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odextrin-grafted Fe3O4-loaded
gambogic acid magnetic nanoparticles:
preparation, characterization, and biological
evaluation

Wei Fang,†a Ya Ji Dai,†ab Ting Wang,a Hai Tao Gao,a Peng Huang,*a Juan Yu,a

He Ping Huang,a Dian Lei Wang *ac and Wei Lu Zonga

Based on aminated b-cyclodextrin (6-NH2-b-CD)-grafted Fe3O4 and gambogic acid (GA) clathrate

complexes, a nanoparticle delivery system was developed with the aim to achieve low irritation, strong

targeting, and high bioavailability of a gambogic acid magnetic nanopreparation. 6-NH2-b-CD grafted

onto Fe3O4 MNPs was demonstrated by high-resolution transmission electron microscopy, Fourier

transform infrared spectroscopy, X-ray diffraction, zeta potential, and magnetic measurements. The

average particle size of the Fe3O4@NH2-b-CD MNPs was 147.4 � 0.28 nm and the PDI was 0.072 �
0.013. The encapsulation efficiency, drug loading, zeta potential, and magnetic saturation values of the

Fe3O4@NH2-b-CD MNPs were 85.71 � 3.47%, 4.63 � 0.04%, �29.3 � 0.42 mV, and 46.68 emu g�1,

respectively. Compared with free GA, the in vitro release profile of GA from Fe3O4@NH2-b-CD MNPs

was characterized by two phases: an initial fast release and a delayed-release phase. The Fe3O4@NH2-b-

CD MNPs displayed continuously increased cytotoxicity against HL-60 and HepG2 cell lines in 24 h,

whereas the carrier Fe3O4@NH2-b-CD MNPs showed almost no cytotoxicity, indicating that the release

of GA from the nanoparticles had a sustained profile and Fe3O4@NH2-b-CD MNPs as a tumor tissue-

targeted drug delivery system have great potential. Besides, blood vessel irritation tests suggested that

the vascular irritation could be reduced by the use of Fe3O4@NH2-b-CD MNPs encapsulation for GA.

The t1/2 and the AUC of the Fe3O4@NH2-b-CD@GA MNPs were found to be higher than those for the

GA solution by approximately 2.71-fold and 2.42-fold in a pharmacokinetic study, respectively. The

better biocompatibility and the combined properties of specific targeting and complexation ability with

hydrophobic drugs make the Fe3O4@NH2-b-CD MNPs an exciting prospect for the targeted delivery of GA.
1. Introduction

Gambogic acid (GA, C38H44O8) is the major active ingredient of
gamboge,1 which has various biological activities, such as
antipyretic, analgesic, anti-inammatory, autophagic, and anti-
tumor.2 Previous studies have shown that GA can activate
impaired apoptotic pathways in cancerous cells via the down-
regulation of telomerase to achieve an anticancer effect.3

However, the clinical development and applications of GA are
limited to date due to its poor water solubility and bioavail-
ability.4 The use of chemical structure modication methods
could solve these problems.5,6
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Magnetic drug-loaded nanoparticles have become one of the
research hotspots in current drug delivery systems due to their
non-invasive and high targeting properties.7 Especially, the
immobilization of some molecules onto magnetic nano-
particles has attracted considerable attention, such as macro-
cyclic host molecules.8 The aim of such targeted delivery is to
load a drug onto highly responsive magnetic nanoparticles, and
use the external magnetic eld to move and concentrate the
nanoparticles on the target organ or the target tissue, thereby
increasing the drug concentration and improving the bioavail-
ability of the drug.9

