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1. Introduction

Single wall carbon nanotube (SWNT) based thermo-sensitive hydrogel

(SWNT-GEL) is reported, which provides an injectable drug delivery system
as well as a medium for photothermal transduction. SWNT-hydrogel alone

Gastric cancer (GC), a second leading
mortality of cancer, represents one of the

appears to be nontoxic on gastric cancer cells (BGC-823 cell line) but leads to most common malignancies worldwide.

cell death with NIR radiation through a hyperthermia proapoptosis mecha-
nism. By incorporating hyperthermia therapy and controlled in situ doxoru-
bicin (DOX) release, DOX-loaded SWNT-hydrogel with NIR radiation proves

Though systemic chemo agents and sur-
gical excision are preferred approach
in the early-stage gastric cancer treat-
ment, drug resistance and unresectable

higher tumor suppression rate on mice xenograft gastric tumor models com- lumps require more advanced therapeutic

pared to free DOX without detectable organ toxicity. The developed system
demonstrates improved efficacy of chemotherapeutic drugs which overcomes
systemic adverse reactions and presents immense potential for gastric cancer

treatment.
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strategy.l!!l Chemotherapeutics exert exten-
sive adverse reactions when systemically
injected. For example, approximately
10% of patients treated with doxorubicin
(DOX) will take the risk of cardiotox-
icity or develop cardiac complications.?
Besides, tumor diversity evades the effi-
cacy of monotherapy, not to mention the exiguity of molecular
targeted agents toward gastric cancer also limits its treatment.
Currently, the only approved targeted drug for primary GC in
clinical application is trastuzumab, which requires patients’
HER-2 expression when applied as target drugs.B3! Trastuzumab
is known as one kind of targeted monoclonal antibody agents,
although better tolerated and less toxicity was obtained than
conventional anticancer drugs, monoclonal antibodies may
cause infusion-related reactions like other infusional agents,
and recently there are reports on severe delayed hypersensi-
tivity reaction induced by trastuzumab.! Over the past few
decades, nanomedicine with the emergence of new nanoparti-
cles has obtained extensive attentions for they can function as
cancer diagnose agents, drug delivery and release system, etc.!
However, the low efficiency of nanoparticles’ homing to tumor
location through intravenous injection is one of the challenges
demanding prompt solution.

Near-infrared (NIR) radiation has drawn intense attentions
as an efficient stimulus in photo-dynamic therapy. There are
two justifiable superiorities to apply NIR light to tumor therapy:
primarily, the absorbing window of NIR, =650-1000 nm, by
skin and tissue with minimum absorption compared with other
radiations such as 10 nm to 5 pm for X-ray;® furthermore, NIR
can infiltrate tissue from micrometers to centimeters, which set
the stage for human body applications.!”!

Some nanomaterials, such as carbon nanotubes (CNTs), can
absorb NIR and produce local high temperature to kill cancer
cells. Single wall carbon nanotube (SWNT), which belongs to
one category of CNTs and has been employed in nanomedicine
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for several years, is also an ideal drug carrier in the applica-
tion of cancer treatment because of their large surface area and
unique physical properties (optical and electrical property).®!
Therefore, CNTs could be used in the diagnosis and treatment
toward tumors, especially those deeply growing inside human
body,®" such as hysteroma, which is hard to detect and cure in
an early stage by traditional methods.l”! In addition, the chemo-
therapy drugs and some biomolecules could be noncovalently
or covalently coated into CNTs.I'% These traits of CN'Ts provide
a compelling evidence of their application in nanomedicine.

Poly(n-isopropyl acrylamide) (pNIPAM) thermo-sensitive
polymer has been widely used to detach cells from culture dish
without enzyme catalyzing and is nontoxic. It is based on a crit-
ical solution temperature of 33 °C, above which pNIPAM expe-
riences a solution(sol) to gelation(gel) transition; thus, hydro-
gels form at body temperature. As a drug carrier, pH-sensi-
tive pNIPAM microgel can carry chemotherapeutic agent to kill
cancer cells efficiently in vitro.12) Heretofore, it has been widely
studied on using pNIPAM gel or CNTs alone for different drug
delivery or cancer therapy, while no report was seen on inte-
grating both pNIPAM and CNTs together to treat GC from in
vitro to in vivo.

