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ABSTRACT

Nanoparticles (NPs) have proven to be effective drug carriers in diagnosis and therapy of cancer. But,
they faced a contradictory issue that NPs with large size appear weak tumor penetration, meanwhile
small size resulted in poor tumor retention. Herein, we fabricated doxorubicin conjugated carbon
dots (CDs-DOX) and indocyanine green (ICG)-loaded liposomes (ICG-LPs) named CDs-ICG-LPs using a
modified reverse phase evaporation process, and with high incorporation in the aqueous core. The
CDs-ICG-LPs exhibited good monodispersity, excellent fluorescence/size stability, and consistent spectra
characteristics compared with free ICG or DOX. Moreover, the CDs-ICG-LPs showed higher temperature
response, faster DOX release under laser irradiation. In the meantime, the fluorescence of DOX and ICG
in CDs-ICG-LPs was also visualized for the process of subcellular location in vitro. In comparison with
chemo or photothermal treatment alone, the combined treatment of CDs-ICG-LPs with laser irradiation
synergistically induced the apoptosis and death of DOX-sensitive HepG2 cells. In vivo antitumor activ-
ities demonstrated CDs-ICG-LPs could reach higher antitumor activity compared with CDs-DOX and
ICG-LPs for H22 tumor cells, and suppressed H22 tumor growth in vivo. Notably, no systemic toxicity
occurrence was observed after repeated dose of CDs-ICG-LPs with laser irradiation. Hence, the well-
defined CDs-ICG-LPs exhibited great potential in targeting cancer imaging and chemo-photother-
mal therapy.
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1. Introduction multistage drug delivery system using liposome enclose
carbon dots (CDs) in the aqueous center. Furthermore, indoc-
yanine green (ICG) is inserted into the bilayer membrane
which could intelligently liberated CDs from large size in the
presence of photothermal function (Liang et al, 2014;
Sercombe et al., 2015).

Recent years have seen increased activities in developing
multifunctional nanomaterials that can enable bioimaging,
disease detection, and drug delivery simultaneously (Liang
et al,, 2014; Maldiney et al., 2014; Wolfbeis, 2015; Yang et al.,
2015). One may first differentiate between two kinds of fluor-
escent imaging. The first involves imaging based on fluores-
cent chemical agents (such as rhodamine). The second
covers methods for imaging of samples or cells that have

Cancer is regarded as one of the most challenging threatens
due to the high morbidity and mortality. Nanoparticles (NPs)-
based drug delivery has gained mounting attention in diag-
nosis and therapy of cancer. Up to now, plenty of nanomedi-
cines have been approved. Commonly, nanomedicines could
passively accumulate in tumor by virtue of the enhanced per-
meability and retention (EPR) effect (Yasuhiro & Maeda, 1986;
Saxena et al., 2003; Gao et al., 2016; Maeda et al, 2016;
Wang et al., 2017). However, the multiplicity of barriers to
effective transport will limit the integral optimization of deliv-
ery for such systems. When administered intravenously,
nano-sized agents tend to circulate for a long period of time
if they are not small enough to be excreted by the kidney or

large enough to be rapidly recognized and trapped by the
reticuloendothelial system (RES) (Kobayashi and Brechbiel,
2005). And, they faced a contradictory issue in delivering
drugs into tumors: NPs with large size were characterized
with weak tumor penetration, meanwhile NPs with small size
resulted in poor tumor retention (Hu et al., 2015). Therefore,
it is essential to develop novel NPs that could adapt the
tumor microenvironment and improve the homogenous dis-
tribution of drugs. To solve this problem, we proposed a

been made fluorescent using synthetic fluorescent probes,
labels, or NPs (Reina et al., 2015; Zheng et al., 2015). Carbon
dots (CDs), a new class of carbon-based nanomaterial, has
received considerable attention due to its fascinating optical
properties, unique surface activity, as well as excellent bio-
compatibility appear to be promising candidates for drug/
gene delivery carrier (Zheng et al., 2014; Ding et al., 2015;
Yang et al, 2015; Feng et al, 2016; Yuan et al, 2017).
Furthermore, the average size of CDs would be smaller than

CONTACT Yinghui Dai @ yhdai2008@aliyun.com; Dongkai Wang @ wangycsyphu@126.com @ Huatuo street 26, Xihu District, Benxi City, Liaoning

Province, China
@ Supplemental data for this article can be accessed here.

© 2018 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.


http://crossmark.crossref.org/dialog/?doi=10.1080/10717544.2018.1482975&domain=pdf
http://orcid.org/0000-0002-4081-8443
http://10.1080/10717544.2018.1482975
http://creativecommons.org/licenses/by/4.0/
http://www.tandfonline.com

10 nm, which might achieve fairly high tumor permeability in
the course of drug delivery. Previously, we reported the
development of CDs functionalized with a nuclear localiza-
tion signal-carbon dots (NLS-CDs) for cell nucleus imaging. In
the architecture, DOX was covalently conjugated to NLS-CDs
through a pH-sensitive hydrazone bond using hydrazinoben-
zoic acid as a linker. The results indicated that the NLS-CDs
may server as a prospective candidate for nucleus targeted
drug delivery (Yang et al,, 2015).

ICG is a near-infrared (NIR) contrast agent commonly
used for in vivo cardiovascular and eye imaging. It is the
only NIR fluorescent dye approved by the US. Food and
Drug Administration and the European Medicines Agency
for human use (Food & Drug Administration, 2013). With
its 820nm NIR emission wavelength, ICG is considered a
good in vivo contrast agent with minimal interference
from blood and tissue autofluorescence (~500-600nm)
(Nguyen & Tsien, 2013). More interestingly, ICG is a photo-
thermal agent that strongly absorbs NIR light and converts
it into cytotoxic heat for tumor treatment (Shirata
et al, 2017).

In aqueous environments, ICG molecules aggregate and
ICG fluorescence readily degrades (Saxena et al, 2003). In
blood, ICG binds to plasma proteins, enhancing its fluores-
cence intensity. To overcome the protein-binding depend-
ency, we attempted to add ICG to liposomes. ICG can
physically interact with phospholipids in the liposome mem-
brane and modify the stability and quantum yield of ICG as
well as the structure and stability of the lipid membrane
(Kraft & Ho, 2014). As the ICG turns absorbed light energy
into heat, heat is transported to the surrounding lipid bilayer
and the lipids undergo a phase transition followed by CDs-
DOX release. Therefore, the multistage system could benefit
from its large size for better retention effect in tumor and
then release small size to contribute to better penetration
efficiency. In addition, combination therapy has been consid-
ered as a promising strategy to improve therapeutic effi-
ciency and minimize side effects (Sun et al., 2011; Mauceri
et al, 1998).

