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Development of redox/pH dual stimuli-responsive
MSP@P(MAA-Cy) drug delivery system for
programmed release of anticancer drugs in tumour
cells

Dian Li,* Yuting Zhang,* Sha Jin,* Jia Guo,* Haifeng Gao,” and Changchun
Wang**

Intelligent nanomaterials that are able to respond to environmental stimuli for sequential
release of multiple payloads are highly desirable in application of drug delivery system. In this
study, a core/shell-structured nanocarrier with an acid-dissolvable magnetic supraparticle
(MSP) as core and a redox-degradable poly(methylacrylic acid-co-N,N-bis(acryloyl)cystamine)
(P(MAA-Cy)) as shell was prepared using the distillation-precipitation polymerization
technique, in which the magnetic core and the polymer shell were loaded with different guest
molecules. Under a physiological condition similar to the cytoplasm of tumour cells, this
MSP@P(MAA-Cy) microsphere showed a sequential degradation profile of the shell and the
core. With dyes of fluorescein isothiocyanate (FITC) loaded in the core and rhodamine in the
shell, the produced MSP-FITC@P(MAA-Cy)-Rho microspheres were applied in HeLa cell and
HEK 293T cell cultures, showing selective degradation of the microspheres in HelLa cells to
release the rhodamine and FITC dyes in sequence. When two anticancer drugs, paclitaxel
(TXL) and doxorubicin (DOX), were loaded separately into the core and the shell domains of
the microspheres, the experimental results showed that the MSP-TXL@P(MAA-Cy)-DOX
nanodrug exhibited better inhibitive efficacy than the free drugs under the same dosing level,
demonstrating the great potential of this stimuli-sensitive drug delivery system for
programmed and stimuli-responsive drug release characteristics.

Recently, the concept of stimuli-responsiveness is introduced into
the drug delivery system, since a programmed responsiveness

In the current cancer chemotherapy research, how to accurately
deliver a drug to tumour tissue remains a big challenge.!?
Traditional clinical chemotherapeutic drugs typically have no
specific-tissue affinity and kill both tumour and healthy cells at little
difference, which limits their clinical applications due to the
systemic toxicity and undesired side effects.® For this end, targeting
delivery of chemotherapeutic drugs using magnetic nanocarriers that
can be conveniently manipulated by external magnetic field becomes
a subject of great interest. *7

Many magnetic nanomaterials have been developed with special
structures to accommodate the drug storage in the inner space. *° For
instance, hollow magnetic nanoparticles with porous shells have
been prepared using thermal-decomposition method, and the hollow
chambers could be used to load large amounts of anti-cancer drugs.°
Recently, solvothermal method represents a robust way to synthesize
magnetic supraparticles (MSPs) that have solid, ** hollow *** and
mesoporous structures ***5 with high colloidal stability for drug
delivery. Although these MSPs can carry drug in their inner space,
there is lack of controlled release of the drugs to targeted sites.

This journal is © The Royal Society of Chemistry 2014

provides the nanocarrier with the property of controlled release of
the loaded drugs towards different signals, which minimizes the
undesired drug leaking to normal cells and tissues. 8 To date, the
most intensive studied stimuli include redox,*% pH,??? enzyme,
2324 photo-irradiation 2° and temperature.?® Since there are obvious
differences on the pH and redox environments between the normal
and tumour cells in their cytoplasms,?? studies corresponding to
these two stimuli attract great attentions.®*° For instance, acid-
cleavable hydrozone bonds have been used to link polymer chains to
cisplatin, where the hydrozone bonds can be broken and release the
cisplatin at low pH.? In addition, Zhao et. al. reported a doxorubicin
(DOX)-loaded mesoporous silica that immobilized an amino-p-
cyclodextrin as the mesopore’s gate on the silica surface using a
disulfide bond. Cleavage of the amino-B-cyclodextrin in glutathione
(GSH) environment opened the pore and released the DOX from the
mesoporous  silica.?® Our group also reported a degradable
poly(methacrylic acid) (PMAA) nanogel carrier for drug delivery,
which could be degraded into PMAA oligomers and release the drug
in an acidic GSH-rich environment.® Till now, the integration of
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dual responsiveness to both pH and redox into one nanocarrier
represents a promising strategy for advanced drug delivery. 333

