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Fenton cancer therapy as a newmethodology for the treatment of tumour cells is largely restricted owing to the low stability,
high aggregation, and poor selectivity of reported nanoparticles. In this study, an improved approach for the selective
destruction of cancer cells is reported. Metal–organic framework (MOF) nanoparticles were synthesized and reduced via a

hydrothermal method, and then PEGylated through the surface-initiated atom transfer radical polymerization (SI-ATRP)
reaction to produce a PEGylated reducedMOF (P@rMOF). The ratio of PEG to nanoparticles was used to optimize the size
and aggregation of the nanoparticles, with 2P@rMOF (2 : 1 mass ratio) having the smallest hydrodynamic diameter. The

nanoparticles were further conjugated with folic acid for cell targeting. In vitro cell uptake experiments demonstrated
that the internalization of 2P@rMOF-FA nanoparticles into cancer cells (HeLa) was almost 3-fold that of normal cells
(NIH-3T3). In the presence of 2P@rMOF-FA, theHeLa cell viability decreased dramatically to 22%,whereas theNIH-3T3
cell viability remained higher than 80% after 24 h incubation. The selectivity index for 2P@rMOF-FA is 4.48, which is

significantly higher than those reported in the literature for similar strategies. This work thus demonstrates the most stable
and selective nanoparticle system for the treatment of cancer cells using the cell’s own H2O2.
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Introduction

Complete removal of tumour cells without damage to normal
tissues is the ideal goal of cancer therapy. In the past decades,
nanotechnology has been making significant improvements in
this field by designing agents that are responsive to the tumour

microenvironment.[1,2] For example, the acidic nature of cancer
cells has been utilized for many drug delivery systems in which
drugs are released in tumour cells at low pH.[3,4] In addition,

another difference between normal and cancer cells is the high
level of reactive oxygen species (ROS) within cancer cells,
which has been used by different therapymethods for destroying

tumour cells selectively.[5,6] ROS are radicals, ions ormolecules
that have a single unpaired electron in their structures, and they
can be categorized into two groups of free oxygen radicals and

non-radical ROS.[7] Hydrogen peroxide (H2O2) is generally
regarded as the most abundant and stable non-radical ROS in
cancer cells.[8] However, it can be converted to hydroxyl radi-
cals (OH�), which are much more toxic than other ROS.[9] As

OH� has a short half-life (10�9 s) and high reactivity, it does not
diffuse from the generation site and instead oxidizes proteins,
lipids, and DNA within the biological system.[10,11]

Recent studies have shown that Fe-based nanoparticles are
able to treat cancer cells by the generation ofOH� according to the

Fenton reaction consuming the H2O2.
[12–17] However, the

reported nanoparticles were unable to treat cancer cells using
endogenousH2O2 and required the addition of exogenous sources
to be effective. Additives such as ascorbic acid, b-lapachone,
cinnamaldehyde, and cisplatin were used to undergo redox cycles

to generate high H2O2 levels inside the cancer cells. The combi-
nation of these agents with either iron oxide particles[12,15] or
ferrocene[18] was used as a new source of ROS to enhance the

effectiveness of anticancer drugs. It was reported that FePt
nanoparticles did not require external hydrogen peroxide sources
to treat cancer cells.[19] However, there are serious concerns

relating to the nanoparticles’ biocompatibility, stability, and low
selectivity owing to potential metal (Pt) contamination.[20,21]

Further to this, our group demonstrated that reduced iron

metal–organic framework nanoparticles conjugated with folic
acid (rMOF-FA) have the ability to treat cancer cells by genera-
tion of OH� inside cancer cells using the cell’s own H2O2 without
the need for external hydrogen peroxide sources.[22] The selec-

tivity index for this novel nanoparticle (2.45) was higher than
commercial drugs but lower than other novel strategies.[23–26] In
order to increase their stability, biocompatibility, treatment

effectiveness, and selectivity, a surface PEGylation of rMOF-
FA was investigated.
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Surface-initiated atom transfer radical polymerization (SI-

ATRP) is a popular method for constructing well-defined core–
shell structures.[27] By applying this method, the shell thickness,
grafting density, and chemical composition of layers can be

easily controlled.[28] This method has previously been utilized
for drug delivery systems,[29,30] in which the coating of nano-
particles with compatible polymers increases their biocompati-
bility and improves treatment selectivity.[31,32] MOF/polymer

core–shell composite nanoparticles (P@MOF) prepared by an
SI-ATRP method were reported by our group in which the
polymer shell was shown to effectively improve the dispersity

and the catalytic activity of the MOF nanoparticles in water.[33]

Herein, we report a novel stable polymer-grafted MOF
conjugated with folic acid (P@rMOF-FA) nanoparticles for

selective cancer treatment. By applying an SI-ATRP method
and varying the ratio of monomer to MOF, three different sizes
of nanoparticles (1P@rMOF, 2P@rMOF, and 3P@rMOF) were
prepared. Transmission electron microscopy (TEM) analysis of

the nanoparticles confirmed the average hydrodynamic diame-
ter of the particles to be 100, 40, and 65 nm for 1P@rMOF,
2P@rMOF, and 3P@rMOF respectively. After conjugation

with folic acid, the three P@rMOF nanoparticles were
completely stable in aqueous solution and showed significant
peroxidase-like activity at low H2O2 concentration. HeLa (cer-

vical cancer cells) andNIH-3T3 (non-cancerous fibroblasts) cell
lines were used for cellular uptake, ROS, and in vitro cytotoxic-
ity studies. The results demonstrated that decreasing the size of

the nanoparticles and modification of the surface increased the
cellular uptake and ROS levels in cancer cells. Finally, it was
shown that 2P@rMOF-FA nanoparticles have greater treatment
effectiveness and selectivity compared with 1P@rMOF and

3P@rMOF nanoparticles.

