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A well-defined core—shell nano-carrier (PAA-MHAPNSs) was successfully synthesized based on a graft-
onto method by using mesoporous hydroxyapatite nanoparticles (MHAPNSs) as the core and polyacrylic
acid (PAA) as the shell. Given that MHAPNSs are regarded as one of the most promising drug delivery
vehicles due to their excellent performance and the nature of their cancer cell anti-proliferative effect,
and the grafted PAA, as a pH-responsive switch, could improve the loading amount of the drug doxo-
rubicin hydrochloride (DOX) effectively by electrostatic interactions, all these advantages mean that the
designed models show promise for application in pH-responsive drug delivery systems. The loading
content and entrapment efficiency of DOX could reach up to 3.3% and 76%, respectively. The drug
release levels of the constructed DOX@PAA-MHAPNs were low under normal physiological conditions
(pH 7.4), but they could be increased significantly with a decrease of pH. Cytotoxicity assays indicated
that the PAA-MHAPNSs was biocompatible, and more importantly, the DOX@PAA-MHAPNs demonstrated
an obvious ability to induce apoptosis of cancer cells. Overall, the synthesized systems should show great
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1 Introduction

In recent years, much attention has been paid to developing
new drug-delivery systems with obvious advantages compared
to conventional forms of dosage, such as enhanced bioavail-
ability, higher efficiency, lower toxicity, controlled release and
so on. Up to now, many materials including polymeric
micelles," dendrimers,” liposomes,® and various inorganic
nanoparticles,* ® have been utilized as drug carriers in drug
delivery systems. Among these, mesoporous hydroxyapatite
nanoparticles (MHAPNs) are now attracting more and more
interest, with particular attention in the drug storage and
release field given their large pore volumes, large surface area,
and easily modified surface features for site-specific
delivery.”'® Hydroxyapatite [Ca;o(PO4)s(OH),] (HAP), which is
a major component of bone and teeth, is a key biomaterial in
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tures for future intracellular drug delivery.

view of its excellent biocompatibility, bioactivity, nontoxicity
and noninflammatory nature.'™'? Moreover, considering that
its degradation products could be absorbed by the body, such
a material would be an excellent candidate as a drug delivery
carrier. Mesoporous hydroxyapatite nanoparticles (MHAPNS)
are often prepared by a surfactant templating method."*'* Due
to their unique advantages including biocompatibility, solubi-
lity and low toxicity, it is highly desirable to design a drug
delivery system based on MHAPNs with controlled drug release
behavior in a specific environment in response to external
stimuli. To achieve this goal, a variety of systems based on
MHAPNs have been reported which show the controlled
release of drug molecules in response to external stimuli.’>™°
A critical step in constructing the stimuli-responsive controlled
drug release system was finding how to seal the mesopores to
block the drug molecules inside the pores with “zero release”
and “open” functions of the sealants in response to external
stimuli. From reports in the literature, the current study found
that the release of guest molecules could be achieved in
response to external stimuli such as temperature,®**" pH,**™*’
light,>®° redox reagents,** ultrasound,**** enzymes,***
etc. Among these specific stimulation systems, the pH-respon-
sive system is of special interest for cancer therapy since both
the tumor extracellular environment (pH 6.8) and endosomes
(pH 5.0) are more acidic than normal tissues (pH 7.4), which
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enables the carriers to release anticancer drugs in a pH depen-
dent manner.*>*® Up to now, although many ordered meso-
porous materials have been developed to build pH-responsive
systems,*™** in most of these systems the drug molecules were
physically adsorbed in the channels and the drug-loading
capacity was generally low, so to further optimize this system,
by the construction of a smart controlled-release system for
intracellular drug delivery, in particular with a high drug
loading efficiency, should be very interesting and this still
requires considerable effort.