In addition to the consideration of stimuli-responsiveness,
strategies of loading the drugs into the nanocarriers often involve
covalent bonds,® electrostatic interactions ** and supramolecular
interactions.®® Recently, a new demand on multiple-drug loading
emerges in cancer chemotherapy, which is expected to greatly
enhance the therapeutic effect and overcome the drug-resistant in
cells by simultaneously applying several anti-cancer mechanisms
8738 For example, a triblock copolymer poly(ethylene glycol)-b-
polylysine-SS-polycaprolactone was used to form micelles and load
two drugs of DOX and camptothecin (CPT) simultaneously into the
core domain (here, SS representing a disulfide bond as the junction
point between the two blocks). The CPT and DOX could be
synchronously released in cells and effectively Kkill cells by
inhibiting the cells’ propagation in different mechanisms.*
Hydrophobic anticancer drug paclitaxel (TXL) could also be
incorporated onto the poly(acrylic acid) (PAA) block in a PEG-b-
PAA chain before forming micelles with DOX loaded in the core.
This dual-drug system showed good antitumor activity, even to the
drug-resistant cancer cells. *° However, to the best of our knowledge,
all the drugs in a multi-drug delivery system reported so far can
release under only one stimulus, while a system with a sequential
release of multiple drugs loaded in different domains responding to
various environmental stimuli has not been reported.

Herein, we present a new type of magnetic composite
microspheres MSP@P(MAA-Cy) (Cy denoted as N, N-
bis(acryloyl)cystamine)) drug delivery system that contained an
acid-dissolvable MSP core and a redox-degradable P(MAA-Cy)
shell. Anticancer drugs of TXL and DOX were loaded separately in
the core and the shell of the MSP@P(MAA-Cy) nanocarrier, and
showed a sequential release profile in an acidic GSH-rich
environment. Experimental results of mixing these nanodrugs with
HeLa cells showed that the MSP-TXL@P(MAA-Cy)-DOX
exhibited better inhibitive efficacy than the free drugs in the same
dosing level, indicating a new strategy in the anticancer
chemotherapy.

Experimental Section
Materials

Iron(I1l) chloride hexahydrate (FeCl;-6H,0), ammonium acetate
(NH,OAc), ethylene  glycol (EG), ethylene  diamine
(NH,(CH,),NH,), 4-dimethylaminopyridine (DMAP), methacrylic
acid (MAA), anhydrous ethanol, anhydrous acetontrile (AN),
anhydrous methanol, anhydrous acetone were purchased from
Shanghai Chemical Reagents Company and used as received.
Poly(y-glutamic acid) (PGA) was purchased from Dingshunyin
Biotechnology Company (China) and used as received. Cystamine
dihydrochloride was purchased from Acros Company. Hydrazine
(NH,;NH,-H,0) was purchased from Sinopharm Chemical Reagent
Corp and used as received. Rhodamine-B, acryloyl chloride,
fluorescein isothiocyanate ~ (FITC),  glutathione  (GSH),
Dicyclohexylcarbodiimide (DCC), N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride (EDC-HC]) and N-
Hydroxysuccinimide (NHS) were purchased from Aladdin
(Shanghai, China). 2,2-azobisisobutyronitrile (AIBN) was obtained
from Sinopharm Chemical Reagent Company and recrystallized
from ethanol. Doxorubicin (DOX-HCI), in the form of a
hydrochloride salt, and paclitaxel (TXL) were obtained from Beijing
Huafeng United Technology Company. Dulbecco's modified Eagle's
medium (DMEM), fetal bovine serum (FBS), penicillin G,
streptomycin, and trypsinase were obtained from GIBCO BRL
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(Grand Island, NY). Deionized water was used in all experiments.
All other chemicals were available commercially and used without
further purifications.

Preparation of magnetic supraparticle (MSP)

MSP was prepared using the solvothermal method. In a typical
reaction, 1.35 g (5 mmol) of FeCl3-6H,0 was dissolved in 70 mL of
ethylene glycol in a 250 mL flask. After adding 1.0 g of PGA and
3.85 g (0.05 mol) of NH,OAc, the mixture was stirred vigorously for
1 hour at 160 °C to form a homogeneous brownish solution and then
transferred into a Teflon-lined stainless-steel autoclave (100 mL
capacity) at 200 °C and for 16 hours. After cooled to room
temperature, the black MSPs were washed with ethanol under
ultrasonic condition and subsequently separated from the supernatant
using magnetic force for five times to remove the adsorbed
chemicals.

