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The novel nano-drug carrier (FDCA-FA-MNPs) was constructed by grafting formyl deoxycholic acid (FDCA)
and folic acid (FA) on the surface of FezO4 magnetic nanoparticles (MNPs), possessing the advantages of
superparamagnetism, good stability, low cytotoxicity and good blood compatibility. The hydrophobic
anti-cancer drug doxorubicin hydrochloride (DOX) was successfully loaded onto FDCA-FA-MNPs
through supramolecular interactions (hydrogen bond between FDCA and drug and hydrophobic
interaction and m-m stacking between drug and drug). The drug loading amount and drug loading
capacity were 509.1 mg g~* and 33.73 wt%, respectively. In addition, drug release had a pH responsive
and controllable release performance, the release rate at pH 5.3 (45.6%) was four times that at pH 7.4
(11.5%), and the tumor microenvironment was favorable for drug release. More importantly, the novel
nano-drug carrier combined the hepatocellular targeting of FDCA, the cancer cell targeting of FA, and
the magnetic targeting of FesO4, showing excellent cancer-killing efficiency (78%) in vitro. Therefore, the
nano-drug carrier synthesized in this paper has potential practical application value in the targeted

rsc.li/rsc-advances therapy of liver cancer.

1. Introduction

Hepatocellular carcinoma (HCC) is one of the most common
malignant tumors of the digestive system in the world. On
account of the main risk factors (alcohol consumption, hepa-
titis B and C infections and diabetes), the incidence and
mortality of HCC still shows an upward tendency.' At present,
the common treatments of HCC include surgical resection and
chemotherapy, etc. However, the traditional chemotherapy
method has brought about a series of serious side effects for
patients due to the lack of targeting and the high dosage of
therapeutic drugs.®” Therefore, it is urgent to establish a drug
delivery system with hepatocellular carcinoma targeting and
hypotoxicity for effective treatment of hepatocellular
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carcinoma. In recent years, nanomaterials have been widely
used in new therapeutic modes for various diseases because of
their good biocompatibility and high drug loading, for example,
magnetic nanomaterials (Fe;0,),*** graphene oxide (GO),'>*?
inorganic nanomaterials (SiO,)"*** etc. Among them, Fe;0O,
magnetic nanoparticles (MNPs) have excellent super-
paramagnetism, good biocompatibility, chemical stability,
simple preparation as well as low price, and have attracted
extensive research interest in drug delivery by nanocarriers.'>"
However, Fe;O, magnetic nanoparticles are prone to aggrega-
tion and may be oxidized due to improper storage, which greatly
reduces their superparamagnetic properties and limits their
applications in biomedical fields to a large extent. In recent
years, researchers have reported many surface modification
methods for Fe;0, MNPs, such as polyethyleneimine,'® poly-
ethylene glycol (PEG)," and chitosan,*® which not only improve
the dispersion and stability of Fe;O, magnetic nanoparticles,
but also enhance their biocompatibility and degradability,
giving Fe;O, magnetic nanoparticles new properties and
functions.

As the effective drug carrier, Fe;0, MNPs can passively target
to tumor cells through enhanced penetration and retention
effects (EPR) due to their very small nanometer size.”"*?
However, passive targeting alone is not sufficient to effectively
enrich nanocarriers to tumor sites. Therefore, many targeting

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra05874f&domain=pdf&date_stamp=2021-12-13
http://orcid.org/0000-0002-3275-9965
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05874f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011063

Open Access Article. Published on 14 December 2021. Downloaded on 3/3/2026 11:09:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

agents, such as small molecules, antibodies, peptides and
aptamers, have been modified on the surface of nano agents to
realize active targeting of cancer cells.>*?* Folic acid (FA),
a small molecular weight vitamin, its folate receptor (FOLR) is
a glycoprotein, which highly expresses in the tumor cell
membrane surface but rarely expresses in the most of normal
tissues. Taking advantage of the high specificity and affinity of
folic acid to folic acid receptors, folic acid can be conjugated to
nano-drug carrier, giving it the ability to target tumor cells and
reduce nonspecific release of drugs in the bloodstream.***” In
addition, cholic acid and its derivatives have been widely used
in biomedical fields such as drug delivery and molecular
recognition,*®?® due to their unique molecular structure, good
biocompatibility, high stability and high reactivity of side
chains. The cholic acid and its derivatives as an endogenous
drug delivery carrier, can improve the stability of drug metab-
olism, and gives specific selectivity of drugs on the liver, to
improve the bioavailability of drug, lowering drug side
effects.®*> Our previous work also proved that cholic acid (CA)
can achieve good performance in hepatocellular carcinoma
(HCC) treatment by its hepatocyte specificity.”® Otherwise, the
triformyl cholic acid not only displays the hepatocyte specificity,
but also provies the supramolecular interaction to bind with
drug molecules.**