To this end, we reported single wall carbon nanotube based
injectable thermo-sensitive hydrogel (SWNT-GEL) to deliver
DOX in xenograft GC mice treatment. First, injectable hydrogel
can directly deliver DOX to the tumor site allowing it con-
tributing anticancer effect in situ; meanwhile, NIR can pro-
vide hyperthermia therapy by penetrating tissues to stimulate
SWNT located in tumor site, which finally attains chemo-com-
bined photothermal therapy (Scheme 1).

2. Results

2.1. Basic Characterization of DOX/SWNT-GEL

We first synthesized gelatin/SWNT-(3-aminopropyl) trimeth-
oxysilane (APTS)-NH, and then copolymerized pNIPAM for
the preparation of thermo-sensitive hydrogel (SWNT-GEL) and
employed it for anti-cancer drug delivery as well as for hyper-
thermia therapy, following which the DOX-loaded SWNT-
GEL(DOX/SWNT-GEL) was prepared. FTIR was employed for
the characterization of gelatin, SWNT-APTS, gelatin/SWNT-
APTS, NIPAM, PNIPAM-NH,, and gelatin/SWNT-APTS-NH,,
respectively. As elucidated in Figure 1A, the band at 1104 cm™!
displayed in the spectrum of gelatin/SWNT-APTS was attrib-
uted to Si-O-Si resulted from SWNT-APTS. The band at
1103 cm™ shown in the spectrum of gelatin/SWNT-APTS-
NH, was attributed to Si-O-Si from gelatin/SWNT-APTS. We
concluded that gelatin/SWNT-APTS-NH, was successfully
prepared from gelatin/SWNT-APTS and pNIPAM-NH, as
exhibited in Figure 1A.

PNIPAM is known as a thermo-sensitive polymer. When the
temperature is lower than the lower critical solution tempera-
ture (33 °C), the H-bond between N, O atoms from amid bonds
and water molecules will be formed; when the temperature is
higher than lower critical solution temperature, the H-bond
will be blocked and the polymer chain will transform to a
coiled structure. The SWNT could disperse in the solution of
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Scheme 1. Xenograft tumor model is established by subcutaneous injec-
tion of BGC-823 gastric cancer cells. DOX/SWNT-GEL is administrated
intratumorly and then the mouse receives NIR laser irradiation at the
tumor site.

pNIPAM in low temperature because the amphiphilic polymer
chain of pNIPAM could cover onto the surface of SWNT. When
the temperature is higher than 33 °C, the SWNT will aggregate
into little trusses due to the contraction of pNIPAM polymer’s
chain conformation and the hydrophobic SWNT surface will be
revealed to water.

The SWNT-GEL powder was dissolved in the deionized
water to reach a final concentration of 20 mg mL™ (w/v);
Figure 1B (left) showed the liquid state of the solution
in room temperature, when temperature reached 37 °C,
which was higher than lower critical solution temperature
of pNIPAM, the hydrogel formed (Figure 1B, right). Fur-
thermore, we explored the microstructures of SWNT-based
hydrogel with TEM, as shown in Figure 1C, where SWNTs
were imbedded in the hydrogel. Additionally, the drug release
curve of DOX/SWNT-GEL was depicted during a period of
28 d. As exhibited in Figure 1D, in the first day of incubation,
there was over 20% of DOX released from the drug-loading
system, while in the following 10 d, the cumulative release of
DOX from the gelated SWNT-hydrogel in PBS was approxi-
mately 50%. The remanent DOX was released into PBS
gradually in the following days and the accumulated DOX
release reached to about 96% at the 28th day of record; which
illustrated a continuous drug release and delivery function of
SWNT-GEL.
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Figure 1. The basic characterization of gelatin/SWNT-APTS-NH,. A) FT-IR comparison of gelatin, SWNT-APTS, gelatin/SWNT-APTS, NIPAM, pNIPAM-
NH, and gelatin/SWNT-APTS-NH,. B) The gel formation for gelatin/SWNT-APTS-NH, hydrogel. Image in the left was taken in room temperature while
image in the right was taken after 1 min heat in 37 °C water bath. C) TEM characterization of gelatin/SWNT-APTS-NH, hydrogel. D) DOX release
profile from SWNT-GEL in PBS for 28 d at a constant temperature of 43 °C, the data was calculated for cumulative drug release for 28 d and shown as

