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Nanotherapeutics have been investigated for years, but only modest survival benefits were observed
clinic. This is partially attributed to the short and rapid elimination of nanodrug after intravenous
administration. In this study, a long circulation single wall carbon nanotube (SWCNT) complex was
successfully fabricated through a new SWCNT dispersion agent, evans blue (EB). The complex was
endowed with fluorescent imaging and photodynamic therapy ability by self-assembly loading an al-
bumin coupled fluorescent photosensitizer, Chlorin e6 (Ce6) via the high affinity between EB and al-
bumin. The yielding multifunctional albumin/Ce6 loaded EB/carbon nanotube-based delivery system,

fgﬁggf;laﬁon named ACEC, is capable of providing fluorescent and photoacoustic imaging of tumors for optimizing
Evans blue therapeutic time window. Synergistic photodynamic therapy (PDT) and photothermal therapy (PTT)
Albumin were carried out as guided by imaging results at 24 h post-injection and achieved an efficient tumor
Carbon nanotube ablation effect. Compared to PDT or PTT alone, the combined phototherapy managed to damage tumor
Phototherapy and diminish tumor without recurrence. Overall, our study presents a SWCNT based theranostic system

with great promising in dual modalities imaging guided PTT/PDT combined treatment of tumor. The
applications of EB on SWCNT functionalization can be easily extended to the other nanomaterials for
improving their in vivo stability and circulation time.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction [3—6]. Unfortunately, reports suggest that after intravenous injec-

tion, many nanoparticles are rapidly cleared from circulation after

Conventional cancer therapy drug delivery systems are limited
by nonspecific targeting, poor drug water solubility, and rapid drug
clearance [1,2]. Nano-based carriers are attractive vehicles for drug
delivery to circumvent these limitations because they offer lasting
steady-state serum concentrations, allowing passive drug accu-
mulation around leaky tumor vessels due to enhanced permeation
and retention (EPR), which also minimizes off-target tissue toxicity
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binding to serum proteins via opsonization [7,8]|. Moreover, nano-
particles can be engulfed by circulating macrophages or destroyed
in the liver or spleen via the mononuclear phagocytic system (MPS)
or the reticuloendothelial system (RES) [8—10], which significantly
reduces drug delivery efficacy. Thus, better approaches for deliv-
ering nanodrugs with lasting in vivo circulation are needed [11—13].
Currently, poly-(ethylene glycol) (PEG), a flexible and hydrophilic
molecule, is used to prolong nanocarrier circulation [14,15]; how-
ever, recent studies indicate that a PEGylated nanomedicine system
can induce anti-PEG IgM antibodies after an initial injection,
significantly enhancing clearance of the subsequent nanoparticle
administration as rapidly as non-optimized nanoparticles [16—18].
Thus, challenges remain for developing a safe and lasting drug
delivery system.
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In recent years, various types of near-infrared light-responsive
nanomaterials, such as gold nanoparticles, carbon materials and
upconversion nanomaterials, have drawn tremendous attentions
for phototherapy [19—21]. Among these particles, carbon nano-
tubes especially single walled carbon nanotubes (SWCNTSs),
offered more advantages over other nanoparticles including large
and uniquely shape, excellent photo-thermal concerting efficacy,
high cargo loading, excellent cell penetration ability and strong
raman signals [22—25]. It is believed that SWCNT will be a
promising cancer theranostic agent with appropriate surface
modification to improve the biocompatibility and tumor target-
ability, because unmodified SWCNTs have highly hydrophobic
surfaces and are not aqueous soluble. Modifying these hydrophilic
surfaces can improve water solubility and improve SWCNTSs per-
formance via linking multiple active molecules such as peptides,
genes, proteins, and drugs [26—33]. Evans blue (EB), a strong
hydrophilic and non-toxic biological vessel stain, that can be used
to coat SWCNTSs via non-covalent adsorption and increased water
solubility has been reported [34]. Importantly, EB modification of
SWCNTs does not break their m network and preserves their
physical properties, suggesting promise for drug loading and
imaging applications [34]. In addition, EB can form stable complex
with the serum albumin which is presently an FDA-approved
biocompatible drug delivery carrier that can target cancer cells
with the albumin receptor gp60 and SPARC [35]. It is known that
albumin can prolong nanomaterial circulation [35,36], so we hy-
pothesized that SWCNT/EB complexed to albumin could circulate
longer than unmodified SWCNTs and drug accumulation would
occur at target sites, for example tumors.

