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This work is to develop a kind of multifunctional embolic material, which will possess a synergized
tumor ablation effect combining transcatheter arterial chemoembolization and hyperthermia therapy.
Herein, monodispersed calcium alginate (CA) microspheres containing gold nanostars (Au NSs) have
been prepared in one step by using a droplet-based microfluidic technique. The droplets containing sodium
alginate (SA) and HAUCL, formed in the microfluidic device are solidified by Ca* to obtain CA microspheres
while HAUCl, is successively reduced to Au(0) by SA and vitamin C in the collecting solution to produce Au
NSs in situ-encapsulated in CA microspheres. Herein, alginate acts as a co-reducing agent and stabilizer for
in situ-formed Au NSs, and also as a drug carrier and embolic agent. Studies of scanning electronic
microscopy combined with energy-dispersive X-ray spectroscopy, transmission electronic microscopy and
X-ray diffraction verified the existence and morphology of the in situ-formed Au NSs. The as-prepared
microspheres can absorb near-infrared (NIR) light and the temperature increment of the microsphere
suspension can be more than 60 °C under NIR irradiation due to the presence of Au NSs. The drug release
rate can be accelerated by NIR irradiation. The study of in vitro cytotoxicity indicates that tumor cells can be
efficiently killed by the combination of chemotherapy and NIR-induced hyperthermia. As potential embolic
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Introduction

Sodium alginate, as a kind of anionic marine-based biopolymer,
possesses well-known advantages such as biocompatibility, bio-
degradability, low cost, non-toxicity, abundant resources, easy
gelation ability and so on."” Therefore, alginates have been
widely used as biomedical materials, particularly in the areas
of wound dressing,® cell microencapsulation,” drug delivery®
and tissue engineering.’ Additionally, alginate microsphere
suspension as a vascular embolic agent can be injected into
tumor sites through a microcatheter to block the nutrition
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materials, the hybrid microspheres provide new insights into synergistic therapy of cancer.

supply to the tumor, resulting in tumor necrosis.”"° Meanwhile,

anti-cancer drugs loaded within embolic microspheres can be
directly delivered to tumor sites with reduced systemic toxicity
and high therapeutic efficiency. Therefore, transcatheter arterial
chemoembolization (TACE) therapy has been considered as a pre-
ferred choice for patients with unresectable liver tumor taking the
advantage of embolization combined with local chemotherapy.""*

However, incomplete tumor necrosis and relapse after TACE
treatment frequently happened leading to the failure of TACE." In
order to improve the therapeutic efficacy of TACE, multimodal
treatment combining chemoembolization and other treatments
has received great attention recently.”'*" As reported, hyperthermia
therapy can kill tumor cells directly and also sensitize radiotherapy
and chemotherapy.'®® Therein, near-infrared (NIR) light-mediated
photothermal therapy (PTT) has been paid much attention due to its
unique targeting, minimal invasiveness, high efficacy and low side
effect.">*° Therefore, TACE combined with photothermal therapy
may provide a new strategy to enhance the treatment efficacy
because of the tri-modality treatment (PTT, chemotherapy and
embolization).

Gold nanostars (Au NSs) have been reported to possess
high NIR photothermal conversion efficiency, and also good
biocompatibility as well as excellent chemical stability."*>

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Therefore, combined chemo-photothermal cancer therapy based
on Au NSs has been developed in the past decade.”’>* However,
these research studies mainly focused on nanomedicine for
systemic intravenous injection therapy. The combination of TACE
and NIR photothermal therapy based on Au NSs has never been
reported. In addition, the preparation of these multifunctional
embolic materials is rather complicated. For instance, Au NSs itself
should be synthesized firstly”*>® and were consequently encapsu-
lated in matrix materials. Therein, the use of a reducing agent and
cationic surfactant may cause potential toxicity.”>>' Therefore, the
development of a simple and green method for multifunctional
embolic materials based on Au NSs still remains a challenge.

Due to the large number of hydroxyl and carboxyl groups in
alginate chains, alginate is capable of reacting with multivalent
metal ions or metal nanoparticle via electrostatic or coordination
interactions. Therefore, alginate is also used as an excellent
stabilizer and soft template to synthesize various metal/metal
oxide nanocomposites, such as Au, Ag and Ce0,.3>% Additionally,
as a green and mild reducing agent, alginate is capable of reducing
HAuCl, to Au(0) or AgNO; to Ag(0) due to the presence of hydroxyl
groups.®**® But these as-synthesized Au or Ag nanoparticles (NPs)
were in spherical shape without NIR photothermal conversion
properties.

