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Abstract: Low toxicity and high efficacy are the key factors influencing the real-world clinical
applications of nanomaterial-assisted drug delivery. In this study, novel hollow carbon spheres
(HCSs) with narrow size distribution were developed. In addition to demonstrating their ease
of synthesis for large-scale production, we also demonstrated in vitro that the HCSs possessed
high drug-loading capacity, lower cell toxicity, and optimal drug release profile at low pH,
similar to the pH in the tumor microenvironment. The HCSs also displayed excellent immu-
nocompatibility and could rapidly distribute themselves in the cytoplasm to escape lysosomal
clearance. More importantly, the HCSs could efficiently deliver doxorubicin (a representative
chemotherapeutic drug) to tumor sites, which resulted in significant inhibition of tumor growth
in an esophageal xenograft cancer model. This also prolonged the circulation time and altered
the biodistribution of the drug. In conclusion, this study revealed a novel drug delivery system
for targeted tumor therapy.
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Introduction

Nanovector-mediated drug delivery is of immense importance, since it can increase the
therapeutic efficacy and reduce the side effects of the drug."?> With advancements in
nanotechnology, several types of nanoparticles have been exploited for potential use in
cancer therapy and diagnosis. Inorganic nanoparticles including gold nanoparticles,**
silver nanomaterials,*¢ silica nanocarriers,”® or iron oxide nanoparticles’ have been
widely investigated for potential clinical applications. The growing interest in the use
of inorganic nanomaterials in medicine is owing to their size- and shape-controllable
preparation. However, the potential biohazards of engineered inorganic nanoparticles,
including their impact on health and environment, have extensively limited their clinical
applications. Therefore, researchers have shifted their focus from inorganic to organic
nanomaterials, such as poly(lactic-co-glycolic acid),'™!'! chitosan,'> polypeptides,'?
liposomes, ! silk fibroin,' lipids,'¢'® and carbon-based nanomaterials.!*-*

Recently, carbon nanomaterials including carbon nanotubes,?' carbon nanohorns
(CNHs),?? carbon nanodiamonds,? and graphene (GN)* have been studied for applica-
tions in drug delivery, owing to their excellent biocompatibility, superhydrophilicity,
cell internalization property, enhanced permeability and retention (EPR) effect, and
flexibility toward surface modifications. Yao et al developed a highly specific gastric
cancer stem cell (CSC)-targeting drug delivery system based on single-wall carbon
nanotubes (SWNTs), which could selectively and effectively eliminate gastric CSCs.?
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Pérez-Martinez et al reported that the docetaxel-mediated
cytotoxicity in human prostate cancer cells dramatically
increased by conjugating the cofilin-1 siRNA with CNHs.?
Cao et al developed an innovative carrier for miRNA-203
delivery in esophageal cancer cells using protamine sulfate
(PS)-nanodiamond (ND) nanoparticles. The efficient delivery
of miR-203 by nanodiamonds significantly suppressed the
proliferation and migration of cancer cells.”” Xu et al proposed
a novel drug delivery system for cancer therapy based on
graphene oxide (GO) that displayed considerably higher
cytotoxicity toward A549 and MCF-7 cells, over a broad
range of paclitaxel (PTX) concentration and time, compared
to free PTX.2® Nevertheless, most carbon nanomaterials were
solid in nature and their drug-loading capacities needed to
be further improved.

In this study, we developed novel hollow carbon spheres
(HCSs) using glucose. These spheres could be easily inter-
nalized into the cancer cells; however, this process could be
inhibited by using phagocytosis- and autophagy-associated
inhibitors. Environmental pH had no apparent effect on the
uptake of HCSs by cancer cells. These spheres were non-
toxic and displayed high drug-loading capacity and efficient
delivery of doxorubicin (Dox, a representative therapeutic
drug). The pharmacokinetic properties, release kinetics, and
in vivo biodistribution data suggested that HCSs are excellent
candidates for the delivery of cancer drugs.

Materials and methods

Reagents

Zinc nitrate hexahydrate, tetraethyl orthosilicate (TEOS),
2-methylimidazole, and Dox (a chemotherapeutic drug) were
purchased from Sigma-Aldrich Co. (St Louis, MO, USA).
Cyanine 5.5 carboxylic acid was procured from Lumiprobe
(Hunt Valley, MD, USA). Isopropyl alcohol, ethanol, and
sodium hydroxide were purchased from SINOPHARM (Bei-
jing, China). RPMI 1640, fetal bovine serum, penicillin, and
streptomycin for culturing cells were purchased from Thermo
Fisher Scientific (Waltham, MA, USA).

