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In this work, a tumor-targeted and multi-stimuli responsive drug delivery system combining infrared
thermal imaging of cells with thermo-chemotherapy was developed. Oxidized mesoporous carbon
nanoparticles (MCNs-COOH) with high photothermal conversion ability (photothermal transduction
efficiency g = 27.4%) in near-infrared (NIR) region were utilized to encapsulate doxorubicin (DOX). The
outer surfaces of MCNs-COOH were capped with multifunctional carbon dots (CDHA) as simultaneous
smart gatekeepers, a tumor targeting moiety and a fluorescent probe. NIR laser irradiation killed cancer
cells through NIR-light induced hyperthermia, facilitated chemotherapeutic drug release and enhanced
the sensitivity of tumor cells to drugs. The therapeutic efficacy in two-dimensional (2D) and
three-dimensional (3D) cells demonstrated that MC-CDHA loading DOX (MC-CDHA/DOX) had good
chemo-photothermal synergistic antitumor effects (combination index of CI = 0.448). The biodistribution
and pharmacodynamics experiments of MC-CDHA/DOX in the 4T1 tumor model indicated that MCNs-
COOH prolonged the residence time of DOX in tumor tissues and therefore actualized effective synergistic
photothermal chemotherapy. By combining these excellent capabilities, the tumor-targeted and multi-
stimuli responsive drug delivery system can be utilized as a visible nanoplatform for chemophotothermal
synergistic therapy.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

To date, chemotherapy has been widely applied as a dominating
therapeutic method in oncology. However, the limitations of most
chemotherapeutic drugs must be solved, such as severe toxicity
due to a non-tumor-specific targeting ability [1,2], poor bioavail-
ability and large dosage requirements in the clinic. Therefore,
one way to overcome these limitations is by developing tumor-
targeted drug delivery systems (DDSs) [3–5]. In light of the
multi-level complexities and variability of tumors, we sought to
construct a multifaceted drug delivery system integrating
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diagnostics and chemotherapy with other therapeutic approaches
to improve treatment efficacy and reduce side effects [6–9].

As an emerging physical therapy, photothermal therapy (PTT)
eliminates tumor cells by converting near-infrared (NIR) light into
cytotoxic heat [10–14]. NIR light, of wavelengths from 700 to
1100 nm, has received widespread attention because of its ability
to trigger intelligent and efficient cancer therapy due to its typical
characteristics, such as noninvasive application, good tissue trans-
parency, accuracy and precision [15–17]. To date, UV and visible
light have been applied to precisely activate drug release in drug
delivery system based on existing cleavable moieties or bonds
[17,18]. Comparing UV- and visible-light-triggered systems, NIR-
triggered systems can remarkably induce drug release under light
irradiation due to their ability to transform light into heat [19]. In
this context, novel and intelligent drug delivery systems combin-
ing NIR light irradiation with other stimuli and even other thera-
peutic modalities to achieve synergistic anticancer effects have
attracted widespread attention [20,21]. Hence, the challenge
remains to construct smart nanoparticles that can be stimulated
by NIR-light for precise cancer therapy.

Until now, sp2-hybridized carbon nanomaterials, such as zero-
dimensional fullerene, one-dimensional carbon nanotubes [22–
24], and two-dimensional grapheme [25–27], have been widely
exploited for their use in photothermal cancer therapy due to their
excellent photothermal conversion ability. As carbon derivatives,
three-dimensional mesoporous carbon nanoparticles (MCNs) exhi-
bit excellent potential in biomedicine, drug delivery, photothermal
cancer therapy and many other applications [28,29]. The tunable
pore size of MCNs is especially important for transporting various
species between the surface and the core [30]. Meanwhile, MCNs
are advantageous due to their drug loading capacity and PTT, with
their dispersed sp2-hybridized pore walls contributing to drug
loading and photothermal conversion [31].

Currently, many stimuli-responsive nanoparticles that can
release guests in response to endogenous stimuli, such as the lyso-
somal pH [32], cytoplasmic glutathione (GSH) [33], enzymes [34]
and reactive oxygen species (ROS) [10], have been fabricated to
decrease premature drug release. Furthermore, some external
stimuli, including light [35], heat [36], ultrasound [37], and mag-
netism [38], have also been exploited to accomplish on-demand
drug release at the tumor site. Thus, the combination of intrinsic
and external stimuli is beneficial for accurately and flexibly con-
trolling intracellular drug delivery to achieve ideal anticancer effi-
ciency [39].

