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3
%4 Abstract
5
%6 Tumor microenvironment are distinct from normal tissue cells in characteristic
7
58 physiochemical conditions, based on which we could design tumor-specific therapy
39 . . . . . o
40 modality. Herein, we introduce a concept of multimodal therapies, which integrates the
j; characteristics of each therapy modality, for efficient tumor therapy: tumor starvation
ji triggered synergism with enhanced chemodynamic therapy and activated chemotherapy.
jg Fe;04 nanoparticles (Fenton reaction catalyst) and a hypoxic prodrug of tirapazamine
j; (TPZ) were loaded in mesoporous silica nanoparticles (MSN) and GOX was grafted
gg onto its surface, which was designed and fabricated for the sequential multimodal
g; therapies. Logically, Glucose oxidase (GOX) deprives tumor cells of nutrients (glucose
gi and oxygen) for starvation therapy and tumorous abnormality amplifications (elevated
gg acidity, exacerbated hypoxia and increased H,0,) was amplified by the GOX-driven
57 oxidation reaction simultaneously. Specifically, elevated acidity could accelerate the
58
59 release of iron ion and enhanced Fenton reaction efficiency. Associated with the
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increased H,0,, elevated ROS level was detected that enhanced chemodynami®thegagsy/conios469C

Exacerbated hypoxia activated the hypoxic prodrug (TPZ) for tumor-specific
chemotherapy programmatically. Particularly, integrated starvation therapy, enhanced
chemodynamic therapy and activated chemotherapy, the sequential multimodal
therapies was specifically designed for the tumor microenvironment and achieved
effective abnormality amplifications and high therapeutic efficacy.

Key words: multimodal therapies, Glucose oxidase, chemodynamic therapy, Fenton

reaction, starvation therapy

Introduction

Cancer remains the most fatal diseases in the world and conventional therapeutic
modalities including toxic chemotherapeutics, invasive surgical treatment and external
high-energy irradiations merely achieve limited results with severe adverse effects
inevitably'=3. Monotherapy is difficult to achieve the desired therapeutic effect due to
multiple pathways in tumor pathogenesis. Therefore, Multimodal therapies integrateing
the characteristics of each therapy modality has been proposed currently for efficient
tumor therapy, which promotes the synergy of various monotherapy*°. Particularly,
tumor microenvironment is different from normal tissue in pH value, redox elevation,
hypoxia, enzyme overexpression’. Nevertheless, these abnormalities are inadequate for
cancer cell with tumor-specific therapy effectively. Therefore, therapy modality
designed for expanding and responding specifically to tumor heterogeneity would

reduce tumor resistance while reducing toxic side effects on normal tissues. Reactive

oxygen species (ROS) including superoxide anion radicals (O,™), singlet oxygen (10;)

and hydroxyl radicals (*OH) are essential in normal metabolic activity for normal cells

at low levels®'l. While high level ROS could destroy cells by oxidizing intracellular
glutathione, DNA, protein and lipid'>"'4. Chemodynamic therapy (CDT) was known

for its unique way of generating ROS independent of local oxygen in recent years.
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4 Produced by endogenous H,O, through a metal ion-mediated Fenton reaction'>, 0]
5

? have received the most extensive attention for its powerful oxidizing capacity, resulting

g in fatally damage to tumor cells'®. Although chemodynamic therapy exhibits

1(1) advantages over traditional therapy models such as nonspecific side effects of extensive

12 chemotherapy and low efficiency (oxygen dependence and restricted light penetration)

13

14 of photodynamic therapy!’. Regrettably, CDT depends on high efficiency catalyst and

15

16 highly concentrated H,O, in vivo.

17

18

19
20 Nowadays, various transition metal ions like Cu(II) and Mn(II) have been applied as
21
%2 catalyst to initiate a Fenton-like reaction for CDT'®, while the most widely used is still

N3

Fe(II), commonly coming from Ferromagnetic nanoparticles (Fe;04 NPs)!%20. Shi et al.
introduced Fe;O4 nanoparticles into large pore-sized and biodegradable dendritic silica
nanoparticles to catalyze intracellular H,O, for high level of ROS!. H,O, concentration
is intrinsically higher than normal physiological environment at tumor tissue, yet still
insufficient for highly efficient and specific CDT?!-?2, In order to obtain adequate H,O,,
strategies like introducing exogenous H,0O, or stimulating the production of

endogenous H,O, were put forward in response to the issue of insufficient endogenous