In this work, monodispersed calcium alginate microspheres
containing gold nanostars (denoted as Au@CA) used as embolic
materials were prepared in one step by using a droplet-based
microfluidic technique. The droplet-based microfluidic technique
has emerged as a powerful method to fabricate various micro-
spheres with controllable size and microstructure in the recent two
decades.*! Based on this advanced technique, we have fabricated
various monodispersed nano-in-micro hybrid microspheres as
potential embolic materials with controllable size and micro-
structure.**™*® It is worth noting that gold nanostars (Au NSs)
were in situ-formed and uniformly distributed in the alginate
matrix. Herein, alginate plays a dual role: a co-reducing agent
for chloroauric acid and a stabilizer for the consequently formed
Au NSs. Furthermore, an anti-cancer drug was loaded within the
microspheres. Thus, the as-prepared microspheres may integrate
tri-modality treatments including local chemotherapy, thermo-
therapy and embolization. It is expected to improve the thera-
peutic effect of TACE. Considering that the embolic effect of
hybrid alginate microspheres on VX2 liver tumor-bearing rab-
bits has been investigated in our previous research,* the in vivo
evaluation of the as-prepared Au@CA microspheres is no longer
carried out in this work.

Materials and methods
Materials

Sodium alginate (low viscosity, denoted as SA) was purchased
from Sigma-Aldrich. Chloroauric acid (HAuCl,-3H,0) was produced
by Reagent No. 1 Factory of Shanghai Chemical Reagent Co. Ltd.
DOX hydrochloride (DOX-HCI, 99.3% in purity) was produced by
Beijing Huafeng United Technology Co. Ltd. RPMI-1640 medium
(BR), penicillin (10* U mL™") and streptomyein (10" U mL™") were

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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purchased from Hyclone. Trypsin (0.25%) and newborn calf serum
(NBCS, BR) were obtained from Gibco. Cell Counting Kit-8 (CCK-8,
BR) was purchased from Dojindo. Liquid paraffin (CP), span 80
(CP), CaCl,, ascorbic acid (vitamin C) and other chemicals were
of analytical grade and purchased from Sinopharm Chemical
Reagent Co. Ltd.

Preparation of alginate microspheres containing gold nanostars

According to the method described previously,”*™* a flow-focused

microfluidic device based on polydimethylsiloxane was fabricated.
As shown in Fig. 1a, liquid paraffin containing 2 wt% of span
80 and 0.8 wt% in situ-formed CaCl, nanoparticles (NPs) was
adopted as a continuous phase, which was prepared using an
emulsion process followed by solvent evaporation.*® The aqueous
solution of SA (2.0 wt%) containing varied amounts of HAuCl,
(2.5, 5.0, 10.0 and 20.0 mmol L") was stirred in the dark
overnight and then used as a dispersed phase. Both the continuous
phase and dispersed phase were separately pumped into the
microchannels using digitally controlled syringe pumps (NE-1000;
New Era Pump Systems, Inc.) with flow rates of 500 pL h™* and
3000 pL h™"' respectively. SA droplets containing HAuCl, were
produced and pre-crosslinked with CaCl, NPs in the microchannel.
Meanwhile, a part of HAuCl, was reduced by alginates to form Au
NPs. Subsequently, these droplets were dripped into a collecting
solution containing CacCl, (0.2 mol L") and ascorbic acid (vitamin C,
0.05 mol L"), and were then maintained in the solution for 24 h to
ensure complete reaction. Herein, SA droplets were crosslinked with
Ca®" ions to form calcium alginate (CA) hydrogel microspheres and
HAuCl, was further reduced to Au NSs by vitamin C. The resultant
CA microspheres containing in situ-formed Au NSs (denoted as
Au@CA) were collected and purified by washing several times with
alcohol and DI water alternately. According to the content of HAuCl,
added in the dispersed phase, the resultant CA microspheres were
denoted as Au@CA-2.5, Au@CA-5, Au@CA-10 and Au@CA-20. As a
control, blank CA microspheres were also prepared using a similar
method. These microspheres were either dried in an oven for further
characterization, or dispersed in water for storage.