Based on these advantages above, we simultaneously modi-
fied Fe;0, magnetic nanoparticles (MNPs) with formyl deoxy-
cholic acid (FDCA) and folic acid (FA) to prepare the novel nano-
drug carrier FDCA-FA-MNPs, and successfully loaded with
hydrophobic anticancer drug doxorubicin (DOX) to form FDCA-
FA-MNPs/DOX nanocomposites for effective targeted chemo-
therapy therapy of liver cancer (Scheme 1). Herein, this nano-
particle drug carrier had multiple hepatocellular targeting
effects, including hepatocellular targeting effect of FDCA,
cancer cell targeting effect of FA and magnetic targeting effect of
MNPs. The hydrophobic anticancer drug doxorubicin hydro-
chloride (DOX) was loaded onto FDCA-FA-MNPs nano-drug

carrier through supramolecular interactions (hydrogen
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Scheme 1 The schematic diagram of synthesis of FDCA-FA-MNPs/
DOX and the action of targeted delivery of chemotherapeutic agents
to cancer cells for.
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bonding, w-7 stacking and hydrophobic interaction), so as to
achieve targeted delivery and controlled release of anticancer
drugs. In addition, the nanocarriers could effectively target
hepatocellular carcinoma cells in vitro, and showed an excellent
effect of killing tumor cells, providing a promising platform for
targeted chemotherapy therapy of liver cancer.

2. Materials and methods
2.1 Materials

Ferric chloride hexa-hydrate (FeCls;-6H,0), ferrous chloride
tetrahydrate (FeCl,-4H,0) were purchased from Tianjin
Hengxing Chemical Reagent Co. Ltd. Deoxycholic acid (DCA)
was purchased from Tex Ai-Huacheng Industrial Development
Co. Ltd. 3-Aminopropyltriethoxysilane (APTES), dicyclohex-
ylcarbodiimide (DCC), 4-dimethylaminopyridine (DMAP) and
doxorubicin hydrochloride (DOX) were obtained from Shanghai
Aladdin Biochemical Technology Co. Ltd. All other chemicals
were of analytical grade, and were supplied by Beijing Chemical
Reagent Co. Ltd. Phosphate Buffer Saline (PBS, pH 7.4) and Cell
Counting Kit-8 (CCK8) were obtained from Boster Biological
Technology Co. Ltd. Hoechst 33342 was purchased from Beyo-
time Biotechnology Co. Ltd. Deionized water (DI water) was
obtained from PURELAB Classic UVF system (ELGA, UK).

Transmission electron microscopy (TEM) images were
measured on FEI Tecnai G2 F30 (Jeol, Japan). Fourier transform
infrared (FTIR) spectroscopy measurements were performed by
a Bruker FTIR spectrometer (INVENIO, GER). Thermogravi-
metric Analysis (TGA) data were proceeded on TA Instruments
Q50 under flowing nitrogen atmosphere from room tempera-
ture to 800 °C. Magnetic properties were studied at room
temperature by a Lakeshore 1600 vibrating sample magne-
tometer (VSM). X-ray diffraction (XRD) was carried out on
a Bruker D8 Advance diffractometer in the 26 range of 10-80°.
UV-Vis spectra measurements were carried out on a UH5300 UV-
Vis spectrophotometer (Tokyo, Japan). Fluorescence (FL)
measurements were performed by the F-7000 fluorescence
spectrophotometer (Tokyo, Japan). Fluorescence images were
observed using the Olympus FV3000 laser scanning confocal
microscope (Tokyo, Japan).

2.2 Preparation of formyl deoxycholic acid (FDCA)

Formyl deoxycholic acid was prepared following our previously
work.** Anhydrous deoxycholic acid (DCA, 3.92 g, 10 mmol) was
added to a 50 mL round-bottomed flask. Then, formic acid (20
mL, 0.4 mol) was added and stirred for 6 h at 55 °C. After the
reaction was completed, the excess reaction liquid was removed
by rotational evaporation. A mixture of distilled water and
anhydrous ethanol in the ratio of 1 : 1.5 was added and heated
for recrystallization. The white solid was obtained after the
temperature was reduced to room temperature, which was
washed by a mixture of distilled water and anhydrous ethanol in
the ratio of 1:1.5 for three times and then filtered. FDCA
powder was obtained after vacuum drying at 50 °C.
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2.3 Preparation of FDCA-MNPs

The aminated MNPs (APTES-MNPs) were synthesized based on
our previously published literature (the detailed synthesis
process was described in ESIT).>** In briefly, FDCA (5.01 g, 11
mmol) was dissolved in 10 mL anhydrous dichloromethane,
DCC (2.83 g, 13 mmol) and DMAP (1.5 g, 12 mmol) were added
and stirred in the ice bath for 30 min. Then, the pre-synthesized
APTES-MNPs was dissolved in dichloromethane by ultrasound
and added into the above solution with mechanical stirring at
room temperature for 24 h. At the end of the reaction, FDCA-
MNPs was obtained by washing with anhydrous ethanol for 3
times and vacuum drying at 50 °C.