Due to their superparamagnetism and biocompatibility,
Fe3O4 magnetic nanoparticles (Fe3O4 MNPs), as magnetic
materials, represent an important component,10 which exhibit
many potential applications, including bioseparation, protein
adsorption, enzyme immobilization, magnetic resonance
imaging, and drug targeting.11 Fe3O4 MNPs have properties of
good chemical stability, biocompatibility, and dispensability in
various solvents.12 Many materials, such as noble metals,
This journal is © The Royal Society of Chemistry 2019
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View Article Online
surfactants, and polymers, as functional groups have been
introduced onto Fe3O4 MNPs for new chemical modication,
and applications.13

b-Cyclodextrin (b-CD) has primary and secondary hydroxyl
groups,14 and has been used as a natural supramolecular host
with a cyclic structure, a hydrophilic outer surface and hydro-
phobic cavity.15 In the eld of chemistry, pharmaceuticals,
enzyme mimics, and drug carriers were widespread applica-
tion16 where b-CD has potential, as the cavity of b-CD and
a small molecule drug could form an inclusive complex, which
could enhance the solubility of hydrophobic drugs and reduce
undesirable smell and side effects.17 The cyclodextrins of the
host–guest type complexation and their applications in many
elds have recently received much attention.18

Gambogenic acid (GNA)-loaded folic acid (FA)-armed MNPs
(FA-GNA-MNPs) were prepared by our research team, and we
conrmed that FA and GNA were successfully conjugated on the
Fe3O4 core and exhibited substantial inhibitory effects in HeLa
cancer cells.19 Recently, a drug delivery system with the inclu-
sion property of cyclodextrin, the bioadhesive property of GA,
and the magnetic property of iron oxide was successfully
designed.18 In this paper, Fe3O4@NH2-b-CD-encapsulated GA
magnetic nanoparticles (Fe3O4@NH2-b-CD@GA MNPs) were
prepared via a co-precipitation method and characterized by
high-resolution transmission electron microscopy (HRTEM),
Fourier transform infrared spectroscopy (FTIR), vibrating
sample magnetometry (VSM), and zeta potential.20 The study
and evaluation of the MNP system's drug-carrying capacity and
release performance was carried out by the dialysis method. The
hepatocellular carcinoma cell line HepG2 and leukemia HL-60
cell line were used as research objects. The MTT assay was
used to explore the anti-tumor effect of the nano drug-loading
system on solid tumor cells and non-solid tumor cells. The
pathological tissue sections of rabbit ear veins were observed by
HE staining to measure the vascular irritancy of the gambogic
acid magnetic Fe3O4@NH2-b-CD nanoparticles. The plasma
concentration–time curve of GA in rat plasma was measured to
evaluate the pharmacokinetic characteristics of the
Fe3O4@NH2-b-CD@GA MNPs. It was demonstrated that the
water solubility and bioavailability of gambogic acid were
improved, and the application scope was expanded. This system
can be a promising vehicle for the administration of hydro-
phobic drugs.

2. Materials and methods
2.1 Chemicals and reagents

Gambogic acid (98%, Sigma-Aldrich, St. Louis, MO, United
States); FeCl3$6H2O (F102739, Shanghai Macklin Biochemical
Co., Ltd); FeCl2$4H2O (RA10220008, BeiJing HengYe Zhon-
gYuan Chemical Co., Ltd); ammonium hydroxide (A801005,
Shanghai Macklin Biochemical Co., Ltd); tosyl chloride
(T821340, Shanghai Macklin Biochemical Co., Ltd); NaOH,
CH3CN, NaN3, (C6H5)3P, N,N-dimethylformamide (Shanghai
Aladdin Biochemical Technology Co., Ltd); citric acid (C805022,
Shanghai Macklin Biochemical Co., Ltd); ethanol (E164502,
Shanghai Aladdin Biochemical Technology Co., Ltd); b-
This journal is © The Royal Society of Chemistry 2019
cyclodextrin (b-CD, W402826, Shanghai Sinopharm Chemical
Reagent Co., Ltd.); methanol (M120521, Shanghai Aladdin
Biochemical Technology Co., Ltd.); and phosphoric acid
(P816342, Shanghai Aladdin Biochemical Technology Co., Ltd).
All reagents were of analytical grade. Water used was deionized
water.