Morphology and structure of Au@CA microspheres

The morphologies of the various wet microspheres were observed
using an inverted optical microscope (DSY5000X, Chongqing
COIC Industrial Co. Ltd). The freeze-dried microspheres were
gold-coated before imaging on an environmental scanning electron
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Fig. 1 (a) Schematic illustration of one-step preparation of Au@CA micro-
spheres with a nano-in-micro structure; (b) optical micrograph of the
droplets formation in the microfluidic device; (c and d) optical photograph
and SEM image of Au@CA microspheres.
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microscope (ESEM, Quanta 200, FEI) at an accelerating voltage of
10 kV. The elemental composition of the microspheres were
analysed using SEM combined with energy dispersive X-ray
spectroscopy (SEM-EDX, Genesis, EDAX Inc.). The operation
voltage was 20 kV. The micromorphology of the in situ-formed
Au NPs in microspheres was imaged by using a field transmission
electron microscope (Tecnai G2 F30, FEI) with an accelerating
voltage of 160 kV. Briefly, the dried microspheres were ground into
powder and disintegrated using EDTA solution (0.1 mol L™ ") under
ultrasonication. Au NSs were leached out from the microspheres
and collected by centrifugation (12 000 rpm, 15 min). The obtained
Au NSs were then spread onto an ultra-thin carbon film coated
copper grid and dried for tests. High-resolution TEM (HRTEM)
images and selected area electron diffraction (SAED) patterns of
Au NSs were obtained with an accelerating voltage of 300 kv.

The crystal structures of the Au@CA microspheres were also
measured using a powder X-ray diffraction instrument (XRD,
X’Pert PRO, PANalytical B.V.) with 20 ranging from 10.0° to
80.0° under Cu Ku radiation. The thermal stability of the micro-
spheres was investigated on a thermal gravimetric analyzer (TGA,
Pyris1, PerkinElmer) under a N, atmosphere with a temperature
range of 28-850 °C and heating rate of 10 °C min~ . The contents
of Au in the microspheres were determined using an atomic
absorption spectrometer (AAS, iCE 3000, Thermo Scientific).
Precisely weighed and dried microspheres were firstly dissolved
in a mixture of aqua regia (8 mL) and H,0, (0.5 mL). Then the
obtained system was placed on an electric heat plate at 150 °C for
2 h to get rid of the acid and then volumized, filtered through
a & 0.45 pm membrane and diluted before the test. The
absorption intensity at 242.8 nm was recorded and the content
of Au was calculated according to the standard curve of Au.

Spectral analysis of Au@CA microspheres

The absorption spectra of Au@CA microspheres and the dispersed
phase containing HAuCl, were examined on a UV-vis-NIR spectro-
meter (UV-3600, Shimadzu). Before the test, the microspheres
were firstly disintegrated in EDTA (0.1 mol L™"). The obtained
suspensions were scanned from 300-1100 nm using 0.1 mol L™"
EDTA as a reference. Both scan models were in high speed with
an interval of 1 nm.

In vitro photothermal effects of Au@CA microspheres

A digital thermometer (DM6801A, Shenzhen Victory Electronic
Technology Co. Ltd) and an infrared camera (FLIR E50, FLIR
Systems Inc.) were employed to monitor the temperature change.
Briefly, various dried microspheres (20 mg) were placed in a 96-well
plate and swollen with 200 pL of DI water separately. Subsequently,
the suspensions of microspheres were irradiated using a 808 nm
laser (MW-GX-808/5000 mW, Changchun Laser Optoelectronics
Technology Co. Ltd) with varied power densities. The spot diameter
of the laser was 1 cm. The vertical distance between the sample and
laser was approximately 10 cm.