2.4 Preparation of FDCA-FA-MNPs

Folic acid was dissolved in 20 mL DMSO and stirred at 37 °C for
30 min. DCC (2.83 g, 13 mmol) and DMAP (1.5 g, 12 mmol) were
added and stirred at 37 °C for 2 h. Then, FDCA-MNPs was dis-
solved in 20 mL DMSO and added into the above solution with
mechanical stirring at room temperature for 24 h. At the end of
the reaction, FDCA-FA-MNPs was obtained by washing with
anhydrous ethanol for 3 times and vacuum drying.

2.5 Drug loading and releasing performance of FDCA-FA-
MNPs

The drug loading and releasing performance of FDCA-FA-MNPs
for doxorubicin (DOX) were analyzed by fluorescence spectros-
copy. Firstly, the fluorescence intensity of DOX solutions of
different concentrations were measured at 558 nm to draw the
standard fluorescence curve of DOX. Secondly, we studied the
change of drug loading of FDCA-FA-MNPs over time. In short,
FDCA-FA-MNPs (1 mg) was dispersed into 4 mL DOX solution
(0.01 mg mL ). Then, oscillating avoiding light under constant
temperature at 200 rpm. After that, separating with a magnet at
a specific point in time, and measuring the fluorescence
intensity of the supernatant to draw the adsorption kinetic
curve to determine its drug loading equilibrium time. In addi-
tion, the adsorption kinetic data was further analyzed by
Lagergren's pseudo-first-order kinetic model and Ho's pseudo-
second-order model (the equations were described in ESIT).

Subsequently, we evaluated the drug loading behavior by
isothermal adsorption experiment. Briefly, 1.0 mg FDCA-FA-
MNPs was fully dispersed into 4 mL DOX solution with
different concentrations and oscillated at room temperature for
8 h in the dark. After separating with a magnet, the supernatant
was properly diluted and then its fluorescence intensity was
measured at 558 nm, and the drug loading capacity (DLC) was
calculated by the following formula (1). In addition, Langmuir
model and Freundlich model (the equations were described in
ESIT) were used to evaluate the adsorption manner of FDCA-FA-
MNPs to DOX.

Wi

1d mat

x 100% (1)

where, W4 represent the weight of the loaded drug, and Wi,
represent the weight of the nanomaterial.
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Then, the effect of pH on drug releasing was evaluated.
Briefly, 1.0 mg FDCA-FA-MNPs/DOX was dissolved in 4.0 mL
PBS (pH 5.3 and pH 7.4, 0.01 M) and placed in a water bath at
37 °C for continuous oscillation at 200 rpm. Separating with
a magnet at certain intervals, the supernatant was properly
diluted and the fluorescence intensity was measured at 558 nm.
The drug release rate under different pH was calculated by the
following formula (2):

Mre
The percentage of drug released = i L% 100% (2)

1d
where, M, and M4 represent the released amounts of drug and
the loaded amounts of drug.

2.6 Evaluation of blood compatibility and stability

The blood compatibility of FDCA-FA-MNPs was evaluated by
hemolysis test in vitro. Briefly, 2.0 mL mouse blood was taken
and centrifuged (4000 rpm, 30 min) to obtain red blood cells,
which were washed with PBS solution for three times and
diluted with PBS for 10 times. Then, 200 pL red blood cell
solution was added to 1.0 mL deionized water (as a positive
control), added to 1.0 mL PBS (as a negative control), and added
to 1.0 mL FDCA-FA-MNPs solution (as experimental groups)
with different concentrations (0.1-0.4 mg mL ™). Subsequently,
incubating at 37 °C for 5 h and centrifuged at 3000 rpm for
10 min. Then, measured the absorbance of the supernatant at
541 nm and calculated the hemolysis rate according to the
following formula (3):

As — Ac(—)
Ac(+) - Ac(_)

where, Ag represents the absorbance of the treatment groups
with different concentrations and formulations, and A.(+) and
A.(—) represent the absorbance of the distilled water group
(positive control) and PBS group (negative control),
respectively.

We also evaluated the stability of FDCA-FA-MNPs by
comparing the UV-Vis spectra of FDCA-FA-MNPs aqueous
solution before and after one month of storage.