In recent years, carbon dots (CDs), as a new class of photo lumi-
nescent (PL) material, have attracted considerable attention on
account of their numerous merits, such as their good luminescence
[40], high photostability, water dispersibility, excellent biocompat-
ibility [41], and facile preparation and modification. Consequently,
CDs have been extensively applied in sensing, theranostics,
bioimaging [42], and catalysis. Recently, CDs with a self-targeting
ability (labeled as CDHA) were prepared by utilizing polymerizing
reactions of citric acid (CA), hyaluronic acid (HA) polymers and
ethylenediamine (EA), which can be selected as tumor targeting
moieties owing to their ability to bind to CD44 receptors overex-
pressed on various cancer cells [43]. On the one hand, CDHA can
be used as gatekeepers to efficiently prevent drug leakage due to
their diameters ranging from 2 nm to 10 nm. On the other hand,
CDHA can be hydrolyzed by intracellular hyaluronidases (HAases),
which are abundant in tumor tissues. Moreover, the quenching
and recovery of CD fluorescence play vital roles in visualization
of the drug delivery process.

In this research, we fabricated a nanoplatform that has simulta-
neous multifunctional applications for photothermal therapy,
chemotherapy and imaging via modifying mesoporous carbon
NPs by loading doxorubicin (DOX) with tumor-targeting carbon
dots (CDHA). As elucidated in Scheme 1, MCNs-COOH, as a drug car-
rier of the chemotherapeutic drug doxorubicin (DOX), can achieve
synergistic anticancer efficacy by absorbing NIR. Then, MCNs-
COOH are capped with CDHA to further realize cell-specific target-
ing, location tracing and multi-stimuli responsive drug release. The
morphology, size, optical properties and tumor targeting efficiency
of CDHA were researched. Furthermore, photothermal conversion
capability, NIR imaging, drug loading, and drug release profiles of
MC-CDHA/DOX were investigated. On account of the outstanding
NIR absorption and tumor intracellular tunable drug release of
MC-CDHA/DOX, cell viability experiments and in vivo photothermal
therapy were explored to evaluate the synergistic therapeutic
effects of the nanocomposites. Overall, the tumor-targeted and
multi-stimuli responsive drug delivery system of MC-CDHA/DOX
will serve as a good theranostic agent for biomedical applications.
2. Materials and experimental conditions

2.1. Reagents

Citric acid (CA) and Ethylenediamine (EA) were supplied by
Shan Dong Yu Wang Reagent Company (China). Cysteamine
hydrochloride (98%), glutathione (GSH, 98%), N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC,
98%), N-hydroxysuccinimide (NHS, 98%) were obtained from Alad-
din Chemical Inc. (Shanghai, China). Calcein-AM solution was pur-
chased by Sigma-Aldrich (St. Louis, MO). Hyaluronidase (HAase,
300 U/mg), sodium hyaluronate (HA, 95%), doxorubicin hydrochlo-
ride (DOX, 98%), Fetal bovine serum (FBS), Roswell Park Memorial
Institute (RPMI)-1640, Dulbecco’s Modified Eagle Medium/Nutri-
ent Mixture F-12 (DMEM/F-12), Hoechst 33,258 and propidiumio-
dide (PI) solution were all attained from Dalian Meilun
Biotechnology Co., Ltd. (Dalian, China). All other chemicals were
of analytical grade and used without further purification.
2.2. Synthesis of MCNs-SS-NH2

MCNs-COOH nanoparticles and S-(2-aminoethylthio)-2-thiopyr
idine hydrochloride (Py-SS-NH2) were synthesized on the basis of a
literature procedure [44]. EDC (200 mg) and NHS (100 mg) were
added to N, N-dimethylformamide (50 mL) dispersion including
MCNs-COOH (50 mg), and then, the mixture was stirred for 1 h
to activate the carboxyl groups. Next, Py-SS-NH2 (50 mg) was
added to the above suspension and stirred at 40 �C for 36 h, and
the reaction product (named as MCNs-SS-Py) was obtained by cen-
trifugation. Subsequently, MCNs-SS-Py (50 mg) and cysteamine
hydrochloride (50 mg) were dispersed in anhydrous ethanol
(50 mL) and stirred at room temperature for 24 h. The resultant
product (defined as MCNs-SS-NH2) was segregated by centrifuga-
tion, washed with anhydrous ethanol and dried overnight under
vacuum for further use.
2.3. Fabrication of MC-CDHA

CDHA was prepared by a facile green route [45], and he specific
steps were as follows: 0.3 g HA, 3.0 g CA and 5 mL EA were mixed
with 20 mL deionized water. Then, the above solution was trans-
ferred to a hydrothermal reactor and heated at 120 �C for 3 h.
Finally, the resulting solution was dialyzed against deionized water
for 8 h, freeze-dried and stored in a refrigerator. Next, the synthe-
sized CDHA was activated with EDC and NHS for 1 h, and subse-
quently, MCNs-SS-NH2 was added before stirring for 36 h. Then,
MC-CDHA was obtained by centrifugation.
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Scheme 1. Schematic illustration of the synthetic routes for the tumor-targeting, multi-stimuli responsive MC-CDHA/DOX nanoplatform for cancer thermo-chemotherapy.
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2.4. DOX-loaded delivery system and stimuli-responsive drug release
in vitro

DOX was utilized as the model drug to study the drug loading
capacity and controlled release profiles of the drug delivery sys-
tem. The drug loading procedures were: mixing the DOX aqueous
solution with MCNs-SS-NH2 and continuously stirring for 12 h.
Then, the solution was centrifuged and washed. CDHA capped
MCNs-SS-NH2/DOX nanoparticles (labeled as MC-CDHA/DOX) were
prepared according to Section 2.3. Meanwhile, the eluent was col-
lected at every steps to quantitatively analyze the loading capacity
by using UV–vis spectrophotometry at 480 nm.