Drug loading and in vitro release of Au@CA microspheres

DOX-HCI was used as a model drug in this study. DOX-loaded
microspheres were prepared using a swelling adsorption method.*’

2020 | Mater. Chem. Front., 2019, 3, 2018-2024
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Briefly, ~95 mg of freeze-dried microspheres were immersed in
4 mL of DOX-HCl (4 mg mL™") solution. The microsphere sus-
pension was oscillated at a rate of 100 rpm at 37 °C for 48 h.
Subsequently, the suspension was centrifuged and washed with DI
water till a colourless supernatant was obtained. The drug-loaded
microspheres were dried in an oven for further use. All supernatants
of centrifugation were collected together and diluted to a constant
volume. The drug loading capacity (LC) and encapsulation efficiency
(EE) of the microspheres were calculated according to the measured
concentration of free DOX and initial DOX concentration. The
obtained DOX-loaded Au@CA-10 and CA microspheres were
denoted as DOX-Au@CA-10 and DOX-CA microspheres, respectively.
All the procedures involving DOX were performed in the dark.

In vitro release profiles of DOX from the microspheres were
obtained by a dialysis method.”” Briefly, the weighed and
freeze-dried drug-loaded microspheres (~10 mg) were placed
in a dialysis bag (the cut-off molecular weight was 14 000 Da)
with 1 mL of phosphate-buffered solution (PBS, pH 7.4,
0.01 mol L™ "). The dialysis bag was immersed in 19.0 mL of PBS
in a capped flask and placed on an oscillator with a rate of 100 rpm
at 37 °C. At a designed time interval, 4.0 mL of the release medium
was removed and replaced with an equal volume of fresh medium.
The amount of the released DOX was quantified by measuring the
absorbance of the release medium on a UV-visible spectro-
photometer (UV-2550, Shimadzu) at a wavelength of 480 nm
based on a DOX standard curve.

To investigate the effect of NIR laser irradiation on the drug
release behaviour of the microspheres, the dialysis bag contain-
ing the microsphere suspension was removed from the flask at
a designated time interval and irradiated with a NIR laser
(808 nm, 1.0 W cm ?). The time of irradiation was 5 min at
time points of 3, 4 and 5 h, and 10 min at time points of 22, 23 and
24 h, respectively. The diameter of the laser collimator was 2 cm.
The distance between the dialysis bag and laser head was set as
5 cm. All the drug release tests were performed in triplicate.

In vitro cytotoxicity of Au@CA microspheres

The cytotoxicity of the microspheres was evaluated by CCK-8
assay using human hepatocellular (HepG2) cells.* Briefly, the
cells were seeded in a 96-well plate at a density of 8 x 10> cells
per well and then incubated overnight. The dried microspheres
were swollen and dispersed in the culture medium. The content
of microspheres was ~0.5 mg mL™". Subsequently, 200 uL of
the microsphere dispersion was added into wells. For groups
of NIR irradiation, laser irradiation (808 nm, 1.5 W cm™?) was
carried out immediately for 3 min per well. After 24 h of
incubation, 10 pL of CCK-8 was added to each well and the
cells were further incubated for 4 h. The absorbance was
measured using a Microplate Reader (Model 680, BIO-RAD,
USA) at a wavelength of 450 nm.

Statistical analysis

The data were presented as mean + standard deviation (SD).
Statistical analyses were performed by Student’s ¢-test. Symbols
** and *** indicated P < 0.01 and P < 0.001 with considered
significant differences, respectively.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Results and discussion
Preparation and characterization of Au@CA microspheres

Fig. 1 schematically shows the one-step preparation of hybrid
CA microspheres containing in situ-formed Au NPs via a droplet-
based microfluidic technique. The subsequent morphology and
structure characterization showed that Au NPs encapsulated in
the CA microspheres were in the shape of multi-antenna nanostars
(NSs). Hereafter, in this paper, if the shape of the Au nanoparticles is
indeterminate, they would be called Au NPs. And Au NSs would be
used to refer in particular to Au NPs with the shape of nanostars. Au
NSs can absorb NIR light and act as a NIR photothermal agent. In
addition, DOX was used as the chemotherapy drug loaded in the
microspheres using an adsorption method. Thus, the obtained
drug-loaded hybrid microspheres may integrate embolization
therapy, hyperthermia therapy and local chemotherapy. As
shown in Fig. 1a, a flow-focusing microfluidic device allows
obtaining monodispersed sodium alginate (SA) droplets firstly
(Fig. 1b). In the microchannel, SA droplets were pre-crosslinked
with CaCl, NPs in a continuous phase (O) as we reported
previously.*® In addition, a part of HAuCl, in the dispersed phase
(W) could be in situ reduced to Au NPs due to the reduction ability
of SA. The droplets were dripped into a collecting bath containing
CaCl, and vitamin C. Herein, SA was completely solidified by Ca**
to form calcium alginate (CA); simultaneously, unreacted HAuCl,
was further in situ reduced to Au NSs by vitamin C. Thus, such
hybrid CA microspheres with a unique nano-in-micro structure
were prepared by a simple one-step method. The resultant hybrid
CA microspheres were denoted as Au@CA microspheres. Among
the as-prepared samples, the size of Au@CA-10 microspheres was
found to be approximately 200 pm with monodispersion (Fig. 1c),
which is suitable to be an embolic agent and can be easily
modulated by adjusting the flow rates of both phases to meet
the different requirements. The SEM image indicated that the
size of the dried microspheres was approximately 150 pm
(Fig. 1d). The shape and size of the other hybrid microspheres
are shown in Fig. S1 in ESL ¥