mean * SD of three independent experiments.

2.2. In Vitro Cellular Uptake of DOX/SWNT-GEL

To testify whether the DOX/SWNT-GEL hybrid was capable to
deliver DOX to cancer cells, we next carried out the in vitro
cellular uptake assay. The gastric cancer cell line BGC-823
cells were incubated in culture medium added with DOX/
SWNT-GEL (DOX concentration: 2 pg mL™), and cellular
uptake status was evaluated by red fluorescence intensity

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

under fluorescence microscope at predetermined time inter-
vals, which indicated the density of DOX accumulated in
cancer cells. As shown in Figure 2, the red fluorescence of
DOX increased as incubation time prolonged (from 0.5 to
24 h); meanwhile, most of the red fluorescence overlaps with
the blue fluorescence (which indicated nucleus), demon-
strating DOX entering into cancer cell nucleus, where DOX
exert its anti-cancer effect.

Adv. Funct. Mater. 2015, 25, 4730-4739



liels

FUNCTIONAL

M \lm,)

www.MaterialsViews.com

DAPI

www.afm-journal.de

Merge

- ---

Figure 2. In vitro cellular uptake rate of DOX/SWNT-GEL. BGC-823 cells were incubated with DOX/SWNT-GEL hybrid for appointed time intervals
(0.5, 2, and 24 h) and its cellular uptake was examined by fluorescent microscope. Scale bar: 100 ym.

2.3. DOX/SWNT-GEL Affects Cell Viability through a
Pro-Apoptosis Mechanism

To assess the cytotoxicity of free DOX and NIR-irradiated
SWNT-GEL on BGC-823 cells, cell viability was determined.
Cells were incubated with free DOX or SWNT-GEL at different
concentrations for 24 h; additionally, the SWNT-GEL-treated
groups received NIR light radiation for different time periods
(0's, 15 s, and 3 min). Free DOX showed a dose-dependent
cytotoxicity on BGC cells with an ICs, value of =3ug mL™!
(Figure 3A). While SWNT-GEL without irradiation did not
show any toxicity to BGC cells at the tested concentrations,
the NIR-irradiated SWNT-GEL caused a reduction in cell via-
bility with both exposure time prolonged and concentration of
the nanomaterial increased (Figure 3B), which illustrated the
nanoparticle alone did not affect cell growth while due to the
hyperthermia effect induced by NIR-irradiated SWNT, cell via-
bility was reduced up to 30% compared with no NIR treatment
group. The control group (with the SWNT-GEL concentration
0 pg mL™!) had nearly no cell viability change even after NIR
irradiation, which indicated the energy produced by NIR irra-
diation did not damage cancer cells.

To evaluate whether DOX/SWNT-GEL following laser treat-
ment has better apoptotic effect on cancer cells than free

Adv. Funct. Mater. 2015, 25, 4730-4739
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DOX, the flow cytometry assay was conducted to evaluate cell
apoptosis rate. Annexin V FITC and propidium iodide (PI)
were used as label of apoptosis cells. As shown in Figure 3C,
cell debris was distributed in four different quadrants (upper
panel), right upper quadrant and right lower quadrant repre-
sented the amount of early and late apoptotic cells, respectively,
which were both included in the calculation of apoptosis. The
BGC cells pretreated with DOX/SWNT-GEL incorporated by
NIR irradiation presented a higher apoptosis rate than free
DOX-treated groups (lower panel); as contrast, the PBS con-
trol group obtained most intact cells and least apoptotic cells,
which suggests NIR irradiated SWNT had a pro-apoptotic effect
through a hyperthermia-dependent mechanism.