The pH/redox/enzyme/NIR multi-stimuli responsive release
profiles of DOX were evaluated by UV–vis spectroscopy at
480 nm. The release behavior of DOX from MC-CDHA/DOX
nanoparticles was assessed at different pH values (pH 5.0 and
pH 7.4 PBS) with/without GSH, HAase and NIR. The prepared
MC-CDHA/DOX nanoparticle samples were suspended in release
media and shaken at 37 �C. At the designated time intervals,
1 mL aliquots of the release solution of different samples were
withdrawn and then poured back into the release medium. For
the laser irradiation groups, the samples were illuminated by an
808 nm NIR laser (2 W) with a spot diameter of 0.6 cm for 3 min
at the selected time before measuring the absorbance of DOX.

2.5. Photothermal experiments

Photothermal heating of MC-CDHA under NIR laser irradiation
was measured by monitoring the temperature of the MC-CDHA dis-
persions at various concentrations (5, 10, 25, 50, and 100 lg mL�1)
with water as the control. Furthermore, samples (50 lg mL�1)
were exposed to a NIR laser (808 nm) with different radiant
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energies, and the temperature increase (DT) was recorded by an
infrared thermal imaging camera. MC-CDHA dispersions
(100 lg mL�1, 0.2 mL) were irradiated for 3 min (at a power den-
sity of 2 W), followed by natural cooling to room temperature
without irradiation, which was repeated to evaluate the photother-
mal stability. The detailed calculations of the photothermal con-
version efficiency are provided in the supporting information.
2.6. Investigation of cellular photothermal effect induced by NIR

A549 and NIH-3T3 cells were seeded in 6-well plates at a den-
sity of 2.0 � 105/well and incubated at 37 �C with 5% CO2 for 24 h
before they were incubated with MC-CDHA at different concentra-
tions of 10, 25, 50 and 100 lg mL�1 for 2 h. Then, the cells were
completely rinsed with PBS, collected and irradiated with a NIR
laser (2 W) for 3 min.
2.7. Cellular uptake

4T1 cells (including 4T1 tumor spheres) were cultured in RPMI-
1640 medium, while NIH-3T3 and A549 cells were incubated with
DMEM/F-12 medium under 5% CO2 at 37 �C; all media contained
10% fetal bovine serum and 100 U mL�1 penicillin–streptomycin.
Fig. 1. (A) TEM images of CDHA; (B) AFM images of CDHA; (C) three-dimensional AFM res
excitation and emission spectra of CDHA (insert: the photos of the aqueous solution of CD
different excitation wavelengths; (G) TEM image of MCNs-COOH; (H) corresponding Z
Nitrogen adsorption/desorption isotherms of MCNs-COOH and MC-CDHA (insert: pore si
MCNs-COOH and MC-CDHA.
To verify the targeting ability of MC-CDHA, NIH-3T3, A549 and
4T1 cells were incubated with MC-CDHA, MC-CDHA/DOX disper-
sions and the DOX solution for 2 h, the concentrations of which
were equal to 5 lg mL�1 DOX. 4T1 cells with highly expressed
CD44 receptors were used as another positive cell type [46]. There-
after, the cells were immediately fixed, labeled with Hoechst and
imaged by a laser scanning confocal fluorescence microscope. In
a separate experiment, A549 cells and 4T1 cells were irradiated
with the 2W NIR laser for 3 min after incubation with MC-CDHA/
DOX for 2 h to estimate the impact of NIR light on drug release.
Then, the cells were rinsed, fixed, marked and characterized by flu-
orescence microscopy.
2.8. Cytotoxicity study in vitro

A549 and NIH-3T3 cells were seeded in 96-well plates at a den-
sity of 2 � 104 cells/well to evaluate the cellular cytotoxicity and
study the synergistic effect in cancer therapy. After culturing for
24 h, cells were incubated with 100 lL of DMEM containing differ-
ent concentrations of DOX, MC-CDHA or MC-CDHA/DOX for 24 h.
Then, 50 lL of the MTT solution was added, and the mixture fur-
ther incubated for 4 h to measure the cell viability by the MTT
assay. To investigate the photothermal efficacy, A549 cells were
ults of CDHA; (D) height profile along the line in (B); (E) UV–vis absorption spectra,
HA under visible and 365 nm UV illumination); (F) PL emission spectra of CDHA under
eta potentials of MCNs-COOH, MCN-SS-Py, MCN-SS-NH2 and MC-CDHA (n = 3); (I)
ze distribution curves according to adsorption branch); and (J) size distributions of
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irradiated with a NIR laser for 3 min before adding MTT. According
to a previous study, the combination index was calculated to eval-
uate the therapeutic effect of combining chemotherapy and pho-
tothermal therapy.