In this study, we designed liposome packaging nucleus-
targeted CDs in order to achieve high retention and penetra-
bility in tumor. As a chemotherapy drug that acts on
DNA inside the nucleus, DOX was covalently conjugated to
NLS-CDs through a pH-sensitive hydrazone bond using
hydrazinobenzoic acid as a linker. Meanwhile, ICG can physic-
ally interact with phospholipids in the liposome membrane,
which could modify the stability and quantum yield of ICG as
well as receive chemotherapy and photothermal therapy sim-
ultaneously. In addition to these, we have showed that ICG
was able to cause phase transition in liposomes under steady
near infrared light and control release of CDs-DOX in tumor.
Here, we reveal a multistage delivery system that can carry,
release over time, and deliver two types of NPs into tumor
cells. The use of this system is envisioned to open new ave-
nues for avoiding biological barriers and delivering more
than one therapeutic agent to the target at a time, in a time-
controlled fashion.
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2. Materials and methods
2.1. Materials

Doxorubicin hydrochloride (DOX-HCl) was purchased from
T&W Group (Shanghai, China). 4-hydrazinobenzoic acid (HBA)
was obtained from Adamas (Shanghai, China). 1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide (NHS) were supplied by Aladdin
Reagent Co., Ltd. (Shanghai, China). ICG was purchased from
Xiya Reagent (Shandong, China). Egg phosphatidylglycerol
(EPG) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-methoxy-polyethylene glycol-2000 (DSPE-mPEG2000) were
purchased from Shanghai Advanced Vehicle Technology
Pharmaceutical Co., Ltd. (China). Cholesterol was obtained
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China). Annexin V-FITC apoptosis detection kit was purchased
from Beyotime Institute of Biotechnology (Jiangsu, China). 3-
(4, 5-dimethylthialzol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), dimethyl sulfoxide (DMSO), 4',6-diamidino-2-phenylin-
dole (DAPI), acridine orange (AO), and ethidium bromide (EB)
were purchased from Sigma-Aldrich (St. Louis, MO). Anti-Ki
67 primary antibody and Cleaved Caspase-3 (CC3) were
obtained from Wanleibio (Shenyang, China). All chemicals
and reagents were of analytical grade and used without fur-
ther purification.

2.2. Synthesis of NLS-CDs-HBA-DOX
(CDs-DOX) complexes

The NLS-CDs were prepared as described in our previous
studies (Yang et al., 2015). CDs-DOX complexes were con-
structed according to a reported protocol with slight modifi-
cations. Briefly, 0.5 mmol HBA was dispersed in 50 mL of pH
7.4 phosphate buffer solution (PBS), and 1 mmol EDC and
1 mmol NHS were then added to the solution. Afterward, the
reaction mixture was stirred at room temperature for 4h to
activate HBA. Subsequently, 20mL of NLS-CDs solution
(20 mg/mL) was added to the mixture and the reaction was
carried out at room temperature for 48 h. Finally, the solution
was dialyzed against deionized water using a cellulose dialy-
sis membrane (molecular weight cutoff: 1000 Da) for 48 h to
remove unreacted reagents. The solid powder of HBA-modi-
fied NLS-CDs (HBA-CDs-NLS) was obtained by freeze-drying.
Then, the antitumor drug DOX was conjugated to the hydra-
zine group of HBA-CDs-NLS through hydrazone bond. And,
0.20 g of HBA-CDs-NLS was dissolved in 20 mL of DMSO, and
5mL of DOX stock solution (10 mg/mL in DMSO) was added
under stirring, followed by the addition of a drop of acetic
acid. The reaction was performed for 72h, thereafter, the
resulting solution was dialyzed against water for 48 h and the
solution inside the dialysis membrane was lyophilized to gain
the CDs-DOX. All these procedures were carried out in
the dark.

2.3. Preparation of CDs-ICG-LPs

The control CDs-DOX-liposomes (CDs-LPs), 1CG-liposomes
(ICG-LPs), and CDs-ICG-LPs were prepared by reverse-phase
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method (Bealle et al, 2012; Szoka &
Papahadjopoulos, 1978). SPC, cholesterol, EPG, DSPE-
mPEG2000, and ICG were dissolved in chloroform in a
50:10:1:1:0.5 molecular ratio. Afterward, CDs-DOX dispersed
in 3mL PBS was introduced before sonication at room tem-
perature for 20min to produce a water-in-oil emulsion.
Preparation was immediately transferred to a round-bottom
flask, and organic solvents were evaporated with a rotary
evaporator at 30°C until the gel phase disappeared.
Followed by brief vortex mixing and then continued evapor-
ation at normal temperatures and pressures, until a homoge-
neous suspension was obtained. Then, the dispersion was
extruded through a 400-nm polycarbonate membrane using
a mini-extruder (Avanti Polar Lipids, Alabaster, AL). The pro-
cess was repeated through 200 and 100 nm membranes. The
CDs-LPs and ICG-LPs were prepared using the same method
without addition of ICG or CDs-DOX. ICG self-quenching was
reduced, and the density of ICG in the lipid membrane
was optimized.

evaporation

2.4. Characterization of CDs-ICG-LPs

The average diameter, zeta potential, and size distribution of
CDs-ICG-LPs and CDs-DOX were determined by dynamic light
scattering (Zetasizer Nano ZS, Malvern Instruments, UK). The
morphologic examination was further performed by transmis-
sion electron microscope (TEM) with negative stain method.
Before analysis, the test samples were placed on a carbon-
coated copper grid, and stained with 1% (w/v) phospho-
tungstic acid and air-dried prior to TEM observation. The
absorption and fluorescence spectrum of ICG and CDs-DOX
were determined using UV-Vis spectrometer (UV-Probe-1700,
Shimazu, Japan) and multi-function plate reader (Varioskan
Flash, Thermo Fisher Scientific, Waltham, MA).

The encapsulation efficiencies (EE) of ICG and CDs-DOX
in formulations were both determined using Sephadex G-
100 microcolumn-centrifuging. After the Sephadex G-100
microcolumn was established, the addition of 0.2mL CDs-
ICG-LPs to the top of the microcolumn, the column was
centrifuged at 900 x g for 3min and the separated liquid
was collected. Then, 0.2mL pH 7.4 buffer was added and
the column was centrifuged using the same method to
elute the liposomes. The above process was repeated twice,
and the eluent was collected. Methanol was used to dilute
the eluent to a volume of 10mL to calculate the concen-
tration encapsulated inside the liposomes (Cgy). Another
0.2mL of liposomes was directly diluted to a volume of
10mL, but it was not subjected to microcolumn centrifuga-
tion, and sample determined as total concentration (Cygtal)-
Methanol was used to break the liposomes and dilute to a
volume of 10 mL prior to sample determination to calculate
encapsulated inside the liposomes. Then, the concentration
of ICG and CDs-DOX was measured using UV-Vis spectrom-
eter at Amax Of 784 and 480 nm, respectively. The EE of ICG
and CDs-DOX was calculated according to the following
formula.