In this study, a novel long-circulating SWCNT-based therapeutic
system was established to deliver Chlorin e6 (Ce6), a widely used
photosensitizer with strong near fluorescence, for combined
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synergistic photodynamic therapy (PDT) and photothermal therapy
(PTT). Specifically, Ce6 was encapsulated with albumin to increase
its stability and hydrophilicity. Subsequence, the formed albumin/
Ce6 complex was loaded onto the surface of EB-modified SWCNTs
by exploiting the high affinity between albumin and EB. In this
system, the strong optical absorbance of SWCNTs and Ce6 fluo-
rescence allows photoacoustic (PA) and fluorescent (FL) imaging of
the complex in tumors to guide PDT/PTT therapy (Scheme 1), which
may improve tumor treatment efficacy without obvious side ef-
fects. Compared to single therapeutic treatment, combined PTT and
PDT therapy can significantly improve treatment outcomes without
recurrence. Overall, this new biocompatible delivery system allows
complementary imaging modalities, a long circulation time and
improved tumor accumulation for synergistic tumor PDT/PTT
treatment. This simple, effective and long-circulating multifunc-
tional SWCNTs delivery platform is ideal for targeted molecular
image-guided therapy.

2. Materials and methods

Materials: Albumin, Evans blue (EB), DAPI, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
3,6-Di(0-acetyl)-4,5-bis[ N,N-bis(carboxymethyl)Jaminomethyl]
fluorescein, tetra-acetoxy-methyl ester (Calcein-AM) and 3,8-
diamino-5-[3-(trimethylammonio)propyl]-6-phenyl = phenan-
thridine (PI) were purchased from Sigma-Aldrich (St. Louis, MO).
Ce6 was acquired from Life Science (Shanghai, China). DMEM
cell culture medium, fetal bovine serum (FBS) and penicillin-
streptomycin were acquired from Hyclone (Pittsburgh, PA).
SWCNT (carbon (carbon as SWCNT) > 80%, diameter:
0.7—1.4 nm) was purchased from Sigma-Aldrich (St. Louis, MO).
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Scheme 1. Preparation and application of albumin/Ce6 fabricated EB/carbon nanotube-based delivery system (ACEC).
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2.1. Preparation of albumin encapsulated Ce6 and ECNTs

Albumin encapsulated Ce6/ECNTs (ACEC) were prepared as
follows. Briefly, 160 mg albumin was dissolved in 10 mL ultrapure
water and encapsulated into 40 mg Ce6 under high pressure ho-
mogenization (PhD Technology International, MN, USA) at 4 °C, The
product was purified by dialysis (cutoff = 100 kDa) against ultra-
pure water at room temperature for 24 h. After freeze drying, the
loading efficiency of albumin/Ce6 was calculated with analytical
HPLC (C18, 5 pm, 250 x 4.6 mm). Meanwhile, SWCNTs (5 mg) and
EB (1 mg) were mixed in 5 mL deionized water and sonicated for
30 min on ice. Products were purified by centrifugation at 10,000 x
rpm for 1 h and the dispersible SWCNT/EB complex (ECNTs)
were acquired and these were purified and concentrated by
ultrafiltration.

2.2. Preparation of ACEC self-assembly

First, 15 mg of albumin/Ce6 and 3 mg ECNTs were dissolved in
10 mL deionized water and stirred at room temperature for 30 min.
Then, the solution was centrifuged at 10,000 rpm for 1 h and the
ACEC supernatant was obtained. To remove unloaded albumin, the
solution was added to a PD-10 column and the desired fraction was
collected. To quantify loaded Ce6 in ECNT, samples were incubated in
a methyl alcohol solution for 30 min to break bonds between albu-
min and EB. Ce6 was then released and dissolved in supernatant and
measured with analytical HPLC (C18, 5 um, 250 x 4.6 mm). Ce6
released from ACEC was calculated according to the standard curve.

2.3. Characterization of ACEC

ACEC morphology was assessed by AFM. Samples of albumin/
Ce6, ACEC and the zeta potential of free Ce6, albumin/Ce6, ECNTSs,
ACEC were measured via dynamic light scattering (DLS) using a
Malvern Zeta Sizer (Malvern, England). To evaluate ACEC stability in
DMEM with 10% FBS, water, PBS and FBS, samples were placed in
tubes at room temperature for more than 48 h and, UV—Vis—NIR
absorption spectra were measured. To confirm successful loading of
ACEC, UV—Vis—NIR absorption spectra changes across different
samples (free Ce6, albumin/Ce6, ECNTs and ACEC) were monitored.
FL intensity of free Ce6 and ACEC was measured (ex/em: 400/670).

2.4. In vitro PTT effect

Different samples (free Ce6, albumin/Ce6, ECNTs and ACEC) with
CNTs (50 pg/mL) in 300 pL Eppendorf tubes were exposed to
808 nm radiation (0.5 W/cm?) for 10 min and thermal images were
captured with an infrared thermal imaging FLIR Ax5 camera (FLIR
Systems Inc., Wilsonville, OR) and quantified with BM_IR software.

2.5. In vitro PA imaging

Free Ce6, albumin/Ce6, and ACEC with various CNTs concen-
trations (200, 100, 50, 25 and 12.5 pg/mL) were added to Eppendorf
tubes (200 pL) immersed at the same depth in ddH;0. PA tomog-
raphy for all samples was captured at 808 nm using Endra
Nexus128 (Ann Arbor, MI).