Herein, we designed and constructed a core-shell nano-
carrier (PAA-MHAPNs) based on mesoporous HAP as the core
which was end-capped with PAA as the shell, for the study of
its great potential for pH-responsive controlled drug release be-
havior. PAA is a superior choice due to its favorable properties,
such as biocompatibility, hydrophilicity, easy modification and
significant blocking effect.***> Moreover, the charge of PAA is
pH tunable. The covalently grafted PAA chains acted not only
as a switch to modulate the release of the loaded drug, but
also as a binding site to improve the loading content of the
drug due to electrostatic interactions between the drug and the
carboxyl groups in the side chain of the PAA. In our study,
doxorubicin hydrochloride (DOX) was chosen as a model drug
to assess the drug loading and release behaviors of PAA-
MHAPNSs. In physiological medium (pH 7.4), DOX was proto-
nized and more of the PAA was deprotonized, thus the posi-
tively charged DOX was adsorbed onto the surface of the
negatively charged PAA-MHAPNs by strong electrostatic inter-
actions. Meanwhile, due to the fact that the concentration of
DOX in the solution was higher than that in the interior
channel of the PAA-MHAPNSs, the DOX would load constantly
into the channels of the PAA-MHAPNs due to the diffusion
effect. When PAA-MHAPNs loaded with DOX was in acidic
subcellular environments, DOX would be released owing to the
dissociation of electrostatic interactions between the DOX and
PAA-MHAPNs. Thus, the system could serve as a selective
tumor drug delivery system. To the best of our knowledge, this
is the first study to employ PAA molecules as switches to con-
struct intracellular pH-responsive controlled release systems
based on MHAPNS for drug delivery.

2 Materials and methods
2.1 Materials

PEOgoPPO4sPEOgg (F127), N-hydroxysuccinimide (NHS), doxo-
rubicin hydrochloride (DOX), 1-{3-(dimethylamino)propyl]-
3-ethylcarbodiimide hydrochloride (EDC), and poly(acrylic acid)
(PAA) were purchased from Sigma Chemical Co. (St. Louis,
MO, USA). Calcium pantothenate (C,gH3,CaN,0,,), dipotas-
sium hydrogenphosphate trihydrate (K,HPO,-3H,0), 1,3,5-tri-
methylbenzene (TMB), 3-aminopropyltriethoxysilane (ARTS),
trypan blue and triton X-100 were obtained from J&K Scientific
Co. (BeiJing, PR China). Human hepatocellular liver carcinoma
cells (HepGz2 cells), bovine serum, penicillin and streptomycin
were provided by Sanggon biotech Co. (Shanghai, PR China).
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All the initial chemicals in the work were used without further
purification.

2.2 Preparation of MHAPNs

The MHAPNs were synthesized using a templating method
according to a previous report.*> The block co-polymer pluro-
nic F127 was selected as the template, and TMB was used as
the pore-expanding agent. Firstly, 2.26 g of F127 and 18.43 g of
calcium pantothenate (C,3H3,CaN,0;,) were co-dissolved in
100 mL of distilled water and stirred vigorously for 2 h, then
16 mL of 1,3,5-trimethylbenzene (TMB) was added to get a
clear micellar solution as the calcium ion source. 5.16 g of
dipotassium hydrogenphosphate trihydrate (K,HPO,-3H,0)
was dissolved in 50 mL of distilled water to produce the phos-
phate ion source. Subsequently, the pH of the phosphate solu-
tion was adjusted to 12.0 with ammonia (NH3-H,O). Finally,
the PO, solution was added dropwise to the F127/Ca*" solu-
tion. The mixture solution was heated to 100 °C under reflux
for 36 h and filtered to collect a precipitate. The white precipi-
tate was subsequently dried in an oven at 100 °C for 48 h, and
then calcined at 650 °C for 4 h in a muffle furnace.