Hemolysis rate = x 100% (3)

2.7 In vitro anti-tumor evaluation

2.7.1 Targeted cellular uptake. We studied the cellular
uptake of FDCA-FA-MNPs by human hepatocellular carcinoma
cells (HepG2) and esophageal carcinoma cells (K150). First, the
two kinds of cells were respectively seeded in a 12-well plate at
a cell density of 5 x 10* per well. After cells adhering to the wall,
incubated with 10 pg mL~' FDCA-FA-MNPs/DOX for different
times (1 h, 2 h and 4 h). The cellular uptake of FDCA-FA-MNPs/
DOX in each group at different time points was observed with
the laser scanning confocal microscope.

Subsequently, in order to further indirectly demonstrate the
hepatocellular targeting of FDCA and the cancer cell targeting of
FA in FDCA-FA-MNPs/DOX, we seeded human hepatocellular
carcinoma cells (HepG2) and human normal liver cells (HL-
7702) into 12-well plates at a cell density of 5 x 10* per well.
After cells adhering to the wall, we divided cells into four

© 2021 The Author(s). Published by the Royal Society of Chemistry
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groups. Group (i) without any dispose; groups (ii-iv) replaced
the old medium with fresh medium containing a certain
amount of FDCA, FA, FA + FDCA, respectively. After incubating
for more 1 h, FDCA-FA-MNPs/DOX was added into each group
and co-cultured for 4 h. These four groups named (i) FDCA-FA-
MNPs/DOX; (ii) FDCA + FDCA-FA-MNPs/DOX, (iii) FA + FDCA-
FA-MNPs/DOX, (iv) FDCA + FA + FDCA-FA-MNPs/DOX, respec-
tively. Then, the uptake of cells in each group was observed
under the laser scanning confocal microscope.

2.7.2  In vitro cytotoxicity test. Cell Counting Kit-8 (CCK-8)
was used to evaluate the vitro cytotoxicity of FDCA-FA-MNPs/
DOX on three kinds of cells (HepG2, K150 and HL-7702 cells),
which were divided into 3 groups: (i) FDCA-FA-MNPs; (ii) DOX;
(iif) FDCA-FA-MNPs/DOX. First, the two kinds of cells were
seeded into 96-well plates with the density of 5 x 10° per well.
After cells adhering to the wall, replaced the old medium with
100 pL of fresh culture medium containing the above formula
with concentrations of 10, 20, 40, and 80 ug mL ™" in each well
and incubated for 24 h and the PBS group was used as the
control group. Finally, the absorbance of each well was
measured at 450 nm on an enzyme-linked immunoassay
instrument, and the survival rate of each group of cells was
calculated by the following formula (4):

Cell viability = ODuun

0
oD, x 100%

(4)
where, ODg,,, and OD, respectively represent the absorbance of
cells in the treatment group and control group with different
concentrations and formulations.

2.7.3 Apoptosis staining. In short, HepG2 cells and K150
cells were inoculated in a 6-well plate at a density of 4 x 10° per
well. After the cells adhering to the wall, they were treated with
culture medium respectively contained 10 pg mL~" FDCA-FA-
MNPs, DOX and FDCA-FA-MNPs/DOX for 24 h. Then, the
Hoechst 33342 apoptosis staining kit (weak blue fluorescence

(b)

A

=
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for viable cells, bright blue fluorescence for apoptotic cells) has
been used to detect the apoptosis of cancer cells induced by
FDCA-FA-MNPs/DOX. The Hoechst 33342 was added and incu-
bated for 30 min. Finally, observing the blue fluorescence of
cancer cells under the laser scanning confocal microscope. In
addition, the red fluorescence of DOX was used to observing the
condition of the uptake of DOX by cells and the colocalization
with Hoechst 33342 staining.

2.7.4 Western blotting. In order to further evaluate the
antitumor effect of FDCA-FA-MNP/DOX, western blotting was
performed to detect the expression of apoptotic protein caspase-
3 in liver cancer cells treated with the following groups: (i) PBS,
(ii) FDCA-FA-MNPs, (iii) DOX and (iv) FDCA-FA-MNPs/DOX. In
brief, proteins from treated cells in each group were extracted
with lysis buffer, and then separated by SDS-PAGE and trans-
ferred to polyvinylidene fluoride (PVDF) membranes. The
membranes were incubated with antibodies (caspase-3 and f-
actin) overnight at 4 °C respectively, then incubated with
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies. The expression of Caspse-3 was detected by Chem-
iDoc™ Touch chemiluminescent imaging system.

