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A novel corona core-shell nanoparticle for
enhanced intracellular drug delivery
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Abstract. Drugs, including small molecule anticancer
drugs, have to be delivered and released into the cytoplasm
or nucleus in order to elicit a therapeutic effect. In the present
study, a novel corona core-shell nanoparticle was proposed
for enhanced cellular uptake and light-responsive intracel-
lular release. Light-responsive core-shell nanoparticles, i.e.,
gold nanoparticles-coated liposomes (CS), were prepared
and further modified with hyaluronic acid (HA) (CCS).
HA modification enhances the endocytosis of the nanopar-
ticles by HA receptor-expressing cells, while the plasmonic
properties of gold nanoparticles enable their light-triggered
drug release. The results demonstrated that the uptake of
CCS in HA receptor-expressing MDA-MB-231R cells was
significantly enhanced compared with unmodified CS.
Nanosecond pulsed laser irradiation (700 nm; 100 mJ/cm?;
5 pulses) rapidly triggered the intracellular release of a
fluorescent dye, 6-carboxyfluorescein (6-CF), from CCS
and CS trapped in endolysosomes. The released 6-CF
was evenly distributed throughout the entire cytosol and
nucleus. Finally, the cytotoxicity of doxorubicin towards
MDA-MB-231 cells was significantly increased by CCS
delivery upon pulsed laser irradiation. In conclusion, with
enhanced cellular uptake and light-triggered intracellular
release, CCS significantly enhanced the therapeutic effects
of doxorubicin, and may serve as a promising avenue for
intracellular drug delivery.
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Introduction

Despite numerous advances in biotechnology, cancer is still
the leading cause of death worldwide, responsible for ~1/4
of mortality in the USA (1). Several nanoscale drug delivery
systems, including polymeric nanoparticles, liposomes and
nanogels, have been developed for modern cancer therapy (1,2).
Compared with other traditional approaches, such as injection
of free drug solution or drug loaded microparticles, these
nanoscale drug formulations have demonstrated several
advantages, including decreased adverse effects, improved
pharmacological profiles and drug tolerance and prolonged
circulation (3). Despite their merits, the majority of nanoscale
drug delivery systems exhibit inefficient drug release and
cellular uptake, which largely compromises the drug treatment
benefits in the clinic (3). To elicit their therapeutic effects,
many drugs, including small molecule drugs, proteins and
small interfering RNAs, have to be delivered and released
into specific cellular compartments, such as the cytoplasm of
pathological cells. Therefore, to ensure sufficient drug levels in
the pathological cells, drug delivery systems have to enter the
target cells and efficiently release the drug molecules into the
targeted cell compartment (4). In the past decade, a number of
studies have investigated methods of enhancing cellular uptake
and achieving rapid intracellular release; however, only a few
approaches were able to achieve both of these effects (5-7).
Multifunctional hybrid drug delivery systems, including
polymer or nanoparticle modified liposomes, exhibit the
advantages of two or more delivery systems and have become
one of the most popular delivery systems (8-10). A previous
study revealed that light-responsive core shell nanoparticles,
i.e., gold nanoparticle-coated liposomes, achieved rapid intra-
cellular drug release in MDA-MB-231-R cancer cells (11).
Under short pulsed laser irradiation (532 nm; 6 ns), highly
localized heat was generated owing to the surface plasmon
resonance of the gold nanoparticle shell, and the encapsulated
cargo was rapidly released due to increased membrane perme-
ability of the liposomal core. Although the developed system
was effective for intracellular drug release and enhancing drug
therapeutic efficacy, the trigger used was green light (532 nm),
which exhibits poor tissue penetration and photo-damage to
biological tissues and cells. The deep tissue penetration and
reduced photo-damage of near-infrared light (NIR) make it a
particularly attractive option for biomolecule release (12-16).
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Therefore, further optimization of the light-triggered release
system by switching the trigger from green light to NIR light
is required.