2.6. ROS generation

Singlet oxygen as a reactive oxygen species (ROS) was measured
according to published methods [37,38]. Briefly, single oxygen
generation of free Ce6 and ACEC at different concentrations
(1-50 pg/mL) was assessed with 2/, 7’-dichlorofluorescein diacetate
(DCFH-DA) to quantify ROS. First, 0.5 mL of 1 mM DCFH-DA was

added to 2 mL of 0.01 M NaOH and the mixture was incubated at
room temperature in the dark for 30 min, converting DCFH-DA to
DCFH. Then, 10 mL PBS (pH 7.4) was added to neutralize the reaction.
Next, samples were mixed with DCFH (25 mM) and irradiated with
an NIR laser (630 nm, 0.15 W/cm?). FL intensity data (520 nm)
allowed estimation of ROS. Then, we measured the effect of heat on
ROS generation by exposing ACEC (50 pg/mL) to radiation (808 nm)
for 10 min at different frequencies (0.3, 0.5,1,1.5 W). Thermal images
were captured and then samples were mixed with DCFH and irra-
diated (630 nm) for 5 min (0.15 W/cm?) and free Ce6 was a control.
Then, UV—Vis absorption spectra of all samples were measured.

2.7. Cell uptake

SCC-7 cells were cultured in DMEM medium supplemented with
10% FBS, 100 units/mL penicillin and 100 units/mL streptomycin at 37 °C
with 5% CO,. To measure uptake, 5 x 10% SCC-7 cells were seeded on
millicell EZ slides (Millipore, Billerica, MA) at 37 °C for 24 h. Free Ce6,
albumin/Ce6 and ACEC (corresponding to 20 pg/mL Ce6) were incu-
bated with cells for 6 h and cells were washed with PBS three times for
10 min to remove free Ce6, albumin/Ce6 or ACEC. Then, samples were
fixed with 4% formaldehyde (1 mL per well) for 20 min. Next, cells were
stained with DAPI and FL images were acquired under a laser scanning
confocal microscope (ZEISS, Germany).

2.8. In vitro phototherapy

MTT assay was performed to measure cytotoxicity of ACEC. SCC-
7 cells were incubated with samples (Ce6 ~ 1-50 pug/mL) for 24 h in
the dark. Cells incubated with free Ce6 under the same conditions
were controls. Then, in vitro PDT, PTT and PDT/PTT and phototox-
icity of ACEC at different Ce6 concentrations was measured by MTT
assay. For in vitro PDT/PTT, SCC-7 cells (5 x 10> cells per well) were
cultured in a 96-well flat-bottomed plate and incubated overnight.
Then, free Ce6, ECNTs, albumin/ECNTs, albumin/Ce6 and ACEC
(20 pg/mL Ce6 or 2.4 pg/mL ECNTs) were added and cells were
incubated for 6 h, washed with PBS three times, and fresh medium
was added. Experimental groups were then exposed to NIR light (4
630 nm; 0.15 W/cm?) for 1 min and A 808 nm (1 W/cm?) for 2 min
and the laser covered the entire well area. Next, cells were washed
with PBS and incubated for an additional 12 h at 37 °C. Cells
incubated in the dark without radiation were incubated under the
same conditions.

Synergistic PDT/PTT effects of ACEC on SCC-7 cells were assessed
with AM/PL. SCC-7 cells (3 x 10° per well) were seeded in 6-well
plates and incubated overnight at 37 °C and then medium con-
taining free Ce6, albumin/Ce6, albumin-ECNTs and ACEC (20 pug/mL
Ce6) was added and incubated for 6 h, respectively. Cells were then
exposed to NIR light, washed, and fresh medium was added as
depicted above. Controls were incubated under identical conditions
in the dark. After an additional 4 h incubation, cells were stained
with AM (4 pM, live cells, green fluorescence; Aex/em 490/515 nm)
and PI solutions (4 M, dead/late apoptotic cells, red fluorescence;
Aex/em 490/617 nm). Cells were observed microscopically (ZEISS,
Oberkochen, Germany).