36
g; H,0,. Glucose oxidase (GOX, natural enzyme catalyst) has been introduced to tumor
?g therapy by triggering starvation therapy through consuming oxygen and -D-glucose
2; to generate gluconic acid and H,0,%23. Simultaneously, due to the distinct metabolic
ji process, tumor cells demand more glucose for glycolysis to support its endless
22 proliferate, which would provide abundant H,O, and acidity?, resulting in exacerbated
j; hypoxia at the same time?*. Most importantly, tumorous abnormality and heterogeneity
gg amplifications create opportunities for sensitized chemotherapy especially for a
g; hypoxic-responsive tirapazamine (TPZ)?*, which would be fatal to anoxic tumor cells,
gi but safe for oxygen-sufficient normal cells?6. Chemotherapy usually could not achieve
55 desired therapeutic effect due to multidrug resistance (MDR) effect of cancer?’. And
g? nonspecific and inaccurate injure to normal cells, poor solubility and rapid blood
gg clearance also restrict its further development in clinical research?3-39,
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Aiming at above challenges, ‘intelligent’ drug delivery systems (DDSs) have been
designed for delivering biocompatible anticancer drugs carrier to tumor sites3!-32,
among which mesoporous silica nanoparticles (MSNs) have got far-reaching attention
and applications owing to its outstanding properties including well biocompatibility”,
highly drug loading capacity, tunable particle size, well-defined mesoporous and
especially, easily functionalized surface’*3>. However, the multiple pathways and
heterogeneity involved in the pathogenesis of the tumor restrict the therapeutic effect
of monotherapy®¢. In this paper, multimodal therapies (tumor starvation therapy
triggered synergism with chemodynamic therapy and sensitized chemotherapy) was
reported for the efficient oncotherapy and summary synthesis of TPZ/Fe;04@MSN-
GOX was shown in Scheme 1. Hypoxic-responsive Tirapazamine (TPZ) and high
efficiency catalyst Fe;O4 were enveloped in biocompatible MSN with GOX grafted on
its surface. Logically, GOX deprived tumor cells of nutrition (oxygen and glucose) for
starvation therapy and induced tumorous heterogeneity amplifications* (increased H,O,
decreased acidity and anabatic hypoxia), which activated the sensitized chemotherapy
under hypoxia and triggered chemodynamic therapy with the participation of Fe;0,4 and
GOX-metabolite (H,O, and H") simultaneously. Meanwhile, external GOX also served
as a guard to protect the premature release of TPZ. Fe;0,4 nanoparticles was translated

into Fe>*/Fe3* in acid environment, which catalyzed abundant intracellular H,O, into

highly toxic hydroxyl radical (*OH) for highly efficient CDT. Synergetic multimodal

therapies achieved satisfactory antitumor effect in vitro.


https://doi.org/10.1039/c9nj05469c

Page 5 of 32

oNOYTULT D WN =

New Journal of Chemistry

View Article Online

DOI: 10.1039/C9NJ05469C

Fe;0a

(}‘ Sr?” ‘@lion.

?;, T
.

-

I

]
-

Che "Modyp, ”?.{c " 150}
?ht{?})‘j J

Scheme 1. Schematic illustration of the synthesis of TPZ/Fe;O4@MSN-GOX and GOX
triggerred hunger treatment, sensitized chemotherapy and chemodynamic therapy for

efficient multimodal tumor treatment.

2. Materials and methods

2.1. Materials

Tetraethylorthosilicate (TEOS), ammonia solution (25-28%), sodium carbonate
(Na,CO3), diethyl ether, Cetyltrimethylammonium bromide (CTAB), dimethyl
sulfoxide (DMSO), hydrochloric acid (HCl) and ethanol were purchased from
Sinopharm chemical reagent Co., Ltd (Shanghai, China). TPZ was provided by
Dalian Meilun Biotech Co., Glucose oxidase (GOX) were purchased from GIBCO
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Invitrogen Corp. (Carlsbad, USA).  3-aminopropyltriethoxysilane (APTESY): 2,103¢/Conj05469C

dithiodipyridine, and tirapazamine were purchased from Aladdin Reagent Co., Ltd
(Shanghai, China). Molecular probe 2-(4-amidinophenyl)-6-indolecarbamidine
dihydrochloride (DAPI) was obtained from Beyotime Biotechnology (China), annexin
V-FITC/PI apoptosis was purchased from 4A Biotech Co., Ltd. (Beijing, China). Fetal
bovine serum (FBS), Dulbecco’s modified Eagle’s medium (DMEM), All other

reagents were of analytical grade and used as received.

2.2. Preparation of TPZ/Fe;04@MSN-GOX

2.2.1 Synthesis of the Fe;04

Magnetic core was prepared via the thermal decomposition of iron oleate according to
the literature with some modifications. Briefly, Dissolving Iron(IIl) chloride

hexahydrate (FeCl;*6H,0, 5.4 g) and 17 mL oleic acid in 100 mL of methanol. Next,

adding 200 mL 0.3M NaOH thereto with stirring and washed product three times before

vacuum drying. Finally, iron oleate was obtained. 31.0g 1-octadecene and 5.5g iron

oleate were stirred at 65°C. And adding 1.5 g oleic acid and then vigorous stirred at 320°C

for 0.5h under nitrogen atmosphere. 40 mL of ethanol was added into thereto and shook
vigorously after cooling down. Then products were obtained by centrifugation at 8000
rpm and washed with 40 mL of acetone/hexane (3:1) three times by centrifugation. At
last, dispersing the Fe;O4 nanoparticles in chloroform at a concentration of 23.2 mg

Fe;0,4 per mL.

2.2.2 Synthesis of Fe;04@MSN nanoparticles

The Fe;04,@MSN nanoparticles were prepared via a modified sol-gel method®’. Firstly,
440 nL 2M NaOH and 125 mg of CTAB were dissolved in 60 mL of deionized water,
heated to 70°C for 1.5h under vigorous stirring. Then, 1 mL of Fe;O4 nanoparticles
solution with evenly distributed was added and chloroform was removed by continuous
nitrogen stream. Then, the solution was stirred at 80°C for 1h and 200 mL of TEOS was