Preparation of MSP-TXL

TXL was incorporated into MSP by the reaction between the
hydroxyl group of TXL and the carboxylic acid group of PGA on
MSP. In a typical reaction, 200 mg MSPs dispersed in 100 mL DMF
was mixed with 200 mg DCC for activating 1 hr. 50 mg TXL and 20
mg DMAP as catalyst were then added to the mixture and stirred for
another 24 hours to produce solid product that was washed five
times with ethanol under ultrasonic conditions and lyophilized under
vacuum for 3 days.

Preparation of MSP-FITC

The MSPs with surface functionalized FITC was prepared in two
steps. First, 200 mg MSPs, 200 mg DCC and 192 mg NHS were
dispersed in 100 mL DMF. After added 200 pL ethylene diamine,
the mixture solution reacted for 24 hours. After the products were
rinsed by ethanol for five times, 100 mL FITC aqueous solution
(containing 50 mg FITC) was added for reaction of other 2 hours.
The final resultant was rinsed five times with ethanol under
ultrasonic conditions to effectively remove excess reagents and then
lyophilized under vacuum for 3 days.

Synthesis of MSP@P(MAA-Cy), MSP-TXL@P(MAA-Cy) and
MSP-FITC@P(MAA- Cy)

The P(MAA-Cy) shell was coated on the magnetic core using
distillation-precipitation copolymerization of MAA with cross-linker
Cy in anhydrous acetonitrile. % In a typical synthesis of
MSP@P(MAA-Cy), 50 mg of MSPs dispersed in 40 mL acetonitrile
was added into a dried 100 mL single-necked flask under
ultrasonication for 10 min. A mixture of 200 mg of monomers
(weight ratio of MAA to Cy varied from 200:0, 180:20, 160:40,
140:60 to 120:80) and 5.0 mg AIBN was then added to the flask
before the flask was immersed in an oil bath and connected with a
Liebig condenser and a receiver. The reaction mixture was heated
from ambient temperature to the boiling state within 30 min before
distilling out about 20 mL of acetonitrile from the reaction mixture
in an hour to stop the reaction. The product was separated using
magnet and rinsed with ethanol to remove excess amount of
reactants and pure polymer microspheres. The MSP-TXL@P(MAA-
Cy) and MSP-FITC@P(MAA-Cy) were prepared using similar
methods and all the final products were obtained after lyophilizing
under vacuum for 3 days.

This journal is © The Royal Society of Chemistry 2014
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Preparation of MSP@P(MAA-Cy)-Rho

Rho-NH, was first synthesized by rhodamine-B reacting with
hydrazine using a literature method. ** 10 mg of Rho-NH, was added
into a mixture containing 20 mg of MSP@P(MAA-Cy), 10 mg of
EDC and 9.2 mg of NHS in deionized water after 1-hour activation.
The reaction was left for an additional 24 hours before the product
was collected using magnet and rinsed with ethanol until the
supernatant became clear without the colour of rhodamine.

Synthesis of MSP-FITC@P(MAA-Cy)-Rho
TXL@P(MAA-Cy)-DOX

and MSP-

Both MSP-FITC@P(MAA-Cy)-Rho and MSP-TXL@P(MAA-Cy)-
DOX were prepared in similar procedures based on the electrostatic
interaction between the carboxylic acid groups in the shell with the
amine groups from Rho-NH, or DOX. In a typical procedure, 20 mg
of MSP-TXL@P(MAA-Cy) and 8 mg of DOX were dispersed in 20
mL of pH=7.4 phosphate buffer solution and stirred for 24 hours at
room temperature. The MSP-TXL@P(MAA-Cy)-DOX
microspheres were then separated using magnet and washed for
three times with pH=7.4 PBS buffer to remove the adsorbed DOX
on the surface before lyophilized under vacuum for 3 days.