2.3 The construction of drug loading systems
(DOX@PAA-MHAPN )

Firstly, 1.46 g of MHAPNs and 2.5 mL of 3-aminopropyl-
triethoxysilane (ARTS) were dissolved in 100 mL of toluene
under stirring conditions. The mixture solution was heated to
80 °C under reflux for 36 h and filtered to collect a precipitate.
The white precipitate was subsequently dried at 100 °C for
48 h in a vacuum oven to get NH,-MHAPNs. Then, 1.1 g of
NH,-MHAPNs was dispersed in 150 mL of N,N-dimethyl-
formamide (DMF), and 1.8 g of PAA (M,, = 3000) was added to
the mixture. Subsequently, the reaction mixture was stirred at
120 °C for 4 h, and 140 °C for 6 h. After the reaction, the
mixture was centrifuged to obtain a precipitate. The precipitate
was washed with ethanol and water ten times to remove the
solvent and unreacted PAA. Finally, the product was dried in a
vacuum oven at 100 °C for 24 h to obtain PAA-MHAPNs. Doxo-
rubicin hydrochloride (DOX), a well-known anticancer drug,
was utilized as a model drug. Firstly, 30 mg of DOX and 15 mg
of PAA-MHAPNs were dissolved in 100 mL of pH 7.4 buffer
solution and stirred for 48 h at room temperature. Then the
nanoparticles were centrifuged and washed thoroughly with
PH 7.4 PBS ten times to remove the unloaded and physically
absorbed DOX. The DOX@PAA-MHAPNs was obtained after
vacuum drying. The drug loading content and entrapment
efficiency were calculated using the following equations:

Loading content (%) =
Weight of drug input — Weight of drug in supernatant
Weight of drug loaded MHAPNs

Entrapment efficiency (%) =
Weight of drug input — Weight of drug in supernatant
Initial weight of drug input
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2.4 Drug loading and release assay

The PAA-MHAPNs was used as a carrier for DOX. The end-
capping efficiency and release behavior of DOX@MHAPNs and
DOX@PAA-MHAPNs were analysed by UV-vis spectroscopy.
3.0 mg of the DOX@MHAPNs and DOX@PAA-MHAPNs
powders was dispersed in 10 mL of phosphate buffer solution
(PBS) at pH 7.4, 6.5 or 5.0. The dispersion was transferred into a
dialysis bag (molecular weight cut-off = 8000 g mol™), and the
bag was then immersed in 100 mL of PBS solution with the same
pH conditions. The volume of the dissolution media was main-
tained at 100 mL at 37 °C. 1.0 mL of solution was withdrawn at a
given time interval, followed by the addition of the same volume
of fresh PBS solution. The amount of released drug in the PBS
solution was measured using a UV-vis spectrophotometer at
480 nm. In order to investigate the rapid release response, in
another assay, 3.0 mg of DOX@PAA-MHAPNs was suspended in
10 mL of PBS (pH 7.4). The suspension was transferred into a
dialysis bag (molecular weight cut-off = 8000 ¢ mol™"), and sub-
sequently placed in a beaker containing 100 mL of PBS buffer
with the same pH conditions for 5 h. Then the pH of the solution
was adjusted to pH 5.0. At a predetermined time, 1 mL of the
nanoparticle suspension was withdrawn, followed by the addition
of the same volume of fresh PBS solution. The supernatant was
taken for UV-vis spectrophotometric analysis at 480 nm to deter-
mine the amount of released DOX.

2.5 Cell culture

HepG2 cells were cultured in low-glucose Dulbecco’s Modified
Eagle’s Medium supplemented with 10% bovine serum (FBS;
Gibco), 100 U mL™" of penicillin and 100 pg mL™" of strepto-
mycin in a 5% CO, incubator at 37 °C under 95% humidity.
The cell culture media was changed every 2 days. When reach-
ing confluence, the cells were detached with 0.25% trypsin in
1 mM tetrasodium EDTA, then centrifuged and resuspended
in complete medium for reseeding in new culture flasks.

