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Abstract: Background: Due to the limitation of conventional cancer treatment using chemotherapy,
the nanoparticle therapeutics have shown enhanced efficacy with alleviating side effects.

Objective: The aim of this study was to prepare the superparamagnetic iron oxide nanoparticles (T-
C-SPION) for doxorubicin (DOX) loading and delivery.

Methods: Here, we reported a simple green strategy to fabricate T-C-SPION using green tea extract
and citric acid. Also, the anti-cancer drug, DOX, was used as a model drug to fabricate DOX-loaded
nanoparticles.
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Results: The formed T-C-SPION nanoparticles were spherical with a diameter of 23.8 + 0.8 nm, as
confirmed by Transmission Electron Microscopy (TEM). Besides, Dynamic Light Scattering (DLS)
revealed that the prepared nanoparticles were water-dispersible and stable while stored in water for 6
weeks. The CCK-8 assay showed T-C-SPION to have a good cytocompatibility using different iron
concentrations (10 ~ 120 ug/mL). Furthermore, T-C-SPION had a higher DOX encapsulation effi-
ciency (Eencaps), around 43.2 + 1.8 %, which resulted in a lagged release profile of DOX, compared to
other types of iron oxide nanoparticles using green tea or citric acid alone. Next, cell viability assay
indicated that T-C-SPION with a higher E.,.,, showed superior and sustained cytotoxicity compared
to the control group.
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1. INTRODUCTION world since thousands of years. Due to the high levels of
antioxidant polyphenols in tea, the consumption of tea could
result in reducing the risk of cancer, and lowering blood
pressure, and so on [1-4]. Compared to black tea and oolong
tea, green tea, “non-fermented” tea, contains more catechins,

which have active antioxidant activities both in vitro and in

Since Shen Nung, the second Chinese emperor, discov-
ered tea from the plant Camellia sinensis in 2700 BC; this
beverage has become one of the most popular drinks in the
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vivo. Furthermore, the vitamins and minerals (vary in differ-
ent concentrations from different places) in green tea in-
crease the antioxidant potential [5]. Green tea has been con-
sidered a healthy beverage by traditional Chinese medicine
[6]. Epidemiological data showed that green tea, instead of
“fermented” tea, could prevent breast and prostate cancers,
mainly due to the inhibition of urokinase by epigallocate-
chin-3 gallate (EGCQG) in green tea. Also, green tea could
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enhance immune function [7]. On the other hand, green tea
could be applied in the preparation of nanoparticles as a drug
delivery system for cancer therapy [8].

Conventional cancer treatment using chemotherapy has
limitations such as nonselective distribution of drugs, insuf-
ficient therapeutic efficacy, and unsustainable drug release.
National Cancer Data Base shows that the number of cancer
survivors increases year by year because of advances in early
detection and treatments [9]. Nowadays, cancer treatment
has evolved from relatively non-specific cytotoxic agents to
selective therapeutics [10], such as oncolytic virus therapy
[11], nanoparticles-mediated thermal therapies [12],
nanocages-photothermal transducers [13], efc. The clinical
data confirmed that nanoparticle therapeutics showed en-
hanced efficacy, and due to the favorable anti-cancer drug
pharmacokinetics and tunable biodistribution of nanoparti-
cles, the side effects were alleviated [14-16]. Iron supple-
ment ferumoxytol and other iron oxide nanoparticles were
approved by the Food and Drug Administration (FDA) for
magnetic resonance imaging and drug carriers [17]. Super-
paramagnetic iron oxide nanoparticles (SPION) have attract-
ed significant interest in biomedical applications due to their
superparamagnetic properties, biocompatibility, and biodeg-
radability. The modified SPION can be applied for separa-
tion (e.g., cell sorting), therapy (e.g., hyperthermia), and di-
agnosis (e.g., cell tracking) [18]. SPION shows advantages
for cancer treatment, such as by generating local heat when
exposed to an alternating magnetic field [17, 19]. Also, SPI-
ON can be rapidly taken up by the reticuloendothelial system
(RES) to detect tumor lesions in the liver. Due to the smaller
size of SPION (less than 50 nm), it can escape phagocytosis
with a prolonged circulation time to reach inflammation sites
or tumors [20, 21]. In this paper, the potential of magnetic
iron oxide nanoparticles for diagnosis as well as therapy for
cancer via the release of anti-cancer drugs has been shown.

