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Abstract: Magnetic fluorescent dual-drug nanocomposites (MFDDs) were developed with the aim of
simultaneouly delivering two different anticancer drugs, kaempferol (KAE) and paclitaxel (PTX). Firstly, Fe,O,/
bovine serum albumin (Fe,0,/BSA) composite microspheres with physically entrapped KAE were prepared,
then microspheres were modified with PTX/graphene quantum dots (PTX/GQDs) through chemically bonding,
and the MFDDs were obtained. The properties of nancomposites were characterized by X-ray diffractometry,
Fourier-transform infrared spectroscopy, transmission electron microscopy, vibrating sample magnetometry
and X-ray fluorescence spectrometry. It was found that the superparamagnetic nanocomposites had ultrafine
size (below 110 nm), high saturation magnetization of 24.36 emu/g, and significant fluorescence. Furthermore,
the cumulative in vitro release of the MFDDs exhibited controlled drug release. Cell viability experiments
confirmed that the co-administration of KAE with PTX had a superior cytotoxicity to the Hela cells compared
with single drug-loaded forms. Therefore, dual anticancer drug-loaded MFDDs have the potential to be used for

cancer combined chemotherapy.
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1 Introduction

Carcinoma affects millions of individuals and is
responsible for many million deaths annually world-
wide!"l. Single agent therapy has seen limited success
in cancer treatment due to the toxicity at high drug
dosage, the heterogeneity of cancer cells and the drug
resistance’”. Conventional drug carriers are utilized to
entrap single therapeutic agent, but in practical applica-
tions, combination delivery of multi-drugs or any other
therapeutic agents is required to deal with complicated
cases. Therefore, the design and synthesis of dual-drug
delivery systems (DDDs) will be effective in the treat-
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ment of cancer™..

To date, various DDDs have been developed to
improve therapy efficacy. Salehi et a/ developed smart
thermo/pH responsive magnetic nanogels for co-de-
livery doxorubicin (DOX) and methotrexate (MTX),
which had a superior cytotoxicity to MCF7 cells com-
pared with single drug-loaded forms'™. Huang et al
established a novel mixed micelle to simultaneously
delivery chemical bonded DOX and physical entrapped
PTX, which showed strong anti-tumor activity”. Prad-
han et al constructed thin lipid layer coated mesoporous
magnetic nanoassemblies for delivering DOX and
PTX, which had a greater cytotoxicity effect in Hela
and MCF-7 cancer cells'. Ashwanikumar et al syn-
thesized copolymeric nanomicelles for co-delivery of
S-fluorouracil (5-FU) and methotrexate (MTX), which
had promising action to treat colon cancer”. It has also
been found that the combination of two drugs shows
synergistic effects, prevents more disease recurrence
and increases tumor regression capabilities compared
to individual drugs in clinical studies'.

Kaempferol (KAE) is a natural compound, ex-
tracted from the berries, brassica and allium species. In
recent years it has attracted considerable attention due
to its anti-cancer properties, which exhibits good inhib-
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itory effect on cervix carcinoma cells
(PTX) is one of the first-line chemotherapeutics used to
treat patients with cancer, and the application of PTX
in the clinic has been limited by its poor water solu-
bility and the systemic toxicity''"\. It has been reported
that kaempferol can markedly increase the sensitivity
of the multidrug-resistant human cervical carcinoma
cells to paclitaxel, and also decrease the drug resistance
of paclitaxel in cervical carcinoma cells'”. Thus, there
is a need to develop DDDs for co-delivery of KAE and
PTX.

Graphene quantum dots (GQDs) are more envi-
ronmentally friendly, biocompatible and photostable
compared with conventional semiconductor quantum
dots, which could be used for drug delivery and imag-

(351 Fynctionalized magnetic microspheres are uni-

ing
versally employed for conjugation with biomolecules
and drugs''®'". In this paper, we reported magnetic
fluorescent dual-drug nanocomposites (MFDDs) for
co-delivery of KAE and PTX with GQDs as fluorescent
materials. The structure, morphology, magnetic proper-
ty, fluorescence, and drug releasing property of MFDDs
were also determined. In addition, the inhibitory effect
of MFDDs on Hela cells was evaluated by in vitro cy-

totoxicity.