In the present study, to further enhance the cellular uptake
and achieve a high intracellular drug concentration, the core
shell nanoparticles described by Jiang ef al (11) were further
modified by hyaluronic acid (HA), forming corona core-shell
nanoparticles. HA, a naturally occurring high-molecular
weight glycosaminoglycan, is a major component of the
extracellular matrix (17). As a natural excipient, HA has
several advantages, such as preventing protein absorption due
to its hydrophilic and polyanionic characteristics in a physi-
ological environment (18). Notably, HA has demonstrated high
efficiency in targeting to tissues with HA receptors, such as
classification determinant 44 (CD44) and hyaluronan receptor
for endocytosis (HARE) (19). A number of cancer cells
upregulate the expression of the HA receptor CD44, which has
been proposed as a marker of breast cancer stem cells (20).
On the basis of these findings, the present study developed
an HA-modified hybrid nanoparticle (CCS) as an alternative
to the unmodified CS to achieve higher intracellular drug
concentration upon light activation and to further enhance
therapeutic effects.

In the present study, CCS were developed and characterized
by transmission electron microscopy (TEM), dynamic laser
light scattering (DLS) and ultraviolet-visible (UV-Vis) spec-
troscopy. The results revealed that HA modification enhanced
cellular uptake in MDA-MB-231 cells 1.9-fold. Pulsed laser
irradiation rapidly released encapsulated 6-carboxyfluores-
cein (6-CF) from CCS and CS trapped in endosomes and
lysosomes into the cytosol and nucleus. Furthermore, the
cytotoxicity of doxorubicin was significantly enhanced by
CCS delivery upon laser irradiation. The results showed that
HA-modified light responsive nanoparticles were able to
achieve high intracellular drug concentration by enhancing
cellular uptake and had rapid intracellular drug release upon
light activation, suggesting that this approach may be a prom-
ising intracellular drug delivery system.

Materials and methods

Materials. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) and cholesterol were purchased from Avanti
Polar Lipids; Merck KGaA. Sodium hyaluronate, cysta-
mine hydrochloride, hyaluronidase (type I-S), NaBH3CN,
gold (III) chloride trihydrate and 6-CF were purchased from
Sigma-Aldrich; Merck KGaA. Ascorbic acid, borate buffer
were obtained from Thermo Fisher Scientific, Inc. DMEM
and fetal bovine serum were purchased from Gibco; Thermo
Fisher Scientific, Inc. 4',6-Diamidino-2-phenylindole (DAPI)
and LysolIracker Red DND-99 were purchased from Thermo
Fisher Scientific, Inc. Doxorubicin sodium salt was purchased
from Alfa Aesar. All other reagents were of analytical grade
and used without further purification.

Synthesis of thiol end-functionalized HA. A low-molecular
weight HA was obtained via digestion of HA with hyaluroni-
dase (type I-S) following a previously reported method (21).
Briefly, hyaluronidase was added into the HA solution
(10 mg/ml; pH 7.0) at a ratio of 100 units of hyaluronidase
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per mg of HA. The mixture was incubated at 37°C for 20 h,
followed by boiling (100°C) for 10 min to inactivate the hyal-
uronidase. An Amicon ultrafiltration kit [molecular weight
cut-off (MWCO); 1,000 Da; Amicon Corporation] was used
to remove aggregated hyaluronidase and high molecular
weight HA. The filtrated solution was then dialyzed (MWCO,
1,000 Da) for 24 h under 25°C to remove 1,2 or 3 mer HA. Dry
oligo-HA was obtained after the lyophilization of the HA solu-
tion following dialysis. For lypholiziation, HA solutions were
placed into 25 ml glass vials and kept at -80°C for 2 h, followed
by freeze-drying (Lio-Labor®; Telstar) for 48 h to reach a
freezing temperature (-45°C), a sublimation temperature (from
-45-25°C) and a sublimation pressure (4.54x10* atmosphere).
For thiol modification at the reducing end, 50 mg of oligo-HA
and 60 mg of cystamine hydrochloride were dissolved in
borate buffer (pH 8.5; 0.4 M NaCl). Sodium borohydride
(NaBH3CN) was added to the reaction mixture at a final
concentration of 200 mM and incubated at 40°C for 5 days.
Free thiol groups were obtained by incubation of the resulting
mixture with 100 mM dithiothreitol (DTT) at 25°C for 12 h.
The mixture was further dialyzed (MWCO: 1,000 Da) for 24 h
at 25°C to remove unreacted chemicals and was subsequently
lyophilized using the same protocol as HA lyophilization.