2.4. Inhibition of Tumor Growth In Vivo by DOX/SWNT-GEL

To investigate the suppression effect of DOX/SWNT-GEL
on tumor growth, xenograft gastric cancer tumor model was
established with Balb/c nude mice. When the tumor volume
reached about 100 mm?, a total of 24 mice were randomly
assigned to four groups and intratumorly injected with PBS,
free DOX, SWNT-GEL, and DOX/SWNT-GEL, respectively.
Half of mice in each group were taken for NIR irradiation
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Figure 3. In vitro cytotoxicity assays. A) MTT assay of doxorubicin on BGC-823 cell. B) MTT assay of gelatin/SWNT-APTS-NH, hydrogel on BGC-823
cell. C) Flow cytometry results of the apoptotic effects of DOX/SWNT-GEL on BGC-823 cell. The data are presented as mean £ SD from three inde-

pendent experiments.

at the tumor site at a power of 200 mW cm™, 976 nm wave-
length, while the rest were treated without NIR radiation. After
4 weeks’ observation, among mice treated with NIR radiation,
the DOX/SWNT-GEL group showed a significant reduction in
tumor size than the other three groups (p = 0.004 with PBS/
NIR, 0.01 with DOX/NIR, 0.036 with GEL/NIR, respectively,
Figure 4A). The average growth ratio of tumor volume reached
166% in free DOX group, while it shrank to 61.3% in DOX/
SWNT-GEL group on the 27th day. This demonstrated a better
tumor inhibitory effect in combined application of DOX and
SWNT-GEL. Of mice without NIR radiation, the mean growth
ratio was 282% in the PBS group versus 261% in the SWNT-
GEL group, which indicated SWNT-GEL alone did not produce
any suppression effect on tumor proliferation (Figure 4B).
With respect to the DOX/SWNT-GEL group, the growth ratio
in mice with NIR radiation (61.3%) was about half of those

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

without NIR radiation (126%), disclosing a nonnegligible role
of the hyperthermia effect by excited SWNT particles. To delib-
erate on the PBS control group alone, NIR treated mice did
not show significant reduction in tumor volume compared to
none-NIR treatment mice (with a p value > 0.05); on the con-
trary, in SWNT-GEL group alone, NIR-treated mice presented
significant tumor suppression rate compared to none-NIR
treatment mice, with a tumor growth ratio of 156% (with NIR)
versus 261% (without NIR) on the 27th day after treatment (p
value < 0.05), which concomitantly confirmed an extra tumor
inhibition effect of NIR-radiated SWNT through hyperthermia
conduction, and further proved NIR radiation we used was not
able to induce tumor death. In brief, the combination of DOX
and NIR-irradiated SWNT-based hydrogel proved the strongest
tumor suppression rate, but SWNT-GEL without NIR radiation
did not produce any inhibition effect.

Adv. Funct. Mater. 2015, 25, 4730-4739
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Figure 4. In vivo tumor growth rate with different treatments. A) Tumor growth rate of mice with different treatments and NIR radiation; B) tumor
growth rate of mice with different treatments without NIR radiation. Data was presented as mean £ SD (*p < 0.05, ** p < 0.01 compared with

DOX/SWNT-GEL/NIR or DOX/SWNT-GEL group).

2.5. Microstructure Change and Drug Retention Assessment
In Vivo

To further validate the tumor inhibition effect, HE staining was
performed on the tumor tissue 28 d after treatments, which
showed a distinct morphology change with different treatments
(Figure 5A). Evident nucleus deformation and shrink were
observed in the DOX/SWNT-GEL group compared with intact
and plump tumor cell nucleus in the PBS group. And nucle-
uses in both free DOX and SWNT-GEL groups were partially
dwindled with an irregular morphologic change. In groups with
SWNT-GEL injection, aggregated black dots were observed in
the tissues (black arrow), which represented the SWNT particles.