3. Results and discussion
3.1 Characterization of FDCA-FA-MNPs

The morphology and size distribution of bare Fe;0, MNPs and
FDCA-FA-MNPs were characterized by TEM. As shown in
Fig. S1,T naked Fe;0, MNPs were spherical with an average
particle size of about 13 + 2 nm. As the image of FDCA-FA-MNPs
displayed in Fig. 1a, it could be clearly observed that there was
an obvious FDCA and FA modification layer on Fe;0, MNPs
surface and the dispersion of FDCA-FA-MNPs was improved
compared with Fe;0, MNPs after the modification of FDCA and
FA. The high-resolution TEM (HRTEM) image revealed that the

(c) 300
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(a) Transmission electron images of FDCA-FA-MNPs; (b) the high-resolution TEM (HRTEM) image of FDCA-FA-MNPs; (c) XRD patterns of

the FDCA-FA-MNPs; (d) magnetization curves of MNPs and FDCA-FA-MNPs; (e) FTIR spectra of MNPs, MNPs-APTES, FDCA-MNPs and FDCA-

FA-MNPs; (f) TGA curves of MNPs, APTES-MNPs and FDCA-FA-MNPs.
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Fe;0, MNPs on the FDCA-FA-MNPs had a distinct lattice
structure with a lattice spacing of 0.21 nm, which corresponded
to the Fe;0, (311) crystal plane (Fig. 1b). The image inserted in
Fig. 1b was the electron diffraction pattern of the FDCA-FA-
MNPs, it could be seen that obvious polycrystalline ring char-
acteristics, indicating that they had a polycrystalline structure.
In addition, the XRD diffraction pattern of the FDCA-FA-MNPs
was showed in Fig. 1c. According to the standard XRD data
cards of Fe;O, crystal (JCPDS no. 85-1436), six characteristic
peaks at 26 = 30.31 (220), 35.53 (311), 43.15 (400), 53.57 (422),
57.17 (511), 62.83 (440) correspond to the diffraction planes of
iron oxide.**¢

The hysteresis loop diagram of FDCA-FA-MNPs was showed in
Fig. 1d. The magnetization curve results showed that the satu-
ration magnetic value of FDCA-FA-MNPs was 56 emu g ', which
was slightly lower than that of Fe;0, MNPs (64.45 emu g~ ). The
slight reduction can be attributed to the moderate coating of
FDCA and FA.

The FTIR detection was performed to further confirm the
successful synthesis of FDCA-FA-MNPs (Fig. 1e). In the FTIR
spectrum, the peak at 585 cm™* should be attributed to the Fe-
O stretching band of MNPs and the peak at 3425 cm™' is
attributed to the stretching vibration of -O-H. In the FTIR
spectrum of FDCA-MNPs and FDCA-FA-MNPs, the peaks at
2928 cm ' and 2854 cm ' are due to the -C-H stretching
vibration of the FA molecule and FDCA molecule. The peaks at
1575 ecm ' and 1177 cm™ ' are attributed to the stretching
vibrations of -C=N and -C-C. The peaks at 1630 cm ' and
1725 cm™ ' are corresponded to the stretching vibrations of -N-
H and -C=O0 stretching vibration of the amide bond. Moreover,
in the FTIR spectrum of FDCA-FA-MNPs, the peak value of peaks
at 1630 cm™ ' and 1725 cm™ ' were enhanced, indicating that FA
is successfully modified on FDCA-MNPs. The results of FTIR
analysis showed that FDCA and FA were successfully modified
to APTES-MNPs.

The successful synthesis and stability of FDCA-FA-MNPs were
further demonstrated by TGA. As revealed in Fig. 1f, the weight of
MNPs only lost 2.0% even after pyrolysis at 800 °C. For APTES-
MNPs, the total lost mass in the whole range is 5.0%. However,
the weight of FDCA-FA-MNPs lost dramatically with the increase
of pyrolysis temperature, the total weight loss of which is 24.55%
due to the thermal decomposition of FDCA and FA.

3.2 Drug loading efficiency of DOX on FDCA-FA-MNPs

We investigated the drug loading efficiency of FDCA-FA-MNPs
by fluorescence spectroscopy. The concentration of DOX was
determined by measuring the absorption at 558 nm. As shown
in Fig. S2,f DOX had a good calibration curve in the concen-
tration range of 5 x 10™* to 5 x 10> mg mL ™" (R* = 0.9924).
Then, the loading efficiency was studied by measuring the
loading quantity of DOX by FDCA-FA-MNPs over time. It was
clearly seen from Fig. 2a that the whole adsorption process
could be divided into three stages: (1) as the high DOX
concentration at the beginning, the adsorption rate was rela-
tively fast in the first 200 min; (2) with the decrease of DOX
concentration, the adsorption rate gradually slowed down
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Fig.2 (a) The pharmacokinetic curve of DOX on FDCA-FA-MNPs; line
fitting with Lagergren's quasi-first-order kinetic model (b) and Ho's
quasi-second-order kinetic model (c) for adsorption kinetics.

within 200-400 min; (3) the adsorption rate reached equilib-
rium after 400 min, and the adsorption was basically saturated.
In addition, Lagergren's quasi-first-order kinetic model (eqn
(S1)T) and Ho's quasi-second-order kinetic model (eqn (S2)t)
were used to study the adsorption mechanism. The linear fitting
curves of the two models and the kinetic parameters were
showed in Fig. 2b, c and Table S1,f respectively. The results
showed that the drug loading process of DOX by FDCA-FA-
MNPs was well corresponded with the Ho's quasi-second-
order kinetic model (R* = 0.9994), indicating that the interac-
tion between DOX and FDCA-FA-MNPs was dominated by
chemical adsorption (hydrogen bonding, m-m stacking and
hydrophobic interaction), and the g, value calculated via the
Ho's quasi-second-order kinetic model was closer to the
maximum drug loading of pharmacokinetics.

