surface of mm-
CaSA-Caps could not be completely covered as the con-
centration of MWNTs was low. When the concentration of
MWNTs increased, the water loss ratio of capsules de-
creased significantly in the same time. However, the water
loss ratio of the mm-MWNTs-PDA@CaSA-Caps with
0.6 g:.L.”' MWNTs had little difference with that of the mm-
MWNTs-PDA@CaSA-Caps with 0.6g.L™" MWNTs. The
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FIGURE 4: Surface morphology of mm-MWNTs-PDA@CaSA-Caps. MWNTs concentrations are (a) 0.1 g-L ™", (b) 0.4g-L™", () 0.6 gL ™", and
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FIGURE 5: Effect of MWNTSs concentration on (a) particle size and (b) SF of capsules during the reaction process.

reason was that the adsorption amount of MWNTs on mm-
CaSA-Caps reached saturation. It meant that the MWNTs
concentration kept increasing; no more MWNTs could be
adhered to the surface of capsules, which was also con-
sistent with the results of capsule diameter. At test time of
540 min, water loss ratios of capsules were 70.07%, 57.85%,
52.29%, 45.88%, and 47.11% with 0gL™', 01gL”’,

0.4gL7",0.6gL ™", and 1.0 gL™" MWNTS, respectively. The
water loss ratios of the mm-MWNTs-PDA@CaSA-Caps
decreased significantly. Since the MWNTs were attached on
the surface on capsules by PDA which was prepared via the
in situ polymerization method, the mm-MWNTs-PDA@
CaSA-Caps with a better water storage stability were
obtained.
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FiGure 6: Effect of MWNTSs concentration on water loss ratio of capsules at (a) test time 0-1920 min and (b) test time 0-120 min.

4. Conclusions

In this study, inorganic nanomaterials carbon nanotubes
with special properties and strong adhesion property of PDA
were used to modify the surface of mm-CaSA-Caps via the in
situ polymerization method at room temperature and under
mild conditions. The mm-MWNTs-PDA@CaSA-Caps were
obtained. The results showed PDA was successfully de-
posited on the surface of mm-CaSA-Caps, and MWNTs
could be further attached to the surface of capsules. The
MWNTs-PDA barrier layer was formed on the surface of
mm-CaSA-Caps, which prevented core solution from loss
effectively and prolonged the storage period of mm-CaSA-
Caps. When MWNTs concentration was 0.6 g-L ™", the water
storage stability of mm-MWNTs-PDA@CaSA-Caps was the
best.
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