Mice

Balb/c and SCID mice, 6—8 weeks of age, were purchased
from the Experimental Animal Center of Nanjing Medical
University. The animal experiments were conducted in
accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

Cell culture
The Ecal(9 cells were obtained from the Type Culture
Collection of the Chinese Academy of Sciences, Shanghai,

China. The cells were maintained in RPMI 1640 medium
supplemented with heat-inactivated FBS (10%), penicillin
(50IU/mL), and streptomycin (50ng/mL) and cultured in a
humidified CO, incubator at 37°C.

Synthesis of SiO, spheres

SiO, spheres were synthesized using a slightly modified Stober
process. Briefly, TEOS (0.6 mL) was added to a mixture of
isopropyl alcohol (63.3 mL), deionized water (23.5 mL), and
aqueous ammonia (30%, 13 mL), and vigorously stirred at
room 25°C for 1 h. Next, TEOS (5 mL) was added dropwise
into the solution at 35°C for 2 h. Subsequently, the SiO,
spheres were collected from this suspension by centrifuga-
tion, washed several times with ethanol and deionized water,
and dried in a vacuum oven (Thermo Fisher Scientific) at
70°C overnight.

Synthesis of SiO,@carbon core-shell

spheres

Briefly, SiO, spheres (30 mg) were dispersed in deionized
water (30 mL) by ultrasonication for 30 min, followed by
the addition of glucose (0.5 g). After stirring for 10 min, the
mixture was transferred to a S0-mL Teflon-lined stainless
steel autoclave and subsequently placed in an electric oven
at 180°C for 12 h. After cooling to room temperature, the
product was washed thrice with ethanol, collected using
centrifugation, and dried under vacuum at 80°C.

Synthesis of HCSs

The SiO,@carbon core-shell spheres thus prepared were
soaked and washed in an aqueous solution of NaOH (3 M) at
70°C for 48 h, following which the HCSs were obtained.

Structural characterization

The properties of HCSs were analyzed using the LabRAM
HR 800 Raman spectrometer (HORIBA Scientific, Japan)
and characterized using the Nicolet 6700 FT-IR spectrometer
(Thermo Electron Corporation, PA, USA). The surface mor-
phology and structure of the samples were observed using the
Nova NanoSEM 230 scanning electron microscopy (SEM;
FEI, OR, USA) and the JEM-2100F transmission electron
microscopy (TEM; JEOL USA Inc., MA, USA).

Dynamic light scattering (DLS)

The HCSs were mixed with absolute ethanol and dispersed
by sonicating in a bath sonicator (Shinva Medical Instru-
ment Co., Ltd., China). Next, the size and zeta potential of
the spheres were analyzed using the Nicomp ZLS Z3000
(FL, USA).
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Analysis of uptake of carbon spheres (CSs)
Cellular uptake of the CSs was examined using flow
cytometry. The Ecal09 cells were seeded in 6-well culture
plates and cultured for 24 h. The presonicated Cy5.5-labeled
HCSs were added and incubated at 37°C for 12 h in dark.
Next, the cells were collected after washing them three times
with PBS, and cell fluorescence was analyzed using the
FACSCalibur flow cytometer (BD Biosciences, San Jose,
CA, USA).

To study the possible mechanisms of endocytosis, the
cells were cultured at 37°C in the presence of an endocytosis
inhibitor for 1 h, followed by the addition of Cy5.5-HCSs.
Next, the cells were cultured for 6 h. The cultured cells were
washed three times with PBS. The percentage of Cy5.5-
positive (Cy5.5%) cells was quantified using fluorescence-
activated cell sorting (FACS).

To evaluate the cellular internalization and localization of
HCSs, the Ecal09 cells were plated onto the chamber slides
(density, 5x10* cells/well) and cultured for 24 h. Next, the
CyS5.5-labeled HCS particles (2 pg/uL) were added and the
culture was incubated for 6 h. The cells were allowed to
stain in the LysoTracker® Deep Red (50 nM; Thermo Fisher
Scientific) for 2 h at 37°C. After incubation, the cells were
washed three times with PBS (1x) and stained with DAPI.
Next, the cells were fixed with PFA (4%) for 10 min at RT,
and the slides were imaged using the Nikon fluorescence
microscope (NY, USA).