EE(%) = CEN/CTotaI X 100%

2.5. Photostability of CDs-ICG-LPs

The photostability was assessed using determining the fluor-
escence emission spectra of free ICG, CDs-DOX, and CDs-ICG-
LPs at predetermined times. The fluorescence spectra were
examined with a fluorescence spectrometer (F900, Edinburgh
Instruments Ltd., UK) at 365 or 740 nm excitation wavelength,
5nm excitation slit. The photostability test was carried on
under the condition of 25°C and 45001x for 5 d.

2.6. Temperature evaluation induced by NIR laser
irradiation

In this study, 0.2mL of PBS containing free ICG, ICG-LPs or
CDs-ICG-LPs (ICG concentration: 25 ug/mL) was added into
96-well plates. The PBS was used as a blank control. A NIR
laser equipment (Changchun New Industries Optoelectronics
Tech Co., Ltd., China) emitting 808 nm laser at a power dens-
ity of 2W/cm? was used to irradiate these samples for 5 min.
The temperature changes of each group were recorded by
an infrared thermal imaging camera (LaserSight,
Optris, Germany).

2.7. In vitro DOX release from CDs or CDs-ICG-LPs

The release profiles of DOX from CDs-DOX or CDs-ICG-LPs
complexes were investigated by the dialysis method in pH
7.4 and 5.5 PBS (Yang et al., 2015; Mo et al, 2013; Moku
et al., 2016), respectively. In brief, the complexes (with/with-
out laser irradiated) were dispersed in 5 mL of PBS and then
were sealed in a dialysis bag. Afterward, the dialysis bag was
immersed in 45 mL of PBS at 37 °C with continuous shock. At
arranged time intervals, 5mL of the solution outside the dia-
lysis bag was taken and replaced with the same amount of
fresh PBS. The percentage of released DOX was quantified
using a UV-Vis spectrophotometer at 480 nm.

2.8. In vitro cytotoxicity

The cytotoxicity of ICG, CDs-DOX, and CDs-ICG-LPs complexes
against HepG2 cells was assessed by MTT method. HepG2
cells were seeded in 96-well plates at a density of 1 x 10*
cells/well and incubated for 24 h. Then, the culture medium
was removed and fresh medium containing free DOX, free
ICG, CDs-DOX or CDs-ICG-LPs complexes was added to the
well, respectively. After 48 h of incubation, 20 uL of MTT solu-
tion (5mg/mL) was added and further incubated for 4h.
Subsequently, the medium was thrown away and 200 uL of
DMSO was added to disperse the formazan precipitate, and
the multi-function plate reader (Varioskan Flash, Thermo
Fisher Scientific) was used to measure optical density of the
solution at 570 nm. The HepG2 cells incubated with ICG and
CDs-ICG-LPs for 24h were exposed to 2W/cm? 808 nm laser
irradiation for 5 min, and the cells were incubated for another
4 h to investigate the photothermal influence on cytotoxicity.



2.9. Cellular uptake

The cellular uptake of free DOX, free ICG, CDs-DOX or CDs-
ICG-LPs complexes was determined by flow cytometry.
HepG2 cells were grown overnight at a density of 2 x 10°
cells per well in six-well plates. And, cells were exposed to
each sample for different times (1, 2, and 4 h) and with/with-
out laser irradiated, then the cells were washed twice with
PBS and centrifuged at 2000 rpm for 5min to gather cells.
Finally, cells were resuspended in PBS, and the uptake of
DOX was quantified using a FACSCalibur flow cytometer (BD
Biosciences, Franklin Lakes, NJ).

2.10. Confocal microscopy

HepG2 cells (2 x 10° cells/well) were seeded into six-well
chambered plates in 2mL of medium, respectively. After
24 h, the medium was replaced by the medium containing
CDs-DOX or CDs-ICG-LPs complexes (with/without laser irradi-
ated) for 4 h. After the incubation, cells were washed thrice
with PBS and fixed with 4% of paraformaldehyde, followed
by addition of DAPI for cell nuclei staining. Finally, cells
were washed three times and sealed onto object slide. The
intracellular localization of CDs, DOX, and ICG was observed
by confocal laser scanning microscopy (CLSM) (Nikon
C2+, Japan).

2.11. AO/EB staining and flow cytometry analysis
of apoptosis

Cell morphology of free DOX, CDs-DOX or CDs-ICG-LPs com-
plexes-induced apoptosis was researched by AO/EB double
staining. HepG2 cells were embedded in 24-well plates and
incubated for 24 h; afterward, the medium was discarded and
replaced with fresh medium containing various concentra-
tions of each sample and incubated for another 24 h. Then,
the cells were stained with 2L of AO/EB mixture (100 ng/
mL) for 5min, and the images of the treated cells were col-
lected by an inverted fluorescence microscope (Olympus
IX71, Japan).

The percentage of apoptotic cells was quantified by flow
cytometry using apoptosis detection kit. Briefly, HepG2 cells
grown in six-well plates were treated with DOX, CDs-DOX or
CDs-ICG-LPs for 24 h, then cells were washed and suspended
in binding buffer followed by staining with 5uL of Annexin
V-FITC and 10uL of propidium iodide (PI) for 15min in the
dark. The samples were then determined by flow cytometry.

2.12. Animals and tumor model

Male Kunming (KM) mice (6-8weeks) were obtained from
Shenyang Pharmaceutical University Experimental Animal
Center (Shenyang, China). The animal studies were carried on
in accordance with the guidelines of the Experimental
Animal Center and ratified by the Animal Ethical Committee
of Shenyang Pharmaceutical University. In vivo antitumor
activity of DOX, CDs-DOX, ICG-LPs, or CDs-ICG-LPs complexes
was assessed in KM mice implanted sarcoma H22 cells. H22
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cells (1 x 10’/mL) were injected subcutaneously into the right
anterior armpit of KM mice.

2.13. In vivo imaging and biodistribution

The imaging studies were carried out when tumor volumes
of mice reached to about 200 mm?>. The mice were randomly
divided into three groups and intravenously injected with
CDs-DOX, CDs-ICG-LPs with laser irradiation or CDs-ICG-LPs
without laser irradiation, respectively. The equivalent ICG
dose was kept at 5mg/kg. The images of CDs and ICG in
mice were taken at 1, 2, 4, 6, 8, and 24 h after injection using
the ex/in vivo imaging system (FX PRO, Carestream Health,
Toronto, Canada) with 410 and 760 nm as excitation wave-
length, and 530 and 810nm filter to collect the FL signals.
The mice of CDs-ICG-LPs with laser irradiation group were
irradiated after injection 1 and 4 h. After injection at 24 h, the
mice were sacrificed, and organs including heart, liver,
spleen, lung, kidney, and tumors were collected for the ex
vivo imaging under the same conditions as above.