2.9. In vivo tumor imaging

Animal experiments were conducted as approved by the Animal
Care and Use Committee of Xiamen University. BALB/c nude female
mice (6—8 weeks of age, ~20 g) were purchased from Xiamen
University Laboratory Animal Center (Xiamen, China). For in vivo
fluorescent imaging, tumor-bearing female nude (18—20 g) mice
were administered a suspension of 5 x 108 SCC-7 cells (sc) into the
right leg. When tumors were ~80 mm?, mice were randomly
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divided to four groups (N = 5). Free Ce6, albumin/Ce6, ECNTs and
ACEC (equals to 5 mg Ce6/kg, CNTs 0.3 mg/kg, i.v.) were adminis-
tered to mice. Controls were injected with an equal volume of
normal saline. Then, FL images were acquired with Aex 670 nm on a
Xenogen IVIS-100 system at 0, 2, 4, 6, 8, 12, 24, 48, and 72 h post-
injection. Signal intensity was quantified as the average of all
detected photon counts from a region of interest prescribed over
the tumor site and performed as tumor to muscle ratio. Mice were
sacrificed after 12, 24, and 72 h imaging. Tumors and heart, liver,
spleen, lung, kidney, brain and muscle were collected for ex vivo
imaging and average signal intensity was measured. For in vivo PA
imaging, mice were treated as described above. PA imaging at tu-
mor sites was performed with an Endra Nexus128 (4 808 nm) over
time 0, 2, 6, 12, 24, 48, and 72 h.

2.10. Blood biodistribution of ACEC

25 mg ACEC was mixed with 5 mCi of 3'Iin the existing of 50 pL
Chloramine T (2 mg/mL in PBS) for 5 min at the room temperature.
After that, the reaction was terminated by adding 50 pL of sodium
pyrosulfite (2 mg/mL in PBS). At last, free 3!l was removed by
centrifugation and '3'[-ACEC was obtained and freeze dried. When
SCC-7 tumor grow to 80—100 mm?, 3'I-ACEC was intravenously
injected at 10 puCi per mouse. At predetermined time points (0, 0.5,
3, 6, 12, 24, 48, 72 h), 50 pL of blood sample was collected from
orbital vein. Radioactivity of blood samples were detected by
Automatic Gamma Counter and analyzed.

2.11. In vivo phototherapy

Animal experiments were conducted as approved by the Animal
Care and Use Committee of Xiamen University. Mice (N = 40)
bearing SCC-7 tumors on right legs were randomly divided into 8
groups and administered (iv) physiological saline, free Ce6, albu-
min/Ce6, ECNTs, albumin/ECNTs or ACEC (5 mg/kg Ce6, 0.3 mg/kg
CNTs). Treatment groups were as follows: (1) PBS without
radiation; (2) PBS with radiation; (3) free Ce6 without radiation;
(4) free Ce6 with radiation; (5) ACEC without radiation; (6) ACEC
with radiation; (7) albumin/ECNTs without radiation; (8)
albumin/ECNTs with radiation (9) albumin/Ce6 without radiation;
(10) albumin/Ce6 with radiation. Then, 24 h post-injection,
groups 2, 4, 6, 8 and 10 were irradiated (1 630 nm; 0.15 W/cm?)
for 10 min and 1 808 nm (1 W/cm?) for 15 min. Thermal imaging in
the tumor region was recorded and tumor volume and weights
were recorded every 2 days. After treatment, major organs and
tumors were separated and cut into 8-um sections with a micro-
tome (Leica freezing microtome CM1950, Germany) for hematox-
ylin and eosin (H&E) staining for subsequent histological analysis.

2.12. Statistical analysis

Comparisons among groups were analyzed via independent-
samples one-factor ANOVA test using SPASS 17.0 software. All sta-
tistical data were obtained using a two-tailed Student's t-test and
homogeneity of variance tests (p values < 0.05 were considered
significant).

3. Results and discussion
3.1. Preparation and characterization of ACEC

SWCNT was chosen in ACEC system for photoacoustic imaging
and photothermal therapy, because of the strong light absorbance

property and excellent light-thermal converting potency [39]. To
make a water-dispersible SWCNTs suspension, EB was applied to

SWCNTs (ECNTs) by high frequency sonication as previously re-
ported [34]. Meanwhile, by encapsulation of a photosensitizer, Ce6,
ACEC will provide both photothermal and photodynamic therapy
abilities, which may enhance the tumor ablation efficacy as well as
reducing the side effects of phototherapy. Albumin encapsulated
hydrophobic Ce6 (albumin/Ce6) was prepared via high-pressure
homogenization. The loading efficiency of Ce6 into albumin was
measured and investigated at different ratios (Table S1). Ce6 con-
tent in ECNTs was analyzed and calculated using a UV—vis—near
infrared (NIR) absorbance spectrum and HPLC (Fig.S1a and S1b).
Afterwards, the albumin/Ce6 complex was loaded onto ECNT by
mixing, taking advantage of the strong binding affinity between EB
and albumin. To optimize the loading, different albumin/Ce6/EB/
SWCNT (ACEC) with various ratios of albumin/Ce6 versus ECNT
were prepared and analyzed. As shown in Table 1, 81% albumin/Ce6
can be loaded onto ECNTs at 4:1 w/w ratio, indicating our albumin
loading strategy endow ECNT high drug-loading potency.