2.6 Cytotoxicity assay

HepG2 cells were used to evaluate the cytotoxicity of MHAPNS,
PAA-MHAPNs, DOX@MHAPNs, DOX@PAA-MHAPNSs, and free
DOX by MTT assay. HepG2 cells were seeded on 24-well plates
with an initial seeding density of 2 x 10* cells per cm”.
The cells were then rinsed with PBS. Next, MHAPNs, PAA-
MHAPNs, DOX@MHAPN, free DOX and DOX@PAA-MHAPNs
were added to each well co-culture in 5% CO, at 37 °C for 24 h.
Free DOX was used as a positive control at the same dose as
the PAA-MHAPNSs loading. After culturing for 24 h, the cells
were rinsed with PBS solution and placed in fresh culture
medium. About 0.1 mL of MTT (5 mg mL™") was added to
each well, and incubated in the CO, incubator at 37 °C for
another 4 h. Then, the MTT containing medium was removed
and 0.5 mL of dimethyl sulfoxide (DMSO) was added to each
well to dissolve the formazan crystals that had formed. The
absorbance values of formazan were determined with a Bio-
Rad model-680 microplate reader at 490 nm. Six replicates
were done for each treatment group.

274 | Biomater. Sci., 2016, 4, 272-280

View Article Online

Biomaterials Science

2.7 Confocal laser scanning microscopy (CLSM) observation

Suspensions of 20 pg mL ™' of DOX@MHAPNs and DOX@PAA-
MHAPNSs in PBS were introduced into the culture medium
overnight to mimic the blood circulation process prior to cellu-
lar uptake. After incubation with the nanoparticles in the
medium for 12 h and 24 h, the cells were washed five times
with pH 7.4 PBS to remove the residual nanoparticles. Then
200 pg mL ™" trypan blue was added to quench the extracellular
fluorescence for 10 min. The cells were fixed with 2% glutar-
aldehyde at 4 °C for 20 min, then the fixed samples were
rinsed with excess PBS buffer and permeabilized with 0.2%
Triton X-100 at 4 °C for 10 min. The nuclei of the cells were
stained with 10 pug ml™" Hoechst 33258 at 4 °C for 10 min.
Finally, the stained samples were mounted in 90% glycerine.
The distribution of DOX in the HepG2 cells was observed with
confocal laser scanning microscopy (CLSM).

2.8 Characterization

A series of characterization techniques was used to analyze the
structural properties of each product. The morphology and
mesoporous aperture of the nanoparticles were observed by
transmission electron microscopy (TEM; Philips EM20). The
structure of the nanoparticles was analyzed by Fourier trans-
form infrared (FTIR; VECTOR22, BRUKER) spectroscopy
within a scanning range of 4000-400 cm™" using the KBr pellet
technique. "H-NMR analysis was performed with a 1-Bay 500
NMR instrument (500 MHz, Bruker, Germany) with D,O as the
solvent. Powder X-ray diffraction (XRD) was recorded with a
Bruker D4 X-ray diffractometer with Ni-filtered Cu Ka radiation
(40 KV, 40 mA). The size distribution of the nanoparticles was
measured by dynamic light scattering (DLS) using a Master-
sizer 3000. N, adsorption-desorption isotherms were
measured with an automatic surface area and porosity analyzer
(3H-2000PS2, Beishide) at 77 K. The Brunauer-Emmett-Teller
(BET) method was utilized to calculate the specific surface
areas using adsorption data in a relative pressure range from
0.05 to 0.95. The pore volumes and pore size distributions
were derived from the desorption branches of the isotherms
using the Barrett-Joyner-Halanda (BJH) method. The zeta
potential of the nanoparticles was measured using a zeta
potential analyzer (Nanotrac wave, Microtrac) at 25 °C with DI
H,0 as the solvent. Thermogravimetric analysis (TGA) curves
were record using a Perkin Elmer PYRIS 1 DSC at a heating
rate of 10 °C min~" in a nitrogen flow, from 0 to 800 °C. The
pH-responsive release of the drug was detected by a UV-vis
spectrophotometer (LS50B, PerkinElmer) at 480 nm. Confocal
laser scanning microscopy (CLSM, LSM 510Metanlo, Zeiss)
was used to detect the distribution of the DOX within the cells.