Experimental

Materials

FeCl3.6H2O (97%, Sigma), 2-aminobenzene-1,4-dicarboxylic

acid (H2N-BDC; 99 %, Sigma), hydroquinone (99% , Sigma),
Pluronic F-127 (Sigma), folic acid (97%, Sigma), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC; 98%, Acros), N-
hydroxysuccinimide (NHS; 98%, Sigma), dimethyl sulfoxide

(DMSO; AR, Ajax Finechem), trimethylamine (TEA; 99.5%,
Sigma), a-bromoisobutyryl bromide (BiBB; 98%, Sigma), poly
(ethylene glycol) methyl ether methacrylate (PEGMA; average

Mn 475, Sigma), copper(II) bromide (CuBr2; 99%, Sigma),
copper(I) bromide (CuBr; 99%, Sigma), sodium ascorbate (98%,
Sigma), propargylamine (98%, Sigma), sodium azide (NaN3;

99%, Chem-Supply), N,N,N0,N00,N00-pentamethyldiethylene-
triamine (PMDTA; Sigma, 99%), acetic acid (AcOH; Chem-
Supply), phosphate buffered saline tablets (Sigma), syringe fil-

ters (cellulose acetate, Dismic, 0.2 mm), hydrogen peroxide
(H2O2; 30 wt-%, Chem-Supply), 3,3

0,5,50-tetramethylbenzidine
(TMB; 99%, Sigma), Dulbecco’s modified Eagle medium
(DMEM; Gibco BRL Invitrogen), foetal bovine serum (FBS;

Gibco BRL Invitrogen), GlutaMAXTM (Gibco BRL Invitrogen),
penicillin (Gibco BRL Invitrogen), trypsin–EDTA (1�, Gibco
BRL Invitrogen), 96-well plates (black, white), 20,70-dichloro-
fluorescein diacetate (DCFH-DA; 97%, Sigma), Cell Counting
Kit-8 solution (CCK-8; Sigma), ethanol (AR,Chem-Supply), and
methanol (AR, Chem-Supply) were used as received. Tetrahy-

drofuran (THF) was distilled from benzophenone and sodium
metal under argon. Tris[2-(dimethylamino)ethyl]amine (Me6T-
ren) was prepared according to a literature procedure.[34]

Instrumentation

TEMcharacterizationswere performed on anLVEM5 transition

electron low voltage microscope (Delong America) operating at
a voltage of 5 kV, with the samples prepared by dropping the
solution (0.1 mg mL�1 solution) onto carbon-coated copper

grids for,30 s, then drying for 30min. X-ray diffraction (XRD)
patterns of the samples were recorded on a Bruker D8 Avance
instrument with CuKa radiation (40 kV, 40 mA) and a nickel
filter, and the samples were exposed at a scanning rate of

2y¼ 0.0208 s�1 in the range of 5–458. X-ray photoelectron
spectroscopy (XPS) analysis was performed on a VG Escalab
220i-XL spectrometer under ultrahigh vacuum (6� 10�9 mbar

[6� 10�7 Pa]). A fixed photon energy (AlKa 1486.6 eV) was
used. A survey scan was performed between 0 and 1200 eVwith
a resolution of 1.0 eV and pass energy of 100 eV. High-

resolution scans for Fe 2p (699 to 739 eV) were also conducted
with a resolution of 0.1 eV and a pass energy of 20 eV.Attenuated
total reflectance Fourier transform infrared (ATR FT-IR) was

performed on dried samples using a Bruker Tensor 27 in the
mid-infrared range (400–4000 cm�1). The instrument was
equipped with OPUS 6.5 software. Measurements were made in
transmittance mode. Dynamic light scattering (DLS) measure-

ments were conducted on a Wyatt DynaPro NanoStar DLS/SLS
instrument with a GaAs laser (658 nm) at an angle of 908 and
a temperature of 25� 0.18C. Stable spectra were determined at

sample concentrations of 1 mg mL�1. Thermogravimetric
analysis (TGA) was performed on a PerkinElmer Pyris-1
thermogravimetric analyser, and the samples were heated from

30 to 8008C at a heating rate of 2 Kmin�1 under an air flow. Zeta-
potentials of the nanoparticles were analysed with a Zetasizer
Nano ZS (Malvern Instruments). Particles (800 mL of
0.1mgmL�1 solution)were placed into a disposable zeta cell, and

zeta-potential measurements were conducted at room tempera-
ture. 1H NMR analysis was performed using a Varian unity Plus
400 MHz NMR spectrometer using deuterated solvent as

reference. Inductively coupled plasma optical emission spectro-
photometry (ICP-OES) was performed on a PerkinElmer Optima
4300 DV using calibration curves generated from standard

solutions (0.01–5 ppm). Finally, UV-vis spectrometry (UV-vis)
was performed on a Shimadzu UV-1800 spectrometer using
quartz cuvettes with a 1-cm path length.