The existence of Au in the hybrid microspheres was verified
by SEM combined with EDX as shown in Fig. 2. In comparison
with the clear surface of the blank CA microsphere (Fig. 2a), a
number of white particles with uniform size can be clearly
observed on the surface of Au@CA-10 microspheres (Fig. 2b).
These white particles could be considered to be in situ-formed
Au NPs. Their morphology would be characterized vide infra.
These Au NPs well dispersed in the matrix of CA due to the soft

27 5 4 5 6 7
Energy (V)

Fig. 2 (a) SEM image of the surface of blank CA microspheres; (b) SEM
image of the surface of Au@CA-10 microspheres; and (c) EDX analysis of
Au@CA-10 microspheres based on a selected area (red square) of the SEM
image.
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Fig. 3 (a) XRD patterns and (b) thermogravimetric analysis of various CA
microspheres.

template effect of alginate network structures. The aggregation
and precipitation of Au NPs were also avoided by such a template
effect.>°> As shown in Fig. 2c¢, EDX analysis of Au@CA-10
microspheres verified the existence of elements C, O, Ca and
Au in the matrix of alginate. The content of element Au in
Au@CA-10 microspheres was found to be 10.4 wt%.

Fig. 3 shows the XRD spectra and thermogravimetric analysis
of various CA microspheres. In Fig. 3a, according to the standard
XRD data JCPDS card 04-078 (face-centered cubic phase), the
peaks at 38.3°% 44.5°, 64.7° and 77.7° were assigned to the (111),
(200), (220) and (311) crystal planes of Au, respectively.*® How-
ever, no peak in the range of 10.0-80.0° was observed in the case
of blank CA microspheres. In addition, the ratio of the peak
intensity of (111) and (200) was about 3.49, which was higher
than 2.20 as indicated in the JCPDS standard card. This may
suggest that the crystal of Au mainly grows along the (111) crystal
plane. Fig. 3b shows the thermal decomposition behaviors of
various CA microspheres. The thermogravimetric curves of all
microspheres were similar in the range of 0-330 °C. With a
further increase in temperature, thermal decomposition rates of
the samples containing Au gradually slowed down depending
upon the content of Au. The results of thermogravimetric analysis
also verified the presence of Au in CA microspheres.

In order to illustrate the morphology, properties and the
formation mechanism of Au NPs in the hybrid CA microspheres,
TEM and absorption spectroscopy of Au NPs in the dispersed
phase and in the microspheres were conducted respectively. As
shown in Fig. 4a, near spherical Au NPs were obtained from the
dispersed phase containing 10 mmol L~ HAuCl,, which might
come from a part of HAuCl, reduced by SA (TEM images of Au
NPs obtained from the other dispersed phases can be found in
Fig. S2a in ESIY).

The sizes of these Au NPs were 60-80 nm. The corresponding
UV-vis-NIR absorption spectra are shown in Fig. 4b. As expected,
no absorption peak appeared in the case of the dispersed phase
without HAuCl,. However, strong absorption peaks appeared at
~550 nm when the dispersed phases contained varied contents
of HAuCl,. This might be attributed to the formation of Au NPs
during the preparation of the dispersed phase due to the mild
reducing capability and soft template effect of alginate as
mentioned above. Fig. 4c shows the TEM image of Au NPs
obtained from the disintegrated Au@CA-10 microspheres (TEM
images of other samples are shown in Fig. S2b, ESIf). In
comparison with the spherical Au NPs obtained from the
dispersed phase, Au NPs in the CA microspheres showed a