The photothermal effects of MC-CDHA on NIH-3T3 cells and 4T1
cells were also investigated. NIH-3T3 cells and 4T1 cells were cul-
tured on 24-well cell culture dishes and incubated for 2 h. Next,
they were illuminated with a laser and co-stained with calcein
AM (green, live cells) and PI (red, dead cells) according to the man-
ufacturer’s instruction and then imaged by CLSM.

4T1 cell spheroids were prepared by using 96-well plates [47].
First, a 1% w/v agarose solution in distilled water was prepared
and autoclaved. Then, the bottoms of 96-well plates were coated
with 50 mL agarose, and droplets (100 mL) containing 3000 cells
were added to each well. Subsequently, the plates were kept in an
incubator with 5% CO2 at 37 �C, and the cells were allowed to aggre-
gate into round spheroids. After 3–5 days, multicellular tumor
Fig. 2. (A) Temperature elevation of MC-CDHA at different concentrations at a power den
MC-CDHA (50 lg mL�1) dependence on the light intensity; (D) photostability of MC-CD
dispersion of MC-CDHA (100 lg mL�1) under NIR laser irradiation (2 W); (F) linear time
CDHA/DOX with HAase, GSH and NIR irradiation at a power density of 2 W in (G) pH 7.4
spheroids of 4T1 cells with diameters of approximately 200–
300 mmwere incubated with MC-CDHA with or without laser irradi-
ation for 3 min. The live and dead cells in the 3D tumor spheroids
were distinguished by PI and calcein AM. To further investigate syn-
ergistic therapeutic effect of MC-CDHA/DOX in 3D spheroid cells,
4T1 spheroids were incubated with different formulations for
24 h. Then, an inverted microscope equipped with a digital camera
was used to study the size and morphology of the spheroids.

2.9. Hemocompatibility studies

Red blood cells (RBCs) from rabbits were centrifuged, washed
and diluted with saline. Then, 1 mL of the diluted cell suspension
was mixed with 1 mL of samples including different concentra-
tions of MCNs-COOH and MC-CDHA. After 4 h, the mixtures were
centrifuged and the absorbance values of the supernatants were
measured by UV–vis absorption spectrophotometer at 541 nm.
sity of 2 W and (C) the corresponding IRT images; (B) temperature elevation of the
HA (100 lg mL�1) over 6 irradiation cycles; (E) photothermal effect of an aqueous
data versus -lnh obtained from the cooling stage of Fig. 2E; release profiles of MC-
and (H) pH 5.0 PBS (n = 3).
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2.10. In vivo biodistribution

The cell surfaces of 4T1 cells had highly expressed CD44 recep-
tors; therefore, 4T1 tumor-bearing mice were used to study the
in vivo performance. Female Balb/c mice (18–22 g) were used to
establish the 4T1 tumor model by a subcutaneous injection of
4T1 tumor cells (5 � 104 cells in 100 lL of PBS) into the right rear
flank. The tumor sizes were measured based on a Vernier caliper
and calculated as the volume = (tumor length) � (tumor width)2/2.
When the tumor size reached approximately 150 mm3, 4T1 tumor-
bearing mice were divided into several groups and intravenously
injected separately with 100 lL of free DOX and MC-CDHA/DOX
at a DOX dose of 5 mg/kg. Mice were euthanized and sacrificed
at the given times (2, 6, and 12 h); then, the tumors and major
organs (heart, liver, spleen, lung, and kidney) were collected and
imaged by an IVIS in vivo imaging system. Finally, the mean fluo-
rescence intensity of DOX in tissues were determined by the Bru-
ker MI SE software.
2.11. Combination therapy in vivo

Tumor-bearing mice were randomly divided into five groups
(five mice per group) and separately received treatment with nor-
mal saline (control), free DOX, MC-CDHA plus laser irradiation, and
MC-CDHA/DOX both with and without laser irradiation via the tail
vein. The 808 nm laser irradiation was carried out on tumor
regions for 3 min at a power density of 2 W. During the irradiation
period, images of mice and the temperatures of tumor sites were
recorded by an IR thermal camera. The tumor volumes and body
weights of these mice were measured once every 2 d for 15 consec-
utive days. At the end of the treatment, the major organs (heart,
liver, spleen, lung, and kidney) and tumors were collected for
hematoxylin and eosin (H&E) staining for further histological
examinations.
2.12. Characterizations