added for mixture. At last, an additional 400 mL of TEOS was added thereto and the
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4 reacted at 80°C for 1.5 h. The precipitate was collected by centrifugation andﬁwash@é/cgmfl);%éc
5
6 with deionized water and ethanol respectively three times before vacuum drying.
7
8 Refluxed for 6 h in 90 mL ethanol solution of NH4NO; (6 mg/mL) twice, Fe;O4@MSN
?o without CTAB template was obtained after washed with deionized water and ethanol
:; respectively three times before vacuum drying.
13
14
12 2.2.3 Synthesis of Fe;04@MSN-NH; nanoparticles
1; 250mg of Fe;04@MSN and 1.2 mL of APTES were mixed and refluxed in 50 mL
;g anhydrous toluene for 24 hours. Then, the precipitate was collected via centrifugation
%; at 12000 rpm for 15 min. Finally, Fe;O4@MSN-NH, nanoparticles was obtained by
gi washing collected product with deionized water and ethanol respectively three times
%5 and dried overnight under vacuum.
6
27
Bs
§g 2.2.4 Drug loading and GOX capping
31 Dispersing 20 mg of TPZ and 40 mg Fe;04,@MSN-NH; in 10mL PBS (pH=7.4) and
82
3 stirred for 24 h, collected by centrifuged and washed. Additionally, dispersing 58 mg
4
%5 of EDC-HCI, 88 mg of NHS in 12 mL of deionized water and stirred for 20 min at room
86
27 temperature, followed with 10 mg of GOX, stirred for 8 hours, and finally 50 mg
=8
29 TPZ/Fe;04@MSN-NH, was added. Subsequently, the TPZ/Fe;04@MSN-GOX was
40
41 collected via centrifuging at 12000 rpm for 10 min, then washed by deionized water
42
43 ethanol orderly and dried overnight in vacuum.
44
45
46 .
47 2.3. Characterizations
4 . .
43 Scanning electron microscopy (SEM) (FEI Inspect F50) and JEM-100CXII
g? transmission electron microscopy (TEM) were employed to analyze the morphology of
gg Fe;0, NPs and Fe;04@MSN. The surface area and pore size distribution were
g;’ measured by nitrogen (N,) adsorption-desorption method on a Brunauer-Emmett-Teller
g ? Micromeritics Thristar 3000 analyzer. FTIR and UV-vis adsorption were respectively
gg performed on a Thermo Scientific Nicolet 6700 FTIR spectrometer (Asheville, NC,
60

USA) and UV-2600 (Shimadzu, Japan). Dynamic light scattering (DLS) was employed
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to analyze zeta potential and hydrodynamic size of Fe;O4@MSN on a Malwer/conios4eoc

Zetasizer NanoZS (UK) instrument. Thermogravimetric analysis (TGA) was conducted
on TG209 F3 thermogravimetric analyzer (NETZSCH, Germany) with a heating rate
of 10°C/min in a nitrogen stream. PPMS-9 (Quantum Design) and ICP-MS 7400
(Thermo Fisher Scientific) were used to detect Hysteresis loops and iron masses

respectively.

2.4. The magnetism of Fe;04 NPs and Fe;O4@MSN

Hysteresis loops of Fe;O, and Fe;O4@MSN nanoparticles were investigated by
superconducting quantum interference device vibrating sample magnetometer (SQUID,
Quantum Design MPMS) in previous work®, which had superior magnetic properties

and exhibited magnetic targeting potential in clinic.

2.5. Iron ion responsive release

Ferric ion was detected by dialysis method, each sample in triplicate. Briefly, 25 mL of
I mg/mL TPZ/Fe;04@MSN-GOX were dispersed in PBS solutions (pH =5.0, 7.4) with
or without glucose (1 mg/mL) then all solutions were stirred (100 rpm) at 37 °C in the
dark. At given intervals (Oh, 1h, 2h, 4h, 8h, 12h, 24h, 36h, 48h),1 mL of the releasing
buffer was taken out and equal dosage of fresh buffer was replenished. After 15min
four systems were added with KSCN (10 mg/mL) respectively. At last, the UV-vis
absorption was quantitatively measured by standard curve at 478 nm and the iron ion

released also could be observed according to their color.

2.6. Drug loading capacity

Dispersing TPZ/Fe;04@MSN-GOX in 20 mL of PBS (pH = 7.4) and stirred in the dark
at 25°C for 15h. Then the supernatant was removed by centrifuged, and the remaining
solid was dispersed in deionized water uniformly. All the cleaning liquid fractions were
collected according to the previous method?®, all collected supernatant containing TPZ
and GOX detected by using a standard curve via UV-vis adsorption at 262 nm and