The SPION can be prepared by a chemical precipitation
method [22-29]. However, the SPION tends to aggregate due
to the nanoscale size and abundant surface energy of SPION,
and such aggregation further decreases the stability of the
colloidal nanoparticle dispersion [30]. In 2004, a high-
temperature synthesis method was first reported by Park et
al. to prepare ultra-large-scaled monodisperse iron oxide
nanoparticles using iron oleate composite as a precursor
[31]. Monodisperse SPION with a tunable range of size
(around 2-30 nm) could be synthesized by organic thermal
decomposition using different iron-containing precursors,
such as iron pentacarbonyl and iron oxyhydroxide [32].
Whereas the hydrophobic dispersant shell on the surface of
SPION influences its stability in cell medium and further
limits its biomedical applications. Hydrophilic molecular
links could replace the hydrophobic molecules on the surface
of SPION via the ligand exchange method [33, 34]. Many
biocompatible polymers, such as poly(ethylene glycol)
(PEG) [35], polyethyleneimine (PEI) [36], and poly(vinyl
alcohol) (PVA) [18], polysaccharide [37], efc., have been
successfully used as capping and stabilizing agents on the
surface of SPION [23, 38-40]. Nonetheless, the unstable
ligand shell may lead to strong agglomeration of the SPION
(large clusters formed) and, therefore, increases the inhomo-
geneity. Such inhomogeneous property of SPION would
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decrease the loading efficiency of drugs and their sustained
release, especially under physiological conditions.

Recently, flavonoids, particularly catechins, which are of
great abundance in green tea, have received a large amount
of attention due to the strong binding formed between SPI-
ON and bioactive macromolecules via hydrogen binding and
n-n stacking interaction [41]. The green tea leaf extracts con-
taining polyphenols act as a reducing agent and a capping
agent for the synthesis of SPION [42, 43]. Nune et al. con-
firmed that the tea phytochemicals such as catechins and
theaflavins served a dual role as reducing agents and stabi-
lizers during the nanoparticle formation [1]. However, the
diameter of SPION was difficult to regulate using the above
methods. There are few reports on monodisperse SPION
fabricated by green tea leaf extract [44-46].

Here we report a simple green strategy to fabricate SPI-
ON via green tea (Scheme 1). The morphology, size distribu-
tion, stability, and cytocompatibility of prepared SPION
were evaluated by Transmission Electron Microscopy
(TEM), Dynamic Light Scattering (DLS), zeta potentials,
and CCK-8 analysis. Also, the anti-cancer drug, doxorubicin
(DOX), was used as a model drug to fabricate DOX-loaded
SPION; then the encapsulation efficiency (Eeucqps) and re-
lease profiles of DOX were systematically investigated. The
obtained in vitro data suggested that DOX-loaded SPION is
promising for cancer therapy.

2. MATERIALS AND METHODS

2.1. Materials

Iron (III) chloride hexahydrate (FeCl;-6H,0), Iron (II)
chloride tetrahydrate (FeCl,-4H,0), ammonia solution (25%,
NH4OH), and citric acid were purchased from Sigma-
Aldrich Co., Ltd. DOX-HCI was obtained from URchem
Co., Ltd. Green tea (Brand: Xinyang Maojian Tea, as the
Top 10 teas in China, picked from Xinyang city, China) was
provided by Henan Key Laboratory of Tea Plant Biology.
All other chemicals were purchased from China National
Medicines Corporation Ltd. (analytical grade).

2.2. Preparation of Green Tea Leaf Extract Solution

The green tea leaves were first washed by Millipore wa-
ter at least 3 times. When the temperature of the water was
increased to 100°C, the green leaves were added and kept for
30 min; note that the green tea/water ratio was 0.02 g/mL.
Then, the mixture solution was considered as the green tea
leaf extract solution for the following iron oxide nanoparticle
preparation.

2.3. Synthesis of Iron Oxide Nanoparticles Via Citrate
and Green Tea (T-C-SPION)

7.39 g FeCl;6H,0 (4.44 g of FeCl;) and 2.714 g
FeCl,-4H,0 (1.732 g of FeCl,) were dissolved in 80 mL of
prepared green tea leaf extract solution in a flask and stirred
at 70°C in refluxing condition under nitrogen atmosphere for
30 min; then 20 mL of ammonia solution was added slowly
and kept at the same temperature for another 30 min. After-
ward, 2g of citric acid was dissolved in water and was added
to the above reaction solution; the temperature was de-



648 Current Nanoscience, 2021, Vol. 17, No. 4

_. Tea Extract

Citric Acid

Citric Acid o~
/\/\/ o o

OH HO

Catechins

eCly 6H,0
Feclz' 4H20

Nie et al.