2 Experimental

2.1 Materials

The cyclohexane-based Fe,;0, ferrofluids were
self-prepared using the modified chemical coprecipita-
tion!"”), and amino-functionalized green graphene quan-
tum dots (GQDs-NH,) were self-prepared using the
hydrothermal method””. Kaempferol (KAE) and pacl-
itaxel (PTX) were obtained from Sigma Aldrich. The
other reagents were obtained from commercial source
and used without further purification.
2.2 Preparation of magnetic fluorescent

dual-drug nanocomposites
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2.2.1 Preparation of magnetic microspheres loading

with KAE

Firstly, 1 g BSA was dissolved in 50 mL distilled
water. Then 5 mg KAE was dissolved in 2 g cyclohex-
ane-based Fe,0, ferrofluids, and the mixture was drop-
wise added to BSA solution and stirred for pre-emul-
sification. Secondly, the emulsion was subjected to
sonication at 300 W for 15 min with JY92-1I sonifier.
Finally, the obtained magnetic microspheres were col-
lected using a magnet. Then they were washed with
ethanol and distilled water for removing the unreacted
BSA.
2.2.2 Loading of GQDs with PTX

The PTX was loaded by adding 1.0 mL of PTX (1
mg/mL) to 30 mL of GQDs-NH, PBS buffer solution
(0.5 mg/mL) under stirring for 24 h in the dark at room
temperature. The obtained suspension was repeatedly
dialyzed using dialysis bag with a molecular weight
cutoff of 2 000 Da against PBS buffer for 24 h. The
bath solution was changed with fresh PBS buffer every
4 h. And GQDs-NH, loading with PTX (PTX/GQDs-
NH,) was obtained.
2.2.3 Fluorescent modification of magnetic micro-

spheres

To start fluorescent modification, firstly, 7.5 mg
KAE/Fe;0,/BSA magnetic microspheres were added
into the solution of 10 mg carbodiimide (EDC) and 8.6
mg N-hydroxysuccinimide (NHS) in 15 mL H,O. Sub-
sequently, the mixed solution was ultrasonically dis-
persed for 2 h, and 10 mL PTX/GQDs-NH, solution (0.3
mg/mL) was added. The resulting solution was stirred
at room temperature for 12 h. Finally, the obtained
MFDDs were collected by magnet, repeatedly washed
by anhydrous ethanol and dried.
2.3 Characterization

The crystalline phase structure was determined by
a Bruker D8 Advance X-ray diffractometer (XRD, D/
max 18 kV) using Cu Ka radiation. Fourier-transform
infrared (FT-IR) spectra of KBr powder pressed pellets

&R GQDs ® X

Fig.1 Schematic illustration of the formation processes of MFDDs
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were recorded on a Bruker VECTOR 22 spectrometer.
Transmission electron microscopy (TEM) and high-res-
olution transmission electron microscopy (HRTEM)
images were recorded on a Tecnai 12 transmission elec-
tron microscope. And the magnetic property of sample
was detected at room temperature by a vibrating sam-
ple magnetometer (VSM, Lake Shore 7410). X-ray flu-
orescence spectra (XRF, ARL-9800) were recorded by
exciting the samples at 365 nm.
2.4 In vitro drug release from MFDDs

The release profiles of KAE or PTX from MFDDs
were assessed in PBS at different pH values (7.4 and
5.0). Briefly, 10 mg MFDDs were suspended in 100
mL of the PBS release medium. The release experi-
ment was started at 37 “C with continuous shaking at
100 rpm. At predetermined time, 3 mL of the incubat-
ed solution was withdrawn and replaced with equal
volume of fresh PBS. The amount of KAE or PTX
released was determined using a UV-visible spectro-
photometer (UV1101M054), at wavelength of 370 or
230 nm. The drug loading efficiency and encapsulation
efficiency were calculated using Egs.(1) and (2), re-

spectively:
m
Drug loading efficiency= 7‘1 x100% (1)
t
m
Encapsulation efﬁciency=m—d x100% (2)
0

where my is the mass of KAE or PTX in the MFDDs,
m, is the total mass of MFDDs, and m, is the total mass
of KAE or PTX. The calibration curves were plotted
with a serial dilution of known concentrations of KAE
or PTX in PBS, respectively.