3 Results and discussion

The general procedure used to construct the pH-responsive
nanocarrier DOX@PAA-MHAPNs is shown in Fig. 1. The
MHAPNSs were synthesized using the templating method. PAA
was grafted onto the surface of the MHAPNSs by an amidation

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Schematic illustration of the preparation of DOX@PAA-MHAPNs and the intracellular pH-responsive drug delivery system.

reaction. DOX was loaded into the MHAPNs by both electro-
static interactions and the diffusion effect. The loading
content and the entrapment efficiency of DOX could be as
high as 3.3% and 76%, respectively, at a weight ratio of DOX
and PAA-MHAPNSs of 1:1. However, the loading content and
the entrapment efficiency of DOX in DOX@MHAPNs were only
0.26% and 43%, respectively.

3.1 Characterization of the DOX@PAA-MHAPNS system

Fig. 2A and B show the TEM images of the MHAPNs and PAA-
MHAPNS. It can be seen that the prepared MHAPNs were
uniform rod-like nanoparticles with a mean width of 40 nm
and length of 80 nm (Fig. S1A and 1BY). In the subsequently
magnified TEM image (Fig. 24, inset), a highly ordered meso-
porous network was clearly observed, which was characteristic
of the MHAPNS. In Fig. 2B, the rod-like nanoparticles also
suggested that the anchored PAA increased the width and
length of the MHAPNs (Fig. S1C and 1Dt}). From the highly
magnified image (Fig. 2B, inset), the blurry pore structure and
the border around the MHAPNSs indicated the existence of a
PAA shell around the particle with a thickness of about 3.8 nm
despite the low contrast of PAA in TEM imaging. In addition,
the diameter and size distribution of the MHAPNs and PAA-
MHAPNSs were measured by DLS. As depicted in Fig. 2C and D,
the diameter of the MHAPNs was about 100 nm with a poly-
dispersity index (PDI) of 0.351, which was larger than that
observed from TEM because of the reunion of some of the
MHAPNSs in deionized water. The diameter of PAA-MHAPNs
was about 128 nm and the PDI was about 0.266, indicating
that the PAA-MHAPNSs system showed a better dispersibility in
water, which should be one prerequisite for PAA-MHAPNs
serving as an excellent drug carrier.

The successful preparation and surface modification of the
MHAPNs were further confirmed by a 'H-NMR study. The
"H-NMR spectra of the MHAPNs, PAA and PAA-MHAPNSs are
shown in Fig. 3. Compared to the "H-NMR of the MHAPNS,
there were some new peaks located at 1.5, 2.2, and 3.6 ppm in
the PAA and PAA-MHAPNs, which were ascribed to CH,

This journal is © The Royal Society of Chemistry 2016

protons (a), CH protons (b), and carboxyl protons (c) of the
PAA segments, respectively. At the same time, due to
the hydroxyl of the MHAPNs being aminated, the "H-NMR of
the hydroxyl was weakened or even disappeared in the PAA-
MHAPNs system. Therefore, the 'H-NMR results showed
that PAA as a comb chain was successfully grafted onto the
MHAPNS.

Fig. 4A displays the FTIR spectra of the MHAPNS (a), NH,-
MHAPNSs (b) and PAA-MHAPNs (c). The absorption peak at
1030 cm ™" was ascribed to the stretching vibration of the phos-
phate (PO,*”) groups, and the absorption peaks at 563 and
608 cm ™" belonged to the bending vibration of the phosphate
(PO4*") groups of hydroxyapatite (Fig. 4A-a). The bands which
appeared at 1630 and 1556 cm™" were attributed to the N-H
stretching vibrations and bending vibrations of NH,-MHAPNs
(Fig. 4A-b), clearly showing that the amino groups have been
grafted onto the surface of the MHAPNs. Meanwhile in
Fig. 4A-c, the new adsorption peaks which appeared at 1713
and 1632 cm™" could be assigned to the C=O stretching
vibration and N-H bending vibration in the amide bonds,
respectively, which indicated the successful grafting of PAA
onto the MHANPs.