Preparation of NH2-MIL-88B(Fe) MOF Nanoparticles

NH2-MIL-88B(Fe) MOF nanoparticles were synthesized using
the hydrothermal method previously described.[35] Briefly, a

surfactant solution of Pluronic F-127 (640 mg) in Milli-Q
water (60 mL) was prepared followed by addition of
FeCl3.6H2O (714 mg, 2.64 mmol). The reaction mixture was

stirred for 2 h, then H2N-BDC (240 mg, 1.32 mmol) was added
to the solution, and the mixture stirred for a further 2 h. Finally,
the reaction mixture was transferred into an autoclave and
heated at 1108C for 16 h. The mixture was washed 3 times with

ethanol, centrifuged (5323 g, 1 h), and then dried under vac-
uum to afford raw MOF nanoparticles as a brown powder
(570 mg, 60% yield).

Hydrothermal Reduction of MOF to rMOF Nanoparticles

According to our previous study,[36] preformed raw MOF
(100 mg) and hydroquinone (1 g) were dissolved in Milli-Q

water (10mL).[36] Themixture was transferred into an autoclave
and heated at 1508C for 16 h. After the autoclave had cooled to
ambient temperature, the black precipitate (rMOF) was washed
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with methanol, centrifuged (5323 g, 1 h), and dried under vac-

uum to afford rMOF as a black powder (45 mg, 45% yield).

Preparation of Br-Functionalized rMOF Nanoparticles

According to our previous study,[33] preformed raw rMOF

(50mg)was dispersed in anhydrous THF (5mL) by sonification.
TEA (47 mL, 34 mg, 0.37 mmol) and BiBB (23 mL, 43 mg,
0.18 mmol) were dissolved in THF (1 mL) sequentially. The
TEA solution was injected into the rMOF suspension under a

nitrogen atmosphere. The BiBB solution was then added drop-
wise to the mixture at room temperature and it was subsequently
stirred at 508C for 24 h. The reactionmixture was filtered, rinsed

with THF and methanol to remove the unreacted precursors and
TEA.HBr salt by-product, and then dried under reduced pressure
at 408C to afford Br@MOF (44 mg, 85% yield).

PEGylation of rMOF Using the SI-ATRP Reaction

The P@rMOF samples were synthesized by SI-ATRP using

Br@rMOF as the initiator.[33,37,38] Typically, Br@rMOF
(40 mg) and varying amounts of PEGMA (111, 222, 333 mL)
were sonicated in Milli-Q water (14 mL). A mixture of CuBr2
(5.8 mg, 0.026 mmol), Me6Tren (34.8 mL, 30 mg, 0.13 mmol),
and sodium ascorbate (15.3mg, 0.077mmol) dissolved inMilli-
Q water (2 mL) was then added and the reaction mixture stirred

at 308C for 24 h. The resultant solution was purified by dialysis
(cut-off MW 3500) and dried by lyophilization to obtain the
P@rMOF (,60% yield).

Preparation of Azide End-Functionalized P@rMOF
Nanoparticles

P@rMOF nanoparticles (20mg) containing bromide end groups

were dissolved in anhydrous DMF (6.7 ml). NaN3 (43.6 mg, 10
equiv.) was then added and the reaction mixture stirred at 308C
for 24 h.[39] This solution was purified by dialysis (cut-off

MW 3500) and dried by lyophilization to obtain the product
(40% yield).

Synthesis of Alkyne-Functionalized Folic Acid

Folic acid (1.0 g, 2.2 mmol) was dissolved in anhydrous DMF
(10 mL) and cooled in a water/ice bath. NHS (0.26 g, 2.5 mmol)
and EDC (0.40 g, 2.5 mmol) were added, and the resulting

mixture was stirred in an ice bath for 30 min. A solution of
propargylamine (0.12 g, 2.3mmol) in DMF (5.0mL)was added,
the mixture was allowed to warm to room temperature and then
stirred for 24 h. The reaction mixture was poured into water

(100 mL) and stirred for 30 min to form a precipitate. The
orange-yellow precipitate was filtered, washed with acetone,
and dried under vacuum for 6 h (50% yield).[40,41]

Click Reaction of Azide-P@rMOF Nanoparticles with
Alkyne–Folic Acid

P@rMOF-N3 (20 mg) and alkyne-folic acid (96.16 mg) were

added to DMSO (10 mL) in a dry 25-mL round-bottom flask,
and the solution was degassed by bubbling N2 through it for
30 min. CuBr/PMDTA (1 : 1 molar ratio) (14.4 and 17.42 mg

respectively) catalyst solution (100 mM in degassed DMF,
1 mL) was then added, and the reaction mixture was stirred at
608C for 24 h. The mixture was washed twice with DMSO,

centrifuged (8800 g, 1 h), and then dried under vacuum to
afford final P@rMOF-FA nanoparticles as a black powder
(30% yield).[40]

Peroxidase-Like Activity Assay

Measurements were carried out in AcOH buffer solution (3 mL,

0.1M, pH5.0) containing the different nanoparticles (1P@rMOF-
FA, 2P@rMOF-FA, or 3P@rMOF-FA, 50 mg mL�1), H2O2

(500 mM), and TMB (250 mM) at 378C. The solutions were

incubated for a predefined time period, and the absorbance spectra
then were observed using a UV-vis spectrometer.[42] In addition,
the peroxidase-like activity of 2P@rMOF-FA (50 mg mL�1) was
determined while varying the pH from 3 to 7.4 (pH 3–6 AcOH

buffer and pH 6–7.4 phosphate buffer) at an absorbance of
652 nm.