280nm respectively with a standard curve. Drug loading content (DLC) was determined
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4 by equations. DOI: 10.1039/CINJ05469C
> o/ weight of TPZ innanoparticles
g DLC (Wt A)) - weight of nanoparticles
g The amount of GOX was determined by the difference in mass loss of Fe;04@MSN
and Fe;0y4 - on the thermogravimetric analyzer .
1(1) d Fe;04@MSN-GOX on the th gravi i lyzer (TGA
12 A standard inductively coupled plasma mass spectrometry (ICP-MS) procedure was
13
14 conducted to quantify the amount of Fe;O4 nanoparticles in triplicate. Briefly, 1 mg of
15
16 TPZ/Fe;04@MSN-GOX and TPZ/Fe;O4@MSN were dissolved into 10 mL deionized
17
18 water followed by measurement of ICP-MS.
19 ,
0 0/ — weight of cargos(Fe304 NPs)
,;\%1 DLC (wt %) weight of nanoparticles
22
23
%é 2.7. The stability of TPZ/Fe;0,@MSN-GOX in vitro
%g The prepared TPZ/Fe;04,@MSN-GOX was kept at 4°C for 4 weeks to study its stability.
%g All samples were stirred and purified by a 0.45 um filter**. Changes in PDI and size
g? were assessed its stability by specific time intervals (0, 1, 2, 3, 4 weeks). 5 mg of
€304 - was dispersed 1n m pH="7.4) solution and tetc
g’i TPZ/Fe;04,@MSN-GOX di d in 50 mL PBS (pH=7.4) soluti d fetch 2
%g mL of TPZ/Fe;04@MSN-GOX solution, treat with ultrasound for 5 min followed with
9? DLS test in triplicate at each scheduled time.
5
39
40 2.8. GOX reduces pH and promote H,O; in vitro
41
42 GOX could reduce pH and elevate H,O, concentration has been reported in previous
43
44 work?®?. GOX, Fe;04@MSN, Fe;04@MSN-GOX at specific concentration intervals
45
46 (800 pg/mL, 400 pg/mL, 200 pg/mL,100 ng/mL, 50 pg/mL, 0 pg/mL) were dispersed
47
48 in PBS (pH=7.4) with or without glucose (1 mg/mL) and incubated 4 hours in the dark
49 . . .
50 at 37°C. pH was detected by Orion portable pH meter (Orion 8103BN ROSS semi-
51 . . .
55 micro pH electrode, Boston, MA, USA) and H,O, concentration was determined by the
gi specific ultraviolet absorption of yellow titanium peroxide complex (Ti(IV)O,*")
gg arising from the reaction of the colorless Ti(IV)O?" and H,0,?3. In addition, all samples
57 . ..
58 were in triplicate.
59
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The drug release of TPZ/Fe;0,@MSN-GOX was conducted in PBS (pH =7.4, pH=5.0)
with glucose (1 mg/mL) or without glucose by using a dialysis method.*® Equal amount
of TPZ/Fe;04@MSN and TPZ/Fe;04@MSN-GOX were transferred into dialysis bags
(MWCO 10 kDa) and soaked and stirred in 25 mL of PBS (pH =7.4, pH=5.0) at 37 °C
in the dark, and 2 mL of the buffer solution was taken at a specific interval (1 h, 2 h, 4
h, 8 h, 12h, 24 h, 48 h) to investigate the release concentration of TPZ, and equal dosage
of PBS solution was replenished. The release mass of TPZ was calculated by comparing

the specific UV-vis adsorption with a standard curve.

2.10. Detection of hydroxyl radicals

Methylene blue (MB) was typical indicator of *OH, which could degrade methylene
blue by its strong oxidizing and could quantitative detected by UV-Vis absorption.
Dispersing 1 mg Fe;O4@MSN, Fe;0,@MSN-GOX in 25 mL PBS (pH=7.4) containing
10 pg/mL methylene blue, 8 mM H,O, with or without glucose (1 mg/mL) and stirred
for 30 min. The -OH produced by Fe;Os-mediated Fenton reaction could degrade

methylene blue and detected by absorbance change at 665 nm.

2.11. Cell culture

Human breast cancer cells MCF-7 and normal liver cells L-02 were selected and
incubated in RPMI-1640 complete medium containing 10% FBS and 1% penicillin-
streptomycin solution, which were cultured in a humidified atmosphere at 37°C

containing 5% CO,.

2.12. Cellular uptake

Confocal laser scanning microscope (CLSM, Zeiss, Germany) was applied to determine
the cellular uptake efficiency of TPZ/Fe;04@MSN-GOX. 1 x 10° MCF-7 cells per well
were incubated at 37°C in a confocal petri dish (BD Falcon, USA) for 12 hours. Then
dispersing TPZ/Fe;04@MSN-GOX uniformly in the RPMI-1640 complete medium

and then incubated at predetermined time intervals (1h, 4h, 8h) at 37°C. Next, all cells
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2

z were washed three times with PBS and then fixed with 4% paraformaldehyd@Ifmlq?vg%;&%%iggé
Z minutes*!, then followed by washing three times with PBS and 150 pL of DAPI (100
; ng/mL) was added to the medium!. Finally, the cellular uptake was observed and
?o assessed via CLSM.

11

12

:i 2.13. Detection of reactive oxygen species (ROS)

12 The generation of intracellular ROS was detected by a DCFDA assay. MCF-7 cells (1
1; x 10 cells per well) were seeded in confocal Petri dishes (BD Falcon, USA) containing
;g glucose (1 mg/mL) at 37°C for 24 h and incubated with TPZ/Fe;O4@MSN-GOX and
%; TPZ/Fe;04@MSN for different incubation times (1h, 4h, 8h). The cells were washed
gi three times with PBS after incubation and stained with 1 mL of DCFDA (10 mM) for
%2 20 min, which was observed by CLSM after washed with PBS.

27

Bs

§g 2.14. In vitro cytotoxicity test

31 MTT assays were applied to determine the cytotoxicity of different particles against
;3; MCF-7 cells and L-02 cells at 6.0 x 10 cells/well into 96-well plates. Starvation
@; therapy was conduct at the glucose-containing and glucose-free DMEM media. Then
§§ 100 pg/mL, 200 pg/mL Fe;04@MSN-GOX were added to each well and co-incubation,
ég at last MTT assays was used to evaluated viability. After incubated with RPMI-1640
2(1) complete medium (100 pL) for 24 hours, L-02 cells were incubated in a normoxic (20%
fé 0,) environment with blank MSN at different concentrations (3.12, 6.25, 12.5, 25, 50,
jg 100, 200 pg/mL) to test the biocompatibility of MSN and incubated with free TPZ,
j? TPZ/Fe;04@MSN and TPZ/Fe;04@MSN-GOX with different concentrations (0.5, 1,
jg 2,4, 8, 16 ng/mL) to test their toxicity to normal cells. Subsequently, TPZ dose-
g? dependent concentrations (0.5, 1, 2, 4, 8, 16 pg/mL) of free TPZ, TPZ/Fe;04@MSN
gg and TPZ/Fe;04,@MSN-GOX under different O, concentrations were co-cultured with
g;’ MCF-7 cells into in glucose-containing (1 mg/mL) media. Before adding fresh 200 pL
g ? DMEM medium to each well, all cells were cleared with 200 uL. PBS and then cultured
gg for 24 hours in a normoxic (20% O;) and hypoxic (5% O,) environment at 37°C, and
60