To determine whether there is a longer retention of DOX
in tumor tissues treated with DOX/SWNT-GEL, fluorescent
microscopic evaluation was performed on tumor tissues col-
lected 28 d after treatment. It showed a much more reten-
tion of DOX in DOX/SWNT-GEL group than in the free DOX
group (Figure 5B). This suggested the in situ gel formation led

Adv. Funct. Mater. 2015, 25, 4730-4739
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to a longer duration of the drug retention in tumor site than a
single injection of DOX, which may be resulted from m-stacking
or m—7 conjugation between DOX and SWNT.

2.6. Micro PET-CT Confirmation of Tumor Inhibition Status
by DOX/SWNT-GEL

As for tumor imaging, '®F-FDG tracked PET/CT scan is a
frequently used technology in the detection of primary and
metastasis tumors in cancer patients. It is a decent way to
determine tumor biological metabolism activity through the
uptake of the radiotracer ®F-FDG.I'3l 18F-FDG is a noninva-
sive radioactive tracer commonly applied in the imaging and
detection of tumor biological and glucose metabolism activity,
which is revealed by '8F-FDG uptake ability. The intensity of
PET imaging represents the glucose metabolism activity of
the intravital body, while CT imaging is employed for dis-
playing the anatomic structure of the whole body. The fuse
images of PET and CT showed the highest FDG uptake in the
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Figure 5. HE staining and fluorescence microscopic detection of tumor tissues. A) HE staining of the tumor tissue of the four groups, each panel
represents one group, the black short arrows in the enlarged quadrate images (SWNT-GEL and DOX/SWNT-GEL groups, respectively, indicated by
black frames and lines) point out the SWNT aggregations. Column 1: 200x magnification, column 2: 400x magnification, column 3: 1000x magnifica-
tion; B) fluorescent microscopic detection of DOX retention on the 28th day after treatment, red: DOX fluorescence, blue: tumor cell nucleus stained

by DAPI, merge: the location of DOX in tumor tissues. Scale bar: 100 pm.

PBS control group and the least uptake of the tracer in DOX/
SWNT-GEL group (Figure 6 and 3D movies in the Supporting
Information). Generally, tumor with higher F-FDG uptake
represented a higher glucose metabolism activity and a greater
likelihood of malignant biological behavior. The PET-CT scan
showed concordance with the tumor volume changes and
microscopic changes, mice with DOX/SWNT-GEL treatment
proved a least tumor growth and lowest metabolism activity,
which exhibited good anti-tumor effect of the drug-loaded
SWNT-GEL.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2.7. SWNT-GEL Possess Favorable Biocompatibility without
Biotoxicity

To evaluate the in vivo toxicity of the SWNT-GEL, we observed
both the body weight and pathology change of organs in mice
when sacrificed on the 28th day. No significant differences
in the average weight of mice among groups were detected
(data not shown). The microscopic assessment on the four
main organs (heart, liver, kidney, spleen) indicated no obvious
organ damage or tissue denaturation in mice administrated

Adv. Funct. Mater. 2015, 25, 4730-4739



Jecels FUNCTIONAL
Mo

www.afm-journal.de
www.MaterialsViews.com

SWNT-GEL DOX/'SWNT-GEL

before
treatment

dadvd T1TInd

15dpt

28dpt

Figure 6. Micro PET-CT images of mice at different time intervals. Micro PET-CT scanning of mice before treatment, 15 d post treatment (15 dpt) and
28 d post treatment (28 dpt). The white circle indicates the position of xenograft tumor in each group.

with SWNT-GEL compared with other mice (Figure 7). These =~ was no recognizable change of heart tissue slices of the free
results manifested SWNT-GEL had no discernible toxicity on =~ DOX-treated group presumably due to the intratumor admin-
the tumor bearing mice for a period of 28 d. Although the istration routine which reduced the systemic reaction caused
most common adverse effect of DOX was cardiac toxicity, there by DOX.