Cell Culture

HeLa and NIH-3T3 cells were maintained in DMEM supple-
mented with 10% FBS, GlutaMAXTM (2 mM), and penicillin
(100 units mL�1). Cells were passaged every 3–4 days using

0.25% trypsin–EDTA at subconfluence and incubated at 378C,
5% CO2, and 90% humidity. Cell passages 5–15 were used for
cell experiments.[25]

Cellular Uptake Test

HeLa and NIH-3T3 cells were seeded into black 12-well plates

(1� 105 cells per well) in cell culture medium (supplemented
DMEM). The medium was replaced with serum-free medium
(1 mL) containing the different nanoparticles (1P@rMOF-FA,

2P@rMOF-FA, 3P@rMOF-FA, 50 mg mL�1) after 12 h and
incubated for a predefined time period. Finally, the mediumwas
removed and the cells were rinsed twice with PBS. For quanti-

tative evaluation of cellular uptake, the cells were then harvested
with trypsin and centrifuged at 109 g for 5 min. The supernatant
was removed, and the pellet was digested with fresh aqua regia
(0.5 mL) for 10 min and then diluted to a total volume of 5 mL

with Milli-Q water. The concentrations of internalized iron
nanoparticles were measured by ICP-OES, and are reported as
the concentration of nanoparticles per cell.[43,44]

Reactive Oxygen Species Assay

Confocal Microscopy Images

HeLa and NIH-3T3 cells were seeded into eight-well-cham-
ber glass-bottom slides (Laboratory-Tek, Chambered no. 1.0
borosilicate coverglass) (2.5� 104 cells per well) in cell culture

medium (supplemented DMEM). The medium was replaced
with serum-free medium (300 mL) containing DCFH-DA
(20 mM) after 12 h and incubated for 30 min. The cells were
further rinsed twice with PBS and incubated with 2P@rMOF-

FA (50 mg mL�1) for 2 h. The cells were carefully rinsed again
and the intracellular ROS levels were evaluated by detecting the
fluorescence of DCFH-DA (lex 488 and lem 525 nm) with

confocal laser scanning microscopy (Nikon A1R).[45] Images
were generated by optical sectioning in the z direction and were
analysed using ImageJ software.

Time-Dependent Fluorescence Intensity

HeLa and NIH-3T3 cells were seeded into black 96-well
plates (1� 104 cells per well) in cell culture medium (supple-

mented DMEM). The medium was replaced with serum-free
medium (100 mL) containing DCFH-DA (20 mM) after 12 h and
incubated for 30 min. The cells were further rinsed twice with

PBS and incubated with different nanoparticles (1P@rMOF-
FA, 2P@rMOF-FA, or 3P@rMOF-FA, 50 mg mL�1) for a
predefined time period. Finally, the cells were carefully rinsed
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again and the fluorescence intensity (lex 488/lem 525 nm)
measured using a fluorescence plate reader (Tecan M200 Infi-
nite Pro).

Cell Viability Assay

The cell viability tests were analysed by the standard cell
counting kit-8 (CCK-8) assay method. HeLa and NIH-3T3 cells

were seeded into 96-well plates (1� 104 cells per well) in cell
culture medium. After 12 h, the medium was replaced with
100 mL of fresh medium containing various concentrations of
nanoparticles (1P@rMOF-FA, 2P@rMOF-FA or 3P@rMOF-

FA, 0–100 mg mL�1) and incubated for a further 24 h. The cells
were then washed twice with PBS and incubated with 110 mL
freshmedium containing 10 mLCCK-8 solution for a further 3 h.

Finally, the mediumwas removed and the absorbance at 460 nm
was measured using a microplate reader (Tecan M200 Infinite
Pro). Note that all experiments were conducted in triplicate, and

error bars shown represent the standard error of independent
experiments. The cell viability (%) was calculated with the
following formula, where [A] is the average absorbance:

Cell viability %ð Þ ¼ A½ �460 sampleð Þ� A½ �460 blankð Þ
A½ �460 controlð Þ� A½ �460 blankð Þ

Selectivity Index

The degree of selectivity of the nanoparticles against cancer
cells was calculated using the selectivity index as follows:

Selectivity index ¼ IC50 of normal cells

IC50 of cancer cells

where IC50 is the calculated half-maximum inhibitory concen-

tration value.

Statistical Analysis

Data are shown as averages and standard deviations. Student’s
t-tests were used to analyse the statistical differences between

samples for cytotoxicity and hydrogen peroxide concentration
measurements and were considered significant at P, 0.05.