2.5 In vitro cytotoxicity assasys

Hela cells were chosen to evaluate the in vitro
cytotoxicity of MFDDs. Cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supple-
mented with 10% (v/v) fetal bovine serum and 1%
penicillin-streptomycin in a 5 % CO, incubator at 37 C.
Before cytotoxicity tests, the samples were first steril-
ized in 75 % ethanol for 12 h, washed three times with
sterile distilled water and PBS in sequence, and then
dispersed in sterile PBS to produce dispersions.

100 pL of Hela cells were seeded in 96-well flat
culture plate at a density of 1x10° cells per well and
were subsequently incubated for 24 h to allow attach-
ment. After that, samples with different concentrations
were added to each group (six wells) for 24 h. As a
blank, there were only the cells, and the cells were then
incubated as before for an additional 24 h. Then 20 pL
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of a stock solution containing 15 mg 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) in
3 mL PBS was added and incubated for an additional 4
h. Finally, the medium was carefully removed, and 200
pL dimethyl sulfoxide (DMSO) was added to the cell,
which was then properly shaken for 10 min. The absor-
bance was measured at a wavelength of 490 nm using
Multiskan FC enzyme-labeled Instrument (Thermo
Scientific, USA). The untreated cells were considered
as control with 100 % viability™". The relative cell via-
bility was determined using the following equation:

Cell viability (%)~100x s < 3)
A control cells

Viable cells were also measured at day 3 by flu-

orescence microscopy (Olympus CKX41). The cells

were incubated in 5 pg/mL fluorescein diacetate (FDA)/

PBS solution for 10 min. During this process, FDA (no

fluorescence) could penetrate through the cell mem-

branes and was hydrolyzed into fluorescein by viable

cells, which enabled the observation of the viable cells
by excitation at 488 nm.

3 Results and discussion

3.1 Characterization of nanocomposites

MFDDs were synthesized by two procedures,
illustrated in Fig.1. One is the synthesis of BSA func-
tional magnetic microspheres by sonochemical meth-
od. In this procedure, Fe,O, ferrofluids and KAE have
clustered under the stability of BSA as a surfactant. At
the same time, BSA molecules were adsorbed onto the
surface of clusters to form inner shell under interface
energy interaction. The other is the formation of PTX
loaded GQDs (PTX/GQDs-NH,) by n—n stacking.
Finally, the covalent conjugation of PTX/GQDs-NH,
onto the KAE/Fe,0,/BSA microspheres was achieved
by forming peptide bond through coupling chemistry.
So the MFDDs for co-delivery of KAE and PTX were
obtained. In order to meet the demand of further bio-
medical application, the MFDDs were characterized as
follows.
3.1.1 XRD analysis

Fig.2 shows the XRD patterns of (a) Fe,O, ferro-
fluids and (b) KAE/Fe;O,/BSA microspheres. All the
diffraction peaks marked in Fig.2(a) can be indexed to
(220), (311), (400), (422), (511) and (440) planes of
face-centered cubic Fe;O, (JCPDS NO.89-2355). In
Fig.2(b), the phase of magnetic component of KAE/
Fe;O,/BSA microspheres was not altered because there
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is no discernible shift in peak position between Fig.2(a)
and Fig.2(b).
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Fig.2 XRD patterns of (a) Fe,O, ferrofluids and (b) KAE/Fe O,/
BSA microspheres

3.1.2 FT-IR analysis

In order to character the preparation process, the
FT-IR spectra of (a) KAE/Fe;O,/BSA microspheres,
(b) PTX/GQDs and (c¢) MFDDs are shown in Fig.3.
In Fig.3(a), the characteristic absorption bands of -OH
appeared at 3 421 cm™". The peaks at 1 604 cm™' could
be referred to the stretching vibration of C=0 bond and
the peaks at 1 400 cm™" were attributed to the stretch-
ing vibration of C—N bonds. These results indicated
that the functional groups (-CO-NH-) were located
on the surface of magnetic microspheres'". So it was
confirmed that the shell of magnetic microspheres was
BSA. Moreover, the peaks at 1 175 and 1 046 cm™'
could be attributed to the presence of KAE, which con-
firmed that KAE was successfully loaded on magnetic
microspheres.