2.14. In vivo antitumor evaluation

When tumors were 200-300 mm? in size, the tumor-bearing
mice were randomly divided into five groups (six mice each
group) and were injected intravenously via the tail vein with
normal saline, free DOX, CDs-DOX, ICG-LPs or CDs-ICG-LPs
complexes (at a dose of DOX 5mg/kg and ICG 5 mg/kg body
weight), respectively. After injection 4 and 8h, the tumors of
mice were irradiated by the 808 nm laser for 5min. The mice
receiving saline with laser irradiation was defined as the con-
trol. The bodyweight changing of each mouse was recorded
every 2d for 15d. On the 15th day, mice were sacrificed and
the tumor tissues were harvested to measure the tumor
weight. The inhibition rate of tumor growth was calculated
using the below equation:

W, — W,
R% = —_ "t
% W,

% 100
C
where W, and W, mean the tumor weight of control saline
group and test group.
The rest of the mice was used to measure the survival
curves. The survival time of all mice was recorded each day
until all the mice’s death.

2.15. H&E staining, immunohistochemistry, and
immunofluorescence

The pretreated mice were sacrificed by standard decapitation,
the major organs and tumors were harvested immediately,
rinsed with PBS, fixed with formalin and embedded in paraf-
fin. Five micrometer sections were cut with a paraffin slicing
machine and were dewaxed to water using xylene and differ-
ent concentration of alcohol. In all cases, hematoxylineosin
(H&E) dyes were conducted.

Subsequently, tumor slides were then treated with immu-
nohistochemical reactions. In order to analyze the prolifer-
ation status of the tumor tissue, Ki-67 immunohistochemistry
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(IHC) was carried out assessed with anti-Ki-67 primary anti-
body. In order to evaluate the apoptosis level of tumor tis-
sue, serial sections were reacted with CC3 specific antibody
diluted 1:100, which could recognize large fragments of acti-
vated caspase-3. All the experiments were performed accord-
ing to manufacture of different IHC kits (Saxena et al., 2003;
Saxena et al., 2004).

2.16. Statistical analysis

All data are shown as mean +SD unless otherwise indicated.
ANOVA was used for statistical analysis among groups by
SPSS software (New York, NY). The differences were defined
as significant for p <.05 and very significant for p <.01.

3. Results and discussion

3.1. Preparation and characterization of CDs-DOX and
CDs-ICG-LPs

The synthesized structure is described in Scheme 1. The CDs-
ICG-LPs were assembled from CDs-DOX, ICG, SPC, EPG, and
DSPE-PEG through a reverse-phase evaporation method. The
TEM image (Figure 1(A)) verified the formation of CDs-DOX
and liposomes with well-defined spherical shape and homo-
geneously distributed. The surface potential of CDs-DOX and
CDs-ICG-LPs was measured by dynamic light scattering (DLS).
The zeta potential of CDs-DOX and CDs-ICG-LPs was between
+32.6mV and —12.9mV. The average diameter of CDs-DOX
and CDs-ICG-LPs was 3.8 and 87.4nm respectively with a
suitable particle size and distribution for targeted drug deliv-
ery and long circulation (Hu et al., 2015; Blanco et al,, 2015;
MacEwan & Chilkoti, 2017). And, 99% of CDs-ICG-LPs in num-
ber distribution were all less than 100 nm, which will be suit-
able for passive tumor targeting of drug delivery through the
EPR effect. The drug encapsulation efficiency (EE) and drug-
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loading efficiency (LE) of the NPs are crucial for their clinical
application. Supporting Information shows the EE or LE of
the drug of NPs formulations. The EE or LE of DOX was
observed at 47.9% or 1.87%, and the EE or LE of ICG was
89.3% or 1.68% for CDs-ICG-LPs. The stability of CDs-ICG-LPs
dispersed in the PBS solution was examined and the results
are shown in Table S1. We can see that CDs-ICG-LPs had
good stability at low temperatures, but there was a slight
leakage of CDs-DOX at 25°C in a month, so we propose to
store CDs-ICG-LPs at low temperature. The particle sizes of
CDs-ICG-LPs remained around the initial particle size without
aggregation and precipitation over 1 month, suggesting a
great stability of CDs-DOX and ICG.

The absorption or FL spectra of encapsulated CDs-DOX
and ICG are shown in Figure 1(B). Without entrapped in lipo-
some, free ICG would quickly aggregate and sedimentate.
Compared with CDs-ICG-LPs, the emission peak intensity of
free ICG was only 28.34%. The absorption or emission peak
of ICG in CDs-ICG-LPs was red-shifted from 1 to 778 nm or 21
to 835nm. Absorption and emission peak corresponding
CDs-DOX consistent with the spectra of free DOX were
located at 480 and 605 nm. There are also no severe fluores-
cence changes of the CDs-ICG-LPs under 25°C and 4500 Ix
over 5d, while the fluorescence intensity of free ICG in
Figure 1(C) almost completely degraded after 4d. However,
the fluorescence intensity of ICG in LPs drops to 50% by the
fourth day and still maintains 30% of its initial value on the
fifth day. These data indicated that both the ICG and CDs-
DOX maintained their optical properties after encapsulation
with CDs-ICG-LPs.

ICG is an amphiphilic molecule consisting of a lipophilic
polyaromatic polyene group and a hydrophilic sulfonate
group. Previous report has revealed free ICG can be
degraded in aqueous solution due to the saturation of the
double bonds in the conjugated chain, resulting in a simul-
taneous decline of fluorescence and absorption. And, free
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e
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Scheme 1. Schematic illustration of the CDs-ICG-LPs accumulating at the tumor site by the EPR effect and releasing CDs-DOX by laser irradiation DOX.
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Figure 1. Morphology and characterization of CDs-ICG-LPs. (A) TEM images of CDs-DOX and CDs-ICG-LPs with or without continuous laser irradiation. After laser
irradiation CDs-ICG-LPs were broken up into smaller pieces with heat-induced disruption. (B) Absorption and fluorescence spectrum of ICG, CDs-DOX, and CDs-ICG-
LPs. (C) FL stability of free ICG, CDs-DOX, and in CDs-ICG-LPs. (D) Maximum temperature profiles of free ICG, ICG-LPs, CDs-ICG-LPs, and PBS as a function of the
irradiation time under continuous laser irradiation at a power intensity of 2 W/cm?. (E) DOX release profiles from CDs-ICG-LPs with and without laser irradiation at
pH 7.4 or pH 5.5. The data are shown as mean. It was consistent with the in vitro release experiments that the DOX release of CDs-ICG-LPs could be accelerated by
laser irradiation. (F) Infrared thermographic maps of centrifuge tubes with CDs-ICG-LPs, CDs-DOX, ICG-LPs, or PBS were measured at 5min with an infrared thermal

imaging camera after continuous laser irradiation.