Redox and acid triggered disassembly of MSP@P(MAA-Cy)

In a typical procedure, 10 mg of MSP@P(MAA-Cy) was dispersed
in 50 mL of NaCit/H;Cit buffer (0.1 M, pH=7.4 or pH=5.0) solution
containing GSH (10 mM or not). The solution was placed in a
shaking bed at 37 °C with a rotation speed of 200 rpm. At timed
intervals, 3 mL of solution was taken out and the particles were
collected and re-dispersed in Deionized water for measurements of
the dispersion’s transmissivity using UV-vis spectroscopy and the Fe
element concentration in the supernatant using the Inductively
Coupled Plasma (ICP).

Cell uptake of the core/shell microspheres MSP@P(MAA-Cy)

In the measurement of the shell degradation: HelLa cells and HEK
293T cells were separately incubated with 0.01 mg/mL
MSP@P(MAA-Cy)-Rho in a twenty four-well cell culture chamber.
At predetermined intervals (3, 6 and 24 hours), the cells were
washed with DMEM and PBS three times prior to fluorescence
measurement of Rhodamine with excitation at 520 nm. In the
measurement of the MSP core degradation: a Fe**-selective
fluorescence probe (FP-1) ** was used to monitor the change of the
Fe* concentrations in the cells. The HeLa cells and HEK 293T cells
were separately incubated in @-15mm thin bottom culture chambers
with 0.002 mg/mL MSP@P(MAA-Cy). At timed intervals, the cells
were washed with DMEM and PBS three times before stained with
0.01 mM FP-1 for 30 min and 0.001 mg/mL DAPI for 20 min. After
washing off all the free FP-1 and the DAPI using DMEM and PBS,
the cells were observed under confocal laser scanning microscope
(CLSM) 405 nm and 542 nm, respectively.

In vitro cell assay of MSP-FITC@P(MAA-Cy)-Rho

HeLa cells and HEK 293T cells were separately incubated in ¢-
15mm thin bottom culture chambers with 0.01 mg/mL MSP-
FITC@P(MAA-Cy)-Rho. After 48-hour incubation, the cells were
washed with DMEM and PBS three times followed by 0.001 mg/mL
DAPI stained for 20 min. After the DAPI was removed by PBS

This journal is © The Royal Society of Chemistry 2014

Journal of Materials Chemistry B

washing, the samples were observed by CLSM with excitation
wavelengths of 405 nm, 488 nm and 542 nm.

In vitro cell assay of anti-cancer drugs

In vitro cytotoxicity of MSP@P(MAA-Cy)-DOX, MSP-
TXL@P(MAA-Cy), MSP-TXL@P(MAA-Cy)-DOX and free DOX
were determined separately on HEK 293T cells and HeLa cells using
the CCK8 method. * Specifically, 100 pL of cells were seeded in a
96-well flat culture plate at a density of 1*10* cells per well and
subsequently incubated for 24 hours to allow attachment. Samples
with different concentrations (0.01, 0.1, 1.0, 10 pg/mL) of DMEM
were then added to each group (three wells) for additional 24-hour
incubation. After removing previous nutrient solution, the cells were
incubated in 110 uL. of DMEM containing 10 puL of CCK-8 solution
for 1 h. The absorbance of the suspension was measured at 450 nm
on an ELISA reader and the cell viability was calculated by means of
the following formula:

OD450 (sample ) — ODas (blank )

Cell viability = * 100%

D450 (control ) — ODaso (blank )
Characterization

High-resolution transmission electron microscopy (HRTEM) images
were taken on a JEM-2010 (JEOL, Japan) transmission electron
microscope at an accelerating voltage of 200 kV. Samples dispersed
at an appropriate concentration were cast onto a carbon-coated
copper grid. The magnetic properties of the microspheres were
carried out on a Model 6000 physical property measurement system
(Quantum Design, USA) at 300 K. Powder X-ray diffraction (XRD)
patterns were obtained using a X’Pert Pro (Panalytical, Netherlands)
diffraction meter with Cu Ka radiation at 0¢=0.154 nm operating at
40 kV and 40 mA. Fourier transform infrared (FT-IR) spectra of
different samples were collected on a Magna-550 (Nicolet, USA)
spectrometer using KBr pellets. Thermogravimetric analysis (TGA)
data was obtained on a Pyris-1 (Perkin Elmer, USA) thermal
analysis system under a flowing nitrogen atmosphere and at a
heating rate of 20 °C/min from 100 to 800 °C. Zeta potentials and
DLS hydrodynamic sizes were collected on the ZEN 3600 (Malvern,
UK) Nano ZS instrument, where the laser wavelength was 633 nm.
Ultraviolet-visible (UV-vis) absorption spectra were measured using
a UV-3150 (Shimadzu, Japan) ultraviolet-visible spectrophotometer.
The confocal laser scanning microscope (CLSM) images were
achieved by a P-4010 (Hitachi, Japan) spectrometer. The
fluorescence emission spectra were recorded with a RF-5301 PC
spectrometer (Shimadz, Japan).