Mater. Chem. Front., 2019, 3, 2018-2024 | 2021
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Fig. 4 (a and c) TEM image of Au NPs; (b and d) the corresponding
UV-vis-NIR absorption spectra of the Au NPs suspension. (a and b) From
the dispersed phases; (c and d) from the disintegrated microspheres.

multi-tentacle star-like shape. Thus, these Au nanoparticles
were denoted as Au nanostars (Au NSs). The size of Au NSs
seemed to be larger than that of the above spherical Au NPs in
the corresponding dispersed phase and had a tendency to
increase with an increase in HAuCl, content in the dispersed
phase. For instance, the size of the Au NSs in Au@CA-2.5
was about 70 nm, while that in Au@CA-20 was about 150 nm
(Fig. S2b, ESIt). Fig. 4d shows the corresponding UV-vis-NIR
spectra of Au NS suspensions obtained from the disintegrated
Au@CA-2.5, Au@CA-5, Au@CA-10 and Au@CA-20 microspheres.
Their absorption peaks appeared at 550 nm, 610 nm, 700 nm and
780 nm, respectively. In comparison with that of near spherical
Au NPs obtained from the dispersed phases, the absorption
peaks of the Au NS suspension shifted to the near-infrared
region, which might be due to their multi-tentacle star-like shape.
Interestingly, such a redshift was also related to the content of
HAuCl,, alternately, related to the size of Au NSs. Namely, the
higher the HAuCl, content in the dispersed phase, the bigger the
size of the Au NSs and the larger the redshift of the absorption
peak. In addition, the crystal phase and structure of the in situ-
formed Au NSs in the CA microspheres were further characterized
using HRTEM combined with SAED (Fig. S3, ESIt). A clear lattice
fringe with a spacing of 0.23 nm was found (Fig. S3a and c, ESIY),
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which corresponded to the (111) crystal plane. Fig. S3b and d
(ESIT) indicated that the in situ-formed Au NSs possessed a
polycrystalline feature.

From the above results and discussion, we proposed that the
formation of Au NSs might experience a process of nucleation
in the dispersed phase and crystal growth in the collecting
solution. In the dispersed phase, a small amount of HAuCl, was
reduced by SA to form near spherical Au NPs. Then, the residual
HAuCl, was further reduced to Au by vitamin C in the collecting
solution and these formed Au deposited preferentially on the
(111) crystal plane of the initially generated spherical Au NPs,
ultimately leading to the formation of multi-antenna Au nano-
stars in the CA microspheres. In this process, alginate chains act
as a soft template to prevent the aggregation and precipitation
of Au NPs. Unlike the reported two-step preparation of Au NSs,>!
extra surfactant and careful control of reaction conditions were not
required. Au content in Au@CA microspheres was also evaluated by
using the AAS method (Table S1, ESIf). As expected, the Au
content in these microspheres increased with an increase of
HAuCl, concentration in the dispersed phase.

In vitro photothermal effect of Au@CA microspheres

As demonstrated above, Au NSs were encapsulated in CA
microspheres and showed strong absorption in the NIR region.
This implies that Au@CA microspheres are capable of photo-
thermal conversion.>** Fig. 5 shows the temperature increments
(AT) of various microsphere suspensions irradiated using a
808 nm NIR laser. In comparison with very small AT in the case
of water and pure CA microsphere suspension, distinct temperature
increments were observed in the case of Au@CA microsphere
suspensions (Fig. 5a). The AT in the case of CA, Au@CA-2.5,
Au@CA-5, Au@CA-10 and Au@CA-20 microsphere suspensions
was found to be 11, 23, 27, 33 and 41 °C, respectively, under
irradiation with a power of 0.50 W cm™> for 15 min. It is indicative
that the AT increased with an increase of Au content. It is worth
noting that the power density (0.50 W cm™?) is relatively low, but is
able to produce significant AT. In this work, we also investigated the
effect of power density on AT for various microsphere suspensions.
As shown in Fig. 5b, AT of the Au@CA-10 suspension increased with
an increase in the power density of the laser. Under NIR irradiation
with power densities of 0.25, 0.50, 0.80 and 1.00 W cm™ 2, the
corresponding AT of Au@CA-10 microspheres was found to be 29,
48, 61 and 67 °C, respectively, much higher than those of DI water