SWNT-GEL DOX/SWNT-GEL

Ay

liver

spleen

Figure 7. In vivo toxicity detection of gelatin/SWNT-APTS-NH, hydrogel. HE staining of heart, liver, spleen, kidney of mice in four groups, respectively.
Scale bar: 100 ym.
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3. Conclusion

In conclusion, we reported a DOX-loaded SWNT-GEL for gas-
tric cancer therapy both in vitro and in vivo using NIR hyper-
thermia treatment. We elucidated the in vitro pro-apoptotic and
the in vivo tumor inhibitory efficiency of DOX/SWNT-GEL fol-
lowing NIR treatment, which had exhibited better effect than
free DOX treatment. Suppression of tumor growth by DOX/
SWNT-GEL was further validated through micro PET-CT scan-
ning, which showed a less ®F-FDG uptake and lower tumor
glucose metabolism. Organ pathology detection proved no
organ toxicity and favorable biocompatibility of SWNT-GEL.
Overall, our work presented in this paper demonstrated a
promising prospect of SWNT-based thermo-sensitive hydrogel
in the application as injectable in situ drug delivery system as
well as hyperthermia therapy media.

4. Experimental Section

Materials: All chemicals were purchased from Aldrich Chemical Co.
(St. Louis, MO, USA) and used without further purification unless
otherwise mentioned. Ethyl (dimethylaminopropyl) carbodiimide
(EDC) and N-hydroxysuccinimide (NHS) were purchased from
JenKem Technology USA, Inc. (Allen, TX, USA). Dialysis membrane
(cutoff = 7 kDa MWCO). N-Isopropyl acrylamide (NIPAM), cysteamino
hydrochloride,  3-aminopropyl-trimethoxysilan ~ (APTS), ammonium
persulfate, ~ N,N,N’,N’-tetramethylethylenediamine ~ (TMED), and
gelatin were purchased from ACROS (New Jersey, USA). SWNTs were
purchased from US Research Nanomaterials. Photo-dynamic therapy
630 Type Il (976 nm wavelength) Laser Tumor Therapeutic Apparatus
(Xingda, China) was employed as a near-infrared irradiation apparatus.

Methodology—Preparation of Oxidized SWNTs: The oxidized SWNTs
were prepared based on a previous research.'!l Briefly, the solution
contained 98% H,SO, and 65% HNO; with volume ratio of 3 to 1 was
first prepared. 50 mg of SWNTs was then added to the solution, the
mixture was then sonicated for 24 h at 0 °C. Ultrapure water (18.2 MQ)
was then utilized to rinse the oxidized SWNTS for five times. The mixture
was next centrifuged with the speed of 13 000 rpm for three times with
each time for 10 min. The oxidized SWNTs were collected from deposit
and the black powder was gained by lyophilization.

Preparation of SWNT-APTS: 100 mg of treated SWNTs was added
to the solution of 10 g 3-aminopropyl-trimethoxysilan, 100 mL ethanol
(95%), and 1 mL acetic acid (99.7%). Then, the mixture was ultrasonic
for 10 min following by 30 min centrifuge. The centrifuge was repeated
for three times with the speed of 12 000 rpm, each round was last
10 min and the composite was rinsed with DD water for three times.
The black powder of SWNT-APTS collected from deposit was obtained
by lyophilization. The preparation of SWNT-APTS was determined by
FTIR test. Fourier transform infrared spectroscopy (FTIR) test was
adopted applying an IR Spectrophotometer (Bruker IFS 66v/s, German)
within limits between 4000 and 400 cm™".

Preparation of Gelatin/SWNT-APTS: 1 g gelatin was resolved in
100 mL trifluoroethanol (TFE) for 24 h. 60 mg black powder of SWNT-
APTS was then added to 100 mL gelatin solution (1%) following by
30 min ultrasonic. The solution was then stirred for 24 h. The solution
was then centrifuged for 1 h. The centrifuge was repeated for three
times with the speed of 12 000 rpm, each round lasted 20 min and the
composite was washed by DD water for three times, and the deposit was
collected. gelatin/SWNT-APTS was collected after dried in high vacuum
for 24 h. The preparation of gelatin/SWNT-APTS was determined by
FTIR test.