Trancemittance/a u

2000
Wavenumber/cm''

Fig.3 FT-IR spectra of: (a) KAE/Fe;O,/BSA microspheres, (b)
PTX/GQDs and (c) MFDDs

4000 3000 1000

In Fig.3(b), the appearance of double peaks
centered around 3 402 and 3 194 cm™' was corre-
sponding to —NH,"". According to the literature, the
peaks at 1 614 and 1 722 cm™' could be attributed to
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the presence of PTX™, which showed that PTX was
loaded on GQDs. In Fig.3(c), the bands at 3 434 cm™'
were attributed to the lapped peaks of N-H and O-H
bonds. The peak at 1 749 cm™' could be attributed to
the presence of PTX, and the peaks at 1 175 and 1 046
cm”' could be attributed to the presence of KAE. These
results indicated that KAE and PTX were co-loaded
on magnetic nanocomposites, and the MFDDs were
obtained.
3.1.3 TEM analysis

Fig.4 shows the photographs of samples: (a) HR-
TEM images of PTX/GQDs and (b) TEM images of
MFDDs. In Fig.4(a), after loading with PTX, GQDs
were still uniform and well dispersed. The particle
size was in the range of 5-10 nm. And the ring-type
diffraction pattern inserted in Fig.4(a) was indexed to
polycrystalline GQDs. From Fig.4(b), the mean size of
the MFDDs was calculated to be 110 nm. The unifor-
mity in width of the polymer shell was related to the
growth behavior of the polymer upon the rough surface
of magnetic cores. Moreover, it was exhibited that the
MFDDs had spherical structure, good dispersibility and
sphericity which could be applied in subsequent exper-
iments.

——am B , 2
Fig.4 Photographs of samples: (a) HRTEM images of PTX/
GQDs and (b) TEM images of MFDDs

3.1.4 VSM analysis
Furthermore, the room-temperature magnetic
property of MFDDs was also examined by VSM. From
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Fig.5, the product exhibited apparent superparamagne-
tism without any hysteresis”™”. The superparamagnetic
behavior was also reflected in the low residual magneti-
zation (M,) and coercivity (H,) values. Fig.5 shows that
the saturation magnetization (M,) of MFDDs was 24.36
emu/g, which was higher than that of magnetic micro-
spheres (14.38 emu/g)”*. When the external magnetic
field was removed, MFDDs could be well dispersed by
gentle shaking. These magnetic properties were critical
for further biomedical application.
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Fig.5 Magnetization curve of MFDDs

3.1.5 XRF analysis

To observe the fluorescence of MFDDs, a contrast
experiment was designed. Fig.6 shows the fluores-
cence emission spectra of sample solutions at an exci-
tation wavelength of 365 nm: (a) PTX/GQDs and (b)
MFDDs. As observed in Fig.6(a), PTX/GQDs exhibit-
ed an intense emission peak at 446 nm. In Fig.6(b), it
was found that the fluorescence intensity of the solution
decreased with the decline of MFDDs concentration in
the solution. As a result, it was concluded that we suc-
ceed in modifying GQDs/PTX on MFDDs"”.
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Fig.6 Fluorescence emission spectra of sample solutions at an
excitation wavelength of 365 nm: (a) PTX/GQDs and (b)
MFDDs

3.2 Drug release behavior

We have examined the in vitro release profiles of
drugs from MFDDs at physiological pH (7.4) and at
acidic pH (5.0). The relationship between absorbance
(A4bs) and drug concentration (C, ng/mL) could be re-
spectively described by Egs.(4) and (5):
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AbSppy= 17.150-Cen+0.0280, = 0.998  (4)

AbSpry= 24.755-Cpryy + 0.158, R'=0.996  (5)

The data about drug loading and encapsulation
efficiency were obtained by calculations based on the
above equations. The drug loading and encapsulation
efficiency of KAE were 2.85 pg/mg and 10.4 %, and
the drug loading and encapsulation efficiency of PTX
were 37.94 ng/mg and 58.8%, respectively.