(a )40 b ( b 1 Water 1.00 Wiem®
F —e—cA !
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Fig. 5 Photothermal effects. (a) Effect of Au content; (b) effect of the laser power density; and (c) corresponding thermal images of microspheres

recorded using an IR camera within 5 min of NIR irradiation.
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Fig. 6 In vitro release behavior of DOX-loading microspheres with or
without laser irradiation. Note: ***P < 0.001 with significant difference.

and pure CA microspheres. The corresponding thermal images
are shown in Fig. 5c. The bright image implies high temperature
and vice versa. The images were consistent with the monitored
temperatures.

Drug loading and in vitro release of Au@CA microspheres

The drug loading capacities (LC) of DOX-Au@CA-10 and DOX-
CA microspheres were found to be 15.9 £ 0.23% and 16.6 +
0.03%, respectively. Correspondingly, their encapsulation efficiencies
(EE) were found to be 95.2 £+ 1.19% and 98.5 & 0.14%, respectively.
The high values of EE might involve hydrogen bonding between
DOX and CA, and electrostatic attraction between amino groups in
DOX and carboxyl groups in CA. As shown in Fig. 6, both micro-
spheres exhibited almost parallel sustained drug release behavior in
the absence of NIR irradiation. It is indicative that the existence of Au
NSs doesn’t affect the release of the drug. When the NIR laser was
employed, a significantly enhanced release rate was observed in the
case of DOX-Au@CA-10 microspheres. For instance, about 10% of
DOX could be released from the microspheres after 5 h. However, in
the absence of irradiation, this release ratio was realized after 17 h.
Apparently, the accelerated diffusion of drug molecules from the
microspheres could be attributed to the high temperature caused by
the photothermal effect of Au NSs in CA microspheres. At the
beginning of the release (0-4 h), DOX release could be attributed
to the spontaneous molecular diffusion in the absence of irradiation.
However, the release rate of DOX distinctly increased when NIR
irradiation was applied (3-5 h). When the laser was shut off
(622 h), the drug release was still driven by spontaneous
diffusion. When the irradiation was applied again (22-24 h),
the release rate was accelerated again. This indicates that a
pulse release of DOX could be conveniently realized through a
simple “on-off”’ of laser irradiation.

In vitro cell viability assay of Au@CA microspheres

Fig. 7 shows the results of in vitro cytotoxicity of the as-prepared
CA microspheres. After being treated with CA and Au@CA-10
microsphere suspension, the cell viability was 94% and 84%,
respectively, implying that these microspheres possess good
biocompatibility. When the cells were treated using DOX-Au@

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 7 Cell viabilities of HepG2 cells incubated with various CA micro-
spheres after 24 h. Note: **P < 0.01, ***P < 0.001 with significant
difference, respectively.

CA-10 microspheres, the cell viability was 52%, which was
attributed to the release of DOX. However, the cell viability was
further decreased to 11% in the case of Au@CA-10 combined with
NIR irradiation. It was indicative that more tumor cells were killed
by the heat arising from the photothermal conversion of Au NSs in
the microspheres. The group of DOX-Au@CA-10 microspheres
with NIR irradiation showed a synergistic antitumor effect of
chemotherapy and thermotherapy.

Conclusion

A series of calcium alginate microspheres containing in situ-
formed Au nanostars have been prepared in one step using a
droplet-based microfluidic technique. The prepared microspheres
have a spherical shape and uniform size with a diameter of about
200 pum in the wet state. Au NSs were formed from the reduction of
HAuCl, by alginate in the dispersed phase (nucleation) and
subsequently by vitamin C in the collecting solution (crystal
selective growth). The content of in situ-formed Au NSs can be
adjusted by changing the initial concentration of HAuCl, in the
dispersed phase. The as-prepared nano-in-micro microspheres
show an excellent photothermal effect because Au NSs are able
to transfer light energy to thermal energy under NIR laser irradia-
tion. In addition, the drug release rate from the microspheres can
be accelerated by NIR laser irradiation. The drug-loaded Au@CA
microspheres combined with NIR irradiation show a synergistic
antitumor effect of chemotherapy and thermotherapy. These
results show that Au@CA microspheres have the potential to be
used as a multifunctional embolic agent.
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