Nitrogen adsorption-desorption isotherms based on BJH model
were collected on an adsorption analyzer (V-Sorb 2800P, Gold APP
Instrument Corporation, Beijing, China). The morphologies of car-
Fig. 3. CLSM images of NIH-3T3 and A549 cells cultivated with MC-CDHA,
ries were observed by transmission electron microscopy (TEM)
(Tecnai G2 F30, FEI, Eindhoven, Netherlands). The size distribution
and mean diameter were measured by using a Particle Size Ana-
lyzer Nicomp 380 (Particle Sizing Systems, USA). Spectrophotome-
try measurements were conducted on a UV–vis spectrometer
(UNIC, Shanghai, China) at room temperature. The fluorescence
spectra were characterized on a SpectraMax M5 multifunctional
microplate reader (Molecular Devices, USA).
3. Results and discussion

3.1. Preparation and characterization of CDHA

CDHA were facilely prepared through hydrothermal heating an
EA solution that included citric acid and hyaluronic acid at
120 �C for 3 h in an autoclave, followed by centrifugation and dial-
ysis purification [45]. Then, TEM and atomic force microscope
(AFM) were applied to characterize the size and morphology of
CDHA. As shown in Fig. 1A, CDHA displayed a mono-dispersed state
and uniform spherical morphology with an average size of approx-
imately 4 nm, as detected by TEM. As shown in Fig. 1B, the AFM 3D
image and topography image further showed that the morphology
of CDHA was a spherical structure with similar particle heights of
approximately 4 nm, agreeing with the TEM results. Therefore, it
can be speculated that CDHA can act as gatekeeper and impede
the premature release of a loaded drug. Subsequently, the optical
properties of CDHA were investigated to determine whether CDHA

was suitable for biological labelling and imaging. As shown in
Fig. 1E and F, CDHA exhibited wide absorption bands from
300 nm and 400 nm, demonstrating the presence of a p–p* transi-
tion of chromophores and n–p* transition of carbonyl groups.

3.2. Preparation and characterization of MC-CDHA/DOX

The synthetic strategy for MC-CDHA/DOX is illustrated in
Scheme 1. The MCNs-COOH were fabricated according to our
previous report [44]. As shown in Fig. 1G, TEM showed that
MCNs-COOH possessed a narrow size distribution with a particle
diameter of 100 nm and abundant mesoporous pores, which were
suitable for penetrating cells and achieving efficient drug loading.
DOX, MC-CDHA/DOX and MC-CDHA/DOX under NIR irradiation for 2 h.
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The Zeta potential (Fig. 1H), N2 adsorption–desorption isotherms
(Fig. 1I and Table S1) and dynamic laser scattering (Figs. 1J and
S1) results all confirmed the modification of CDHA on the surface
of MCNs-COOH.

The drug loading capacity of MC-CDHA/DOX reached up to 28%
due to the strong adsorption ability between MCNs-COOH and
DOX based on UV–Vis absorption measurements. As indicated in
Fig. S2, no apparent crystalline peaks of DOX were observed owing
to the restriction of the mesoporous structure of MCNs-COOH. As
shown in Fig. S3, free DOX could emit red fluorescence under
480 nm excitation, whereas fluorescence was quenched when
DOX entered the pores inside of MC-CDHA. Fig. S4 shows that
MC-CDHA exhibited good stability in pH 7.4 PBS and water com-
pared to MCNs-COOH. Therefore, CDHA is also able to improve
Fig. 4. NIR-induced cellular photothermal effect of NIH-3T3 (A) and A549 (B) cells incub
NIH-3T3 (C) and A549 cells (D) incubated with MC-CDHA (a), DOX (b), and MC-CDHA/DOX
(c), and MC-CDHA with NIR (a + NIR) and MC-CDHA/DOX with NIR (c + NIR); (F) the temp
containing A549 cells and MC-CDHA at 0, 1, 2 and 3 min after laser irradiation.
the dispersity and stability of MCNs-COOH apart from trapping
the guest within the mesoporous channels during capping.
3.3. Photothermal properties of MC-CDHA

To shed light on the good photothermal conversion capability of
MC-CDHA, their absorption in the near infrared light region was
first investigated. Fig. S5 shows that MC-CDHA exhibited relatively
strong NIR absorption at 808 nm. MC-CDHA suspensions of various
concentrations were irradiated: 100 lg mL�1 MC-CDHA suspension
could be heated up to 88 �C, whereas pure water had no apparent
temperature increase under the same condition (Fig. 2A). Further-
more, the temperature rise followed a laser-power-dependent
manner, as indicated in Fig. 2B. Meanwhile, Fig. 2C shows the
ated with different concentrations of MC-CDHA (n = 3); cytotoxicity assays (n = 5) of
(c) for 24 h; (E) viability of A549 cells incubated with MC-CDHA (a), MC-CDHA/DOX
erature and corresponding infrared thermal images of a 96-well cell-culture plate



Table 1
IC50 values of MC-CDHA, DOX, and MC-CDHA/DOX samples with/without NIR
irradiation against NIH-3T3 and A549 cells.