Subsequently, the adsorption isotherm of FDCA-FA-MNPs
for DOX was determined under dark conditions and further
evaluated with Langmuir model (eqn (S3)) and Freundlich
model (eqn (S54)1). As shown in Fig. 3a, with the increase of
concentration of DOX, the drug loading of DOX on FDCA-FA-
MNPs gradually raised. The drug loading amount of FDCA-FA-
MNPs reached to 509.1 mg g " and the drug loading capacity
(DLC) of FDCA-FA-MNPs was 33.73 wt%, as the initial concen-
tration of DOX was 0.4 mg mL™". In addition, in the HRTEM
diagram of FDCA-FA-MNPs/DOX (Fig. S37), it could be observed
that there was an obvious drug layer around the FDCA-FA-
MNPs, indicating that DOX was successfully loaded onto the
FDCA-FA-MNPs. Afterwards, the single-layer Langmuir
isotherm adsorption model and the multilayer Freundlich
isotherm adsorption model were used to further analyze the
drug-loading mechanism. The linear fitting of two models were
showed in Fig. 3b, ¢ and the relevant parameters of the
adsorption isotherm was showed in Table S2.f The results
showed that the isotherm adsorption process was more in line
with the Freundlich adsorption model (R* = 0.9944), demon-
strating that the main driving force of drug loading was
multiple-molecular layer adsorption.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05874f

Open Access Article. Published on 14 December 2021. Downloaded on 3/3/2026 11:09:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(a) 400

300

qe(mg/e)

200

100

0 50 100
C (mg/L)

(©) 6.0 -
¥=0.3809x+4.12452, R*=0.99443

%)

50 101 3 4 5
C(mg/L) InC,

Fig. 3 (a) FDCA-FA-MNPs adsorption isotherm curve for DOX; linear
fitting graph with Langmuir adsorption isotherm model (b) and
Freundlich absorption isotherm model (c) of FDCA-FA-MNPs for DOX.

3.3 pH-stimulus triggered release of DOX from FDCA-FA-
MNPs

Considering that the tumor microenvironment is slightly acidic,
the release behavior of DOX from FDCA-FA-MNPs was investi-
gated in PBS with pH 7.4 (normal tissues) and pH 5.3 (tumor
tissues) at 37 °C. As displayed in Fig. 4, the release amount of
DOX had a significant pH-dependent release phenomenon
could be seen. Under the condition of pH 7.4, the maximum
released amount of DOX was about 11.5% within 6 h. But in the
pH 5.3, the release rate of DOX was fast and the released
amount was up to 45.6% in 6 h, which was about four times as
much that in the pH 7.4. This may be attributed to the fact that
supramolecular interactions, unlike covalent bonds, are weak
interactions and are easily broken in acidic environments.

3.4 Blood compatibility and stability

Good blood compatibility is the precondition to ensure the
normal function of nanometer drug carrier in vivo.*”*® In order
to evaluate its blood compatibility, hemolysis analysis was
performed on FDCA-FA-MNPs. As shown in Fig. 5a, the
percentage of hemolysis and the image of hemolysis showed
that within a certain concentration range (0.1-0.4 mg mL ™),
compared with the negative control group, there was no obvious

| —=—pH=7.4
S0 o pirss

40}

20F

10 HH—'}‘—{ i $ ¥

0 100 200 300
Time (min)

Drug release (%)
)
<

Fig. 4 The cumulative release of DOX on FDCA-FA-MNPs in PBS
buffer at pH 7.4 and pH 5.3 at 37 °C.
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Fig. 5 (a) The percentage of hemolysis and the corresponding
hemolysis phenomenon of FDCA-FA-MNPs/DOX with concentrations
of 0.1, 0.2, 0.3 and 0.4 mg mL™, in which deionized water was used as
a positive control (+), PBS solution is used as a negative control (—).
Data are shown as mean + SD (n = 3); (b) UV-Vis spectra of newly
prepared FDCA-FA-MNPs aqueous solution and the aqueous solution
after one month.

hemolysis phenomenon in the FDCA-FA-MNPs (0.4 mg mL )
group, indicating that our synthesized nano-drug carrier FDCA-
FA-MNPs had excellent blood compatibility and could ensure its
safe delivery in the body. This provided the strong evidence for
the safe existence of FDCA-FA-MNPs nano-drug vector in vivo.