Preparation of CCS and CS. Gold nanoparticle coated lipo-
somes (CS) were prepared following a previously reported
method (8). Briefly, liposomes were prepared with DPPC
and cholesterol at a molar ratio of 70:30. Lipid powders were
dissolved in chloroform and dried under nitrogen stream, and
then placed in a vacuum overnight to completely remove chlo-
roform. For the encapsulation of doxorubicin, the lipid film was
hydrated with 300 mM ammonium sulfate (pH=7.5), followed
by extrusion for 21 times through a 200 nm polycarbonate
membrane using an Avanti mini-extruder (Sigma-Aldrich;
Merck KGaA). Empty liposomes were then passed through
the S1000 column (GE Healthcare) pre-equilibrated with
isotonic N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid
(HEPES) buffer (140 mM NaCl; 10 mM HEPES; pH=7.4) to
remove the extra ammonium sulfate solution. Subsequently,
doxorubicin hydrochloride was added to the liposome suspen-
sion to achieve a drug to lipid ratio of 1:3 (mol/mol). The
loading process was carried out at 37°C for 2 h. For the encap-
sulation of 6-CF, the drug-lipid film was hydrated with 6-CF
solution (0.1 or 100 mM) at 55°C for 1 h. The free doxorubicin
or 6-CF was removed by size extrusion chromatography eluted
with HEPES buffer with a flow rate of 1 ml/min. The samples
were detected at 280 nm.

For gold coating, liposomes were diluted to 1 mM using
HEPES buffer. Gold chloride solution at a concentration of
20 mM was added and mixed with liposomes, followed by
addition of ascorbic acid solution (40 mM). Following reduc-
tion, gold liposomes were dialyzed against HEPES buffer for
24 h at 4°C to remove unreacted gold chloride and ascorbic
acid. The thiol end-functionalized HA (HA-SH) was then
immobilized onto the surface of CS via gold-thiol chem-
istry (21). Briefly, HA-SH was incubated with CS solutions
at room temperature for 2 h, and then the unreacted HA-SH
was removed by dialysis using a dialysis tubing (MWCO,
12,000 Da; Sigma-Aldrich; Merck KGaA). The resulting CCS
samples were stored at 4°C until further use.
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The hydrodynamic radius and polydispersity of liposomes,
CS and CCS were determined by diffraction light scat-
tering (DLS) method using a Zetasizer (Nano ZS; Malvern
Panalytical). The UV-Vis spectra in the range of 400-1,100 nm
were recorded using a spectrometer. The morphology of the
CCS samples was observed by TEM operating at a voltage of
200 kV. CCS samples were diluted with HEPES buffer and
placed onto a carbon film coated copper grid. The samples
were air-dried for 2 h at room temperature and subsequently
imaged using a 125K magnification.

Cytotoxicity and cellular uptake of CS and CCS. The
cytotoxicity of CS and CCS on MDA-MB-231 cells was
evaluated using the XTT method following a previously
reported method (22). MDA-MB-231 cells from the American
Type Culture Collection were cultured in a 96-well plate
(1x10* cells/well) using DMEM with 10% FBS and incubated
for 24 h at 37°C. The cells were treated with blank CS and CCS
(0.1,0.5, 1.0 mg/ml) for 4 h at 37°C. After aspirating the treat-
ment media, 100 ul of DMEM and 25 pul of XTT solution were
added to the cells. The control cells were treated with medium
alone without CS or CCS. After a 4-h incubation at 37°C, the
absorbance was measured at a wavelength of 450 nm using a
Multiskan GO microplate reader (Thermo Fisher Scientific,
Inc.). Cell viability was calculated as a percentage of control
cells.

Flow cytometry was used to quantify the endocytosed
nanoparticles and the effects of free HA on the endocytosis
efficiency of nanoparticles. MDA-MB-231 cells were seeded
into a 24-well plate at a density of 2x10° cells/ml and cells in
the preconfluent state were used for uptake studies. The cells
were incubated with 6-CF (0.1 mM) encapsulated CS and
CCS for 4 h at 37°C, washed three times with ice-cold PBS,
and subsequently harvested and analyzed using a ZE5 cell
analyzer (Everest software 2.2; Bio-Rad Laboratories, Inc.).
Cells incubated with medium alone without any nanoparticles
were used as the negative control. A total of 10,000 cells were
analyzed in each group. To investigate whether the cellular
uptake of CCS was mediated by the HA receptors, the cells
were pretreated with free HA (10 mg/ml, hydrated overnight
in serum-free DMEM) for 1 h at 37°C before the addition of
nanoparticles.