Preparations IC50(lg/mL)

NIH-3T3 A549 A549 + NIR

MC-CDHA – – 13.837
DOX 1.654 1.834
MC-CDHA /DOX 5.604 2.631 0.726
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excellent IR thermal (IRT) imaging property, which was ascribed to
the high thermal contrast produced by MC-CDHA. As shown in
Fig. 2D, the excellent photostability of MC-CDHA (100 lg mL�1)
was verified by the observation that the temperature elevation of
MC-CDHA did not markedly change upon multiple irradiation
cycles. Meanwhile, the size and Zeta potential of MC-CDHA were
perfectly maintained after exposure to NIR, which also confirmed
the property, as shown in Fig. S6. Furthermore, the photothermal
conversion efficiency (g) was calculated to be 27.4% according to
the obtained data (Fig. 2E and F). The outstanding efficiency and
stability of the photothermal conversion supported MC-CDHA as a
promising PTT carrier.
3.4. Stimuli-responsive drug release and dissociation

The drug release capability of MC-CDHA/DOX was evaluated in
response to acidic, HAase, and reductive stimuli, as well as a NIR-
light-triggered thermal stimulus. Compared with the physiological
environment, the release percentage of DOX slightly increased
under acidic conditions within 12 h, as shown in Fig. 2G and H.
Moreover, the release percentage of DOX increased in the presence
of HAase within 12 h both in pH 5.0 and pH 7.4 PBS, which was
Fig. 5. (A) Confocal photographs of calcein AM and propidium iodide co-stained NIH-
treatments; (C) optical images of 4T1 tumor spheres treated with different preparations
ascribed to the situation in which the gatekeeper CDHA could be
degraded by hyaluronidase and thus facilitated DOX diffusion from
the mesopores into the medium. Next, the release behaviors of MC-
CDHA/DOX under multiple irradiation treatments were evaluated.
The further increased release of DOX when exposed to NIR irradi-
ation could be explained by the heat generated from MC-CDHA,
thus speeding up molecular movement and promoting drug diffu-
sion. In addition, the maximized release of DOX (58%) was
observed at pH 5.0 in the presence of GSH, HAase and NIR light
irradiation.

In addition, to certify the function of CDHA as a gatekeeper, the
fluorescence spectra of the supernatant of CDHA from MC-CDHA

without DOX were recorded after the addition of 0 mM, 3 mM
and 10 mM of GSH. As shown in Fig. S7, there was no fluorescence
observed after adding 0 mM GSH, while the fluorescence of CDHA

was with the elevated concentrations of GSH. The quenching and
recovery of fluorescence offered the ability to monitor the drug
release cascade.

All of the above results revealed that CDHA, acting as a gate-
keeper, exhibited a decent capping efficiency and multi-
responsive drug release profile. These findings provide opportuni-
ties for on-demand cargo delivery systems to improve antitumor
efficacy.

3.5. Cellular uptake

To monitor the receptor-mediated cellular uptake capability of
MC-CDHA/DOX nanoparticles, the gatekeeper CDHA and encapsu-
lated DOX were simultaneously used as two fluorescence probes
to judge the targeting effect by confocal microscopy. As observed
in Fig. 3, only red fluorescence (DOX) and blue fluorescence were
detected when the two cell lines were cultured with free DOX.
The green fluorescence from CDHA was more apparent in A549 cells
3T3 and 4T1 cells; (B) live–dead cell assays for 4T1 cell spheroids after different
at 0 h and 24 h.
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than in NIH-3T3 cells, which proved that more MC-CDHA were
delivered into A549 cells with the help of overexpressed CD44
receptors. This result was further verified by the observation that
strong red fluorescent signals were detected in A549 cells, whereas
a weaker red fluorescent signal was observed in NIH-3T3 cells after
they were treated with MC-CDHA/DOX. The results suggested that
the cells without overexpressed CD44 receptors were not sub-
jected to the invasion of nanoparticles. Encouraged by the NIR-
responsive release experiments of MC-CDHA/DOX, we studied
whether drug release in A549 cells was enhanced. In comparison
to those without irradiation, a considerably enhanced red fluores-
cence accumulated in the cytoplasm after laser irradiation. As
shown in Fig. S8, 4T1 cells, as another positive cell type, produced
the same experimental phenomenon as A549 cells, which could be
explained by the fact that the molecules moved faster due to the
elevated temperature and easily crossed the cell membrane. As
seen from the results, MC-CDHA/DOX is anticipated to exhibit much
higher cytotoxicity to tumor cells and can target and control on-
demand release in vitro.