This optimized construction of ACEC was then analyzed by
different approaches as shown in Fig. 1. Successful preparation of an
albumin/Ce6 complex functionalized ECNT (ACEC) was confirmed
with UV—vis—NIR spectrum. As shown in Fig. 1a, a broad absor-
bance spectrum from SWCNT attributed to near-ultraviolet plas-
mon resonances of nanotubes and carbonaceous impurities was
found [40,41]. EB- and Ce6-specific absorbance peaks were
observed between 600 and 700 nm, but no specific peaks were
observed in Tween-20 dispersed SWCNTs. It is also noticeable that
the characteristic Soret band at 404 nm and the Q-band at 660 nm
from Ce6 were quenched possibly due to the strong interactions
between Ce6 and ECNTs. To evaluate the potential of ACEC in vivo
applications, the formed ACEC was subjected to different physio-
logical solutions including DMEM, FBS, PBS and water (Fig. 1b) at
37 °C and no precipitation or obvious UV—vis—NIR spectral changes
occurred. Importantly, fluorescent signal quenching effect was not
observed within ACEC system compared with free Ce6 (Fig. 1c and
Fig. S2), allowing FL imaging of ACEC distribution in vivo. In addi-
tion, it is known that SWCNT holds a strong photoacoustic effect,
we then assessed PA signals from ACEC (Fig. 1d). As we expected,
strong PA signals from ACEC were observed and no signals from
albumin/Ce6 were detected, confirming that PA imaging can be
used to analyze ACEC accumulation in tumors. Collectively, these
in vitro data suggest that the successfully constructed ACEC is stable
and is a potentially promising theranostic agent. Optical/PA imag-
ing of ACEC can assist with monitoring ACEC distribution and offer
histological information in situ.

3.2. Cellular targeting ability and in vitro toxicity of ACEC

Next, cancer cellular targeting ability of ACEC was investigated
using cell fluorescent staining (Fig. 2). As shown in Fig. 2a,
compared with Ce6 and albumin/Ce6, ACEC-treated SCC-7 cells had
strong cell surface fluorescent signals, indicating that ACEC could
better target cancer cells and enhance the PA effect. Different from
albumin dispersed SWCNT that embed SWCNT into Albumin by
sonication [42], ACEC was formed by EB dispersed SWCNT binding
with Albumin/Ce6 complex via simply mixing. In this way, albumin
structure will not be impaired and holding more room for drug

Table 1
The loading efficiency of albumin/Ce6 on ECNT.

Albumin/Ce6: ECNT Loading content (%) Loading efficiency (%)

3:2 29.0 72,5
1:4 16.2 81
1:9 7.03 70.3
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Fig. 1. Characterizations of ACEC. a) UV—vis spectra of functionalized SWCNTSs. Insert is TEM of ACEC. b) UV—vis spectrum of ACEC in PBS. The insert images show the stability of
ACEC in DMEM, FBS, PBS, and water. c) Fluorescence intensity of free Ce6 and ACEC. No obvious fluorescent quenching was observed. d) Photoacoustic signals of Ce6 and ACEC.

Inserted is PA imaging of Ce6 and ACEC.

encapsulation. In addition, elevated therapeutic efficacy is expect-
ing to be achieved because of better EPR from ACEC. In the
considerate of SWCNT strong absorbance in the near-infrared (NIR)
region, the photothermal effect of ACEC for thermal ablation of
tumor cells were investigated. As seen from Fig. 2b and Fig. S2a,
ACEC solution temperature climbed from 25 °C to 65 °C 5 min after
laser irradiation (0.5 W/cm?, 808 nm), while the temperature
decreased rapidly when the radiation source was extinguished. No
significant temperature changes occurred for Ce6, albumin/Ce6 or
PBS groups even with laser illumination (Fig. S3). On the other
hand, because Ce6 is able to transfer photo energy to reaction ox-
ygen species (ROS) after 630 nm laser irradiation, ROS generation
by ACEC was measured using a commercial kit using DCFH-DA.
Using this assay, fluorescent intensity is proportional to ROS.
Fig. 2c and Fig. S2b clearly showed that ACEC generates similar ROS
as free Ce6, suggesting that ACEC complex formation does not affect
ROS generation by Ce6. Of note, when free Ce6 is 30 ng/mL, fewer
ROS may be self-quenched. This quenching was not observed with
the ACEC complex likely because albumin/Ce6 is evenly distributed
in ECNT and ROS quenching was weaker between Ce6 molecules
although ROS were abundant.

It is worth to mention that heat generated during PTT may in-
fluence 10, generation from Ce6 and limit the synergism of PDT and
PTT. To this end, PDT and PTT sequences mediated by ACEC were
assessed. We observed that ROS generated by ACEC increased with
increasing temperature (30—50 °C) after exposure to NIR laser
(630 nm), whereas ROS decreased modestly at 65 °C, which may be

due to structure destruction of Ce6 at high temperatures (Fig. S4).
Therefore, to allow simultaneous PDT and PTT and avoid photo-
thermal effects on Ce6 stability, PDT has to be initiated first and
added PTT later. To ensure that irradiation induced temperature
increase did not cause ACEC aggregation and degradation, ACEC
stability was also investigated (Fig. S5a and b). We saw no obvious
UV—vis—NIR changes and precipitation using different irradiation
strengths at different temperature (Fig. S5b, insert), suggesting
ACEC is stable at high temperature (30, 40, 48, and 65 °C) and
SWCNT is still well dispersed.