2.2 Cells

HepG2 cells, HL-60 cells (China Center for Type Culture
Collection); fetal bovine serum (FBS) (GIBCO, No. 16000-044);
methyl sulfoxide (US Sigma Corporation, 20170210); dimethyl
sulfoxide (US Sigma Corporation, 20170610); thiazolyl blue
tetrazolium bromide (MTT, American Sigma Company, lot
number MKB06849V); Iscove's modied Dulbecco's medium
(IMDM, US HyClone, AB212851); and phosphate-buffered saline
(PBS, prepared in our laboratory).

2.3 Animals

All protocols and animal care were authorized by the Animal
Care and Use Committee of Anhui University of Chinese
Medicine and were in accordance with the Guidelines for the
Use of Laboratory Animals. All rats and rabbits were purchased
from the Anhui Medical University Experimental Animal Center
(Hefei, China). All rats and rabbits were acclimated in an animal
breeding room under specic pathogen-free (SPF) conditions
(Laboratory License No. SYXK (Wan) 2017-0001). Animal
Certicate No. 201800222. Laboratory animal production
license No. SCXK (Wan) 2018-0012.

2.4 Synthesis of 6-NH2-b-CD

b-Cyclodextrin (5.0 g) was dissolved in 40 mL deionized water,
and NaOH solution was added dropwise until the solution
claried. Next, p-toluenesulfonyl chloride solution containing
acetonitrile (0.84 g p-TosCl, 3 mL CH3CN) was added and stirred
for 4 h at 10 �C. Aer the solution was ltered, the ltrate was
adjusted to pH 6, and a white precipitate was obtained as 6-
OTos-b-CD. 6-OTos-b-CD and NaN3 were then added to 15 mL
ethyl alcohol solution and allowed to undergo a reux reaction
for 15 h. Following distillation, the precipitate was dissolved in
100 mL deionized water and ltered, and the ltrate was added
into 100 mL acetone to give a white precipitate, which was
washed with acetone/water (v/v ¼ 5 : 1) to give 6-N3-b-CD. Next,
6-N3-b-CD and (C6H5)3P were added to 2mL DMF and stirred for
1 h, then 2mL NH3$H2O was added and the solution was stirred
for 4 h at 20 �C. Aer the solution was ltered, the ltrate was
poured into 80 mL acetone and a white precipitate was obtained
as 6-NH2-b-CD.21

2.5 Synthesis of Fe3O4@NH2-b-CD MNPs

FeCl3$6H2O (2.61 g) and FeCl2$4H2O (1.05 g) were dissolved in
100 mL deionized water to produce a solution with the
concentrations of 0.01 mol L�1 and 0.005 mol L�1, respectively.
NH3$H2O (W/W: 25%) and citric acid were added at 80 �C until
the solution turned dark.22 Fe3O4 MNPs were added into the
MES solution. Subsequently, EDCI (191 mg) and NHS (115 mg)
RSC Adv., 2019, 9, 27136–27146 | 27137
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View Article Online
were added and stirred for 1 h. The solution of MES containing
6-NH2-b-CD (1.1 g) was added and allowed to react for 12 h. The
nal product was Fe3O4@NH2-b-CD MNPs.20
2.6 Preparation of Fe3O4@NH2-b-CD@GA MNPs

The Fe3O4@NH2-b-CD MNPs were prepared using the following
procedure: Fe3O4@NH2-b-CD (40 mg) was dissolved in 15 mL
PBS at pH 7.4. GA (20 mg) was dissolved in 10 mL methanol.
Subsequently, the two solutions were mixed and stirred at room
temperature for 48 h. Following centrifugation, the precipitate
was lyophilized using a vacuum freeze dryer for 24 h to obtain
the Fe3O4@NH2-b-CD@GA MNPs.
2.7 Characterization of the Fe3O4@NH2-b-CD MNPs