Hydrogen gony @

Scheme 1. Schematic illustration for the preparation of superparamagnetic iron oxide nanoparticles (SPION) via green tea extract and citric
acid for the doxorubicin delivery system; the hydrogen bonds exist between citric acid, catechins, and doxorubicin. (4 higher resolution /
colour version of this figure is available in the electronic copy of the article).

creased to room temperature (RT) and the solution was
stirred for 24 h. Finally, a permanent magnet was used to
obtain the black colored precipitates, which were thoroughly
rinsed with Millipore water, to get T-C-SPION nanoparticle.
At the same time, bare SPION without using both green tea
extract and citric acid, and SPION with using only citric acid
(represented as C-SPION), and SPION with using only green
tea (represented as T-SPION) were also prepared for com-
parison (Electronic Supplementary Material).

2.4. Characterization of Prepared Nanoparticles

First, the prepared nanoparticles were examined by X-ray
diffraction (XRD, Smartlab9) and Fourier Transform Infra-
red (FT-IR, PerkinElmer, Spectrum 2). Then, the morpholo-
gy of nanoparticles was characterized by FEI-Transmission
Electron Microscopy (TEM, Tecnai G2 F20), and the diame-
ters of dry nanoparticles were statistically analyzed by Fiji
software via over 10 TEM images. The hydrodynamic radius
of SPION was tested by Dynamic Light Scattering (DLS,
Malvern Zetasizer 3000E); during the DLS test, the pH of
SPION dispersed water was tested at around 7, and the sta-
bility of SPION in solution was also measured by zeta poten-
tial. Next, the iron concentration of nanoparticles was meas-
ured by Atomic Absorption Spectroscopy (AAS, Thermo
Scientific iCETM 3400, Electronic Supplementary Material).

2.5. Preparation of DOX-loaded Nanoparticles

DOX-loaded bare SPION, DOX-loaded T-SPION, DOX-
loaded C-SPION, and DOX-loaded T-C-SPION were pre-
pared, respectively. DOX (10 mg) and prepared nanoparti-
cles (0.5 mL, 20 mg/mL) were dispersed in 4.5 mL Millipore
water, stirred for 24 h at RT. The nanoparticles were separat-
ed by ultracentrifugation for 1 h at 30 000 g and washed with

Millipore water 3 times to remove unloaded DOX, and then
the nanoparticles were vacuum-dried. The DOX encapsula-
tion efficiency (Eencqps) Was measured by using a UV-Vis
spectrophotometer (Agilent Cary5000). The DOX E,ycqps is
given as (Eq. 1):

(%) — Mfeed_MTesidual %100 % (1)

Eencaps Meea

Where, the Mp.q and M,egaa values are the total feed
amount and the DOX amount in the solution after centrifuga-
tion, respectively.

2.6. Release Profiles of DOX-loaded Nanoparticles

The release profiles of DOX from DOX-loaded bare
SPION, DOX-loaded T-SPION, DOX-loaded C-SPION, and
DOX-loaded T-C-SPION were investigated respectively.
First, 1 mg of DOX-loaded nanoparticles were injected into a
20 kDa MWCO dialysis cassette (Thermo ScientificTM
Slide-A-LyzerTM). Then, the cassette was placed in a re-
lease buffer of 80 mL PBS with 5% BSA and stirred at 37°C
(pH: 7.35 ~ 7.45). At predetermined time points, 100 pL
aliquots were collected and replaced with fresh buffer. The
DOX fluorescence intensity of the aliquots was measured
using a UV-Vis spectrophotometer (Agilent Cary5000); fi-
nally, the cumulative release of DOX was calculated [47].