Favourable stability is one of the essential requirements in
biomedical application of nano-materials.*** Therefore, the
UV-Vis absorption spectrum of the newly prepared FDCA-FA-
MNPs aqueous solution and the aqueous solution after 1
month were observed to evaluate the stability of FDCA-FA-MNPs
(Fig. 5b), and there was no significant difference in UV-Vis
spectrum, indicating that FDCA-FA-MNPs was very stable over
a long period of time.

3.5 Anti-tumor activity of FDCA-FA-MNPs in vitro

3.5.1 Targeted cellular uptake. To evaluate the targeting
ability of FDCA-FA-MNPs/DOX to hepatoma cell in vitro, we
investigated the cellular uptake efficiency of FDCA-FA-MNPs/
DOX with HepG2 (human hepatocellular carcinoma cells) and
K150 (human esophageal carcinoma cells). The observation
under the laser scanning confocal microscope was showed that
the red fluorescence signal of FDCA-FA-MNPs/DOX gradually
increased over time. More importantly, after incubation for 4 h,
the strongest red fluorescence emerged into HepG2 group,
while a weak red fluorescence was founded in K150 group
(Fig. 6a). The above results indicated that under the action of
FDCA and FA, FDCA-FA-MNPs/DOX could specifically target to
hepatoma cell.

In order to further verify the targeting ability of FDCA-FA-
MNPs/DOX for hepatoma cell, HepG2 cells and HL-7702 cells
were treated with followed four groups: (i) FDCA-FA-MNPs/DOX;
(ii) FDCA + FDCA-FA-MNPs/DOX; (iii) FA + FDCA-FA-MNPs/
DOX; (iv) FDCA + FA + FDCA-FA-MNPs/DOX for 4 h and
through observing whether the addition of FDCA and (or) FA
would inhibit the uptake of FDCA-FA-MNPs/DOX by cells to
indirectly demonstrate the hepatocellular targeting of FDCA
and the cancer cell targeting of FA. As shown in Fig. 6b, the
HepG2 cells treated with only FDCA-FA-MNPs/DOX showed
distinct red fluorescence, and almost all the cells had fluores-
cence signals. Generally, the FDCA could specifically bind with
the bile acid transporters, and FA could combine with the over-
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expressed folate receptors on the surface of cancer cells.
Therefore, the HepG2 cells preconditioned with FDCA or FA
showed only some of the cells had weak red fluorescence.
Moreover, the FDCA-FA-MNPs/DOX + FDCA + FA group showed
much weaker red fluorescence, further demonstrating that the
addition of FDCA and FA prominently inhibited the uptake of
FDCA-FA-MNPs/DOX by HCC cells. In contrast to HepG2 cells,
on account of HL-7702 cell was deficient in folate receptors, the
FDCA-FA-MNPs/DOX and FA + FDCA-FA-MNPs/DOX groups
showed more obvious fluorescence, while the FDCA + FDCA-FA-
MNPs/DOX and FDCA + FA + FDCA-FA-MNPs/DOX groups
showed much weaker fluorescence. In brief, modification with
FDCA and FA could significantly enhance the targeting ability of
the FDCA-FA-MNPs/DOX.

3.5.2 Cytotoxicity test. Then, Cell Counting Kit-8 (CCK-8)
test was used to study the anti-tumor activity of FDCA-FA-
MNPs/DOX in vitro. The combined therapeutic effect of FDCA-
FA-MNPs/DOX was evaluated by treating HepG2 cells and
K150 cells with the following three groups: (i) FDCA-FA-MNPs,
(ii) DOX, (iii) FDCA-FA-MNPs/DOX, and PBS group as the
concentration of each group. As shown in the Fig. 7, the cell
viability continued to be close to 90% as the concentration of
FDCA-FA-MNPs up to 80 pg mL ', which indicated that the
biotoxicity of synthesized nano-drug carrier FDCA-FA-MNPs to
cells was negligible. Moreover, under the same treatment
conditions, HepG2 group showed the higher killing rate than
K150 group (the cell viability of HepG2 group was about 22.5%
as the concentration of FDCA-FA-MNPs/DOX up to 80 ug mL ",

"7 mm FDCA-FA-MNPs
= poX
FDCA-FA-MNPS/DOX

I FDCA-FA-MNPs K150
Bl DOX
FDCA-FA-MNPs¢/DOX

50 50

Cell Viability(%)
Cell Viability(%)

PBS 5 10 20 40 80
Concentration (pg/mlL)

PBS 5
Concentration (ug/mL)