The entry of ACEC into cells were tested by Raman imaging
before moving forward. As shown in Fig. S6, enhanced SWNT
Raman signals at 1590 cm~! were detected in ACEC treated cells
while no signal can be found for Ce6 treated cells, implying SWCNT
facilitate Ce6 entering of cells. Next, in vitro PDT/PTT therapeutic
effects of ACEC were studied next, as shown in Fig. S7a, SCC-7 cells
were treated with PBS, albumin/ECNT, albumin/Ce6 or ACEC with
and without laser irradiation. No laser-untreated group revealed
cytotoxicity. However, with laser irradiation, PDT/PTT was syner-
gistic with respect to tumor cell ablation in the ACEC group
compared to all other groups including those treated with PTT
(albumin/ECNT: 808 nm laser), PDT (albumin/Ce6: 630 nm laser)
and controls (PBS: 808 and 630 nm laser) and 89.9% cells died
(Fig. S7a). We confirm this effect with a fluorescent live/dead cells
staining assay (Fig. S7b). Almost all cells were dead (propidium
iodide, PI, red) in the combined PDT/PTT treatment group, and
about 30% of cells were alive (calcein AM, green) in groups treated
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Fig. 2. Cellular uptake and intrinsic cytotoxicity of ACEC. (a) SCC-7 cells uptake of Ce6 (50 pg/mL), Albumin/Ce6 (contains 50 ug/mL Ce6) and ACEC (contains 50 pg/mL Ce6) after 6 h.
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630 nm laser irradiation for 5 min. (d) Cell viability of SCC-7 cells after ACEC treatment under different conditions.

with PDT or PTT alone, suggesting that PDT and PTT is better for
tumor ablation. To further confirm that ACEC is more efficacious for
tumor ablation, cells treated with ACEC were divided into four
groups: ACEC without irradiation, ACEC with irradiation (PTT only:
808 nm), ACEC with irradiation (PDT only: 630 nm), ACEC with laser
irradiation (PTT and PDT combined: 630 nm and 808 nm, respec-
tively). Fig. 2d demonstrated that PTT and PDT together was better
for reducing SCC-7 cell growth and this was concentration-
dependent. Thus, in vitro cytotoxicity was greater with combined
PDT/PTT treatment and the ACEC system has enormous promise for
tumor treatment in vivo.

3.3. Blood circulation behavior of functionalized ACEC

To investigate the blood circulation behavior of ACEC, albumin
in ACEC was labeled by 3!I. Because of the excellent stability of
ACEC in physiological condition, we consider !I labeled albumin
will be able to represent in vivo behavior of ACEC. 100 pCi of 311
labeled ACEC was intravenously injected into mice bearing human
squamous cell carcinoma SCC-7 tumor and 5 pL of blood was
collected at different time points for radioactive counting. The
calculated %ID/g (percentage of injected dose per gram) in blood
versus time post injection were considered indication of the ACEC
behavior in blood circulation. It has to note that blood circulation
time was defined as the time over which the ACEC level reduced to
less than 5%ID/g in blood [43,44]. As shown in Fig. 3, ACEC exist in
blood circulation for up to 48 h, suggesting that EB functionaliza-
tion significantly extent the blood half-life of SWCNT. It is believed
that the prolonging circulation in blood provides more possibility of
SWCNT/EB carried drugs accumulation in tumors and therefore
improves the therapeutic efficiency.

3.4. Invivo PA and FL imaging of ACEC

FL and PA imaging are high-resolution, non-radioactive imaging
modalities with different advantages [45]. For example, FL can
image whole bodies of live animals and illuminate probe distribu-
tion [46]. PA imaging offers higher resolution and deeper imaging
depth than FL imaging and can be used to see blood vessel distri-
bution and probes accumulation in situ, especially tumors [47].
Therefore, combining FL and PA imaging will offer more informa-
tion for investigation of in vivo probe behaviors and can guide
therapeutic actions to optimize treatment. Here, ACEC was
designed to be both a FL and PA imaging agent.