3.6. Cellular photothermal effect studies

The high photothermal conversion efficiency of MC-CDHA

prompted us to evaluate the cellular photothermal effect based
on MC-CDHA. As shown in Fig. 4A and B, there were obvious tem-
perature increases with the increasing concentrations of MC-
Fig. 6. (A) Fluorescence imaging of isolated organs at 2, 6 and 12 h after administration
biodistribution in mouse tissues with 4T1 tumors collected at 2, 6 and 12 h postinjectio
CDHA, while the temperature of blank cells did not apparently
change after NIR irradiation. Meanwhile, the increased tempera-
ture of A549 cells was relatively higher than that of NIH-3T3 cells
when they were cultured with MC-CDHA at the same concentra-
tion, indicating a larger uptake of MC-CDHA by A549 cells than that
by NIH-3T3 cells due to the difference in CD44 receptor expression.
The remarkable photothermal conversion efficiency and selectivity
in treating cancer were distinctly shown by the cellular photother-
mal effect.

3.7. In vitro cytotoxicity testing

To estimate the biocompatibility and antitumor ability of the
prepared MC-CDHA, MC-CDHA/DOX and free DOX in vitro, the
MTT assay was applied to investigate the therapeutic effects of
MC-CDHA/DOX against two cell lines, A549 and NIH-3T3, under dif-
ferent treatments. As shown in Fig. 4C and D, MC-CDHA exhibited
negligible toxicity towards A549 and NIH-3T3 at different concen-
trations, revealing the excellent biocompatibility and security of
the prepared MC-CDHA. Additionally, the dose-dependent cytotox-
icities of free DOX and MC-CDHA/DOX against A549 and NIH-3T3
cells were also examined. MC-CDHA/DOX resulted in more severe
cytotoxicity against A549 cells (IC50 = 2.631 lg mL�1) than against
NIH-3T3 cells (IC50 = 5.604 lg mL�1), which further confirmed that
the death of cells was caused by the increased cellular uptake of
MC-CDHA/DOX inside cancer cells via receptor mediated endocyto-
of free DOX and MC-CDHA/DOX; (B) fluorescence semi-quantification of the DOX
n (n = 3).
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sis. For NIH-3T3, uptake of MC-CDHA/DOX was reduced owing to
the negative expression of CD44 receptors, which reduced the side
effects. By contrast, free DOX showed no significant difference in
cytotoxicity against A549 and NIH-3T3 cells. MC-CDHA/DOX as a
targeted drug delivery system is superior to free DOX in treating
cancer.

As shown in Fig. 4E and Table 1, the value of IC50 markedly
decreased for A549 cells under NIR laser irradiation, which
certified that MC-CDHA have the ability to transform the NIR light
into heat to ablate cancer cells. In addition, only wells containing
MC-CDHA could be highly heated (62.9 �C), and they produced
bright thermal images under irradiation, implying that MC-CDHA

could also serve as a prominent contrast agent for infrared thermal
imaging and realize real-time monitoring of thermal dynamics in
PTT (Fig. 4F). The combination index (CI) used to assess the syner-
gistic effect of the combination therapy was calculated as 0.448,
which implied that the combination of chemotherapy and pho-
tothermal therapy based on MC-CDHA/DOX had a good synergistic
effect [48](CI > 1, =1, or < 1, indicates antagonistic, additive, or syn-
ergistic effects, respectively). This result can be explained by the
observation that the temperature rise can not only kill tumor cells
but also increase cellular sensitivity to chemotherapeutic drugs,
thus triggering maximal cytotoxicity.

To study the feasibility of MC-CDHA as a PTT agent for cancer
therapy, NIH-3T3 and 4T1 cells were cocultured with MC-CDHA dis-
persions and illuminated by 808 nm laser, followed by staining
with calcein AM and PI. As shown in Fig. 5A, cells treated with
either MC-CDHA or the laser alone showed negligible cell death,
the same as the blank group. By contrast, cells treated with MC-
CDHA and NIR irradiation simultaneously exhibited a red fluores-
cence signal, suggesting that the majority of cells were killed. Com-
pared with NIH-3T3 cells, the amount of 4T1 cells illuminated with
NIR remarkably decreased, which might be ascribed to cell death
and washing away with PBS. Moreover, a similar phenomenon
Fig. 7. (A) Infrared thermal images of tumor-bearing mouse after injection of PBS and M
various treatments (n = 5); (C) images of excised tumors after various treatments; (D)
stained images of the tumors for each treatment group (a-e represent saline, free DOX,
was also observed for the 3D tumor spheroids treated with MC-
CDHA in the presence or absence of laser irradiation (Fig. 5B).

The therapeutic effects mediated by MC-CDHA/DOX under laser
irradiation were investigated in 4T1 spheroids (Fig. 5C). Our micro-
scopic analyses showed that the average diameters of spheroids
under the treatments were all smaller than that of the control
group after 24 h. Among these treatments, MC-CDHA/DOX with
laser irradiation induced a pronounced destruction of the
spheroids, suggesting that almost all cancer cells were killed. These
findings demonstrated that MC-CDHA/DOX possessed great pro-
mise as an effective tumor targeting and PTT agent for in vivo
tumor therapy.