This was also further confirmed by zeta potential measure-
ments (Fig. 4B) in deionized water at each step. Due to the
existence of OH™ groups on the MHAPNSs, the zeta potential
value of the MHAPNs is negative (—25.53 mV). The potential
value of the MHAPNSs was increased to +15.56 mV when amino
groups were grafted onto their surface, since amine groups
can be protonated. After grafting with PAA, the zeta potential
of PAA-MHAPNs was decreased to —-30 mV, which
indicated the existence of a large number of carboxyl groups.
Then, when DOX was loaded into PAA-MHAPNS, the potential
value was increased to —6.8 mV due to the number of deproto-
nized carboxyl groups being reduced by electrostatic inter-
actions. There is no doubt that the variation of the surface
charge property in each step suggests the successful conju-
gation of the functional groups onto the surface of the
MHAPNS.

Biomater. Sci., 2016, 4, 272-280 | 275
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Fig. 2 TEM images of MHAPNSs (A) and PAA-MHAPNSs (B), and the size distribution of MHAPNs (C) and PAA—-MHAPNSs (D).
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Fig. 3 'H-NMR spectra of the MHAPNs, PAA and PAA-MHAPNS.
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The N, adsorption/desorption isotherms of the MHAPNS,
PAA-MHAPNSs, and DOX@PAA-MHAPNs are shown in Fig. 4C.
All the samples showed a typical Type IV isotherm cycle for
mesoporous materials under the BDDT (Branauer-Deming-
Deming-Teller) system with a typical H1 hysteresis loop

276 | Biomater. Sci., 2016, 4, 272-280

(in accordance with the IUPAC classification) and a well-
defined step at approximately P/P, = 0.80-0.98. The curve for
the MHAPNSs indicated the properties of typical mesoporous
materials with a specific surface area of 183.46 m> g™, and an
average pore diameter of 5.03 nm with a narrow pore distri-
bution. After grafting with PAA, the surface area and pore
volume decreased to 98.6 m”> g~' and 0.143 cm® g™, respect-
ively. This was due to the fact that some of the mesoporous
channels had been encapsulated by the PAA. When DOX was
loaded into the MHAPNS, the surface area and pore volume
were reduced further. The textural parameters of the corres-
ponding materials are summarized in Table 1. The results
demonstrated that DOX@PAA-MHAPNs had been successfully
prepared.

The grafted amount of PAA and loading content of DOX on
the MHAPNs was estimated by TGA. As shown in Fig. 5, the
weight loss was slow from 10 °C to 100 °C, which was due to
the desorption of weakly-bound water. In the region of
200-800 °C, PAA-MHAPNs and DOX@PAA-MHAPNs showed a
weight loss of 16.7 wt% and 20 wt%, respectively. This can be
attributed to the decomposition of PAA and the loss of DOX.
Thus, the graft ratio of PAA in the PAA-MHAPNSs nanoparticles
could be calculated to be approximately 6.2 wt% and the drug
loading amount could reach about 3.3 wt%. These results indi-
cate that the PAA-MHAPNSs system has a high drug loading
capacity, and could be applied as a drug carrier.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (A) FTIR spectra of (a) MHAPNs, (b) NH,-MHAPNs and (c) PAA-MHAPNSs; (B) zeta potential measured at each step in deionized water; (C)
nitrogen adsorption—desorption isotherms and (D) BJH pore size distributions for MHAPNs, PAA—-MHAPNs and DOX@PAA—-MHAPNs.

Table 1 Textural parameters of the MHAPNs, PAA-MHAPNs and PAA-
MHAPNs@DOX

Samples Sger (m* g™ Vp (em® g™ BJH (nm)
MHAPNs 183.46 0.262 5.03
PAA-MHAPNs 98.6 0.143 3.96
PAA-MHAPNs@DOX 48.3 0.054 2.21
= MHAPNs
1004 = PAA-MHAPNs

= DOX@PAA-MHAPNs

Weight (%)
S
1

80

) ) ) I ) ) )
100 200 300 400 500 600 700 800
Temperature (C)

Fig. 5 TGA curves of the MHAPNs, PAA-MHAPNs and DOX@PAA-
MHAPNSs.