In vitro and in vivo cytotoxicity assay

For testing the in vitro toxicity of HCSs, the Ecal09 cells
were seeded onto the E-plates (density, 10,000 cells/well)
in the culture medium and incubated at 37°C in 5% CO,
overnight. Next, the HCS particles (final concentration:
5, 10, 20 ug/mL) were added and the cell proliferation
curves were automatically recorded in real-time using the
xCELLigence System (Roche Applied Sciences, CA, USA).
The cell index was followed for 40 h.

For evaluating the in vivo toxicity of HCSs, Balb/c
mice were injected intravenously (i.v.) with HCSs (5, 10,
20 mg/kg). At 24-h post-injection, blood (0.5 mL/mouse)
was collected for performing the blood chemistry tests,
including white blood cell, red blood cell, and platelet counts.
The body weight of each mouse was monitored after every
5 days for over 30 days.

Drug loading and release analysis

Briefly, HCSs (10 mg) were dispersed in the Dox aqueous
solution (4 mL, 1 mg/mL). The Dox-loaded sample was con-
stantly stirred for 24 h in dark and collected by centrifugation.

Drug-loading efficiency was calculated according to the
following equation.

(Total Dox — Unbound Dox)
Total Dox

*100

Loading efficacy (%) =

The amount of drug released was studied by resuspend-
ing the HCS—Dox sample in PBS (3 mL, pH 7.4 or 5.5) at
37°C with gentle shaking. At each time point, PBS was
removed and replaced with an equal volume of fresh PBS.
The amount of Dox released in the supernatant was quantified
using a UV-vis spectrophotometer (Thermo Fisher Scientific)
at 497 nm.

Biodistribution and circulation time

Mice were subcutaneously inoculated with the Ecal09 cells
(5x10¢ cells/mouse). The mice that developed tumors were
i.v. administrated with Cy5.5-labeled HCS-Dox (Dox,
100 pg). For observing the accumulation of HCSs in the
tumor, at 6-h post-injection, the Cy5.5-HCS—Dox adminis-
trated mice were scanned using the In-Vivo FX Pro image
station (Bruker, NY, USA) and quantified using the Multiplex
software (Bruker). To verify the circulation time, blood from
the Cy5.5-HCS—Dox injected mice was collected into a tube
(precoated with an anticoagulant) at various time points (1, 3,
6,12,24,48,72,96,and 120 h). The intensity of Cy5.5 signal
was measured using equal volumes of the blood samples by
the In-Vivo FX Pro image station.

To analyze the Dox concentration in serum, mice were
i.v. injected with either free Dox (100 pg) or HCS—Dox
(Dox, 100 pg). Serum from the peripheral blood samples
was collected after 3, 6, 12, 24, 48, 72, 96, 120, and 144 h.
For analyzing Dox distribution in different tissues, the Dox
(100 ng) or HCS—-Dox (Dox, 100 pg) injected mice were
sacrificed after 24 h. The organs, including liver, spleen,
heart, lung, kidney, brain, and intestine, were homogenized.
The concentration of Dox in serum and organs was measured
using the Agilent 1100 HPLC system (Agilent, CA, USA).

Tumor cell xenograft in SCID mice

The experimental protocol was approved by the Institutional
Animal Care and Use Committee of the Nanjing Medical
University. The Ecal09 cells (5x10°) were suspended in
ice-cold PBS (50uL) and subcutaneously inoculated into
the left scapular region of 6-week-old SCID mice. When the
tumor volume reached ~100 mm?®, the mice were randomly
assigned to different treatment groups and i.v. injected with
PBS, free HCSs (20 mg/kg), free Dox (100 pg), or HCSs
loaded with Dox (HCS—-Dox; Dox, 100 pg). The mice were
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treated, as described above, after every 5 days for 10 times.
Mortality was monitored daily and tumor growth was
measured, spaced at 3-day intervals, using calipers. Tumor
volume was calculated as follows:

1 2
Tumor volume (mm?) = (Length z Width?)