3.8. Biodistribution study

In cancer chemotherapy, the rapid clearance of chemotherapeu-
tic drugs from solid tumors is one reason for treatment failure.
Nanoparticles loaded with chemotherapeutic drugs prolonged the
retention of drugs in the tumor through the enhanced permeability
and retention (EPR) effect [49]. The biodistribution of DOX in 4T1
tumor-bearing mice after an intravenous injection of free DOX
and MC-CDHA/DOX was examined to evaluate the tumor retention
capability. As shown in Fig. 6A and 6B, the mean fluorescence
intensity (MFI) of DOX in tumors was reduced after injection of
free DOX at 2 h by virtue of rapid elimination in vivo. Compared
to free DOX, MC-CDHA/DOX presented stronger fluorescent signals
in tumors within 12 h, which was likely attributed to the enhanced
permeability and retention (EPR) effect caused by the MC-CDHA

nanosystem.

3.9. Chemotherapy/PTT efficacy of MC-CDHA/DOX in vivo

Motivated by the synergistic antitumor effect in vitro and
enhanced tumor accumulation, we further investigated the antitu-
C-CDHA under 808 nm NIR laser irradiation; (B) tumor growth curves of mice after
relative tumor weight (n = 5); (E) body weight variation of mice (n = 5); (F) H & E
MC-CDHA/DOX, MC-CDHA + NIR, and MC-CDHA/DOX + NIR).



Fig. 8. (A) H&E staining of major tissues (heart, liver, spleen, lung and kidney) at the endpoint of antitumor efficacy study; (B) photographs and hemolysis percentage of
MCNs-COOH and MC-CDHA (n = 3).
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mor activity of MC-CDHA/DOX in vivo. The 4T1 mammary adeno-
carcinoma model was selected to validate the combination ther-
apy. As shown in Fig. 7A, the temperature change and infrared
thermal imaging of the tumor areas were monitored through an
IR thermal camera. After 3 min of consecutive irradiation, for the
MC-CDHA group, the temperature of the tumor was increase from
31.6 to 54.8�C, which was sufficient to ablate the tumor as well
as trigger drug release, while the saline group exhibited a mild
temperature change. As shown in Fig. 7B–D, rapid tumor growth
was observed in the saline group, while moderately inhibited
tumor growth was achieved using MC-CDHA/DOX, which was
attributed to the inadequate release of DOX from the nanoparticles.
The tumors of the MC-CDHA/DOX + NIR group were effectively sup-
pressed due to the synergistic effect of chemotherapy and PTT. To
clarify, the elevated temperature induced by near-infrared light
accelerated DOX release to maximize chemotherapy. We observed
the second best antitumor effect in the free DOX and MC-
CDHA + NIR groups. Additionally, the weights of mice, except for
in the case of free DOX, did not show obvious differences for all
of the groups during the entire treatment period (Fig. 7E), indicat-
ing there was no major toxicity of these treatments. To further
evaluate the therapeutic effect of all groups, mice were sacrificed
at 15 d, and then, tumors were removed for H&E staining. The
images of H&E stained tumor sections exhibited considerably
enhanced necrosis for the MC-CDHA + NIR group compared with
the saline groups (Fig. 7F).

To estimate the potential toxicity effects on major organs, histo-
logical analyses of the heart, liver, spleen, lung and kidney stained
with H&E were performed after treatments (Fig. 8A). There were no
evident pathological changes in all treatments, except for the free
DOX group, which exhibited obvious cardio toxicity. In addition,
hemocompatibility studies were carried out to verify the safety
of MC-CDHA. The images and percentages of hemolysis of MCNs-
COOH and MC-CDHA are shown in Fig. 8B. The hemolysis percent-
age of MC-CDHA was low, even at the highest concentration. These
results suggested that MC-CDHA/DOX had no noticeable toxicity
in vivo and may hold promising potential for cancer treatment.
4. Conclusions

In summary, we fabricated a drug delivery system (MC-CDHA/
DOX) with tumor-targeted, multi-stimuli responsive and multi-
modality imaging abilities for cancer treatment. Compared with
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Au nanorods (g = 21%) [50], MCNs-COOH were synthesized with a
high photothermal conversion ability (g = 27.4%). The fluorescent
CDHA modified on the surface of MCNs-COOH prevents premature
drug release and enables targeted drug delivery to tumor cells and
visualization of the location of drug release. The in vitro release
results indicated that the drug release of MC-CDHA/DOX could be
triggered by pH, GSH and HAase and was further accelerated under
NIR light irradiation. The key improvements in this work are that
the system combined targeting ability with drug release visualiza-
tion, which makes it feasible for monitor the location of nanopar-
ticles and accurately killing cancer cells [51,52]. The resultant
MC-CDHA/DOX exhibited high stability, biosafety and an excellent
synergistic treatment efficacy both in vitro and in vivo. Based on
the above results, the unique multifunctional MC-CDHA/DOX pro-
vides an intriguing nanoplatform for thermo-chemotherapy, which
will undoubtedly represent an intelligent approach for precise can-
cer therapy.
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