each well was rinsed. Next, 150 pL complete medium containing 20 pL. of MTT was
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added thereto and incubated for 4 hours. 180 pL of DMSO was added to>@eplace/conios4eoc
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previous medium each well in the 96-well plate®, which then shaken on a benchtop
concentrator for 15 minutes*?. At last, plate reader Spectra Max Microplate Reader

(Sunnyvale, CA, US) was used for measurements.

2.15. Cell apoptosis
Cell apoptosis was detected by Annexin APC/7-AAD Apoptosis Detection Kit II (BD
Pharmingen, San Jose, USA). Briefly, the same TPZ dosage of 40 pg/mL free TPZ,
TPZ/Fe;04@MSN and TPZ/Fe;04,@MSN-GOX were added into 6-well plates, which
were seeded at 1.0x10° cells/well and cultured in a normoxic (20% O,) and hypoxic (5%
O,) environment at 37°C. Control group was conducted with 40 pg/mL MSN co-
cultured. The medium was removed after 12h followed with all cells washed three times
and digested with 1.0 mL of EDTA-free trypsin. The cells were collected and dispersed
uniformly in 500 pL buffer, and then 5 pL of propidium iodide and 5 pLL of Annexin
V-FITC were added thereto in the dark to stain the cells for 15 minutes. At last, all

samples were analyzed by flow cytometry on a FACS Calibur (BD Biosciences, USA).

3. Results and discussion

3.1 Synthesis and characterization of Fe;04@MSN-GOX

In this work, core-shell structured Fe;O4@MSN-GOX were fabricated by the
procedures illustrated in Scheme 1. As the core, Fe;0, nanoparticles were obtained by
thermal decomposition method, with hydrophobic and monodisperse morphology,
whose diameter size was about 8 nm showed in Figure 1(a). As the shell, the
mesoporous silica was coated onto the Fe;O4 NPs by a traditional Stober method. GOX
was grafted on the surface of Fe;04@MSN to block off the mesoporous. Fe;O4@MSN

exhibited uniform nanospheres with diameter size of 55 nm, which were observed by
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TEM and SEM in Figure 1(b) and (c). In addition, in Figure 3(a) and Figure 6(d).’ s\ s-atoc
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polydispersity index (PDI) value and hydrodynamic size of Fe;0,@MSN were about
0.154 and 88 nm respectively, owing to the exterior hydration layers. According to
Figure 2(a) and (b), N, adsorption-analytical analysis result revealed that the highly
surface area and uniform, defined pore size of Fe;O04@MSN were 517.4 m?g! and 2.6

nm respectively.

Figure 1. (a) TEM images of Fe;04, (b)SEM image and (c) TEM images of Fe;O4@
MSN.

The modification of GOX onto the surface of Fe;O4@MSN was verified by zeta
potential, FTIR and TGA. The distinct change of zeta potential value of nanoparticles
suggested the successful modification in Figure 3(c). The zeta potential of
Fe;04@MSN (-25.3 mV) and Fe;04@MSN-NH; (17.5 mV) occurred sharp reversed
owing to the typical positive charge of -NH,. After modification with GOX,
Fe;04@MSN received negative zeta potential (-9.8 mV). FTIR spectra could be served
to prove successful synthesis of materials. According to Figure 3(b), The iron-oxygen
bond vibration, Si-O and C=0 from oleic acid were reflected by the signals of 580 cm!,
475 cm’! and 1648 cm™! in FTIR, which could confirm the formation of inner ferric
oleate and outer MSN. The peak at 1388 cm! in Fe;04@MSN-GOX was weaker than
in Fe;O4@MSN, attributed to the plentiful -CHj; of tetraethyl orthosilicate (TEOS). The
peaks at 1550 cm™!, 1445 cm! in Fe;04@MSN-GOX were originated form the vibration
of C-N and -NH, respectively, attributed to the -NH, come from GOX. The weight loss

value of Fe;O4@MSN and Fe;O4@MSN-GOX were respectively 21.62% and 27.22%,
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which could quantitatively calculate the amount of GOX (5.6%) according to Figure; 5 ioe

/CINJ05469C

3(d).
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Figure 2. (a) Nitrogen adsorption/desorption isotherm and (b) the pore size distribution

of F6304@MSN
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Figure 3. Related characterization of nanoparticle including (a) hydrodynamic
diameter size of Fe;04@MSN, (b) FTIR spectra of Fe;O4@MSN and Fe;O4@MSN-
GOX, (c) Zeta potential of Fe;0,@MSN, Fe;04@MSN-NH,, Fe;0,@MSN-GOX,
TPZ/Fe;0,@MSN-GOX and (d) thermogravimetric analysis of Fe;O4@MSN,
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4 Fe;04@MSN-GOX, TPZ/Fe;04@MSN-GOX. DOI: 10.1039/CNJ05469C

5

6

7

8 3.2. Ferric ion release

9

10 The determination of the iron ion content in the nanoparticles is a prerequisite for
11

12 evaluating the effect of the Fenton reaction. The mass of iron in Fe;04@MSN and
13

14 Fe;0,@MSN-GOX were 35.14 ug mg™! and 33.15 ug mg! respectively determined by
15

16 ICP-MS, which was shown in Figure 4. The iron content declined slightly in
17

18 Fe;04@MSN-GOX compared with Fe;04@MSN, which also confirmed the successful
19

20 modification of GOX. Due to the complexity and variability of the tumor

91 . . - .. . .