To investigate the intracellular distribution of CS and
CCS, cells with endocytosed nanoparticles were observed by
confocal laser scanning microscopy (CLSM; FV1000; Olympus
Corporation). Briefly, MDA-MB-231 cells were seeded in
25-mm glass bottom dishes at a density of 1x10° cells/plate
and cultured at 37°C for 24 h. The DMEM was then replaced
with 1 ml of medium containing CCS or CS and incubated at
37°C for 4 h. After the nanoparticle containing medium was
removed, late endosomes and lysosomes were stained with
LysoTracker Red DND-99 at 37°C for 30 min. Cells were then
supplied with fresh medium and immediately observed under
a confocal laser microscope using x100 magnification.

Light-triggered intracellular release. To monitor pulsed
laser-triggered release, CS and CCS were encapsulated with
100 mM 6-CF, a concentration at which its fluorescence
is self-quenched (16). The cell nuclei of MDA-MB-231
cells cultured in 25-mm glass bottom dishes at a density of
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Table I. Hydrodynamic diameter and polydispersity of uncoated
liposomes, CS and CCS.

Sample Diameter (nm) Polydispersity index
Uncoated liposomes 185+10 0.051£0.012
CS 210+18 0.138+0.039
CCS 22721 0.163+0.031

The data are presented as mean + SD for three independent experi-
ments. Polydispersity indices were measured by Zetasizer. CCS, HA
modified gold nanoparticles coated liposomes; CS, gold nanoparti-
cles-coated liposomes.

1x10° cells/plate were stained with 5 ug/ml Hoechst 33342
at 37°C for 5 min, and then cells were treated with 6-CF
encapsulated CS and CCS (100 mM) 37°C for 4 h. Cells
were subsequently washed with PBS and supplied with fresh
DMEM prior to laser irradiation (700 nm; 100 mJ/cm?;
5 pulses), and then immediately observed by CLSM using
x100 magnification.

Cytotoxicity of doxorubicin-containing CS and CCS. The
effects of CCS and pulsed laser irradiation on the cyto-
toxicity of doxorubicin on MDA-MB 231-R cells were
investigated using the XTT method. MDA-MB 231-R cells
were cultured overnight in 96-well plates at a density of
1x10%/well at 37°C. The control group consisted of free
doxorubicin-treated cells, and the treatment groups were as
follows: i) Doxorubicin-encapsulated CS with or without
laser irradiation; and ii) doxorubicin-encapsulated CCS with
or without laser irradiation. The cells were washed with PBS
and incubated with fresh DMEM that contained doxorubicin
encapsulated in CS or CCS for 3 h at 37°C. The cells were
washed 3 times with PBS, and the laser-treated groups were
irradiated with nanosecond (ns) laser pulse (700 nm; 5 pulses;
100 mJ/cm?), followed by the addition of fresh DMEM and
incubation for 24 h at 37°C. Subsequently, the cell viability
was determined by the XTT assay as previously mentioned.
The drug concentration causing 50% inhibition (ICs,) was
calculated.

Statistical analysis. All data are presented as the mean =+ stan-
dard deviation of three independent experiments. The unpaired
Student's t-test was used to compare two groups. Three or more
groups were analyzed using the one-way ANOVA followed by
the Dunnett's post hoc. P<0.05 was considered to indicate a
statistically significant difference.

Results

Preparation and characterization of CCS. CCS nanoparticles
were prepared using a three step method as shown in Fig. 1A.
The CCS had a hydrodynamic size of ~227 nm, while uncoated
liposomes and CS measured ~185 and 210 nm, respectively
(Table I). CCS is monodispersed with Polydispersity index
of 0.163. TEM observations revealed that the CCS exhibited
a typical coronal core shell structure as expected. Gold
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Figure 1. Preparation and characterization of CCS. (A) Schematic of the formation of CCS. (B) A typical transmission electron microscope image of CCS.
The average size of the particles was determined by dynamic laser light scattering. (C) Ultra violet-visible spectra of uncoated liposomes, CS and CCS. The
two smaller black particles on the image represent salt precipitates. CCS, HA modified gold nanoparticles coated liposomes; CS, gold nanoparticles-coated
liposomes; AA, ascorbic acid; HA, hyaluronic acid; HAuCl,, gold (III) chloride trihydrate.

nanoparticles were distributed on the surface of the liposomal
core, while HA formed a polymer corona on the outer surface
(Fig. 1B). The TEM results suggested that HA had attached
onto the gold nanoparticles on the surface. The UV-Vis spectra
showed that CCS and CS exhibited an absorption peak at ~673
and 667 nm, respectively, while uncoated liposomes did not show
any resonance peak in the wavelength range of 400-1,100 nm
(Fig. 1C). Gold liposomes presented high absorbance in the
wavelength range 500-800 nm, suggesting that gold liposomes
could be activated by light in the range of 500-800 nm. CCS
and CS were activated at 700 nm in subsequent experiments to
ensure maximum absorbance in the NIR range.