ICG in aqueous solution would aggregate to form dimers
and oligomers, resulting in fluorescence self-quenching.
Liposomal formulations can be used to incorporate ICG mole-
cules in the membrane in monomeric form, because the lipo-
philic part of ICG is inserted into the phospholipid bilayer,
whereas the hydrophilic part faces the aqueous environment.
Therefore, we can infer that liposome bilayer keeps ICG as
monomeric status which could actively contributes to
enhance fluorescence, stability and photothermal effect of
ICG. The protective effect of liposomes seemed to be due to
the lipid molecule which protected the entrapped ICG by iso-
lating it from aggregate and the surrounding environment
(Saxena et al., 2004).

To evaluate the photothermal potency of CDs-ICG-LPs, we
monitored the temperature changes under laser irradiation in
vitro using an infrared thermal imaging camera. With the
laser irradiation at 2W/cm? for 5min, the temperature of

CDs-ICG-LPs, ICG-LPs, and free ICG maximally increased to
56.8, 55.5, and 47.1°C, while the PBS did not increased
(Figure 1(D)). Such a variation of CDs-ICG-LPs, ICG-LPs, and
free ICG could increase temperature over 50°C, leading to an
irreversible damage to tumor cells (Saxena et al., 2004; Lim
et al., 2008). CDs-ICG-LPs and ICG-LPs formulation had a
higher temperature response than free ICG under laser irradi-
ation, similar to that of previously reported ICG encapsulated
lipid NPs which has more efficient laser-dependent tempera-
ture increase than free ICG (Zheng et al., 2012). The probable
reasons were that ICG entrapped in CDs-ICG-LPs or ICG-LPs
had higher inspissated concentration than free ICG, and the
excitation thermal radiation was also entrapped in the
enclosure of LPs, generating higher energy efficiency and
lower heat dissipation in the CDs-ICG-LPs or ICG-LPs after
laser irradiation. The infrared thermographics showed that
the maximum temperature of CDs-ICG-LPs, ICG-LPs, free ICG,
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and PBS at 5min after laser irradiation (Figure 1(F)).
Additionally, the release behavior of DOX from the CDs-ICG-
LPs complexes was investigated at pH 7.4 and 5.5, respect-
ively. Moreover, laser irradiation accelerated DOX releasing
from the CDs-ICG-LPs, as shown in Figure 1(E); the LPs with-
out laser irradiation showed DOX release of 6.18% at pH 7.4
and the total release reaching 21.51% at pH 5.5 by 24 h. The
accelerated release of DOX can be illuminated by cleavage of
the hydrazone bond under the mildly acidic conditions,
which forecasted that the CDs-DOX complexes could control
release the drugs in the acidic intracellular compartments.
And, the laser irradiation observably increased the release
rate of DOX from LPs to 24.19% over the first 4 h. After laser
irradiation, the total release of DOX by 24 h was significantly
enhanced to 43.22%, indicating that the drug release of LPs
could be controllable by laser irradiation. We further studied
the morphology of LPs irradiated by 2W/cm? 808 nm laser
for 5min using TEM. Figure 1(A) shows that LPs were broken
up into smaller pieces with heat-induced disruption. It was
consistent with the in vitro release experiments that the DOX
release of LPs could be accelerated by laser irradiation and
had pH-stimulate respond ability at the same time.

3.2. Intracellular uptake

The cellular uptake of CDs-DOX and CDs-ICG-LPs was ana-
lyzed by flow cytometry and visualized by CLSM, separately.
Figure 2 shows the flow cytometry data of HepG2 cells
treated with CDs-DOX and CDs-ICG-LPs for the referential
times. It is definite to see that the CDs-DOX group displayed
higher cellular uptake when compared with free DOX, and
the final amount of cells treated with CDs-DOX was 1.2-fold
that of DOX after 4h incubation. This can be attributed to
the difference in cellular uptake mechanism (Li et al., 2014).
It is common knowledge that free DOX is transferred into
cells by passive diffusion, whereas previous studies have
demonstrated that the cellular uptake of CDs-DOX was
through caveolae and clathrin-mediated endocytosis as well
as passive diffusion, so the uptake of CDs-DOX was signifi-
cantly increased due to the cooperation of the two pathways.
Interestingly, CDs-ICG-LPs with laser radiation significantly
increased the uptake rate of DOX in HepG2 cells compare to
without laser group, indicating enhanced internalization of
drugs by LPs formulation (Figure 2).

CLSM was performed to further investigate the cell uptake
behavior and subcellular localization of CDs-DOX and CDs-
ICG-LPs in HepG2 cells. As shown in Figure 2(E), the CDs-DOX
was localized in both nucleus and cytoplasm after 4h of
incubation, and predominantly to the nucleus location. The
detail was confirmed by monitoring co-localization with
nuclear dye DAPI, which suggested that CDs could deliver
their cargo into the nuclei. Whereas the CDs-DOX entrapped
CDs-ICG-LPs without laser radiation showed a slight cellular
and nuclear accumulation, and the signal of DOX and CDs
displayed weaker overlap with DAPI. The possible reason
could be that hydrophilic PEG coated on the LPs can form a
hydrated outer shell, thereby protecting the CDs-ICG-LPs
from being lightly up taken by cells. On the other hand, the

negative surface charge of CDs-ICG-LPs would have electro-
static repulsion with cytomembrane of HepG2 cells, which
prevented the LPs from traversing cytoplasm to nuclear. And,
this consequence as well consistent with the results of flow
cytometry (Figure S2).

Notably, CDs-ICG-LPs formulation with laser radiation not
only significantly increased the FL signals of DOX and CDs in
HepG2 cells, but also facilitated them entry into the nuclei
(Figure 2(E)). These phenomena would be result from the
laser-caused hyperthermia, which could disrupt CDs-ICG-LPs
into smaller pieces and help CDs-DOX release from LPs fast.
Also, the heat caused by laser radiation could enhance cell
permeability and fluidity, therefore increased the drug accu-
mulation inside cancer cells and nuclei (Tang et al., 2010).
Taking these factors into consideration, it is not surprising
that hyperthermia significantly increased the uptake of CDs
and DOX in HepG2 cells. After incubation for 4h, both CDs
and DOX exhibited markedly enhanced fluorescence intensity
in HepG2 cells, indicating the efficient cellular uptake of the
complexes, which was consistent with the results obtained
by flow cytometry.

3.3. Cell viability studies

The cell viability of HepG2 cells incubated with blank lipo-
somes, free DOX, free ICG, CDs-DOX, or CDs-ICG-LPs was
shown in Figure S1 and Figure 2. From Figure S1, we con-
clude that liposomes showed slight cytotoxicity and good
biocompatibility. After 48 h incubation, it can be seen that
the survival rate of HepG2 cells in CDs-DOX group was over
55% at low concentrations (0.01-1pg/mL). Similar trend in
cytotoxicity was also observed in free DOX group, but the
cell viability reduced to 20% at a concentration of 1pg/mL
and decreased further with increasing the dose of DOX
(Figure 2(A)). The cell viability of CDs-DOX group was much
higher than that of free DOX at the dose of 0.5 and 1 pg/mL,
which indicated that the complexes could reduce the cyto-
toxicity of DOX and this may be ascribed to the slow release
rate of DOX from the complexes (Figure 2(A)). Moreover, a
considerable reduction in cell viability was observed at high
concentrations of CDs-DOX (5-10 pg/mL) due to the increas-
ing total cumulative dose of DOX.