First of all, to optimize ACEC for tumor treatment, we measured

100

-~ "'I-ACEC

0 12 24 36 48 60 72
Time (h)

Fig. 3. Blood circulation of functionalized ACEC.
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ACEC accumulation in tumors in real time with in vivo fluorescent
and PA imaging. SCC-7 tumor-bearing mice were intravenously
administrated with free Ce6, albumin/Ce6 or ACEC when tumors
volume reached ~80 mm?®. FL and PA images were acquired at the
indicated time points as shown in Fig. 4a and b. In Ce6 received
groups, fluorescent signals can be seen distributed mostly in the
liver 8 h post-treatment and disappeared 24 h post-injection. In
contrast, fluorescent images from tumor regions gradually
strengthened over time and peaked (T/M ratio = 7.83 + 0.31)at 24 h
post-treatment in the ACEC group and gradually eliminated, indi-
cating that ACEC circulated for a greater duration and accumulated
more than the free Ce6 and albumin/Ce6. PA imaging confirmed
that ACEC was taken up in the same manner (Fig. 4c and d). The PA
signal in the tumor area increased over time after ACEC treatment
and decreased after 24 h (Pa/Po = 4.76 + 0.16) after treatment. No
obvious PA signal changes were noted in mice treated with free Ce6
due to a lack of targeting activity.

Because ACEC is physiologically stable, we thought that FL signals
from ACEC may be helpful for assessing ACEC in vivo. Thus, mice
from different treatment groups were sacrificed at different time
points after ACEC, albumin/Ce6 or free Ce6 administration and
major organs were collected and imaged (Fig. S8). Free Ce6 was
observed distributed evenly within the mouse body because it
lacked targeting specificity, and some Ce6 accumulated in tumors
12 h after treatment but this was due to the high vascularity of the
tumor and livers and kidneys had some Ce6 due to its hydropho-
bicity. Ce6 was rapidly eliminated as well. Mice treated with ACEC
had significant uptake that peaked 24 after treatment and FL signals
subsequently decreased. The tumor-to-muscle ratio of ACEC was
5.4 + 0.82 at 24 h post-treatment confirming tumor accumulation.
Also, livers, kidneys and lungs took up ACEC, likely due to metabolic
pathways within these organs. Similar results were noted with PA

fiﬁﬁéiiﬁﬂﬁ
| EEE%EE 1l
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imaging and in vivo and ex vivo data confirmed that ACEC had
tumor-specific accumulation (peaked at 24 h) and circulated for a
greater duration than Ce6 and albumin/Ce6. Thus, we applied PDT/
PTT for tumor ablation at 24 h post-ACEC-treatment.

3.5. In vivo combination therapy

Considering the quick oxygen consumption and pre-existing
hypoxia microenvironment in tumor, therapeutic efficacy of PDT
is always limited and unsatisfied. On the other hand, PTT is prone to
induce heat-shock protein (HSP) facilitated thermotolerance in
cancer cells [48], which can significantly limit the application of
PTT. Therefore, a synergistic phototherapy approach will overcome
the deficiencies of PDT and PTT. The tumor ablation efficacy of ACEC
was finally investigated in SCC-7 tumor-bearing mice model. After
the tumor volume growth to 80 mm?, mice were randomly divided
into eight groups: PBS with/without radiation; Ce6 with/without
radiation; albumin/Ce6 with/without radiation; albumin/ECNT
with/without radiation; and ACEC with/without radiation. Mice in
each treatment group were anesthetized and imaged to observe
tumor growth every five days (Fig. S9). Photothermal effects were
measured with an infrared thermal camera (Fig. 5a and b). Mice in
groups that obtained PDT and PTT treatment received PDT first to
ensure that PTT did not modify the chemical structure or the
encapsulation of the photosensitizer. Fig. 5a shows that tumors
treated with ACEC and irradiated (808 nm) increased in tempera-
ture with time as indicated (34.21 °C, 37.47 °C, 40.41 °C, 47.8 °C,
52.91 °C and 53.45 °C), which is sufficient to ablate cancer cells.
Similar temperature increases occurred in the albumin/ECNT group
(32.35°C,36.76 °C, 38.27 °C, 43.71 °C, 47.85 °C, 49.1 °C) at indicated
time points. No detectable temperature changes occurred for PBS-
(33.33 °C, 35.65 °C, 37.21 °C, 37.26 °C, 37.9 °C, 38.27 °C), Albumin/
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Fig. 4. In vivo fluorescence imaging and photoacoustic imaging (PA) imaging of SCC-7 tumor. (a) In vivo fluorescence images of mice intravenously administrated with free Ce6,
Albumin/Ce6 and ACEC at 100 pg Ce6 concentration (5 mg/kg) at different time intervals. Arrows indicate the tumor site. (b) Signal intensity of tumors treated with free Ce6,
Albumin/Ce6 and ACEC at different time intervals (tumor/Muscle ratio). (c) In vivo photoacoustic images of mice intravenously administrated with free Ce6 and ACEC at 100 ug Ce6
concentration (5 mg/kg) at different time intervals. (d) Signal intensity of tumors treated with free Ce6 and ACEC at different time intervals (PA/PAg ratio).
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Fig. 5. In vivo PDT/PTT ablation of tumor. (a) Thermal images of SCC-7 tumor-bearing mice exposed to 630 nm laser for 10 min and subsequently 808 nm laser for 15 min. (b)
Heating curves of tumors treated with different particles. (c) Tumor growth curves of mice received different treatments. (***) p < 0.001. d) Body weights of mice received different
treatments. (d) MRI images of mice treated with different materials after laser irradiation at different time points. (e) Tumor volume measured by MRI. (f) Body weight changes of

mice received different treatments.