2.7. Cell Culture

Regarding that, the potential applications of prepared na-
noparticles for lung cancer and wearable biomedical devices,
A549 lung epithelial cells (ATCC® CCL-185), and HaCat
cells (ATCC™ HB-241TM) were used. According to ATCC
instructions, cells were grown in Dulbecco’s modified Ea-
gle’s medium (DMEM) (Sigma-Aldrich) supplemented with
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10% fetal bovine serum, 100 U mL™" penicillin, and 100 pg
mL™" streptomycin under a humidified atmosphere of 95% of
air and 5% of CO, at 37°C. The cells were passaged by using
trypsinization, and the culture medium was replaced every
other day. Cells at passage 5 were used for the next experi-
ments.

2.8. Cell Viability Assay

The cytocompatibility of prepared iron oxide nanoparti-
cles was evaluated via CCK-8 assay by culturing with HaCat
cells and the cytotoxicity of DOX-loaded nanoparticles was
assessed against A549 cells and HaCat cells, respectively. A
certain amount of iron oxide nanoparticles was added into
the cell medium, and no agglomeration phenomenon was
observed under microscopy. The cell viability was quantita-
tively investigated using the CCK-8 assay. After removal of
the culture media from cell culture plates, 300 pL fresh cul-
ture media and 30 pL. CCK-8 kit solutions were immediately
added and homogeneously mixed and then incubated for 4 h
in a CO, incubator. Finally, 200 pL reaction solutions were
transferred to a 96-well plate. The optical density at 450 nm
(OD450) of each well was tested by a microplate reader
(SpectraMax 190, Molecular Devices, USA), and the cell
viability was calculated (the details are described in Elec-
tronic Supplementary Material). The fluorescent microscopy
(Calcein AM/Ethidium Homodimer live/dead assay) was
also used to investigate the morphology and proliferation of
HaCat cells culturing with prepared nanoparticles on day 3.

2.9. Statistical Analysis

All data were given as mean + SD (n = 5). Statistical anal-
yses were performed using the SPSS software package.
Levene's test was performed to determine the homogeneity
of variance for all the data, and then Tamhane Post Hoc tests
were performed for the comparison between different
groups. The p-value of < 0.05 for 95% confidence was con-
sidered as statistically significant.

3. RESULTS AND DISCUSSION

The thermal decomposition of the iron-oleate complex
was considered as an available method to fabricate large-
scale uniform iron oxide nanoparticles. Then, the ligand ex-
change was used to obtain ligand-modified iron oxide nano-
particles, which were stable in the hydrophilic solvent [48].
Compared to the above synthesis method, a one-step precipi-
tation method was employed here to synthesize hydrophilic
nanoparticles (SPION). Fig. (1a) shows that the T-C-SPION
was very stable while dispersed in water at room temperature
(RT). Some black precipitations were observed without us-
ing a magnet while the reaction mixture was cooled down to
RT for bare SPION, T-SPION, and C-SPION samples. After
the magnet treatment and vacuum-drying, the T-C-SPION
powder was obtained, as shown in Fig. (1b). Furthermore,
the prepared dried T-C-SPION powder could be re-dispersed
in Millipore water. Fig. (1¢) shows that the T-C-SPION was
uniformly dispersed in water instead of hexane while dis-
persed in water/hexane mixture, confirming T-C-SPION to
be hydrophilic and stable in water.
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Fig. (1). Photographs of T-C-SPION dispersed in water after the
reaction (a), and the large-scale T-C-SPION obtained after the
magnet treatment and subsequent vacuum-drying (b). The stability
of as-prepared T-C-SPION was tested by dispersing samples in
water/hexane mixture; T-C-SPION was dispersed and stable in
water instead of hexane (¢). Photograph courtesy of Fang Zhang. (4
higher resolution / colour version of this figure is available in the
electronic copy of the article).

To better understand the crystalline structures of as-
prepared SPION, XRD patterns of all samples were investi-
gated, as shown in Fig. (2a). The results confirmed an in-
verse spinal structure of magnetite with the indices (2 1 1),
440),311),(511),(400),and (4 2 2), which were also
matched closely with the diffraction peaks of magnetite
(JCPDS card, No. 77-1545). The sharp diffraction bands
were indicative of the nano-crystalline nature of nanoparti-
cles, and the sharpness of peaks indicated a higher order of
crystallinity in the case of T-SPION and T-C-SPION, com-
pared to bare SPION and C-SPION. Usually, the broad peak
could be observed at an angle between 15-25°, mainly due to
the amorphous polymeric coating on the surface of nanopar-
ticles [38]. Here, the peak at 20 = 25° for T-SPION identi-
fied phytochemicals from green tea to be absorbed on SPI-
ON. After coating with tea molecules from green tea, like
flavonoids and catechins, and citric acid, the excellent nano-
crystalline property was displayed. Also, iron oxide and iron
oxyhydroxide were observed for samples T-SPION and T-C-
SPION [39].