Results and discussion

Preparation and characterization of
composite microsphere

MSP@P(MAA-Cy)

Uniform core/shell-structured MSP@P(MAA-Cy) microspheres
were prepared using the distillation-precipitation polymerization
method. Transmission electron microscopy (TEM) image (Fig. 1a)
revealed that the MSP cores had a rough surface with a size of
approximately 120 nm. After the generation of PMAA shell cross-
linked by 30 wt % of Cy, the produced core/shell microspheres had a
size of approximately 280 nm with a smooth surface (Fig. 1b, 1c).
Additional characterization using STEM confirmed that the Cy as
the cross-linking agent uniformly distributed in the PMAA shell
network, since the energy dispersive X-ray (EDX) elemental
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mapping results showed that the S element distributed in the whole
particle while Fe element concentrated in the core (Fig. 1d-1g). The
MSP@P(MAA-Cy) microspheres showed retained
superparamagnetism of the MSP core after the formation of the shell,
although the saturation magnetization value decreased from 69.4 to
14.8 emu/g (Fig. 1h). Meanwhile, powder XRD results confirmed
that the polymer shell didn’t destroy the crystallinity of the MSP
core (Fig. 1i). Compared to a previous report on fabrication of
magnetic polymer composite microspheres, 2 our synthesis
procedure didn’t need modification of the magnetic core using silane
coupling agents, such as y-methacryloxypropyltrimethoxy (MPS),
which can introduce an additional layer to complicate the particle
degradation. Our successful encapsulation of MSP core by polymer
shell was due to the direct interaction between the carboxylic acid
group in MAA and the Fe ions in MSP.

e

3 ,TJ
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Fig. 1 (@ The TEM image of MSP; (b) TEM and (c) SEM images of
MSP@P(MAA-Cy); The STEM images of EDX elemental mapping results: (d)
the whole particles of MSP@P(MAA-Cy), (e) the Fe element distribution, (f) the S
element distribution and (g) the merge image; (h) The VSM and (i) the XRD
curves of MSP and MSP@P(MAA-Cy), respectively.

To investigate the effect of cross-linker Cy amounts on the
formation of the polymer shell, DLS was applied to measure the size
of the MSP@P(MAA-Cy) microspheres (Table 1). With the total
amount of MAA and Cy at constant, increasing the fraction of Cy in
the feed from 10 to 40 wt % increased the hydrodynamic diameter of
the MSP@P(MAA-Cy) from 361 nm to 800 nm, which is in
agreement to a literature report on the synthesis of P(MAA-Cy)
nanogels. ** Within our investigation, an optimized formulation of
30 wt% of Cy was used during the shell formation to produce the
MSP@P(MAA-Cy) microspheres with the lowest polydispersity
index (PDI) for further drug loading and release studies.

TABLE 1 The characterization data of MSP@P(MAA-Cy) with
different cross-linker amounts.

Feeding fraction

Sample of Cy (wt%) Size (hm) PDI

MSP / 153 0.137
MSP@P(MAA-Cy)-10 10 361 0.392
MSP@P(MAA-Cy)-20 20 585 0.154
MSP@P(MAA-Cy)-30 30 704 0.007
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MSP@P(MAA-Cy)-40 40 808 0.028

Redox/pH-triggered degradation of MSP@P(MAA-Cy)