We further measurably investigated the effect of irradi-
ation time and ICG concentration in liposomes on cell sur-
vival at 2W/cm? 808nm (Figure 2(B,C)). Without irradiation,
treatment of LPs containing different amount of ICG slightly
affects growth of HepG2 cells, suggesting their well biocom-
patibility (Figure 2(B)). After 5min laser irradiation, the cell
viability of HepG2 cells treated with LPs containing ICG was
73.26% and 57.5% under 5 pg/mL and 10 pg/mL, respectively.
While treated with LPs containing 50 pg/mL ICG, the cell via-
bility of HepG2 cells was significantly decreased to 25.0%
after 5min laser irradiation (Figure 2(C)). Free ICG was of rela-
tively lower cytotoxicity compared with the LPs containing
the same concentration of ICG (Figure 2(C)). The viability of
HepG2 cells under different ICG concentration appeared simi-
lar declining trend under different laser irradiation time


http://10.1080/10717544.2018.1482975
http://10.1080/10717544.2018.1482975
http://10.1080/10717544.2018.1482975

(A)
100 - DOX
| 2 e N CD-DOX
80 -
g:‘ I "’_I‘— I.
= 60
2] ik
2 g
T 40
e I
20 I I I )
- I oy
o L e | L
0.01 0.1 0.5 1 5 10
Concentration (pg: mL-1)
()
100 I I
I £888
I SE &
80 - I PFa
) LES
: it
h L i
£ o0 I I3
& =
>
S 40 I
20 4

1 5 10
Concentration(pg: mL-1)

(E) DAPI CDs

CDs-ICG-LPs CDs-DOX

CDs-ICG-LPs
+Laser

DRUG DELIVERY 1833

ICG

100 ICG+Laser

80 1 1

Cell viability (%)
@
=]
1
—

I

1 5 10 20 50
Concentration (ug- mL-1)

Cell viability(%)
2

S
=3
1

—— control
—8—Ipg: mL-1

20 Spg: mL-1

—¥—10pg: ml-I

g 60 120 180 300
Time (s)

Figure 2. The chemo and photothermal treatments in HepG2 cells. (A) Quantitative evaluation of cell survival for HepG2 cells treated with free DOX and CDs-DOX
for 48 h. (B) Quantitative evaluation of cell survival for HepG2 cells treated with free ICG or ICG plus laser irradiation. (C) Survival of HepG2 cells versus free ICG, ICG-
LPs, or CDs-ICG-LPs plus laser irradiation. (D) Survival of HepG2 cells versus different ICG concentration in LPs and laser irradiation time. (E) Confocal microscope
images of HepG2 cells incubated with CDs-DOX and CDs-ICG-LPs for 4 h with or without laser irradiation. The cell nuclei were stained with DAPI and the co-localiza-

tion was confirmed by the intensity overlay of the fluorescent signals.

(Figure 2(B)). As a control, laser irradiation alone had almost
no impact on the cell viability.

As expected from the quantitative results, the chemo-pho-
tothermal treatments led to extremely cytotoxicity than
chemo or photothermal treatment alone (Figure 2(Q)).
Delightedly, significantly lower viabilities were observed when
the HepG2 cells incubated with CDs-ICG-LPs complexes and

irradiated by 2 W/cm? 808 nm laser for 5 min. The cell viability
at 24 h of HepG2 cells treated with ICG-LPs containing 5 ng/
mL ICG plus laser irradiation was 50.13%, and the survival of
cells treated with CDs-DOX containing 0.5 pg/mL DOX was
70.98%. However, when the cells were treated with CDs-ICG-
LPs containing ICG and DOX with the same concentrations
plus laser irradiation, the survival of cells was prominently
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reduced to 32.89%. With the treatments of CDs-ICG-LPs with
0.5 ug/mL DOX and 1, 5, or 10 ug/mL ICG plus laser radiation,
the survival of HepG2 cells at 24h was 65.52%, 32.89%, and
4.17%, respectively. Quantitatively, the cell viability signifi-
cantly decreased with the increase of concentrations of ICG-
LPs. The combination of CDs-ICG-LPs and laser irradiation led
to more effective cytotoxicity than either treatment alone in
HepG2 cultures. The results were in accordance with previous
observation that CDs-ICG-LPs with laser radiation enhanced
the uptake of CDs-DOX effectively in cancer cells.

3.4. Cell apoptosis analysis

To investigate the effect of CDs-DOX and CDs-ICG-LPs on cell
apoptosis in HepG2 cells, AO/EB staining as well as Annexin
V-FITC/PI assay was carried out to visualize the changes in
cell morphology and quantify the rate of apoptosis,
respectively.

3.4.1. Observation of cell morphology

Dual AO/EB fluorescent staining, visualized under a fluores-
cent microscope, was performed to identify apoptosis-associ-
ated changes of cell morphological during the process of
apoptosis. It speculated that AO penetrated normal and early
apoptotic cells with intact membranes, emitting green fluor-
escence when bound to DNA. While EB only entered cells
with damaged membranes, such as late apoptotic and dead
cells, exhibiting orange-red fluorescence when bound to con-
centrated DNA fragments or apoptotic bodies (Venkatesan
et al,, 2013; Liu et al, 2015). Therefore, the AO/EB staining
method achieved the detection of apoptosis and can distin-
guish between late apoptotic and dead cells.

Figure 3(A) represents the AO/EB-stained HepG2 cells
treated with diverse concentrations of free DOX, CDs-DOX,
and CDs-ICG-LPs for 24 h. In the negative control group, cells
showed uniform bright green nuclei with integrated cell
membrane, while cells copied with free DOX, CDs-DOX, or
CDs-ICG-LPs showed obvious morphological changes, such as
chromatin condensation and nuclear fragmentation. Early
apoptotic cells with yellow-green nuclei and fragmented
chromatin were observed in the presence of 1 pug/mL of CDs-
DOX, while further increasing the concentration to 3 ng/mL,
cells displayed condensed and asymmetrical chromatin and
appeared orange to red, which is characteristic of late apop-
totic cells. With increasing concentrations (5 png/mL), necrotic
cells were seen, with red nuclear EB staining and no nuclear
condensation.

The results revealed that treatment of HepG2 cells with
CDs-ICG-LPs plus laser irradiation induced similar apoptosis in
a dose-dependent manner compare with CDs-DOX, which
also can be seen in the free DOX group. Whereas compared
with DOX-CDs, a noticeable increase in the number of nec-
rotic cells was found at the higher dose of free DOX and
CDs-ICG-LPs, and this may be attributed to the sustained
release behaviors of CDs-DOX complexes and reduced the
toxicity of high concentration of free DOX. On the other side,
the laser-caused hyperthermia could disrupt CDs-ICG-LPs into
smaller pieces and enhanced cell permeability and fluidity;

therefore, it increased the drug cytotoxicity. The cells
appeared to be in the process of severe disintegrating
and fragmented.