S microenvironment, we conduct the ferric ion release in vitro for simulating the tumor

% o . |

@i microenvironment. Fe(SCN); was formed when ferric ions encountered thiocyanate

%2 and specific ultraviolet absorption (Figure S1(c)) was detected at 478 nm. The blood

(]

g; red solution gradually deepened as the acidity decreased that indicate the lowed pH

§g could accelerate the release of ferric ions. Different organelles have different pH values

%; in the tumor, such as endosomes (5.0-6.5) and lysosomes (4.5-5.0). However, GOX
i carried on the surface of the nanoparticles could further reduce the acidity by oxidizing

%2 glucose, which was confirmed by previous work3®. After disposed sample with 1h, the

g; blood red solution also deepened as glucose concentration increased and the reduced

B39 pH also increased the of release of ferric ion in Figure 5(a). Low pH could promote the

40

41 dissolution of Fe;O, to release ferric ion, which served as efficient catalyst for Fenton

42

43 reactions. The relevant UV quantitative analysis of prepared nanoparticles ferric ions

44

45 release with time was shown in Figure 5(b). As revealed by the results, GOX can rely

46

47 on the metabolism of glucose to reduce the pH of the system, thereby accelerate the

48

49 release of iron ions, thus provide highly efficient catalyst for the Fenton reaction.

50

51

52

53

54
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Figure 4. The mass rate of iron in Fe;O4@MSN and Fe;04@MSN-GOX.
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Figure 5. (a) Ferric ions release of TPZ/Fe;04@MSN-GOX over time in PBS (pH=5.0,

Cumulative Iron ion release (%)

pH=7.4) with or without glucose (1 mg/mL) and (b) Color changes of Fe;0,@MSN
and Fe;04@MSN-GOX in PBS at different pH values with or without glucose (1

mg/mL).

3.3. The stability of TPZ/Fe;O4@MSN-GOX and in vitro drug release

Drug loading rate of TPZ/Fe;0,@MSN-GOX was investigated by UV-vis adsorption
peak at 262 nm for TPZ, which were quantitatively calculated and the amounts were
14.9% of TPZ. Respectively, the content of GOX was 5.8% which was determined by

the more accurate the BCA Protein Assay Kit (Figure S4). UV-vis adsorption and
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4 standard curves of TPZ were shown in Figure S1(b). Furthermore, loading rat@@ﬁ@?é/cgmé;@c
5
6 and GOX were also determined by comparing the weight loss value of
7
8 TPZ/Fe;04,@MSN-GOX (58.51%), Fe;0,@MSN-GOX (72.78%) and Fe;O04@MSN
?o (78.30%) in Figure 1(f). Prepared nanoparticles were stored at 4°C for 14 days in the
:; PBS (pH = 7.4) for the evaluation of the stability and the index of PDI and particle size
:i were shown in Figure 6(d). The PDI and particle size remained general stable with
12 only minimal fluctuations around 0.154 and 88 nm, which proved the admirable
1; stability of the nanoparticles at 4°C. Drug release experiments were studied in PBS (pH
;g = 5.0, glucose (1 mg/mL)), PBS (pH = 7.4, glucose (1 mg/mL)), PBS (pH = 5.0) and
%; PBS (pH = 7.4) by dialysis method in Figure 6(c). In weak acid environment without
o ucose, the release o .4%) was faster than that in neutral environment (3.5%
gi ol he release of TPZ (29.4%) was faster than th 1 3.5%
%5 without glucose within 48h. And drug release could be accelerated ((pH = 5.0, 59.3%;
6
§7 pH = 7.4, 43.8%) with the presence of glucose (1 mg/mL). The result suggested that in
8
%9 the tumor microenvironment, weak acid and abundant glucose would promote drug
0
1 release. However, TPZ/Fe;04,@MSN-GOX would further reduce acidity by catalyzin
% y by g
3 the oxidation of glucose.
4
35
86
27 3.4. GOX reduces pH and promotes H,O, in vitro
=8
29 GOX could raise H,O, levels and lower pH by oxidizing glucose and the quantitative
40
41 analysis results were shown in Figure 6(a) and (b). In the groups of GOX and
42
43 Fe;04,@MSN-GOX, reduced pH and elevated H,O, concentration were detected in
44
45 PBS containing glucose (I mg/mL) after 4h, there was no apparent change in PBS
46 .
47 without glucose. However, In the group of Fe;O4@MSN, regardless of whether or not
4 . .
43 glucose was contained, there was no change in pH and H,0, level. The result could
g? explain the effects of GOX on lowering pH and elevating H,O,, further demonstrates
gg the feasibility of hunger treatment and chemodynamic therapy therapy.
54
55
56
57
58
59
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Figure 6. Changes of (a)pH and (b)H,0O, concentration of GOX, Fe;O04@MSN and
Fe;0,@MSN-GOX in PBS (pH=7.4) with or without glucose (1 mg/mL) as
concentration increased. (c) Drug release curves of different nanoparticles over time in
PBS (pH=5.0, pH=7.4) with or without glucose (1 mg/mL). (d) changes of size and PDI
were tested to evaluate the stability of TPZ/Fe;04@MSN-GOX.