Statistical analysis

The results were expressed as mean * standard deviation.
One-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test was used to determine the statistically
significant differences between groups. The #-test was used
to determine the differences between two groups (¥*p<<0.05,
**p<0.01, ***p<<0.001). Differences were considered to be
statistically significant at p<<0.05.

Results and discussion

Preparation and characterization of HCS
The HCSs were prepared from glucose using the hydrother-
mal method. Figure 1A represents the process and shows
the following three steps for HCS preparation: 1) synthesis
of SiO, spheres, 2) synthesis of SiO,@carbon core-shell
spheres, and 3) synthesis of HCSs. Next, the morphology
of HCSs was analyzed using SEM (Figure 1B) and TEM
(Figure 1C). All the CSs exhibited similar spherical mor-
phologies and uniform sizes. It was observed that the average
diameter of the HCSs was ~200 nm.

The size and surface charge distribution of CSs was
investigated using DLS. The average size (Figure 2A) and

SEM:HCS

average zeta potential (Figure 2B) of the HCSs was observed
to be 184 nm and —-31.72 mV, respectively. The average
diameter calculated using DLS further supported the electron
microscopy results. Zeta potential is one of the most impor-
tant physical properties that is exhibited by the nanoparticles
present in suspension. The particles with high zeta potential
are more electrically stabilized compared to the particles with
low zeta potential. This observation indicated that the HCSs
synthesized by us were relatively stable.”

We used Raman and FTIR spectroscopy to identify the
functional groups present in the HCSs. The Raman spectrum
for the CSs is shown in Figure 3A. Two strong peaks at
1,585 cm™ (the G-band) and 1,344 cm™ (the D-band) were
observed, which corresponded to the vibrations of crystalline
graphite and disordered amorphous carbon, respectively.3%3!
It is known that a higher IG/ID ratio facilitated effective
loading of metal or therapeutic drugs. The FTIR spectrum
shown in Figure 3B illustrates the functional groups present
in HCSs after hydrothermal treatment. The bands at 1,708
and 1,625 cm™ corresponded to C=0 and C=C vibrations,
respectively.?? This confirmed the existence of carbon, the
hydrothermal carbonization of glucose, and also suggested
the existence of large numbers of hydroxyl groups. Bands
in the range of 1,000—1,400 cm™! included the bending vibra-
tions of C-OH and OH. Meanwhile, bands at 3,430 cm™!
were also attributed to the OH groups. The reductive func-
tional groups, namely, -OH and —CHO groups, were bonded
on the surface of carbon, which could improve the hydro-
philicity and stability of the HCSs in aqueous systems. These
data suggested that the HCSs could be functionalized with

(5) @ SiO, spheres

(2] SiO,@carbon core-shell spheres

© Hollow carbon spheres

TEM:HCS

Figure | Preparation and analysis of morphology of HCSs. (A) Schematic representation of HCS preparation. (B) SEM image of HCS (insert scale bar, 200 nm). (C) TEM

image of HCS (insert scale bar, 200 nm [left] and 100 nm [right]).

Abbreviations: HCS, hollow carbon sphere; SEM, scanning electron microscopy; TEM, transmission electron microscopy.
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Figure 3 Structural characterization of HCSs. Properties of HCSs analyzed using (A) Raman spectroscopy and (B) FTIR spectroscopy.
Abbreviation: HCS, hollow carbon sphere.
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were cocultured with Cy5.5-labeled HCSs. The presence of
HCSs in cells was determined by quantitatively analyzing
the Cy5.5—-HCS* cells using FACS. As shown in Figure 4A,
over 80% of the Ecal09 cells were Cy5.5—-HCS*; however,
the uptake of Cy5.5-HCSs dramatically decreased upon
treatment with bafilomycin Al (a macrolide antibiotic that
prevents the maturation of autophagic vacuoles) and cytocha-
lasin D (an inhibitor of microfilament formation required
for phagocytosis) (Figure 4B). Furthermore, as shown in
Figure 4C, pH did not considerably affect the uptake of HCSs
by Ecal09 cells.

Lysosomal degradation-mediated elimination of the
unnecessary endogenous and exogenous materials by
cells is a bottleneck for most nanomaterials.’**> Escaping
lysosomal degradation is a desirable characteristic for drug
delivery applications. Thus, localization of the HCSs was
assessed using a confocal laser scanning microscopy. The
Cy5.5-HCSs were prepared, and the fluorescence signal was
scanned using an in vivo imaging system (Figure 5A), for
determining the localization of Cy5.5-HCSs in the Ecal09
cells. As shown in Figure 5B, the Cy5.5-HCSs (green)
were uniformly distributed in the cells. Additionally, their
accumulation in the lysosomes (red) was not observed in

the cells. This property makes HCSs more suitable for use
in drug delivery.