Results and Discussion

Material Synthesis and Characterization

In the present study, P@rMOF-FA nanoparticles were prepared
via a four-step process, as shown in Scheme 1. Initially, NH2-
MIL-88B(Fe) was synthesized using the hydrothermal proce-

dure previously reported.[35] The raw MOF material was then

reduced in the presence of hydroquinone to produce rMOF as
black crystals, containing both Fe2þ and Fe3þ ions.[36] rMOF
nanoparticles were then functionalized with BiBB followed by

polymerization with PEGMA (Mn 475 Da) using SI-ATRP to
produce P@rMOFswith varying polymer chain lengths.[33,37,38]

Finally, the obtained P@rMOF was conjugated with folic acid

via azide-alkyne click chemistry to afford a series of P@rMOF-
FA nanoparticles.[40]

MOF and rMOF Preparation

TEM was used to determine the shape and size of the MOF
and rMOF nanoparticles. From TEM imaging, MOF particles

had needle-shaped morphologies (Fig. 1a) with an average
length of 250 nm and a width of 50 nm. However, rMOF
(Fig. 1b) showed an irregular shape and size. The particle size

distribution based on measurements from six TEM images was
in the range of 20–60 nm (Fig. S1, Supplementary Material).
This may be attributed to partial structural damage during the

reduction process.[36] The crystal structure of MOF and rMOF
were verified using XRD analysis. As shown in Fig. 1c(i), the
diffraction profile of the MOF represents the crystalline struc-

ture, with the characteristic peaks at 2y of 9.2, 10.5, 13.5, 17.4,
18.2, and 20.28 corresponding to NH2-MIL-88B(Fe) with an
octahedral structure.[35,46] However, the diffraction profile of
the rMOF changed after reduction and shows a different

crystalline structure, with characteristic peaks at 2y of 8.5,
12.1, 20.9, 24.3, and 27.18(Fig. 1c(ii)). XPS analysis was
utilized to verify the oxidation states of iron in MOF and rMOF

crystals. The resultant peaks of Fe 2p3/2 and Fe 2p1/2 for the
MOF and rMOF are shown in Fig. 1d. The presence of FeIII in
the MOF structures is verified by the peak positions of Fe 2p3/2
and Fe 2p1/2 at 712.1 and 725.3 eV respectively (Fig. 1d(i)).[47]

After reduction, the Fe 2p1/2 peak shifts to 726.2 eV, and the Fe
2p3/2 satellite peak at 716.8 eV appears (Fig. 1d(ii)). These

results verify that FeIII in the MOF structure was partially
reduced to FeII in the reduction step. Deconvolution of the
rMOF signal in the Fe 2p3/2 region was performed and showed
that 31% of FeIII in theMOF particle structure was converted to

FeII (Fig. 1d(ii)).

SI-ATRP

SI-ATRP of the rMOF nanoparticles (P@rMOF) was carried
out in two steps as shown in Scheme 2. Initially, the rMOF was
conjugated with BiBB to obtain the bromo-functionalized

rMOF (Br@rMOF).[33] Polymerization of the functionalized
rMOFs using the macro-monomer PEGMA under SI-ATRP
conditions afforded PEGylated nanoparticles P@rMOF.

MOF

FeII

rMOF

BiBB

PEGMA

SI-ATRP Click reaction

FeIII

H2N-BDC

Formation Reduction Polymerization

P@rMOF P@rMOF-FA

Folic acid

a

b
c

Conjugation

Scheme 1. Schematic illustration of synthetic procedure for the preparation of P@rMOF-FA.
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TEM, FTIR spectroscopic, TGA, and zeta potential analy-

ses were used to confirm the introduction of PEGMA chains on
the rMOF nanoparticles. As shown in Fig. 2a, a dense and
uniform polymeric shell surrounding the rMOF core was

observed after SI-ATRP. The IR spectrum of P@rMOF exhib-
ited distinctive peaks at 2870 cm�1 (C–H stretching),
1720 cm�1 (C=O stretching), and 1100 cm�1 (C–O stretching)
in comparison with the spectrum of bare rMOF, indicating the

successful formation of polymer on the rMOF particles
(Fig. 2b).[29] TGA in an air atmosphere was used to study the
decomposition pattern and thermal stability of the rMOF and

three different P@rMOF nanoparticles (Fig. 2c). P@rMOF
nanoparticles displayed more weight loss than rMOF particles
owing to the grafted decomposable polymer chains. Measure-

ments revealed the relative amount of Fe is 20.8 wt-% for
rMOF and 10.2, 7.0, and 5.2 wt-% for the three different
P@rMOF nanoparticles. Calculations verified that the mass

ratio of conjugated PEG to rMOF nanoparticles was,1, 2, and

3, and they were hence named 1P@rMOF, 2P@rMOF, and
3P@rMOF respectively. In addition, zeta potential results for
MOF, rMOF, 1P@rMOF, 2P@rMOF, and 3P@rMOF, shown

in Fig. 2d, revealed the negative charge on the surface of the
nanoparticles increased from �24 to �34 mV when the MOF
particles were reduced to rMOF, thus making themmore stable
in aqueous solution. However, after polymerization, the sur-

face charge of 1P@rMOF, 2P@rMOF, and 3P@rMOF
decreased to �9.5, �7.8, and �5.8 mV respectively, suggest-
ing that the surface of the rMOF was decorated with the PEG

polymer layer.[48] Finally, DLS was used to determine the
hydrodynamic diameter of the synthesized particles (Fig. 2e).
The average hydrodynamic diameter (DH) of rMOF is 221 nm,

indicating aggregation of the particles in aqueous solution due
to the interparticle interaction of rMOF particles.[49,50] After
polymerization on the surface of the rMOFs using SI-ATRP,
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Fig. 1. TEM images of the (a)MOF, and (b) rMOF. The scale bars represent 200 nm. (c) XRDpatterns of (i) MOF, and (ii) rMOF samples. (d) High-

resolution Fe 2p XPS spectra for (i) MOF, and (ii) and rMOF.