The shell and the core of the MSP@P(MAA-Cy) microspheres are
sensitive to degradation when exposed to GSH-rich environment and
acidic medium, respectively. According to the different intracellular
environments between the tumor cells and normal cells, "% we
chose two pH conditions (pH = 5.0 and 7.4) and two GSH
concentrations (0 mM and 20 mM) to investigate the degradation of
the MSP@P(MAA-Cy) microspheres by monitoring the turbidity of
the particle dispersions (Fig. 2a). Without GSH, the disulfide bond in
MSP@P(MAA-Cy) was intact and the relative transmissivity of the
dispersion showed no change with time (Fig. 2a). In contrast, the
relative transmissivity of the particle dispersion after addition of 20
mM GSH increased gradually and leveled off at 12 hours, indicating
a complete degradation of the disulfide bonds. After 15-hour
incubation, the relative transmissivity of sample continually
increased in pH=5.0 but remained in pH=7.4, which was ascribed to
the dissolution of the MSP core in acidic medium. Meanwhile,
inductively coupled plasma (ICP) measurements detected an
increased concentration of Fe ions in the supernatants after 15-hour
incubation in a pH=5.0 buffer and confirmed the degradation of the
MSP under acidic condition (Fig. 2b). In contrast, no Fe ion was
detected in the supernatant of the pH=7.4 dispersion. In parallel
studies, directly dispersing the core/shell MSP@P(MAA-Cy)
particles in pH=5.0 buffer couldn’t dissolve the MSP core and
generated little detected Fe ions, probably due the blocking of the
diffusion of H* through the cross-linked shell to the core. Thus, the
degradation of the P(MAA-Cy) shell and the MSP core should be in
order that the degradation of the shell exposed the MSP core to
environment for further dissolution under acidic environment.

®) -

= pH=T4

| ® PHS0
PH=T.4+ 20 MM GSH

v pH=5.0+ 20 mM GSH v

20F PH=7.4+ 20 MM GSH
—v—pH=5.0+ 20 MM GSH

v

Transmissivity of Solution (%)

.
The concentration of Fe (ug/mL)

0 10 20 a0 40 s 6 70 & 1
Incubation time (h)

10 100
Incubation time (h)

Fig. 2 (a) Transmissivity and (b) Fe element concentration in the supernatant of
MSP@P(MAA-Cy) dispersion (0.2 mg/mL) in four types of buffer with different
incubation time.

Two types of cells, HeLa cells (GSH-rich and acidic cytoplasm)
and HEK 293T cells (GSH-lack and neutral cytoplasm), 2% were
employed to investigate the cell uptake of the MSP@P(MAA-Cy)
microspheres and their degradation in cytoplasm. To track the
polymer shell of particles in cells during degradation, rhodamine
probe was covalently bound to the polymer shell based on amide
reaction between the carboxylic acid group in PMAA and the amine
group in rhodamine. In the first 3 hours, the rhodamine fluorescence
in both cells could be detected and was limited in discrete spots
instead of staining the whole cytoplasm, indicating no polymer
degradation and release of rhodamine (Fig. 3a-3d). After 6 hours, the
rhodamine fluorescence in HeLa cells started spreading to the whole
cell and completely covered the cytoplasm at 24 hours (Fig. 3g-3I).
In contrast, the rhodamine fluorescence in the HEK 293T cells
remained on the particles instead of staining the whole cell upon to
24 hours (Fig. 3e-3j), demonstrating that the higher concentration of
GSH in HeLa cells resulted in faster disassembly of P(MAA-Cy)
shells in HeLa cells.

This journal is © The Royal Society of Chemistry 2014
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HEK 293T

HelLa

3h

""u"" N M

Fig. 3 The bright field and fluorescence microscope images of rhodamine grafted
MSP@P(MAA-Cy) incubated with HEK 293T cells in (a, b) 3 hours, (e, f) 6 hours
and (1, j) 24 hours and with HeLa cells in (c, d) 3 hours, (g, h) 6 hours and (k, 1) 24
hours. The excitation wavelength for the fluorescence is 520 nm. All the scale bars
are 40 pm.