FTIR (Thermo Nicolet 6700 ThermoFisher Scientic, USA)
spectral analysis of b-CD, 6-OTos-b-CD, 6-N3-b-CD, 6-NH2-b-CD,
Fe3O4@NH2-b-CDMNPs, and Fe3O4@NH2-b-CD@GAMNPs was
performed. X-ray diffraction analysis (XRD, MAC Science
MXP18AHF) of the samples (Fe3O4 MNPs, Fe3O4@NH2-b-CD
MNPs and Fe3O4@NH2-b-CD@GA MNPs) was performed using
an X-ray powder diffractometer (Bruker, Germany) equipped
with Cu Ka radiation. The physical appearance and nano-
particle size distribution were evaluated using a high-resolution
transmission electron microscopy (HRTEM) system (SU8200,
Hitachi TEM system; Hitachi High-Technologies Pte Ltd).
Solutions of Fe3O4@NH2-b-CD MNPs and Fe3O4@NH2-b-
CD@GA MNPs were diluted to optimal concentrations with
absolute alcohol and placed on a copper grid prior to the
analysis. Hysteresis curves of Fe3O4, Fe3O4@NH2-b-CD MNPs
and Fe3O4@NH2-b-CD@GA MNPs were determined between
�20–20 KOe at 300 K. Determination of the average particle
size, polydispersity index (PDI), and zeta potential of Fe3O4

MNPs, Fe3O4@NH2-b-CD MNPs, and Fe3O4@NH2-b-CD@GA
MNPs were performed using a Malvern particle size analyzer
(Zetasizer 3000HS; Malvern Instruments, UK). Each experiment
was performed in triplicate (n ¼ 3) at 25 �C.
2.8 Drug entrapment efficiency and drug loading

Fe3O4@NH2-b-CD@GA MNPs (10.00 mg) was dissolved in 1 mL
methanol, and the unencapsulated GA was separated by ultra-
sonication for 20 min and supercentrifuged at 12 000 rpm. The
concentration of GA in the supernatant was determined by
HPLC.23 The encapsulation efficiency (EE%) and drug loading
(DL%) of the Fe3O4@NH2-b-CD@GA MNPs were determined by
the following equations:

EE% ¼ WE/WA � 100%

DL% ¼ WE/WL � 100%

whereWE is the amount of encapsulated GA in the Fe3O4@NH2-
b-CD@GA MNPs, WA is the amount of GA added in the system,
and WL is the weight of Fe3O4@NH2-b-CD@GA MNPs added in
system.
27138 | RSC Adv., 2019, 9, 27136–27146
2.9 In vitro GA release studies

The in vitro release of GA was carried out in PBS (pH 7.4) con-
taining 1% Tween 80. Tween 80 was used to increase the solu-
bility of GA in the buffer solution. The GA solution and
Fe3O4@NH2-b-CD@GA MNPs were transferred into a pre-
swelled dialysis bag (21 mm, molecular weight cut off 8000–
14400 Da, USA), and subsequently, the dialysis bags were sealed
and put into 100 mL release medium at 37 � 0.5 �C and stirred
at 100 rpm. At predetermined time intervals, 2 mL dissolution
medium was withdrawn and replenished with the same amount
of fresh medium. The amount of GA released was analyzed by
HPLC.
2.10 Cell viability and proliferation

The in vitro cytotoxicity of Fe3O4@NH2-b-CD@GA MNPs against
APL HL-60 and HepG2 cells was evaluated using the MTT assay
in the following three experimental groups: GA, Fe3O4@NH2-b-
CD, and Fe3O4@NH2-b-CD@GA MNPs group.24,25 The cytotox-
icity of HL-60 cells was evaluated across the concentration range
of 0.0625, 0.125, 0.250, 0.500, 1.000, 2.000, and 4.000 mgmL�1 in
triplicate for each group. The cytotoxicity of HepG2 cells was
evaluated across the concentration range of 0.094, 0.188, 0.375,
0.750, 1.500, 3.000, and 6.000 mg mL�1 in triplicate for each
group. Absorbance was measured at 490 nm using a microplate
reader (US Bio-Tek, model ELX800MV).
2.11 Vascular irritation