NH2

O
Br

Br

Fe

Fe

Fe

Fe

Fe

Fe
N
H Br n

OH

SI-ATRP

O
O

CH2

O

Fe

Fe

Fe

Fe
N
H

Br

O

Fe

Fe

O

OH

O

m

n
(ii)

THF, TEA

(i)

Scheme 2. Modification of rMOF surfaces with (i) BiBB, and (ii) SI-ATRP polymerization.
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the hydrodynamic diameter of P@rMOF decreased. As pre-
sented in Fig. 2e, the largest particles were achieved for

1P@rMOF (100 nm), where interparticle interactions were
still possible. As the length of the polymer chain increased, this
interparticle interaction wasminimized, leading to the smallest
particle size (DH) 2P@rMOF (40 nm); however, with a further

increase in polymer chain length in 3P@rMOF, the impact of
polymer chain interactions, most likely through entanglement,
led to an increase in particle size to 65 nm. rMOF modification

with hydrophilic polymer hindered interparticle aggregation
and led to improved solubility in aqueous solution.[33] No
obvious stratification or aggregation of the optimized

2P@rMOF nanoparticles in solution was observed after 30
days (Fig. 2f).

Folic Acid Conjugation

In the final step, folic acid was conjugated to these three
P@rMOF particles via a three-step process (Scheme 3). Ini-

tially, alkyne-terminated folic acid was synthesized by a simple
amidation reaction according to a published procedure, with
preferential attachment (60–90%) at the g-position over the a-
position, as shown in Scheme 3.[41,51] The bromine group of

P@rMOF was substituted with an azide functionality using
sodium azide.[39] Folic acid was then conjugated on the
P@rMOF nanoparticles via a Cu-catalyzed azide-alkyne cyclo-

addition reaction (CuAAC) to form P@rMOF-FA.[52]

The alkyne-functionalized folic acid was characterized
using 1H-NMR (Fig. S2, Supplementary Material). Two strong

3500 3000

C-H

rMOF

P@rMOF

C-OC=O

2500

Wavenumber [cm�1]

2000 1500 1000

(a) (b)

(c) (d)

(e) (f)

100 200 300 400
0

20

�20

�25

�10

�15

0

�5

�30

�40

�35

40

60

80

rMOF
1P@rMOF
2P@rMOF
3P@rMOF

100

500 600

Ts [�C]

rMOF

MOF

1P@rMOF
2P@rMOF

3P@rMOF

10 100 1000

DH [nm]

Z
et

a 
po

te
nt

ia
l [

m
V

]

0

20

15

10

5

40

35

50

45

30

25

rMOF
1P@rMOF
2P@rMOF
3P@rMOF

221 nm

40 nm

65 nm

100 nm

ΔM
as

s 
[%

 w
/w

]
F

re
qu

en
cy

 [%
]

5 10 30

Days

Fig. 2. (a) TEM images of the 2P@rMOF. The scale bars represent 200 nm. (b) FTIR spectra of rMOF and 2P@rMOF. (c) TGA profile of

rMOF, 1P@rMOF, 2P@rMOF, and 3P@rMOF. (d) zeta potential of MOF, rMOF 1P@rMOF, 2P@rMOF, and 3P@rMOF. (e) DLS data for

rMOF, 1P@rMOF, 2P@rMOF, and 3P@rMOF. (f) Photograph of solutions of aqueous 2P@rMOF nanoparticles (10 mgmL�1) after 30 days.

Improved Fenton Therapy Using Cancer Cell H2O2 831



signals observed at 3.80 and 2.82 ppm are consistent with the –
CONH–CH2C=CH protons of the final product. The IR spec-

trum of 2P@rMOF-N3 exhibited a distinctive peak at
2050 cm�1 (N3 stretching), in comparison with the spectrum
of P@rMOF, indicating the successful replacement of Br with

azide functionality (Fig. S3, Supplementary Material).[53]

Successful conjugation of the folic acid was verified with the
disappearance of the azide peak after the click reaction.

Finally, UV-vis spectroscopy was used to confirm the folic
acid groups on the 2P@rMOF-FA nanoparticles. Normalized
UV-vis spectra of FA, 2P@rMOF, and 2P@rMOF-FA are

shown in Fig. 3. The FA suspension displays a strong peak at
l¼ 285 nm, corresponding to the p–p* transition of the pterin
ring.[54] A strong increase and shift in the relative intensity of
the peak at 285 nm after the modification of 2P@rMOF surface

using folic acid indicates the successful formation of
2P@rMOF-FA.

Hydroxyl Radical Generation

In our previous study, we demonstrated that rMOFnanoparticles
with a mesoporous structure can produce OH� both by reacting
at the surface (heterogeneous catalysis) and by releasing iron in

an acidic environment (homogeneous catalysis).[22] In the
present report, TMB as a classic chromogenic reagent was used
to detect the hydroxyl radical by its oxidizing TMB and pro-
ducing a blue product ox-TMBwith a lmax¼ 652 nm.[42,55] The

absorbance spectra of the solution containing 3P@rMOF-FA
nanoparticles, H2O2, and TMB relative to time are shown in Fig.
S4 (Supplementary Material). A strong absorption peak at