3.5. Detection of hydroxyl radicals

Highly toxic hydroxyl radicals (*OH) depends on the weak acid environment, Fe;O4
catalyzes the high level of H,O, produced in the weak acid environment tumor
microenvironment!'>. Methylene blue was typical indicator of *OH, which could react
with methylene blue to generate colorless product and could be quantitative detected
by UV-Vis absorption at 665 nm. In Figure 7 (a), compared with the absorption spectra
of methylene blue, the absorption spectra of glucose-free methylene blue solution added
with Fe;0,@MSN and Fe;O4@MSN-GOX had a significant decline. However, in
methylene blue solution containing glucose (1 mg/mL), the absorption spectra added

with Fe;04,@MSN-GOX decreased sharply and approximately disappeared in Figure
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7 (b). Simultaneously, the colors were also lightened with the decrease in abseorbaniees/conI05469C

oNOYTULT D WN =

The result suggested that the nanoparticles we constructed could effectively generate
hydroxyl radicals (*OH) and Fe;O4@MSN-GOX could enhanced the level of hydroxyl
radicals in glucose media due to the reduced pH and enhanced H,0, level aroused by

the GOX-driven oxidation reaction.
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Figure 7. (a) UV-vis absorption spectra and images of MB, MB with Fe;04@MSN and
MB with Fe;04,@MSN-GOX in glucose-free solutions. (b) UV-vis absorption spectra
and images of MB, MB with Fe;0,@MSN and MB with Fe;04@MSN-GOX in

containing glucose solutions (1 mg/mL).

3.6. Intracellular uptake evaluation

Intracellular distribution of fluorescent TPZ was used to evaluate the uptake of
TPZ/Fe;0,@MSN-GOX and MCF-7 cells at the density of 1x10° cells/dish cultured in
DMEM containing 5% CO, at 37 °C at specific intervals (1h, 4h, 8h) were observed by
confocal laser scanning microscopy (CLSM)’. Green and blue fluorescence respective
came from TPZ and the MCF-7 cell nuclei was stained by DAPI. In Figure S2, green
fluorescence intensity (TPZ) of TPZ/Fe;04@MSN-GOX in MCF-7 cells had a
significant improvement over time, which was attributed to the mechanism that
positively charged TPZ/Fe;04@MSN-GOX tended to be endocytosed by negatively

overexpressed MCF-7 cells and enhanced permeability and retention (EPR) effect.
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3.7. Reactive oxygen species studies DOI: 10.1039/CINJ05469C

The intracellular ROS level of TPZ/Fe;O,@MSN-GOX was quantitatively detected by
the green fluorescent of dichlorofluorescein (DCF), a product of
dichlorodihydrofluorescein diacetate (DCFDA) oxidized by ROS. The GOX could
remarkably increase the H,O, concentration, which has been proved by previous work.
highly toxic ROS was generated by the intracellular superabundant H,O, under the
catalysis of Fe3*/Fe?*. Difference of ROS levels induced by TPZ/Fe;04@MSN-GOX,
TPZ/Fe;04@MSN at specific interval time (1h, 4h, 8h) in MCF-7 cells was shown in
Figure 8. Fluorescence intensity of TPZ/Fe;0,@MSN-GOX had more obvious
improvement in MCF-7 cells than that of TPZ/Fe;04@MSN after 8h, which was
attributed to elevated concentration of H,O, aroused by GOX and high level of ROS
around by decomposition of H,O, in acid environment. However, only negligible
fluorescence signal could be detected in TPZ/Fe;04@MSN in the first 1h, but brighter
fluorescence intensity was detected in TPZ/Fe;04@MSN-GOX and significant
improvement of the fluorescence intensity of TPZ/Fe;04@MSN-GOX increased as
time. The result suggested that TPZ/Fe;0,@MSN-GOX we constructed could
stimulate highly toxic ROS and revealed the efficient potency in chemodynamic

therapy.
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F9304@MSN
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Figure 8. CLSM images of MCF-7 cells incubated with Fe;O4@MSN and
Fe;0,@MSN-GOX for different incubation times. The scale bar is 50 um.

3.8. In vitro cytotoxicity

GOX induced starvation therapy by depriving glucose and O,, activated the therapeutic
effect of the hypoxia-inducible TPZ and induced highly toxic ROS, which could
effectively inhibit tumors. MTT assays was used to demonstrate the toxicities and
pharmacological action of nanoparticles toward MCF-7 cells incubated with
TPZ/Fe;04@MSN-GOX, TPZ/Fe;04@MSN, free TPZ and control group under
different O, concentrations in glucose-containing (1 mg/mL). Co-cultured with empty
carrier MSN at different concentrations in glucose-containing (1 mg/mL) as control
group, the cell viability of MCF-7 cells (20% O, concentrations), MCF-7 cells (5% O,
concentrations) and L-02 cells (20% O, concentrations) all exceeded 85% at 200 pg/mL
in Figure 9 (a), which was attributed to biocompatibility of MSN and the cytotoxicities
of control group was insignificantly influenced by the O, concentrations. Starvation