3.4.2. Apoptosis analysis by flow cytometry

Annexin V-FITC/PI staining in combination with flow cytome-
try is commonly used to quantitatively distinguish the cell
apoptosis, which were sorted into necrotic cells (Q1, Annexin
V-FITC negative, Pl positive), late apoptotic cells (Q2, both
Annexin V-FITC and PI positive), early apoptotic cells (Q3,
Annexin V-FITC positive, Pl negative), and intact cells (Q4,
both Annexin V-FITC and Pl negative) (Chen et al., 2008). As
shown in Figure 3(B) and Figure S3, after 24 h treatment, the
apoptotic ratio of untreated HepG2 cells was 7.11%, the frac-
tion of apoptotic cells for free DOX was 18.52%; however,
the proportion of necrosis was as high as 29.80%.
Fortunately, CDs-DOX displayed an enhanced rate of apop-
tosis (24.70%) and lower percentage of necrotic cells (16.
50%) in comparison with the free drug, which is beneficial
for improving the therapeutic effect and reducing the toxicity
of DOX. CDs-ICG-LPs without laser irradiation appeared com-
paratively weaker apoptosis (19.12%) and necrotic cells (10.
10%). While irradiated with 2W/cm? 808 nm for 5min, the
apoptotic and dead percentage of CDs-ICG-LPs reached the
maximum at 24.90% and 32.90%. This result was consistent
with the observation of AO/EB staining. Taken together, we
conclude that the CDs-ICG-LPs complexes may be excellent
candidates for drug controlled release with enhanced antitu-
mor activity via the apoptosis pathway.

3.5. In vivo imaging and biodistribution

The ex/in vivo imaging system was used to evaluate the
tumor targeting and in vivo distribution of CDs-ICG-LPs in KM
mice. Figure 4(A,B) shows the fluorescence signal and inten-
sity distributions at different time point for CDs-DOX, CDs-
ICG-LPs delivered systemically via tail vein injections. It
showed that the fluorescence signals of CDs-DOX were pri-
marily located in the kidney after injection. Obvious fluores-
cent signals was also detected in the tumor at first 4h, and
then revealed a gradual decrease of fluorescence signals in
the tumors and no evident fluorescence signals in the tumors
after 24h injection. In 8h post-injection, ICG and CDs-DOX
fluorescence signals of CDs-ICG-LPs were almost located
around the tumors all the time and little in other organs. At
24 h time point post-injection, ICG and CDs-DOX of CDs-ICG-
LPs still maintained significant fluorescence signal in the
tumor then. Obviously, the tumor distribution was greatly dif-
ferent from CDs-DOX group. CDs-ICG-LPs clearly contrast the
tumor with surrounding tissues, which was forceful evidence
of the high efficiency of targeting tumor of these NPs.
Because of the size in nanoscale, the NPs-based drug carrier
‘CDs-ICG-LPs" could enter into the tumor vasculature and
interstitium by EPR effect. Previous research shows that free
ICG was taken up exclusively by hepatic parenchymal cells
where it was then secreted into the bile. This clearance path-
way was consistent with the observations of initial hepatic
localization and eventual total clearance through the biliary
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Figure 3. (A) AO/EB staining of apoptotic HepG2 cells incubated with free DOX, CDs-DOX, and laser irradiated CDs-ICG-LPs for 24 h. (B) Flow cytometric analysis of
apoptotic/necrotic cells in HepG2 cells treated with free DOX, CDs-DOX, and CDs-ICG-LPs for 24 h, untreated cells were used as a control and photothermal was

evaluated as well.

tree with minimal acute renal involvement (Zheng et al.,
2012). The PEGylated CDs-ICG-LPs appeared specific tumor
targeting and greatly extended circulation time for the
encapsulated ICG and CDs-DOX. From Figure 4(A), we can
see that CDs-ICG-LPs after laser irradiation could achieve

effective release of CDs-DOX, which manifested as fluores-
cence enhance of CDs-DOX and weak of ICG. It is also
showed the consistent ex vivo distribution and fluorescence
intensity of isolated organs in Figure 4(B). The fluorescence
performed higher intensity and more widely spread in the
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Figure 4. In vivo imaging of CDs-ICG-LPs compared with CDs-DOX as controls delivered systemically via tail vein injections in mice implanted with H22 cell.
(A) CDs-DOX, CDs-ICG-LPs in vivo images taken at 1, 2, 4, 6, 8, and 24 h time point (‘-" and ‘' mean treated with/without laser irradiation). (B) Fluorescence images
of organs and tumors in tumor-bearing mice after 24 h post-injection of CDs-DOX or CDs-ICG-LPs. The mean tumor weight (C), mice body weight (D), and survival
time (E) of mice bearing H22 tumor treated with free DOX, CDs-DOX, ICG-LPs, CDs-ICG-LPs and mice given saline as a control in different groups.

tumor of CDs-ICG-LPs after laser irradiation compare with no
laser irradiation group. The bigger size made CDs-ICG-LPs
could be retained around tumor vasculature and smaller size
made CDs-DOX could diffuse into the core of tumor. These

initial data provided strong evidence that CDs-ICG-LPs were
sufficient for in vivo imaging to provide long circulation time,
specific tumor targeting and effective control of release by
photothermal therapy.



3.6. In vivo antitumor activities

Based on the favorable performance of inducing apoptosis,
we are interested to performing in vivo therapeutic efficacy
study to assess the potential of different CDs-DOX or ICG-
loaded preparations for inhibiting tumor growth. As shown
in Figure 4(C), compared with control saline group, DOX,
CDs-DOX and ICG-LPs group appeared significantly (p <.01)
in vivo antitumor activity with the inhibition rate of 43.0%,
43.6% and 50.5%, demonstrating DOX or ICG could inhibit
the tumor growth by chemotherapy or photothermal ther-
apy. In comparison, CDs-ICG-LPs group showed an excellent
highest antitumor activities among all drug-treated groups
(inhibition rate of 85.1%), achieving almost complete tumor
regression. This result was probably attributed to the syner-
gistic effect of PEG chain induced long circulation time, com-
bined therapy of DOX and ICG and nuclear targeting of CDs-
DOX. The CDs-ICG-LPs could simultaneously deliver CDs-DOX
and ICG into tumor sites via EPR effect, which combined
chemotherapy with photothermal therapy efficiently. Then,
NIR laser irradiated to the tumor, the CDs-ICG-LPs will release
CDs-DOX in a moment and CDs-DOX could target the tumor
cell nucleus and play an effective cytotoxic effect. This result
was in alignment with the trend of our previously studies
that the CDs-DOX could penetrate into the tumor nucleus
achieving enhanced antitumor activity.