Synthesis of pNIPAM-NH, Composite: The mixture of 550 mg NIPAM,
25 mg cysteamine, 100 uL APS, and 6 mL Milli-Q water was heated to
70 °C for 3 h in N, atmosphere. The solution was then dialyzed against

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Milli-Q water for 2 d. The PNIPAM-NH2 polymer was collected through
lyophilization. The synthesis of PNIPAM-NH2 polymer was determined
by FTIR test.

Preparation of Gelatin/SWNT-APTS-NH,: The 10 mg gelatin/SWNT-
APTS composite was precipitation dispersed in the solution consisting
of 10 mL 7.4 PBS buffer (0.1 m), 120 mg EDC, and 70 mg NHS. Finally,
154 mg PNIPAM-NH; was added to the solution for crosslinking. After
dialysis (with cutoff MW: 1000 D) against PBS buffer for 4 d, the final
product was obtained by lyophilization with carbon nanotube around
6%. The characterization of gelatin/SWNT-APTS-NH, was determined
by FTIR test.

TEM Study on SWNT-GEL: The SWNT-GEL powder was dissolved in
deionized water on ice to obtain a final concentration of 20 mg mL™" and
stored at 4 °C. 2 pL droplet-sized SWNT-GEL solution was fixed onto a
TEM-specialized copper grid for sample preparation. No extra staining
was added. Microstructure and general feature of SWNT-GEL were
obtained and photographed using a Hitachi TEM system operating at
80 kV. Images were captured at 10 000x to 40 000x magnification.

Drug Release of DOX/SWNT-GEL in PBS: Powder of DOX was
dissolved in PBS (pH 7.4) to obtain DOX solution at a concentration
of 1.25 pg pL™". While SWNT-GEL was also dissolved in PBS to acquire
homogeneous suspension of 30 mg mL™! concentration. In each sample,
100 pg DOX solution was added to 300 uL SWNT-hydrogel suspension
with vigorous mix and vortex. The DOX/SWNT-GEL was transferred into
1.5 mL EP tube in triplicate and kept in thermostatic incubator at 43 °C
during the whole course of experiment. After 24 h incubation, gelatin
was formed stably; 1 mL preheated fresh PBS was added on the surface
of each hydrogel sample. Afterward, 100 pL supernatant was displaced
with 100 pL fresh PBS after taken out for drug release test at predefined
time intervals for 28 d. The DOX released from DOX/SWNT-GEL
was measured through optical density (OD) absorbance at 480 nm
(SpectraMax M5, Molecular Devices, USA).

Cellular Uptake Assay: BGC-823 gastric cancer cell line was
cultured with RPMI1640 added with 10% fetal bovine serum (FBS),
1.0 x 10° U L™ penicillin, and 100 mg L™ streptomycin at 37 °C in 5%
CO,. After primary incubation, BGC cells were collected and seeded in a
six-well tissue culture plate with culture density of 2 x 10° cells per well.
Fresh culture medium and DOX/SWNT-GEL commixture was added
at different time intervals after cells attached to the culture surface of
each well. The cellular uptake rate was observed using a fluorescent
microscopy after 0.5, 2, and 24 h incubation.

Cell Viability Assay: The cytotoxicity of the released cells incubated
with DOX and SWNT-GEL with or without laser treatment was
investigated applying a methylthiazoltetrazolium bromide (MTT)
assay. BGC-823 cells were cultured as afore-mentioned and seeded
in a 96-well tissue culture plate with culture density of 5000 cells per
well. After 24 h, the growth medium was removed and fresh RPMI1640
were added. Then, the DOX and SWNT-GEL were added to each well
separately; the wells added with SWNT-GEL were irradiated with
976 nm laser for 0's, 15's, and 3 min. 20 yL MTT solutions were added
after 24 h incubation, and the cells were incubated for another 4 h.
150 yL DMSO were next added to wells to dissolve formazan. ELISA
plate reader was then applied to examine the absorbance of each well
at wavelength of 570 nm. The cell viability was then calculated as the
following formula:

Cell viability rate = OD yeat /OD control X 100% m

where ODy s and OD ool are the optical density (OD) explored for
cells treated with different treatments and for control cells (untreated),
respectively.