The inuence of Fe3O4@NH2-b-CD@GA MNP concentration
and ear-vein injection times on vascular irritation in rabbit were
tested.26 Here, 18 white New Zealand rabbits (weighing 2–2.5 kg)
were divided randomly into two groups. GA solution (dissolved
in normal saline) and Fe3O4@NH2-b-CD@GA MNPs were
administered to the right ear vein of the two groups of rabbits at
a dose of 4, 8, or 16 mg kg�1, respectively. An equivalent volume
of normal saline was administrated as a reference via the le ear
vein. All the rabbits were treated once daily for 3 days and
examined for signs of irritation aer administration. The
excised tissue samples were xed in 4% paraformaldehyde,
then embedded in paraffin, and subsequently, cut into 5 mm
thick paraffin sections and placed on a glass slide. The tissues
were stained with hematoxylin and eosin (H&E). The stimu-
lating effect of GA on venous blood vessels aer being wrapped
with Fe3O4@NH2-b-CD was judged by observing the histopath-
ological changes in the ear veins under a microscope.
2.12 Pharmacokinetic study

Ten SD rats (220 � 20 g, male) were divided randomly into two
groups (n ¼ 5) for GA and Fe3O4@NH2-b-CD@GA MNP intra-
venous administration at a dose of 20 mg kg�1.27 Blood samples
(0.2 mL) were collected from the orbital plexus at specic time
intervals (0, 2, 5, 10, 20, 30, 40, 60, 80, 100, 120min) and put into
heparin-containing tubes. Subsequently, the sample was
centrifuged at 3000 rpm for 10 min to separate plasma and then
stored at �80 �C for further analysis. 10 mL of the internal
standard (2 mg mL�1 of gambogic acid) was spiked in 100 mL rat
This journal is © The Royal Society of Chemistry 2019
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plasma, and subsequently, vortex-mixed with 1 mL ethyl acetate
for 10 min. The supernatant was gathered aer being centri-
fuged at 3500 rpm for 10 min and evaporated under nitrogen.
Next, 100 mL of methanol was added to the eppendorf tubes to
redissolve, and then the solution was centrifuged at 12 000 rpm;
20 mL of the supernatant was analyzed by HPLC.
3. Statistical analysis

All the results are expressed as mean � standard deviation (SD)
and were calculated using GraphPad Prism 7.0. Data were
evaluated using the Student's t-test. P values less than 0.05 were
considered to show statistical difference and less than 0.01 was
considered to show signicant difference.
4. Results and discussion

The synthesis of 6-NH2-b-CD was achieved by substituting the 6-
position hydroxyl group of b-CD with p-TosCl, NaN3, and P(Ph)3
via a reduction reaction. Subsequently, the carboxyl group (on
the citric acid) on the surface of Fe3O4 was activated by EDCI
and NHS to react with ammonia on 6-NH2-b-CD to form an
amide, and produced Fe3O4@NH2-b-CD MNPs as the host
macromolecule. The GA, which is a highly hydrophobic anti-
tumor drug, was the guest component included in the host
Scheme 1 Schematic diagram of the synthesis process of Fe3O4@NH2-

This journal is © The Royal Society of Chemistry 2019
macromolecule to form the nano complex Fe3O4@NH2-b-
CD@GA MNPs (Scheme 1).