FT-IR spectra of all kinds of SPIONs were performed to
investigate the molecules capping on the SPION surface, and
the results are shown in Fig. (2b). Compared to the reported
FT-IR spectrum of citric acid, the peak at 1700 cm™ was
assignable to the C=0 symmetric stretching from the COOH
group of citric acid. However, such a peak shifted to the
peak at 1600 cm’ for T-C-SPION, as well as C-SPION,
which was found to be consistent with the previous publica-
tion [27]. The peak that presented at 1710 cm™ and the peak
at about 1600 cm™ appeared for C-SPION confirming citric
acid molecules to be bound to the surface of SPION through
chemisorption of carboxylate ions. For all samples, the low
intense bands between 400 and 600 cm” were associated
with the stretching and torsional vibration of the magnetite.
Such as, the peak at 580 cm™ was related to the vibration of
the Fe-O bond, which matched well with the characteristics
of iron oxide. Except for the bare SPION sample, the stretch-
ing of the O-H bond attached to the surface of SPION took
place at about 3400 cm™. Between 1637 cm™ and 1611 cm’™,
the absorption was dominated by the stretching vibration of
the C=C aromatic ring contained mainly in the polyphenolic
compounds. Moreover, the absorption bands at 1062 cm™
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Fig. (2). XRD pattern (a) and FT-IR spectra (b) of bare SPION, C-SPION, T-SPION, and T-C-SPION powders. (4 higher resolution / colour

version of this figure is available in the electronic copy of the article).
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Fig. (3). TEM images of T-C-SPION, C-SPION, T-SPION, and bare SPION samples. (4 higher resolution / colour version of this figure is

available in the electronic copy of the article).

and 1044 cm™ were characteristic of C-0O-C, O-H. Uniquely,
for T-C-SPION, 1367 cm™ and 1361 cm™ for C-N stretching
vibration corresponded to aromatic amines, and 1040 cm’
and 1048 cm™ for C-N stretching vibration due to aliphatic
amines [46]. Based on the above results, the bonding of
some polyphenols and citric acid was confirmed. The main
phytochemicals present in green tea consisting of catechins
might be playing an essential role in SPION functionaliza-
tion, and further as stabilizing agents, which was confirmed
by the following TEM analysis [47].

TEM images of T-C-SPION, C-SPION, T-SPION, and
bare SPION samples are displayed in Fig. (3). T-C-SPION
exhibited a monodisperse spherical morphology with a di-
ameter of 23.8 £ 0.8 nm. For T-SPION, C-SPION, and bare
SPION samples, the aggregation phenomena were observed,
and the average diameter was difficult to calculate by Fiji
software. The balance of citric acid and polyphenols from
green tea bonding on the surface of nanoparticles is related

to the dispersity and stability of nanoparticles. Both poly-
phenols and citric acid coated on SPION are illustrated in
Scheme 1. The citrate-capped superparamagnetic iron oxide
nanoparticles could be synthesized by a chemical precipita-
tion method [23-27]. However, it is still challenging to ob-
tain monodisperse nanoparticles using the above method.
Also, the morphology of nanoparticles is easy-changeable,
which depends on the reaction temperature, pH, and citric
acid ratio, and so on. TEM results proved that citric acid in
combination with green tea was a productive and facile
method to synthesize the modified ion oxide nanoparticles
with the excellent monodisperse property. Furthermore, it
was reported that the diameter of iron oxide nanoparticles in
the range of 15-40 nm showed excellent superparamagnetic
properties [29, 30]. This confirmed that the saturation mag-
netization values of the iron oxide nanoparticles increased
with the increase of grain sizes from 5.9 to 21.5 nm [49, 50].
Though the saturation magnetization value of T-C-SPION
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in Millipore water. The diameter changes of T-C-SPION dispersed in water at 25 °C were monitored by DLS for 6 weeks (¢). (4 higher reso-
lution / colour version of this figure is available in the electronic copy of the article).

was not tested yet here, it proposed that the obtained T-C-
SPION possessed valuable magnetical property due to the
range of diameter. Compared to polydisperse iron oxide na-
noparticles, the monodisperse iron oxide nanoparticles
showed much more stable physicochemical properties, such
as stability in cell medium, higher drug loading efficiency,
etc., for biomedical applications [51, 52]. In this study, the
monodisperse T-C-SPION was synthesized by one-step
chemical coprecipitation using green tea leaf extract as the
reaction solvent, and the balance of citric acid and polyphe-
nols on the surface of SPION improved the stability in water
and cell medium. Then, the hydrodynamic radius of nanopar-
ticles and stability in water were evaluated next.