3.2 Drug loading and pH-responsive release properties

The in vitro controlled drug release behavior of DOX@PAA-
MHAPNs and DOX@MHAPNs was studied in PBS buffered

This journal is © The Royal Society of Chemistry 2016

solutions at pH 7.4, 6.5, and 5.0, mimicking the physiological
pH in normal tissue and blood, the tumor extracellular
environment, and subcellular endosomes, respectively. The
molybdenum blue method confirmed the degradability of
MHAPNs and PAA-MHAPNSs at a low pH value of 5.0, so they
could be applied as intracellular delivery vehicles (Fig. S27). It
can be seen from Fig. 6A that the drug release rate of
DOX@PAA-MHAPNs was obviously pH dependent and
increased with the decrease of pH. As shown in Fig. 64, in
normal physiological medium (pH 7.4), about 15% of the DOX
was released from the DOX@PAA-MHAPNS system after 24 h.
However, the cumulative release amount of DOX could
increase up to 48% and 72% after 24 h when the pH value was
decreased to 6.5 and 5.0, respectively. The obviously improved
release amount of DOX could be attributed to the fact that
with the decrease of pH more of the PAA was protonized,
which would lead to the dissociation of electrostatic inter-
actions between PAA and DOX, such that more of the incorpor-
ated DOX was released. Fig. 6B demonstrates that the drug
release of DOX@MHAPNs was also slightly pH dependent.
This is due to the fact that the zeta-potential of the MHAPNS is
slightly pH dependent (Fig. 6D). However, compared to
DOX@PAA-MHAPNS, the drug release amount for DOX@
MHAPNs is much lower, at only 21%, 13.35% and 8.86% in
PBS buffer solutions of different pH after 24 h. This result
indicates that DOX@PAA-MHAPNs exhibited a more pro-
nounced pH-dependent drug release behavior than DOX@
MHAPNS. In order to further investigate the pH-triggered drug
release of the DOX@PAA-MHAPNS system, the pH value of the
incubation solution was adjusted to 5.0 when the system was
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Fig. 6 Cumulative release profiles of DOX from (A) DOX@PAA-MHAPNs and (B) DOX@MHAPNs at different pH values, (C) delayed release of DOX
from DOX@PAA-MHAPNs when the pH value is adjusted to 5.0 after incubation for 5 h, and (D) pH dependence of the zeta potential of the

MHAPNSs.

incubated with a medium of pH 7.4 after 5 h. As shown in
Fig. 6C, only 8% of DOX was released from the DOX@PAA-
MHAPNS system during the initial 5 h (pH 7.4), whereas the
cumulative amount of released DOX could reach 42% in the
next 5 h when the pH was adjusted to 5.0. The released DOX
could be clearly visualized from the change in the color of the
solution. The mechanism relies on the fact that the electro-
static interactions between the DOX and PAA-MHAPNs are
stable under physiological conditions (pH 7.4), leading to the
inhibition of drug release from DOX@PAA-MHAPNs. Upon

120
A B VAPNS
[ MHAPNs-PAA

Cell Viability (%)

0 1 10 20 40 80
Concentration (pg/mL)

exposure to an acidic environment, the electrostatic inter-
actions are destroyed, resulting in the drug being released.

3.3 Cytotoxicity assay

The in vitro cell cytotoxicity of the MHAPNs, PAA-MHAPNS,
DOX@MHAPNs, DOX@PAA-MHAPNS, and free DOX to HepG2
cells was investigated by MTT assay. Fig. 7A shows that the
MHAPNs and PAA-MHAPNs did not have obvious cytotoxic
effects on the HepG2 cells at 1-320 pg mL™" after incubation
for 24 h. This result demonstrated that the MHAPNs and PAA-

MHAPNs-PAA
MHAPNs@DOX

free DOX
[ MHAPNs-PAA@DOX

Cell Viability (%)