Characterization of cellular uptake, cytotoxicity and intra-
cellular distribution of CCS. The cytotoxicity of blank CS
and CCS are shown in Fig. 2A. No significant cytotoxicity
was observed for CS and CCS at the tested concentrations
(0.1, 0.5 and 1.0 mg/ml). Quantitative analysis by flow cytom-
etry revealed that HA modification significantly enhanced the
cellular uptake of CS (Fig. 2B and C). The cellular uptake of
CCS was ~1.9-fold higher than CS in the absence of HA modi-
fication on the surface. To further verify whether the uptake
of CCS was specific to HA receptors, competitive binding
experiments were performed by pretreating MDA-MB-231

cells with excess free HA (200-400 kDa) before incubation. As
shown in Figs. 2B and C, ligand pretreatment did not change
the cellular uptakes of CS, while the cellular uptake of CCS
was significantly reduced. These results suggested that the
free HA competed with CCS for receptor binding sites. Thus,
cell surface HA receptors, mainly CD44 and HARE, may
have mediated the cellular uptake process. Late endosomes
and lysosomes were labeled with LysoTracker Red DND-99
to investigate the co-localization of 6-CF encapsulated CS and
CCS with endolysosomes. As shown in Fig. 2D, following 4 h
of incubation, the green fluorescence from 6-CF was highly
co-localized with LysoTracker Red DND-99 (red fluores-
cence). The results indicated that endocytosed CCS and CS
were largely trapped in endolysosomes and may have failed to
release their cargo into the cytosol.

Pulse laser-triggered intracellular release. Upon activation
by the ns pulsed laser, intracellular doxorubicin release was
observed by CLSM imaging. The fluorescence of 6-CF at a
high concentration was quenched due to its self-association.
Release of 6-CF from liposomal particles and dilution by the
surrounding medium de-quench 6-CF and increase its fluo-
rescence intensity (16). The results demonstrated that upon
short-pulsed laser irradiation (700 nm; 100 mJ/cm?; 5 pulses),
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Figure 2. Cellular uptake and intracellular distribution of CS and CCS. (A) Cytotoxicity of blank CS and CCS with different concentrations. Quantitative anal-
ysis of the cellular uptake determined by flow cytometry of cells treated by CS (B) and CCS (C) with or without free HA (D) CLSM images of MDA-MB-231
cells treated with CS and CCS prior to laser irradiation suggested that the majority of CS and CCS were trapped in endolysosomes 6-CF is represented by the
green fluorescence and LysoTracker Red DND-99 is represented by the red fluorescence. Scale bar, 20 ym. Magnification, x100. “P<0.05. CCS, HA modified
gold nanoparticles coated liposomes; CS, gold nanoparticles-coated liposomes; 6-CF, 6-carboxyfluorescein; CLSM, confocal laser scanning microscopy;

NS, not significant.

6-CF was rapidly released from CS and CCS trapped in endoly-
sosomes and evenly distributed in the cytosol and nucleus
(Fig. 3). This observation was in agreement with a previous
study where gold nanoparticle liposomes were triggered at a
different wavelength (532 nm; 100 mJ/cm?; 5 pulses) (8). CCS
exhibited a stronger green fluorescence intensity after laser
activation, suggesting that increased cellular uptake by HA
modification may have contributed to higher intracellular free
drug concentration following activation.

Cytotoxicity of doxorubicin on MDA-MB-231 cells. To test
the ability of CCS to enhance the therapeutic effects of doxo-
rubicin, the cytotoxicity of doxorubicin-encapsulated CS and
CCS with or without laser irradiation was measured by the
XTT assay. The results demonstrated that laser irradiation
markedly increased the cytotoxicity of doxorubicin in both CS
and CCS (Fig. 4A). HA modification also enhanced the cyto-
toxicity of doxorubicin, as the ICy, of doxorubicin encapsulated
in CCS decreased to 3.0 uM, while the ICs, of doxorubicin
encapsulated in CS was 5.8 yM. Cytotoxicity enhancement
was the most significant when doxorubicin was incorporated
into CCS and activated by ns pulsed laser, and the ICy, was
further decreased to 1.5 yM. Under the current experimental
conditions, laser irradiation alone (5 pulses; 100 mJ/cm?) did
not result in significant cell death, as indicated in Fig. 4B.