Due to Brownian motion in the solution and the subtle
fluctuations of light intensity that occur at a resolution of a
millisecond, the hydrodynamic radius of nanoparticles can
be measured quickly and accurately via DLS. Here, DLS was
applied to measure the size distribution of prepared nanopar-
ticles in Millipore water (Fig. 4a), in which the pH of water
nanoparticles dispersed was checked (around 7) before test-
ing. Fig. (4a) indicates that the obtained nanoparticles had a
narrow size distribution. As the aggregation was alleviated,
the hydrodynamic size distribution decreased to 72 nm (T-C-
SPION), 83 nm (T-SPION), and 102 nm (C-SPION), com-
pared to bare SPION (119 nm). Also, due to the citric acid
or/and polyphenols capped on iron oxide nanoparticles, T-C-
SPION showed the smallest hydrodynamic radius. Com-
pared to the diameter of dried nanoparticles, the average di-
ameter calculated by DLS was larger. Also, the zeta poten-

tials of the prepared nanoparticles in water were tested to
evaluate their stability, as shown in Fig. (4b). It is known
that zeta potential is an essential indicator of colloidal dis-
persion stability via measuring mutual repulsion or attraction
strength between particles, and the higher absolute value of
the zeta potential (positive or negative) indicates much more
stability of nanoparticles solution. The zeta potentials of bare
SPION, C-SPION, T-SPION, and T-C-SPION are -33, -51, -
48, and -58 mV, respectively. Without modification, the zeta
potential value of bare SPION was close to the range of £10
~ = 30, proving that the bare SPION became unstable in wa-
ter. After coating with citric acid or/and polyphenols on
SPION, the nanoparticles were generally more stable due to
the repelling forces amongst each other [20, 53], confirming
that the colloidal stability of SPION was improved. T-C-
SPION showed the best colloidal stability compared to T-
SPION and C-SPION. Moreover, in consideration of poten-
tial application feasibility, the stability of T-C-SPION in
water during the store process was evaluated. The nanoparti-
cles dispersed in water were stored in the refrigerator at 4°C
for 6 weeks. The average diameter of T-C-SPION showed a
very slight increase with increasing storage weeks, as shown
in Fig. (4¢).

Before the in vitro test, the stability of nanoparticles in
the cell medium needs to be evaluated first. Due to that, the
Dulbecco’s modified Eagle’s medium was the main compo-
nent in the cell medium during the cell culture, so Dulbec-
co’s modified Eagle’s medium was used as a dispersion me-
dium in this paper. According to the DLS results (Fig. S1,
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Electronic Supplementary Material), the multi-peaks were
observed for samples bare SPION, C-SPION, and T-SPION,
proving that the above nanoparticles were not stable while
dispersing in cell medium. The stability of T-C-SPION in
cell medium is displayed in Fig. (5a). It was surprising that
the average diameter of T-C-SPION in cell medium in-
creased from 72.01 nm to 83.54 nm compared to T-C-
SPION dispersed in water, which proved that the T-C-
SPION was stable without aggregation in Dulbecco’s modi-
fied Eagle’s medium. The obtained biological evaluation
demonstrated that the obtained iron oxide nanoparticles had
colloidal stability, which is potentially applied in biomedical
fields [54]. Next, the obtained nanoparticles were used for
the next in vitro cytocompatibility. Before that, the iron con-
centrations of nanoparticles were measured by AAS using
the standard curve of iron absorption (Fig. S2, Electronic
Supplementary Material). Then, the cytocompatibility of na-
noparticles was evaluated by CCK-8 assay by culturing with
HaCat cells using different iron concentrations from 10 to
120 ug/mL, and the result for T-C-SPION is shown in Fig.
(5b). The HaCat cell viability increased with the decrease in
iron concentration. However, the cell viabilities increased to
90%, at least for all T-C-SPION samples. For bare SPION,
C-SPION, T-SPION samples, the cell viabilities decreased
compared to that of T-C-SPION. Some research data dis-
played that the cell viability reduced to 50% at the iron con-
centrations of 300-500 ug/mL, mainly because intracellular
reactive oxygen species (ROS) are generated when there is
an exposure to a higher level of nanoparticles, leading to cell
injury and death [55].