652 nm appears, demonstrating the production of ox-TMB. The
absorbance at 652 nm as a function of time for the 1P@rMOF-
FA, 2P@rMOF-FA, and 3P@rMOF-FA nanoparticles is pre-

sented in Fig. 4a. It shows that there is a dramatic increase in
absorbance for all P@rMOF-FA nanoparticles after only 10min

at a low concentration of H2O2 (500 mM), demonstrating the
intrinsic peroxidase-like activity of P@rMOF-FA. Also, owing
to a relative decrease in Fe content for each nanoparticle, the

activity decreases with an increase in polymerization from 1P-
to 3P@rMOF-FA. Finally, the relative peroxidase-like activity
of 2P@rMOF-FA (50mgmL�1) at various pH values is shown in
Fig. 4b. The activity dramatically increases when the pH

decreases from 7.4 to 3. Owing to the lower stability of pristine
NH2-MIL-88B(Fe) under acidic conditions,[22] P@rMOF-FA
nanoparticles are stable at neutral pH (physiological pH) but

rapidly release iron in an acidic environment (tumour tissue).
The significant activity of P@rMOF-FA at low pH and [H2O2]
can facilitate selective killing of the cancer cells using the cell’s

own hydrogen peroxide.
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Cancer Studies

1P@rMOF, 2P@rMOF, and 3P@rMOF nanoparticles as a new
type of therapeutic agent were utilized for cancer studies. For

this aim, cellular uptake, ROS, and in-vitro cytotoxicity studies
were observed and are reported for both HeLa (cervical cancer
cells) and NIH-3T3 (non-cancerous fibroblasts) cell lines.

Cell Uptake Study

The cellular internalization of different P@rMOF-FA was
studied by exposing the nanoparticles to HeLa and NIH-3T3

cells, followed by extensive washing to remove nanoparticles
adsorbed to the cell surface. The intracellular concentration of
iron after incubation with the nanoparticles 1P@rMOF-FA,
2P@rMOF-FA, and 3P@rMOF-FA was quantified for both

normal and cancer cells using ICP-OES. After incubation for
5 h, the cellular uptake of different nanoparticles was higher than
that for 1 and 3 h, which shows time-dependent cellular uptake

(Fig. S5, SupplementaryMaterial). In addition, the cellular uptake
of nanoparticles for cancer cells was significantly higher than
normal cells over the duration of the testing. The nanoparticles are

able to take advantage of the overexpression of folate receptors
and are transported into the tumour cells by receptor-mediated
endocytosis.[56] As shown in Fig. 5, after 5 h of incubation,
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nanoparticle concentrations in the HeLa cells were 2.55, 10.00
and 9.75 pg cell�1 for 1P@rMOF-FA, 2P@rMOF-FA, and
3P@rMOF-FA respectively. This equates to percentage uptake

of the cells of 0.51, 2.00, and 1.95% for 1P@rMOF-FA,
2P@rMOF-FA and 3P@rMOF-FA nanoparticles respectively,
based on the total amount of nanoparticles added. This is consis-
tent with previous reports, demonstrating that small nanoparticles

are able to penetrate very deeply and achieve great uptake into
tumour cells.[57]

ROS Study

The concentration of ROS, which consist of superoxide anion
radical (O2

��), singlet oxygen (1O2), hydrogen peroxide (H2O2),
and hydroxyl radical (OH�), is one of the most important

differences between normal and cancer cells.[58] High concentra-
tions of ROS have the ability to damage cellular constituents
effectively.[59] In the present report, the intracellular ROS levels

in HeLa andNIH-3T3 cells were analysed usingDCFH-DA as an
oxidative probe after incubation with the different nanoparticles.
Time-dependent fluorescent intensities fromDCFH-DA-labelled
HeLa cells in cubated with 50-mg mL�1 1P@rMOF-FA,

2P@rMOF-FA, and 3P@rMOF-FA nanoparticles are shown in
Fig. 6a. Owing to the time-dependent cellular nanoparticle
uptake, cells incubated for 5 h showed higher intensities than

after 1 and 3 h. Importantly, the relative amount of Fe in
2P@rMOF-FA nanoparticles is higher than in 3P@rMOF-FA
(Fig. 2c),when both nanoparticles showed similar uptake after 5 h

(Fig. 5). In this case, 2P@rMOF-FA has a higher relative release
of Fewithin theHeLa cell to react with the high level ofH2O2 and
produce more ROS (e.g. OH�). In addition, owing to the low
concentration of H2O2 in normal cells, a weak intensity and thus

reduced uptake can be seen in the NIH-3T3 cells treated with
50-mg mL�1 1P@rMOF-FA, 2P@rMOF-FA, and 3P@rMOF-
FA nanoparticles over various times (Fig. S6, Supplementary

Material). The results were then verified using confocal micros-
copy images. As shown in Fig. 6b, control NIH-3T3 and HeLa
cells did not show a statistically significant impact on ROS

generation, and this could be due to the low hydroxyl radical
concentration in untreated cells. Weak emissions can be seen in
the 2P@rMOF-FA-treated NIH-3T3 cells; however, bright green

fluorescence signalswere observed inside 2P@rMOF-FA-treated

HeLa cells, indicating higher intracellular OH� concentrations.
This implies 2P@rMOF-FAcan reactwith high concentrations of
hydrogen peroxide inside theHeLa cells and increase OH� levels.
Generation of OH� subsequently induced endoplasmic reticulum
stress, DNAdamage, and genomic instability and cell death.[60,61]