Ex vivo and in vivo toxicity assays

Toxicity remains a key issue that limits the wide applica-
bility of nanomaterials.*® To further explore their potential
for clinical use, the in vitro experiments were performed
to evaluate the effect of HCSs on cell proliferation. In the
in vivo experiments, changes in body weight and blood
chemistry of the HCS-administrated mice were observed.
As shown in Figure 6A, HCSs (at varying concentrations)
showed no apparent effect on cell proliferation. The mean
body weight (Figure 6B) and blood cells (Figure 6C) of the
HCS-injected Balb/c mice were similar to those of the control
mice (Balb/c mice without HCS administration). This result
was in accordance with the results reported by Bayda et al.’’

Drug-loading capacity and release profile

Other desirable properties of nanomaterials include high
drug-loading capacity and controlled drug release under
physiological conditions. In order to evaluate the therapeutic
drug-loading efficacy, equal amounts of HCSs or control CSs
were mixed with equal amounts of doxorubicin and stirred at

A B
Ih
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f N HCS + clodro
84.3% A
— Cell only h 10.5
. S —cyssHes| : HCS + baf-A1
= IS , 83.1
3 3 : HCS
: LA
Y — "S- N— S . " o PN [TV
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Figure 4 Internalization of HCSs. (A) Internalization of Cy5.5-HCSs in Ecal09 cells examined using FACS. (B) Analysis of the potential mechanism of Cy5.5-HCS

endocytosis in Ecal09 cells. (C) Effect of pH on the uptake of HCSs by Ecal09 cells.
Abbreviations: HCS, hollow carbon sphere; FACS, fluorescence-activated cell sorting.
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room temperature. The free drug was removed and the drug-
loaded spheres were photographed (Figure 7A). The loading
efficacy of HCSs was calculated to be ~74% compared to
56% for CSs (Figure 7B; **p<<0.01). This indicated the sig-
nificantly higher drug-loading capacity of HCSs compared
to CSs (in the present study) or to the carbon nanoparticles
developed by the other groups.

Previous studies have reported that the extracellular pH of
tumor tissues was significantly lower (pH 6—6.9) than that of
normal tissues (pH 7.3—7.4). The key factor responsible for
this phenomenon was the specialized metabolism in tumor
cells.®3 Most tumor cells metabolized glucose or other
substrates to lactic acid. As a result, they pumped lactic acid
and protons into the extracellular space in order to regulate
the intracellular pH. Thus, numerous pH-responsive nano-
materials were developed.***! To study the release of Dox
by HCS—Dox, the release experiment was performed in the
pH range of 5.5-7.4. The results revealed that Dox release
was comparatively slower at alkaline pH (pH 7.4) as shown
in Figure 7C (*p<<0.05; **p<<0.01). This observation was
consistent with the observations reported by Bayda et al*” and
Qiu et al.* Dox is a weak amphipathic base. The protonated
form of Dox is ~10-fold that of free base. Hence, the interac-
tion between Dox and carbon nanoparticles is considerably
strong under physiological conditions. In an acidic environ-
ment, the carboxylic groups present on the particle surface
get dissociated. As a result, the negative charge on the surface
decreases and the interaction is weakened. Finally, this results
in increased drug release.

Biodistribution of HCSs in vivo

Pharmacokinetics and biodistribution of drugs can be
changed by using nanotechnology. Chemotherapeutic drugs
do not specifically target the cancerous cells. Thus, to achieve