Body weight of different groups was also measured during
this period as shown in Figure 4(D). Significantly decrease
could be observed for DOX group, suggesting intravenous
administration of DOX would cause nonspecific toxicity.
However, there was no significant decrease in body weight
for saline and other drug-treated groups, indicating the CDs
and liposomes based drug delivery system could reduce the
systematic toxicity and reach higher therapeutic effect.

.'":1“ (! 'A',':
AR {3 é
T NREAe i
‘li._:?%.j
1

é&

il

LaTENGR

DRUG DELIVERY 1837

From the results above, we could find the CDs-ICG-LPs
showed excellent in vivo antitumor activities against liver
solid tumor, we are also interested to investigate the survival
time of different drug-treated groups using Kaplan-Meier sur-
vival curve. As shown in Figure 4(E), similar results could be
observed as the tumor inhibition study. CDs-ICG-LPs group
showed the longest survival time among all groups. This
result demonstrated CDs-ICG-LPs showed excellent in vivo
antitumor effect against tumor tissue and increase the sur-
vival time.

3.7. H&E staining and IHC

From previous experiment about in vivo assay, CDs-ICG-LPs
complexes could efficiently deliver to tumor sites and inhibit
the tumor growth. Besides, we also performed further assays
of tumor in order to observe detailed state of the cancer cells
after treating with different formulations. Tumor sections
were harvested and experimented with H&E staining and
IHC. As shown in Figure 5, the H&E staining histological
aspects of control group were homogeneity and integrity,
which indicated that the tumor was in normal growth and
proliferation state. In contrast, the tumor section of DOX,
CDs-DOX, ICG-LPs, and CDs-ICG-LPs emerges different levels
of inflammation and cell necrosis, which appeared as
inhomogeneous dyeing and messy cell morphology.
Surprisingly, tumor treated with CDs-ICG-LPs plus laser irradi-
ation present lots of voids and sparse cell distribution, that
was probably because the loss of plenty dead tumor cells.
Measurement of proliferative activity is important in deter-
mining the tumor grade, recurrence span, and malignancy.
So as to quantitatively analysis anti-proliferation effect, tumor
tissues were also examined by IHC staining with proliferating
marker, Ki-67. Ki-67 is a nuclear markers used to demonstrate

CDs-DOX-LPs

ICG-LPs
ﬂ S

Figure 5. Morphological evaluation in H&E sections of tumor sites (first panel). In vivo evaluation of tumor proliferation level by Ki-67 immunohistochemistry
(second panel) (proliferation cells shown brown pixel dots). Evaluation of the apoptosis behavior of different formulations by CC3 immunohistochemistry (third

panel) (brown pixel in cytoplasm represents the apoptosis level).
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the proliferative phase of the cell cycle. As shown in Figure
8, brown in cell nucleus represents the expression of Ki-67.
Control group appeared a high expression level of Ki-67, indi-
cating tumor tissues kept a high proliferation level. DOX,
CDs-DOX, and ICG-LPs groups showed a lower expression of
Ki-67, suggesting DOX or ICG could inhibit tumor prolifer-
ation. CDs-ICG-LPs group showed the lightest brown, which
illuminating the highest anti-proliferation effect among all
groups. It demonstrated that photothermal effectively
enhanced cytotoxicity of CDs-DOX and reach grislier decrease
to the cell proliferation.

In order to appraise the apoptosis behavior in histological
level, CC3 was also used in this section. Advances in the
understanding of the molecular events in apoptosis have led
to the realization that caspase activation is a specific indica-
tor of this cell suicide mechanism. One of these is that pre-
sent on activated caspase 3, a ubiquitously distributed
caspase that is a main effector caspase of the apoptotic cas-
cade within cells (Gown & Willingham, 2002). For immunohis-
tochemical stains, immunoreactive cells were visualized with
DAB chromogen followed by a hematoxylin counterstain. The
antibody specific for activated caspase-3 selectively labeled
the cytoplasm of cells that had a morphology consistent with
apoptosis, as well as the cytoplasm of some morphologically
healthy-looking cells (Duan et al., 2003). As intuitively shown
in Figure 5, the DOX, CDs-DOX, ICG-LPs, and CDs-ICG-LPs
groups appeared increasing brown staining in cytoplasm,
which represent the apoptosis were going to be more ser-
ious gradually. Nearly, no brown fluorescence could be
observed in control groups, suggesting cancerous cells were
all kept in a high proliferation status. By quantitative analysis
of optical density, CDs-DOX and ICG-LPs slightly improved
OD value compared with free DOX. Further, CDs-ICG-LPs
group showed the strongest brown stain intensity and high-
est OD value, suggesting this drug delivery complex could
significantly induce cell apoptosis. This result was consistent
with the trend observed in Ki-67 and H&E staining. All these
histological assays demonstrated the combination of chemo-
therapy and photothermal therapy drug delivery of DOX
by CDs-ICG-LPs could effectively decrease the cell prolifer-
ation and reach higher therapeutic effect with pro-
moted apoptosis.

3.8. In vivo toxicity study

Cancer chemotherapeutics would cause systematic toxicity to
normal tissue, so we evaluated the in vivo toxicity by H&E
staining of main organs. No significant pathological changes
were recorded in spleen and lung for all groups. However,
focal areas of spotty necrosis hepatocytes in clusters were
observed in all livers, this may be caused by H22 hepatoma
cells. The lobular architecture and overall histological appear-
ance of livers were essentially normal. Free DOX result in
slight glomerular atrophy and interstitial fibrosis in kidney.
Myofibrillar hypofunction, mild cell necrosis, and inflamma-
tion of heart appeared in DOX group, which were also found
in CDs-DOX team sparingly. No apparent signs of atrophy,
inflammation, cell necrosis, and other nocuous symptoms to

heart and kidney were observed in the CDs-ICG-LPs -treated
period (Figure S5). Taking all these results into account, it is
well illustrated that this multistage CDs-ICG-LPs could effect-
ively reduce systemic toxicity of DOX to main organs. These
results could be explained by the reduction of nonspecific
toxicity of long circulation and controlled release through
photothermal effect.

4. Conclusion

A novel multistage nanocarrier named CDs-ICG-LPs was con-
structed and evaluated. Based on the size switch caused by
photothermal effect, the CDs-ICG-LPs delivered the CDs-DOX
to the least accessible area of solid tumor, the core in tumor
tissues, where tumor stem cells usually stayed, thus enhanc-
ing therapeutic efficacy. Besides, ICG's heating capacity ena-
bles their use for hyperthermia, which aims to not only
trigger CDs-DOX release from CDs-ICG-LPs complex, but also
could be used for accelerating the release of DOX so as to
enhance antitumor activity. All these evidences demonstrated
that this study provide a promising strategy towards the
design of more intelligent nanocarriers for more effective
tumor therapy in future.
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