10 20 40 80

Fig. 7 Cell survival rate of HepG2 (a); K150 (b) under treated with PBS,
FDCA-FA-MNPs, DOX and FDCA-FA-MNPs/DOX (among them, the
concentrations of FDCA-FA-MNPs and FDCA-FA-MNPs/DOX were 10,
20, 40 and 80 pg mL%, respectively).
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but the K150 group was about 40%), which further revealed the
targeting ability of FDCA-FA-MNPs. In addition, we could see
from Fig. S47 that FDCA-FA-MNPs/DOX had a small cytotoxic
effect on normal human liver cells (HL-7702), suggesting that
this nano-drug carrier could be used for targeted delivery of
anticancer drugs to reduce its toxic and side effects on normal
tissues.

3.5.3 Apoptosis staining. In order to further research the
anti-tumor effect of FDCA-FA-MNPs/DOX in vitro, the effect of
FDCA-FA-MNPs/DOX on inducing apoptosis of cancer cells was
investigated with Hoechst 33342 staining kit. And the staining
results of the Hoechst 33342 staining kit displayed that weak
blue fluorescence in viable cells and strong blue fluorescence in
apoptotic cells and the apoptotic cells appear dense and
hyperchromatic. As shown in Fig. 8, the cells of FDCA-FA-MNPs
group showed with weak blue fluorescence and were similar to
the results of PBS group, indicating that the most of cells were
normal cell. It was demonstrated that the FDCA-FA-MNPs we
synthesized showed low cytotoxicity. And few cells in the DOX
groups showed strong blue fluorescence and some cells remain
showed weak blue fluorescence, which indicated that small
number cells undergo apoptosis. Moreover, compared with the
DOX group, the most cells of FDCA-FA-MNPs/DOX groups
revealed strong blue fluorescence, and there were more cells
appeared as dense and hyperchromatic in HepG2 cells group
compared with K150 cell, which fully demonstrated that FDCA-
FA-MNPs/DOX, as a drug carrier, could effectively target hepa-
tocellular carcinoma cells as the presence of FDCA and FA, and
could act on cancer cells and cause them to die.

3.5.4 Western blotting. The caspase family plays a very
important role in the process of mediating apoptosis, in which
caspase-3 plays a role in the early stage of apoptosis. In order to
further evaluate the anti-tumor effect of FDCA-FA-MNPs/DOX in
vitro, we analyzed the expression of caspase-3 in HCC cells
treated with different formulations by western blotting. The
exposure results of western blotting were shown in Fig. 9. The
expression of caspase-3 in PBS group and FDCA-FA-MNPs group
were significantly weaker, indicating that FDCA-FA-MNPs had
low biotoxicity, which was consistent with the results of CCK8.
The expression of caspase-3 protein was significantly higher in
DOX group and FDCA-FA-MNPs/DOX group, and the apoptosis

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Fluorescence images of HepG2 (a), K150 (b) cells incubated with PBS, FDCA-FA-MNPs, DOX and FDCA-FA-MNPs/DOX, and stained with
Hoechst 33342, weak blue fluorescence and bright blue fluorescence represent live cells and apoptotic cells, respectively (scale bar = 100 pm).

was more obvious in FDCA-FA-MNPs/DOX group, which indi-
cated that the novel nano-drug carrier FDCA-FA-MNPs we
synthesized owned excellent anti-tumor effect in vitro.

4. Conclusion

In conclusion, the FDCA-FA-MNPs were successfully synthe-
sized by co-modification of FDCA and FA on the surface of Fe;0,
nanoparticles. After loading anti-cancer drug DOX through
supramolecular interactions, the nanocomplexes, FDCA-FA-
MNPs/DOX have been successfully used for multi-targeted
chemotherapy of liver cancer. The nanomedicine carrier has
hepatocellular targeting of FDCA, cancer cell targeting of FA and
magnetic targeting of Fe;O,. Multiple targeting effects are
conducive to the nanomedicine carrier to accurately deliver
anticancer drugs to tumor tissues and reduce the dosage of
drugs. It also has a pH-responsive slow-release effect of drugs,
which is beneficial to reduce the nonspecific release of drugs
and the toxic and side effects of drugs on normal tissues. The
nanometer drug carrier integrates multi-targeting, good blood

cleaved caspase 3

B-actin

Fig. 9 The expression of caspase-3 in HepG2 cells incubated with
different formulations.

© 2021 The Author(s). Published by the Royal Society of Chemistry

compatibility, drug sustained release, high drug loading, good
stability and low cytotoxicity, providing a new therapeutic
strategy for targeted treatment of liver cancer. Moreover, we
hope that FDCA-FA-MNPs/DOX can further realize the inte-
grated diagnosis and treatment model of liver cancer through
NMR combined with targeted chemotherapy.
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