Flow Cytometry Measurement: To assess the apoptosis and cell
death ratio, flow cytometry experiment was carried out. First, the
DOX/SWNT-GEL was prepared by physically mixed DOX with
SWNT-GEL to obtain stabilized and homogeneous suspension, the
mixed solution was vortexed and centrifuged till homogenized. Cells
were incubated in six-well culture plate and given three different
treatments: PBS blank control, free DOX, and DOX/SWNT-GEL (NIR
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irradiated) groups. After 6 h incubation, cells were collected and dyed
with Annexin V-FITC/PI Apoptosis Detection Kit and taken for FCM
detect immediately.

In Vivo Experiment of DOX-Loaded SWNT Hydrogel Hybrid: Gastric
cancer cell line BGC-823 was cultured with RPMI1640 (Hyclone)
added with 10% FBS and incubated at 37 °C in 5%CO, in a humidified
atmosphere. Cells were trypsinized and suspended with PBS when
reached a confluence of 80%. 24 BALB/c nude mice (male, 4 weeks
old) were purchased from the Laboratory Animal Center of Nanfang
Hospital, Southern Medical University. Experiments on animals were
complied with the protocols of the animal center. Each mouse was fed
for 1 week’s acclimation before injected with 2.5 x 10° BGC cells in
150 pL PBS into subcutaneous tissue of the left dorsal to establish
xenograft gastric tumor model. When the tumor volume reached about
100 mm?3, mice were randomized to four groups treated with: 1) PBS,
2) free DOX, 3) SWNT-GEL alone, 4) DOX/SWNT-GEL, respectively.
Besides, three mice in each group were assigned randomly to receive
NIR radiation at the tumor site 1 d after the treatments with the
photodynamic apparatus (976 nm, 200 mW cm™2, 10 min). In the
aforementioned treatments, DOX was given at a dose of 2 mg kg™
and SWNT hydrogel at a concentration of 20 mg mL™". All of the
treatments were administrated intratumorly. Tumor volumes were
measured every 3 d for a consecutive 4 weeks and calculated as the
formula: V; = length x width?/2. The body weight of each mouse was
recorded once a week.

Hematoxylin Eosin (HE) Staining and Fluorescence Detection: All mice
were sacrificed on the 28th day after treatment. Tumor tissues and four
main organs (heart, liver, kidney, and spleen) were harvested, fixed
with 4% paraformaldehyde, and paraffin embedded for HE staining.
Meanwhile, tumors treated with DOX and DOX/SWNT-GEL were
collected and placed in liquid nitrogen for frozen section; tissue sections
were obtained for DAPI staining following with fluorescent microscopic
detection.

Micro-Positron Emission Tomography-Computed Tomography (Micro
PET-CT) Detection: The in vivo detection of tumor glucose metabolism
activity was carried out with micro PET-CT. '8F-2-deoxy-2-fluoro-p-
glucose ('®F-FDG) was used as the radiotracer. One mouse in each
group was taken for PET-CT scan. All mice were anesthetized with
1% pentobarbital (6 mL kg™") intraperitoneally and then injected with
18F.FDG (10 mCi kg™") through the tail vein 1 h before the scan. The
scan was performed on the day before treatment, 15 d and 28 d after
treatment.

Statistical Analysis: The repeated measures general linear model was
employed to analyze differences between groups of mice tumor volumes.
Data are presented as mean values + SD of multiple determinations. P
values of <0.05 were considered statistically significant, and all statistical
calculations were done with IBM SPSS 20.0.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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