Discussion

While several cancer drug delivery systems have been
developed, limited curative effects in patients have been
observed (2). Enhancing drug release from endocytosed drug
carriers is of great significance since the majority of thera-
peutic agents have to be released into the cytosol or nucleus to
elicit their therapeutic effects (3). A number of controlled drug
release strategies have been reported in recent years, including
diffusion-based and biologically-activated drug release
systems (3,23-24). However, drug release based on these mech-
anisms is usually slow, cannot be precisely controlled and does
not amplify the site selectivity of drug delivery (25). Strategies
that enable fast drug release upon activation remain desirable
to enhance intracellular cancer drug delivery. A previous study
reported that burst release resulted in instant high intracellular
drug concentration, which significantly enhanced doxorubicin
cytotoxicity (11). In the present study, a light-triggered delivery
system was optimized by using NIR laser pulses as the drug
release trigger. The results demonstrated that similar to green
light, ns NIR pulses triggered rapid intracellular drug release
from CS and CCS trapped in endolysosomes.

In addition to increasing intracellular drug release,
enhancing the cellular uptake of drug carriers is an impor-
tant step to ensure a high intracellular concentration of free



1970 JIANG et al: A NOVEL CORONA CORE-SHELL NANOPARTICLE FOR ENHANCED DRUG DELIVERY

Step I: Endocytosis Step II: Pulsed laser activation

B Nucleus 6-CF Merge

Figure 3. Intracellular light-triggered 6-CF release. (A) Schematic of the experimental procedure. (B) CLSM images of MDA-MB-231 cells following light
irradiation indicating that 6-CF had been released and was evenly distributed throughout the whole cell. The cell nuclei were stained by Hoechst 33342. Scale
bar, 20 ym. Magnification, x100. 6-CF, 6-carboxyfluorescein; CLSM, confocal laser scanning microscopy.
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Figure 4. Cytotoxicity of doxorubicin. (A) Cell viability of MDA-MB-231 cells treated with free doxorubicin or doxorubicin encapsulated in CS or CCS with or
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drug (26). Therefore, in the present study, the light responsive ~ and maximize the triggering effects. The results revealed that
nanoparticles, i.e., gold nanoparticle coated liposomes, were ~ HA modification significantly increased the cellular uptake
further modified by HA to increase the endocytosis efficiency  of nanoparticles, resulting in a greater intracellular drug
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concentration. HA modification alone significantly enhanced
the cytotoxicity of doxorubicin as the IC;, in MDA-MB-231R
cells decreased from 5.8 to 3.0 yM. When activated by
short-pulsed laser (700 nm; 100 mJ/cm?; 5 pulses), the ICs,
of doxorubicin was further decreased by ~2-fold. The results
suggested that ligand-modified light responsive nanoparticles
may be a promising drug delivery system for intracellular drug
delivery by combining enhanced cellular uptake and rapid
light-triggered intracellular release.

The advantages of using NIR as the light trigger include
deep tissue penetration, minimum auto-fluorescence and
tissue scattering as well as high biosafety (16). While CCS
has demonstrated its potential as an intracellular drug delivery
carrier at the cellular level, further in vivo studies are required
to confirm its ability to enhance the therapeutic efficiency of
drugs. Although NIR increases tissue penetration compared to
green light (16), in vivo single site light delivery remains a chal-
lenge. Therefore, approaches that deliver a light trigger to target
tissue are required prior to applying this technique in vivo.

In conclusion, the present study developed a dual func-
tional CCS nanoparticle for intracellular drug delivery. Light
responsive nanoparticles were further modified by HA, which
enhanced the cellular uptake by 1.9-fold. In MDA-MB 231-R
cancer cells, short pulsed laser (700 nm; 100 mJ/cm?; 5 pulses)
liberated 6-CF from endocytosed CCS into the cytosol and
nucleus. Furthermore, laser irradiation significantly increased
the cytotoxicity of doxorubicin encapsulated in CCS in
MDA-MB 231-R cells. The results suggested that a combina-
tion of active targeting and laser triggered on-demand release
of chemotherapeutic agents may be a promising approach for
intracellular drug delivery and may enhance therapeutic effects.
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