On the other hand, the morphology of HaCat cells was
observed using Calcein AM/Ethidium Homodimer staining
after culturing with prepared nanoparticles on day 3; the flu-
orescence images of HaCat cells are shown in Fig. (6). The
live cells are represented by green-stained color, and dead
cells are represented by red-stained color. Compared to the
control group, it was apparent that the number of live cells in

Fig. (6). Fluorescence images of HaCat cells cultured with T-
SPION (a), C-SPION (b), and T-C-SPION (c) at day 3, with un-
treated group as Control Group (d), Calcein AM/Ethidium Ho-
modimer live/dead assay, scale bar: 50 um. (4 higher resolution /
colour version of this figure is available in the electronic copy of
the article).

incubation with iron oxide nanoparticles decreased. Moreo-
ver, the number of live cells in incubation with T-C-SPION
was relatively higher than that of T-SPION and C-SPION,
which corresponded with CCK-8 results. Also, it was ob-
served that some nanoparticles accumulated near the surface
of cells, which further led to the deformation of the cells to a
spherical shape compared to the control group [56].

The molecules capped on the surface of iron oxide nano-
particles could provide drug loading sites for DOX [57]. The
DOX Egpeqps of DOX-loaded bare SPION, C-SPION, T-
SPION, and T-C-SPION were measured, as shown in Fig.
(7a). Due to electrostatic interactions and hydrogen bonds,
the catechins and citric acid capped on SPION could
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electronic copy of the article).

facilitate DOX loading (Schemes 1 and 2). DOX E,qps of T-
C-SPION (43.2 + 1.8 %) was higher than that of T-SPION
and C-SPION. The release profiles of DOX from DOX-
loaded nanoparticles in PBS were tested, as shown in Fig.
(7b). The DOX-loaded T-SPION showed a biphasic release
pattern consisting of a relatively rapid initial release which
then followed the sustained release. However, DOX-loaded
T-C-SPION performed a different release pattern with a rela-
tively slow initial release first, then followed by a sustained
release. Moreover, the release profile curve of DOX for
DOX-loaded C-SPION was in between them. The different
release profiles were mainly due to the hydrogen bond inter-
actions between DOX and catechins and/or citric acid; also,
the losses in DOX-Fe®" chelation [58], and the possible load-
ing mechanism for T-C-SPION are shown in Scheme 2.

The sustained release was beneficial for tumor cell kill-
ing, and the CCK-8 assay was used to investigate the cyto-
toxicity of DOX loaded nanoparticles against A549 cells
(Fig. S3, Electronic Supplementary Material). The DOX-
loaded nanoparticles with a faster DOX release rate exhibit-
ed lower cell viability and vice versa. Previous data con-
firmed that DOX could diffuse into cells rapidly, and nano-
particles were endocytosed to enter the cells with a lag peri-
od [59]. In this work, it was apparent that the prepared nano-
particles, such as T-C-SPION, gathered near cells on day 3,
which facilitated the endocytosis of cells. The iron oxide
nanoparticles with higher DOX E,,.q,; showed superiority in
overall effectiveness as a drug delivery agent, and a sus-
tained release maintained sufficient drug concentrations at

the tumor site with reducing dosing frequency and side ef-
fects.

CONCLUSION

In summary, the iron oxide nanoparticles could be facile-
ly synthesized using green tea extract with citric acid. The
prepared T-C-SPION was spherical with a diameter of 23.8
+ 0.8 nm; also, it was water-dispersible and stable in water,
even stored in water for 6 weeks. Next, the CCK-8 assay
proved that T-C-SPION possessed a good cytocompatibility
while the iron concentration was in a range of 10 to 120
ug/mL. The anti-cancer drug DOX could be loaded on pre-
pared nanoparticles and displayed a sustained release profile.
Finally, as-prepared T-C-SPION with good cytotoxicity and
good E.,.qps of DOX suggested that developed iron oxide
nanoparticles via green tea extract could be applied as a po-
tential drug carrier for cancer chemotherapy.
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