To explore the degradation behavior of the MSP core in the cells,

a Fe**-sensitive fluorescence probe (FP-1) was applied ** to monitor
the variation of Fe®" concentrations in the cytoplasm (Fig. 4). Red
fluorescence was detected in HelLa cells after 24-hour incubation and
became stronger at 48 hours. In contrast, no red fluorescence was
detected in the cytoplasm of HEK 293T cells after incubation with
MSP@P(MAA-Cy) for 48 hours, demonstrating the selective
dissolution of MSP only in HeLa cell cytoplasm. These results,
combining with the previous degradation studies of the polymer
shells in these two cells, suggested that HeLa cells have a cytoplasm
with higher GSH concentration and lower pH value than that of
HEK 293T cells, which can rapidly and sequentially degrade the
MSP@P(MAA-Cy) microspheres with a GSH-sensitive shell and an
acid-sensitive core.
D1 DAPI Fe''

-selective probe Merge

HeLa
24 hrs

Hel.a
48 hrs

48 hrs

Fig. 4 The confocal laser scanning microscope (CLSM) images of the HeLa cells
and HEK 293T cells incubated with FP-1-loaded MSP@P(MAA-Cy) in 24 hours
or 48 hours. The DAPI can stain cell nucleus to blue and Fe**-selective probe can
combine with Fe>* in cells to show red fluorescence. All the bars are 10 pm.

Tailoring the controlled release of drugs from MSP@P(MAA-Cy)

Both the core and the shell in a MSP@P(MAA-Cy) can be used to
store guest molecules, and its low cytotoxicity have been evidenced
by our previous report,®* which is fit for guest molecules delivery in
biomedicine. In addition, the protection of the polymer shell around
the MSP core can provide an additional tool to tune the dissolution
of the core and the release of the encapsulated molecules. In this

study, FITC was used as a model guest molecule to be covalently

This journal is © The Royal Society of Chemistry 2014
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grafted into the mesoporous MSP core (MSP-FITC) before the
deposition of the cross-linked polymer shell with loaded rhodamine
dye, producing a fluorescent dye-labeled multifunctional
microsphere (MSP-FITC@P(MAA-Cy)-Rho). The MSP-
FITC@P(MAA-Cy)-Rho was incubated with HeLa cells and HEK
293T cells respectively, and the release behaviors of these two dyes
were monitored using the CLSM (Fig. 5). Since the rhodamine
interacts with PMAA shell by electrostatic interaction, it was easily
released into the cytoplasm of both cells and stained the entire
cytoplasm to red after 48 hours. In contrast, FITC was only released
in HeLa cells, not in HEK 293T cells, since the high concentration of
GSH in HeLa cells degraded the Cy cross-linked polymer shell and
exposed the MSP core to the more acidic cytoplasm for degradation
and release of FITC. Based on these results, the MSP@P(MAA-Cy)
microspheres can be used to encapsulate different guest molecules in
different position (shell and core) respectively and can selectively
release core-loaded molecules in different cells.

TDI

FITC Rhodamine

Fig. 5 The confocal laser scanning microscope (CLSM) images of HeLa cells and
HEK 293T cells incubated with MSP-FITC@P(MAA-Cy)-Rho for 48 hours. All
the bars are 5 um.

Merge

HeLa

HEK 293T §

In this section, anti-cancer drug DOX was loaded in the polymer
shell based on electrostatic interaction with a loading amount of 31.8
wt % measured by UV-vis spectroscopy.® Considering the dual
sensitivity of the microspheres to GSH and pH, four conditions were
selected to investigate the release of DOX from MSP@P(MAA-Cy)-
DOX microspheres (Fig. 6). At high GSH concentration (10 mM)
and low pH=5.0, DOX can quickly release from the GSH-sensitive
polymer shell due to the cleavage of disulfide bond and the
protonation of the carboxylic acid groups to break up the
electrostatic interaction. *

120 T T T T
—a— pH=7.4and 0 mM GSH

—e— pH=5.0 and 0 mM GSH

—4—pH=7.4 and 10 MM GSH I
—v— pH=5.0 and 10 mM GTSH

=

o

s}
T

Cumulative release (%)
5 ] 3

N
o

0 10 20 30 40 50
Incubated time (h)

Fig. 6 Drug release profile of DOX from the MSP@P(MAA-Cy)-DOX with
different pH values at 37 <C in different buffer.