10
DOX Concentration (pg/mL)

Fig. 7 In vitro viability of HepG2 cells incubated with different concentrations of MHAPNs and PAA—-MHAPNs for 24 h (A) and different concen-
trations of PAA-MHAPNs, DOX@MHAPNs, free DOX and DOX@PAA-MHAPNSs for 24 h (B).
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MHAPNSs were nontoxic at low concentrations and only slightly
toxic at high concentrations. Therefore, PAA-MHAPNs should
be suitable to use as the drug carrier in a drug delivery system.
However, the growth of cells was inhibited after incubation
with DOX@MHAPNSs, free DOX and DOX@PAA-MHAPNSs at a
series of DOX concentrations. As shown in Fig. 7B, the killing
efficiency of DOX@MHAPNSs, free DOX and DOX@PAA-
MHAPNSs was increased significantly along with the increasing
amount of DOX. Among them, DOX@MHAPNs showed
remarkably higher cell viability than that of free DOX or
DOX@PAA-MHAPNSs. The reduced toxicity is mainly due to the
fact that the DOX@MHAPNS system has little DOX loaded into
it, leading to a less efficient cellular uptake of DOX compared
with that of the free DOX or DOX@PAA-MHAPNS. It can also
be seen that the cytotoxicity of DOX@PAA-MHAPNSs is almost
the same as the free DOX at most of the tested concentrations.
Meanwhile, in the acidic endosome environment, an enhance-
ment of the Kkilling efficiency was demonstrated in the
DOX@PAA-MHAPNSs system due to the higher release of DOX.
In general, the triggered drug release and the nature of the
vehicle itself resulted in an enhanced killing efficacy compared
with that of conventional chemotherapy using DOX only. Sum-
marizing the results, we confirmed that the PAA-MHAPNs
nanoparticles were capable of the controlled delivery of drug
molecules in response to cancer cells.

3.4 Cellular uptake assay

The different uptake efficiencies of the as-prepared DOX®@
MHAPNs and DOX@PAA-MHAPNs were investigated by con-
focal laser scanning microscopy (CLSM). Fig. 8 shows the

50 um 50 Lm

50 um 50 pm
Fig. 8 LCSM images of HepG2 cells incubated with DOX@MHAPNs

(A and B) and DOX@PAA-MHAPNs (C and D) at a concentration of 20 pg
mL~* for 12 h (A and C) and 24 h (B and D).
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confocal images of HepG2 cells incubated with the DOX@M-
HAPNs and DOX@PAA-MHAPNSs for 12 h and 24 h. The red
fluorescence from internalized DOX illustrated in the confocal
image clearly indicated that drug molecules were transported
into the HepG2 cells by the MHAPNs and PAA-MHAPNs car-
riers. It was found that prolonging the time from 12 h to 24 h
is beneficial to the internalization of both the unmodified
MHAPNs and PAA-MHAPNSs into the cells. However, the fluo-
rescence intensity of the HepG2 cells incubated with
DOX@PAA-MHAPNs, which was modified with PAA, was
markedly higher than that of the HepG2 cells incubated with
MHAPNSs. This result implied that DOX@PAA-MHAPNs with
high drug loading could be effectively internalized into HepG2
cells, with triggered drug release into the cells.

4 Conclusions

In summary, we have successfully designed and synthesized a
MHAPN-based therapeutic drug delivery system with great
potential for synergetic cancer therapy. PAA was utilized to act
as both a pH-responsive switch to modulate the release of the
loaded DOX in relation to pH, and as a binding site to
enhance the drug loading efficiency due to the strong electro-
static interactions between PAA and DOX. After cell uptake,
DOX release was triggered by the dissociation of the electro-
static interactions in acidic subcellular compartments. More-
over, we have successfully demonstrated that the DOX@PAA-
MHAPNSs system showed a remarkably enhanced efficiency for
killing cancer cells, and the low cytotoxicity, efficient intra-
cellular pH-stimulated drug release, and the nature of the
cancer cell anti-proliferative effect induced by the MHAPN
based vehicle afford a promising strategy for designing a con-
trolled response, low dosage drug delivery system for potential
in vivo cancer therapy.
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