The PTX and KAE release behaviors of MFDDs
were assessed using a dialysis method at 37 ‘C in phos-
phate buffered saline (PBS) containing 0.1 % Tween
80 at different pH values. As shown in Fig.7(A), the
release of PTX from MFDDs was greatly affected by
the environmental acidity. After a 90 h incubation peri-
od, about 33.18% and 24.97 % of PTX were released at
pH=5.5 and 7.4, respectively. The rapid PTX release at
pH=5.5 might be attributed to the decreasing n—m stack-
ing at low pH value.
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Fig.7 Release behaviors of: (A) PTX and (B) KAE from MFDDs
at different pH values ((a) pH=5.5 and (b) pH=7.4 ) at 37 °C

As shown in Fig.7(B), the release of KAE from
MFDDs displayed a slow and sustained release pattern
at different pH values. After a 90 h incubation period,
about 70.41 % and 66.79 % of KAE were released at
pH=5.5 and 7.4, respectively. Because BSA molecules
in the shell were not significantly denatured””, KAE
was mainly released slowly through the BSA shell.
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3.3 Cytotoxicity studies

The cytotoxicity of the drug-loaded carriers was
tested by MTT assay in HeLa cells. Fig.8 shows the cy-
totoxicity of samples in Hela cells after 48 h of incuba-
tion: (a) KAE/Fe,O,/BSA microspheres (b) PTX/GQDs
and (c¢) MFDDs. The data are shown in Fig.8(a), KAE/
Fe;0,/BSA microspheres showed low cytotoxicity, and
the ICy, in HeLa cells was about 10 pg/mL. As exhib-
ited in Fig.8(b), a marked decrease in cell viability was
watched when the Hela cells were incubated with PTX/
GQDs. Even at 0.1 pg/mL, the cell viability rapidly
decreased to 22.8%. Co-delivery of KAE and PTX by
MFDDs further decreased the viability of HeLa cells.
From Fig.8(c), when the concentration of MFDDs was
0.1 pg/mL, the cell viability rapidly decreased to 6.1%,
which was much lower than that of KAE/Fe,O,/BSA
microspheres (94.5%) and PTX/GQDs (22.8%). Previ-
ous literatures reported that the combination delivery
of multi-drugs could improve the therapy efficacy as
compared to the single therapeutic agent strategy"’.
Although the reason of this issue has not been entirely
understood yet, the co-delivery strategy actually im-
proved the anti-tumor efficacy in vitro.

Fluorescence microscopic images shown in Fig.9
confirmed the cell viability results, where the control
group (Fig.9(a)) had the largest number of viable cells.
In Fig.9(b), the number of viable cells decreased rap-
idly with the concentration of MFDDs (0.01 pg/mL),
resulting in obvious morphological change of Hela
cells. When the concentration of MFDDs increased to
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Fig.8 Cytotoxicity of the samples in Hela cells after 48 h of incu-
bation: (a) KAE/Fe;0,/BSA microspheres, (b) PTX/GQDs
and (¢) MFDDs

0.1 and 10 ug/mL, only few cell clusters were found
(Fig.9(c) and Fig.9(d)). In addition, with the same addi-
tion concentration of 0.1 pg/mL, there was no obvious
morphological change of Hela cells observed in the
presence of KAE/Fe,0,/BSA microspheres (Fig.9(e)).
And at 0.1 pg/mL, the numbers of cells cultured on
PTX/GQDs (Fig.9(f)) and MFDDs (Fig.9(c)) decreased
significantly, especially on the surface of MFFDs. All
these results confirmed that the MFDDs exhibited high
anticaner activity for Hela cells than single drug carrier,
which can be used as promising materials for targeted
chemotherapy of cancer.

4 Conclusions

In summary, the magnetic fluorescent dual-drug
nanocomposites loaded with KAE and PTX were suc-
cessfully synthesized. The procedure was well-con-

Fig.9 Hela cells observed by fluorescence microscopy after the cells were cultured on (a) the control (untreated) and (b-d) the MFDDs with
different concentration of (b) 0.01 pg/mL, (c¢) 0.1 pg/mL, (d) 10 pg/mL. And with the same addition concentration of 0.1 pg/mL,
cells on (c) MFFDs, (¢) KAE/Fe;0,/BSA microspheres, (f) PTX/GQDs (Cell seeding density was 1x10° per well)
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trolled and could be potentially applied to the prepa-
ration of multi-drug loading delivery systems with
the purpose of overcoming multi-drug resistance. The

as-obtained MFDDs revealed a certain sustained re-
lease effect, and could effectively inhibit the growth
of Hela cells with low particle concentration (0.01 pg/

mL). Consequently, such MFDDs were suggested to
be efficient carrier for magnetically targeted combined
chemotherapy of cancer. Besides, further works are

now in progress in our laboratory.
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