target specificity and improve the efficacy of chemothera-
peutic drugs, nanovectors remain the best choice. Efficient
delivery of drugs to tumor sites relies heavily on the EPR
effect of nanocarriers. To understand the potential redistribu-
tion of Dox delivered by HCSs, in vivo fluorescence imaging
was performed. The circulation time and distribution of drug
in organs and tumor tissues were analyzed. As shown in
Figure 8A, the whole mouse body images clearly indicated
that HCS—Dox accumulated in the tumor tissue, 6 h after the
administration of the drug in tail vein. The circulation time
was also measured by scanning peripheral blood of the mice
injected with HCS—Dox. As shown in Figure 8B, HCS—Dox
could be detected up to 5 days. The elimination of Dox
from blood was significantly prolonged upon administration
as HCS-Dox compared to that with free Dox (Figure 8C;
*p<<0.05). Tissue distribution of Dox (Figure 8D) demon-
strated that HCSs increased the accumulation of Dox in the
liver and tumor tissues and reduced its accumulation in the
heart and kidney tissues (*p<<0.05 and **p<<0.01). These
data suggested that HCS—Dox could reduce Dox toxicity
toward the heart and kidney tissues, along with increasing
its antitumor activities.

In vivo anticancer activity

Esophageal cancer presents one of the most aggressive
malignancies. Despite advances in surgical techniques and
radiation therapy, the 5-year survival rate of patients with
esophageal cancer remains poor. Over the past decade,
researchers have focused their efforts on targeted drug
development; however, the number of approved targeted
drugs for esophageal cancer remains few.* In this study,
the antitumor property of HCS—Dox was evaluated in SCID
mice bearing Ecal09 tumors. As shown in Figure 9A, the
randomly grouped tumor-bearing mice were treated with
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Figure 7 Drug-loading capacity and drug-releasing profile of HCSs. (A) Solid CSs and HCSs loaded with Dox were prepared and photographed. (B) Calculation of the loading
percentage of Dox and the difference in loading capacity between CSs and HCSs. HCSs displayed more efficient drug-loading capacity. (C) Measurement of cumulative release

of Dox from HCS-Dox evaluated at pH 5.5-7.4. ¥p<<0.05, **p<0.01.
Abbreviations: HCS, hollow carbon sphere; CS, carbon sphere; Dox, doxorubicin.

submit your manuscript

6766

Dove

International Journal of Nanomedicine 2017:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove A novel drug delivery system for targeted tumor therapy

A B 170004 B S ] > g
© © [T} 0
— ~ 3] =24
~, 1.36-004 © ~ « ~
..| B
| 8.7e-003
4 I 4.4e-003
! 1 3 6 12 24 36 48 72 96 120

Time post injection (h)
PBS Cy5.5-HCS-Dox

c 4
— - [ Dox I HCS-Dox
C % E 100 -8~ Dox - HCS—Dox D 10.000 | |
[oJ )] * *
Q < —_— i [ |
- _n Q 1,000 - ok
(o) '8 [e)) (|
c o 5
23 o 1004
C = =
= © [}
=] 2
8 R - 10'
22
38 o1 —— T 1L
S Q O L
0 24 48 72 96 120 144 & & FH O b@ &
Time (h) ViR XV <

Figure 8 Biodistribution and circulation time of HCSs. (A) Cy5.5-labeled HCSs were prepared and i.v. injected into the Ecal09 tumor-bearing mice, and the whole mouse
body was scanned using an in vivo imaging system. The (B) circulation time and (C) quantity of Dox in peripheral blood were analyzed at different time points after HCS-Dox
administration. (D) Distribution of Dox in different organs of the mice including liver, spleen, heart, lung, kidney, brain, and tumor tissues. *p<<0.05; **p<<0.01.
Abbreviations: HCS, hollow carbon sphere; i.v., intravenously; Dox, doxorubicin.
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PBS, free HCSs, free Dox, or HCS—Dox at an identical dose
of 100 pg Dox for 10 times. Dox bound to HCSs exerted a
more effective antitumor effect (evident by tumor growth
suppression) compared to free Dox (Figure 9B, *p<<0.05
and **p<<0.01). The lifespan of HCS—Dox-treated mice was
significantly prolonged compared to PBS and HCS groups
(Figure 9C, **p<<0.01 and ***p<<0.001), thereby indicating
that HCSs can serve as a promising vector for the delivery
of chemotherapeutic drugs.

Conclusion

In summary, this work reports novel HCSs developed
using glucose. These spheres exhibited higher drug-loading
capacity compared to the solid CSs. Other desirable proper-
ties of HCSs included the ability for escaping lysosomal
degradation and controlled therapeutic drug release under
acidic conditions. Most importantly, HCS—Dox could
significantly promote tumor suppression owing to its EPR
effect and longer circulation time. These results suggested
that the HCSs could serve as a promising drug carrier for
cancer therapy.
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