Ce6-(33.18 °C, 36.24 °C, 37.06 °C, 36.9 °C, 37.06 °C, 37.04 °C) or Ce6-
(32.32 °C, 35.18 °C, 37.59 °C, 38.50 °C, 38.63 °C, 38.77 °C) treated
animals, suggesting that ACEC is an effective in vivo PTT agent for
tumor ablation.

To monitor treatment response, tumor volumes were monitored
every 2 days after irradiation (Fig. 5¢). Fig. 5¢ shows that tumors
treated with ACEC and albumin/ECNT without irradiation grew
rapidly. Similarly, tumors treated with PBS, albumin/Ce6 and free
Ce6 grew rapidly with or without irradiation, suggesting that tumor
growth was not influenced by free photosensitizer, albumin/Ce6 or
irradiation alone. After irradiation, tumors were ablated in albu-
min/ECNTand ACEC-treated groups in the first 6 days after irradi-
ation, indicating that albumin-coated ECNTs could accumulate in
tumors. Unfortunately, tumors treated with albumin/ECNTs
appeared again 6 days after irradiation because PTT alone was
insufficient for tumor eradication; in fact, a tumor remnant was
observed (Fig. 5d and e) after PTT due to that uneven PTT effects
results in a more significant tumor regrowth [49]. However, PTT
and PDT combined and applied to ACEC-treated animals were
inhibited and did not reappear during the study by PTT ablated of
tumor cells and PDT induced tumor cell apoptosis [50]. After

PTT/PDT treatment, tumors were virtually eradicated (Fig. 5 and
Fig. S8). However, mice treated with PBS, Ce6, albumin/Ce6 or
albumin/ECNT had rapidly growing tumors that were fatal to
animals. Mouse body weight after treatment was recorded during
the experiment and no obvious differences were noted among
groups (Fig. 5f).

In order to verify the tumor accumulation of ACEC, tumor tissue
was subjected to raman imaging and found strong G-band in ACEC
treated tumors (Fig. S10). No obvious peak at 1590 cm™~! for SWCNT
G-band was detected in Ce6 treated group. To confirm the tumor
ablation effect from ACEC, tumors received different treatment
were collected and subjected to H&E staining (Fig. 6). In the PBS
group, no tumor necrosis occurred and although Ce6 can generate
ROS in vitro, tumor cell toxicity was not affected because Ce6 lacks
tumor specificity and only accumulates in highly vascular tumors.
Thus, this is not sufficient for ROS accumulation and cell death. In
albumin/ECNT-treated mice, tumor tissues were initially dimin-
ished due to locally high temperatures, but this was insufficient to
ablate tumor growth and tumors re-grew days later (Fig. 5). Albu-
min/Ce6-treated mice demonstrated that some tumor necrosis due
to ROS, which also insufficient to inhibit tumor growth. Unlike
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Fig. 6. Histology of tumor mice received different treatments. Hematoxylin and eosin (H&E) staining of tumors and primary organs in mice treated with ACEC, albumin/ECNTSs, free
Ce6, albumin/Ce6, PBS with or without 630 + 808 nm NIR irradiation at 24 h post-treatment. Scale bar: 100 pm.

control groups with and without irradiation, obvious karyolysis and
necrosis were observed in ACEC-treated mice that received radia-
tion (Fig. 6). Several tumor areas had obvious damage after PTT/
PDT, suggesting that combined treatment is better for reducing
tumors and slowing regrowth. We noted no obvious histological
changes in major organs in any animal group (Fig. 6), concluding
that ACEC is selectively toxic to tumors and has few side effects in
normal organs due to EPR and albumin-mediated active target-
ability. Although tumor location depth limits photo-penetration for
therapeutic purposes, synergistic effects of PTT and PDT may
address this limitation because low power optics is sufficient to
trigger phototherapy.

4. Conclusions

In summary, we described a functional long-circulating
SWCNT-based drug delivery system, ACEC, for synergistic PDT/
PTT tumor treatment. With the assistance of EB, we created an
SWCNT dispersion formulation and confirmed by FL and PA im-
aging that the ACEC system was well distributed and accumu-
lated specifically in tumors. The long blood circulating behavior
(48 h) was found photostable. When ACEC applied for tumor
ablation, photothermal therapy was performed after photody-
namic therapy to keep the intact of photosensitizer. The opti-
mized phototherapeutic application window guided by FL and PA
imaging ablated tumor growth and confirmed by MRI data, sug-
gested that PTT and PDT were synergistic and virtually destroyed
tumors and prevented regrowth. Overall, ACEC is not acutely
toxic and this EB-based drug delivery system is suitable for
image-guided synergistic PDT/PTT therapy as well as tumor
identification.
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