In another synthesis, an anti-cancer drug TXL was loaded into the

porous MSP core (MSP-TXL) before coating with a polymer shell to
form a MSP-TXL@P(MAA-Cy) core/shell microsphere with an
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overall TXL loading rate around 4.1 wt %. To investigate the tumor
inhibitory effect, both MSP-TXL and MSP-TXL@P(MAA-Cy) were
incubated with the HeLa cells and the HEK 293T cells before the
measurement of the in vitro cytotoxicity using the CCK-8 method
(Fig. 7). Since the MSP could be dissolved in the cytoplasm of HeLa
cells, the MSP-TXL exhibited significant cytotoxicity after 48 hours,
confirming the release of TXL to the cytoplasm of HeLa cells (Fig.
7a). In contrast, the MSP-TXL showed little cytotoxicity to the HEK
293T cells even at high concentrations (Fig. 7b). When MSP-
TXL@P(MAA-Cy) particles were incubated with the cells,
significant toxicity was detected in HeLa cells after 72 hours (Fig.
7¢), longer than 48 hours because the degradation of the polymer
shell took time before the exposure of the MSP cores for dissolution.
Again, no cytotoxicity was determined in HEK 293T cells at all
concentrations and any incubation time, (Fig. 6d), indicating little
decomposition of the MSP-TXL@P(MAA-Cy) microsphere in HEK
293T cells. The controlled release property of TXL from the MSP-
TXL@P(MAA-Cy) is highly important not only to retain a good
inhibitive effect for cancer cells but also protect normal cells from
side-effect of TXL.
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Fig. 7 The cell survival of (a) HeLa cells and (b) HEK 293T cells at different
concentrations of the MSP-TXL, (c) HeLa cells and (d) HEK 293T cells at
different concentrations of the MSP-TXL@P(MAA-Cy) after incubation for 24
hours, 48 hours, 72 hours and 96 hours, respectively.

In a further step when loading both drugs in the MSP core and the
P(MAA-Cy) shell, respectively, the produced MSP-TXL@P(MAA-
Cy)-DOX was evaluated on its toxicity using HelLa cells. As
comparison, free DOX, free drug mixture of DOX and TXL (DOX:
TXL=10:1), and the MSP@P(MAA-Cy)-DOX (without TXL loaded
in core) were applied as controls. Both MSP@P(MAA-Cy)-DOX
and MSP-TXL@P(MAA-Cy)-DOX showed higher cytotoxicity than
free DOX and free DOX+TXL within 24 hours, which could be
attributed to the quick cell uptake of the microspheres (Fig. 8a).
Meanwhile, the MSP-TXL@P(MAA-Cy)-DOX showed higher
cytotoxicity to HeLa cells than the MSP@P(MAA-Cy)-DOX after
48-hour incubation (Fig. 8b) because of the release of two drugs
from the MSP-TXL@P(MAA-Cy)-DOX. In this case, the TXL in
MSP-TXL@P(MAA-Cy)-DOX could be released, following with
the complete degradation of shell to release the DOX. While the
DOX entered nucleus and intercalated the DNA of HelLa cells, “? the
TXL gradually released to interact with other organelles such as
microtubule, assisting DOX to damage the cancer cells.** This
synergistic effect reinforced the inhibiting ability, which
demonstrated its great potential for cancer therapy.
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Fig. 8 The cell survival of HeLa cells at different concentrations of
free DOX, free drug mixture of DOX and TXL (DOX+TXL),
MSP@P(MAA-Cy)-DOX, and MSP-TXL@P(MAA-Cy)-DOX after
incubation with HelLa cells for (a) 24 hours and (b) 48 hours,
respectively.

Conclusions

In summary, we designed a novel biodegradable core/shell-
structured MSP@P(MAA-Cy) microsphere that contained an
acid-dissolvable MSP core and a redox-degradable polymer
shell. The shell and the core could be sequentially and
completely degraded under both simulated physiological
conditions (10 mM GSH and pH=5) and HelLa cellular
environment. Two anticancer drugs, TXL and DOX, were
successfully loaded into the core and the shell of the composite
microspheres with high loading rates to produce a novel multi-
functional drug delivery system (MSP-TXL@P(MAA-Cy)-
DOX) that carried the two drugs in different domains.
Experimental results proved that the drugs could be
sequentially released responding to different stimuli, and the
dual-drug carrier exhibited much better inhibition effect for
HeLa cells’ propagation than free DOX, free dual-drugs
(DOX+TXL) and single-drug loaded composite microspheres.
Through the assistance of external magnetization, these
MSP@P(MAA-Cy) microspheres should have great potential to
be used in targeting drug delivery system to achieve
programmed drug release characteristics.
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