therapy triggered by Fe;O4@MSN-GOX leaded to the decline of cell viability at the
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glucose-containing DMEM media and lower cell viability at a higher concentpationGf/conios469C

glucose (Figure S3), which attributed to the exhaust of glucose and higher level of toxic
H,0, production, which was proved in previous work.>* In glucose-containing (1
mg/mL) with 20% O, concentrations, TPZ/Fe;O4@MSN-GOX (91.7% cell viability),
TPZ/Fe;04@ MSN (93.6% cell viability), TPZ (97.5% cell viability) displayed low
level in killing L-02 cells in Figure 9(b), which confirmed the security and
biocompatibility to normal cells of nanoparticles we prepared. In normal cells, the O,
concentrations and pH value are at high level and H,O, concentration is at low level,
which meant that hypoxic prodrug TPZ would not be activated and highly toxic
hydroxyl radicals would not generate for lack of H,O, and acidic environment. In
glucose-containing (1 mg/mL) with 20% O, concentrations, TPZ/Fe;04@MSN-GOX
(4.7% cell viability) displayed outstanding potency in killing MCF-7 cells than
TPZ/Fe;04@MSN (62.1% cell viability) and free TPZ (93.3% cell viability) at TPZ
concentrations of 16 pg/mL in Figure 9(c). At high oxygen concentrations, hypoxic-
induced TPZ had negligible killing effect on cells. With the participation of GOX,
TPZ/Fe;04@MSN-GOX could further reduce the intracellular pH and increase H,O,,
promoting the production of ROS, while it was difficult for TPZ/Fe;04@MSN to obtain
the same effect due to the lack of GOX. GOX and TPZ were loaded into the
biocompatible MSN nanoparticles, and TPZ/Fe;04@MSN-GOX could consume
glucose and oxygen, provoke spatial control of hypoxia-sensitive TPZ release and cause
exacerbated hypoxia. However, in glucose-containing (1 mg/mL) with 5% O,
concentrations, TPZ/Fe;04,@MSN-GOX (8.6% cell viability), TPZ/Fe;04@MSN
(29.9% cell viability), TPZ (33.3% cell viability) displayed enhanced potency in
inhibiting MCF-7 cells in Figure 9(d), which was attributed to the synergy of starvation
therapy, chemodynamic therapy and sensitized chemotherapy, while could not

displayed excellent effect for no adequate oxygen triggered sequential multitherapy.
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52 .
=3 3.9. Cell apoptosis
g: Cell apoptosis induced by different nanoparticles on MCF-7 cells was detected by flow
g? cytometry with annexin-V-FITC/P assay under different O, concentrations (5% and
gg 20%). In Figure 10, the apoptosis rates of free TPZ, TPZ/Fe;04@MSN,
60

TPZ/Fe;04,@MSN-GOX on MCF-7 cells were respectively 25.3%, 75.7%, 93.4% with
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the same TPZ dosage of 40 ng/mL in 20% O, and high apoptosis was obtained1tp §%p/conios469C

O,, which were 57.4%, 79.5%, 88.2% respectively. 40 pg/mL MSN as the control group
exhibited a low apoptotic rate (2.7% in 20% O, and 6.0% in 5% O,), suggesting that it
was safe and biocompatible to tissue. TPZ/Fe;04@MSN-GOX displayed better
potency in inducing cell apoptosis than free TPZ and TPZ/Fe;O4@MSN, attributed to
the highly toxic ROS. GOX could elevate the heterogeneity of tumor by reducing pH
and enhancing hypoxia, which would sensitize the effect of TPZ and toxic ROS. More
important, at high oxygen (20% O,), GOX could work effectively and produced more
H,0, and lower pH, stimulating more highly toxic ROS, which leaded the more
apoptosis.

Control Free TPZ TPZ/Fe;0,@MSN TPZ/Fe;0,@MSN-GOX

J401 o TG 02 fa o
1 B | 1
" Tossn 157% " oo nw R ETTN T

0 %02

Propidium iodide

‘0 %s

Annexin V-FITC

Figure 10. Cell apoptosis induced by control group, free TPZ, TPZ/Fe;04@MSN,
TPZ/Fe;0,@MSN-GOX at 40 pg/mL TPZ dose-dependent concentrations in a

normoxic (20% O,) and hypoxic (5% O,) environment for 12h.

Conclusion

In summary, multimodal therapies based on synergy of starvation therapy,
chemotherapy and chemodynamic therapy was introduced for efficient cancer therapy.
A novel drug delivery system (TPZ/Fe;04@MSN-GOX) was successful constructed,
which characterized by FT-IR, UV-vis spectrometry, TEM, SEM, TGA and DLS and

possessed uniformly dispersed size, distinct pore structure with highly drug loading and
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4 stability. The result revealed that GOX could reduce pH and elevate H,O, conc@@n‘@ti@ivilcgmfl);%gc

5

6 Reduced pH could accelerate the release of TPZ and iron ion were proved by vitro

7

8 experiment. Abundant hydroxyl radicals were generated by Fe;O4@MSN-GOX, which

?O detected by the color and UV-vis absorption changes of MB. Obvious increasing in
:; ROS level of MCF-7 cells were detected when was co-cultured with Fe;04@MSN-
:i GOX in normoxic environment containing glucose. = Multifunctional
12 TPZ/Fe;04@MSN-GOX nanoparticle was also revealed high cellular uptake capacity,
:; excellent inhibitory effect and cell apoptosis on MCF-7 cells, which would have great

;g prospects in the field of cancer therapy.
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