Cell Viability Study

The in vitro cell viability of the P@rMOF-FA was assessed

using the CCK-8 approach.[62] HeLa and NIH-3T3 cells were
incubated with various concentrations of nanoparticles for 24 h
and then processed with fresh medium containing CCK-8

solutions for a further 3 h to determine cell viability. The final
results for 2P@rMOF-FA are shown in Fig. 7a. In the nanopar-
ticle concentration range of 0–60 mg mL�1, negligible cytotox-

icity on NIH-3T3 was observed, and all viabilities were more
than 90% after 24 h incubation. In addition, minor cytotoxicity
was seen at high concentrations of nanoparticles, and the

viability of normal cells decreased to 87 and 82% at concentra-
tion of 80 and 100 mg mL�1 respectively. Importantly, Fig. 7a
showed a dose-dependent toxicity towards HeLa cells, with cell
viability decreasing dramatically at low concentrations. The

viability of cancer cells decreases to 22% at concentration of
100-mg mL�1 2P@rMOF-FA. Consequently, nanoparticles are
statistically significantly more toxic to HeLa than NIH-3T3

cells. The calculated half-maximum inhibitory concentration
value (IC50) for HeLa cells was 60 mg mL�1, which was
significantly lower than for NIH-3T3 at 270 mg mL�1

(Fig. 7b). At low concentrations, 2P@rMOF-FA nanoparticles
were able to be internalized into HeLa cells using the over-
expression of folate receptors on the surface, react with the cell’s
own hydrogen peroxide, increase intracellular hydroxyl radical

levels, and treat the tumour cells. The in vitro cell viability
results for nanoparticles 1P@rMOF-FA and 3P@rMOF-FA are
shown in Figs S7 and S8 (SupplementaryMaterial) respectively.

The selectivity index (the ratio of IC50 of normal cells to
cancer cells) of the P@rMOF-FA nanoparticles prepared in this
study were compared with rMOF-FA and other novel strategies,

summarized in Table 1.
Based on our previous study, the selectivity index for rMOF-

FA was 2.45, which is higher than current commercial drug

treatments such as quercetin, cisplatin, and doxorubicin,[63–66]

Control 10

20

40

60

80

100

0 0
NIH-3T3 HeLa

50

100

150

200

250

300

20

2P-rMOF-FA concentration [μg mL�1]

C
el

l v
ia

bi
lit

y 
[%

]

40 60 80 100

IC
50

 [μ
g 

m
L�

1 ]

(a) (b)
NIH-3T3
HeLa

Fig. 7. (a) Cytotoxicity of 2P@rMOF-FA towards HeLa and NIH-3T3 cells incubated for 24 h. (b) Comparison of the IC50 values of the

2P@ rMOF-FA in NIH-3T3 cells versus HeLa cells. *, P, 0.05; **, P, 0.01.

834 H. Ranji-Burachaloo et al.



as well as previously reported similar-strategy nanoparti-
cles.[19,67] However, it was smaller than other novel strategies

that used chemotherapy and gene therapy where cisplatin@po-
lypetide and siRNA@Lipopolyplex nano particles were
employed (Table 1). As shown in the present study, decreasing

the size of the nanoparticles andmodifying the surface to reduce
aggregation and increase solubility led to greater performance in
biocompatibility, treatment effectiveness, and selectivity.
Importantly, the selectivity index for 2P@ rMOF-FA is in most

cases greater than or comparable with the reported novel
strategies for the treatment of HeLa and NIH-3T3 cells. Conse-
quently, these results demonstrate that the improvement of

Fenton therapy based on 2P@rMOF-FA nanoparticles makes
them a promising candidate for further development as active
agents for treating various types of cancer cells.

Conclusion

In summary, stable P@rMOF-FA nanoparticles as potential
therapeutic agents have been demonstrated to effectively treat a
cancer cell line (HeLa). The MOF-based nanoparticles were
prepared by a hydrothermal method followed by PEGylation

through SI-ATRP and conjugation with folic acid, and fully
characterized using TEM, XRD, XPS, DLS, FTIR, TGA, zeta
potential, and UV-vis spectrometry and analyses. P@rMOF-

FAs were shown to react with H2O2 and produce OH
� according

to the Fenton reaction. It was found that the activity of nano-
particles dramatically increased when the pH decreased from

7.4 to 5. In addition, 2P@rMOF-FA nanoparticles had the
greatest efficacy and selectivity relative to 1P@rMOF-FA and
3P@rMOF-FA nanoparticles according to in vitro results. A
cellular uptake study showed that the amount of internalized

2P@rMOF-FA nanoparticle in HeLa cells (cancer cells) is 3
times higher than in NIH-3T3 cells. This cell toxicity study also
demonstrated that the viability of cancer cells decreased dra-

matically in the range of 0–100 mg mL�1, a concentration range
without obvious toxic effects on NIH-3T3. Owing to the bio-
compatibility, treatment effectiveness, and selectivity of

2P@rMOF-FA, it may function as a new selective agent for
cancer treatment using the cell’s own H2O2.

Supplementary Material

rMOF size distribution, 1H NMR spectra of alkyne-functiona-
lized folic acid, FTIR spectra of P@rMOF, 2P@rMOF-N3, and

2P@rMOF-FA, activity of 3P@rMOF-FA nanoparticle over
time, quantitative analysis of intracellular uptake of internalized
nanoparticles, time dependent intracellular ROS production,

and cytotoxicity of 1P@rMOF-FA and 3P@rMOF-FA toward
HeLa and NIH-3T3 cells are available on the Journal’s website.
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