4.1 Characterization of the Fe3O4@NH2-b-CD MNPs

The FTIR spectral analysis results of b-CD, 6-NH2-b-CD,
Fe3O4@NH2-b-CD MNPs, and Fe3O4@NH2-b-CD@GA MNPs are
shown in Fig. 1. The spectra of the composites are similar to
each other because they all contain infrared active bands orig-
inating from b-CD. Nonetheless, in the spectral range from 1300
to 1800 cm�1 and below 800 cm�1, certain differences can be
observed due to the presence of Fe3O4.28 b-CD contains multiple
hydroxyl groups, and their reactivity is different. The absorption
bands at 3387 cm�1 correspond to OH or COOH stretching
vibration, and at 1015 and 1135 cm�1 are related to the anti-
symmetric glycosidic na(C–O–C) vibration and the coupled n(C–
C/C–O) stretching vibration (Fig. 1a-a), respectively, which were,
according to the R-1, 4-bond skeleton vibration, and the anti-
symmetric vibrations of glycosidic bond (C–O–C).29 The peaks of
6-NH2-b-CD at 1635 cm�1 are related to the N–H stretching
vibration (Fig. 1a-b). The results indicate that –NH2 was
successfully graed onto the b-CD.30 The signicant peak of
Fe3O4@NH2-b-CD was observed at 580 cm�1, which was
ascribed to the Fe–O stretching vibration of Fe3O4 (Fig. 1a-c).
Signicant peaks of Fe3O4@NH2-b-CD@GA MNPs at 2950 cm�1

observed were due to the C–H bond stretching vibration of citric
acid.31 The absorption peaks at 1637 and 1015 cm�1 (Fig. 1a-d)
b-CD@GA MNPs.

RSC Adv., 2019, 9, 27136–27146 | 27139
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Fig. 1 Characterization of Fe3O4@NH2-b-CD@GA MNPs: (a). FTIR spectra of b-CD (a), 6-NH2-b-CD (b), Fe3O4@NH2-b-CD MNPs (c) and
Fe3O4@NH2-b-CD@GA MNPs (d) and (b). The XRD of Fe3O4 MNPs (a), Fe3O4@NH2-b-CD MNPs (b) and Fe3O4@NH2-b-CD@GA MNPs (c).
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conformed to the glucoside bond (C–O–C) anti-symmetric
vibrations and coupled vibrations (C–C/C–O) of GA, which
suggested that GA was loaded onto the Fe3O4@NH2-b-CDMNPs.
All the changes indicated that the preparation of Fe3O4@NH2-b-
CD@GA was successful.

Fig. 1b shows the XRD spectral analysis of the products
Fe3O4 MNPs, Fe3O4@NH2-b-CD MNPs, and Fe3O4@NH2-b-
CD@GA MNPs. Fig. 1b-a show the XRD pattern of the Fe3O4

MNPs. Compared with the standard XRD pattern of Fe3O4

(JCPDS le 79-0417, magnetite), the observed reections at
30.1�, 35.4�, 43.1�, 56.9�, 62.8� were identied.32 For
Fe3O4@NH2-b-CD@GAMNPs, the observed reections at (30.2�,
220), (35.5�, 311), (43.2�, 400), (53.7�, 422), (57.2�, 511), and
(62.7�, 440) were identied. For Fe3O4 MNPs (Fig. 1b-b) and
Fe3O4@NH2-b-CD@GA MNPs (Fig. 1b-c), the characteristic
peaks of Fe3O4 MNPs were always present. The results indicated
that the modication did not change the crystal structure of the
Fe3O4 MNPs and the Fe3O4@NH2-b-CD@GA MNPs were
successfully prepared.

The crystallographic structures of the Fe3O4@NH2-b-CD@GA
MNPs and Fe3O4@NH2-b-CD@GA MNPs were analyzed using
HRTEM (Fig. 2). The images in Fig. 2a1 and b1 show that the
Fe3O4@NH2-b-CD MNPs and Fe3O4@NH2-b-CD@GA MNPs
have a substantially spherical-like core–shell structure, where
the core is Fe3O4 (black region) and the shell is 6-NH2-b-CD
(gray region), conrming the direct deposition of a 6-NH2-b-CD
particle layer on the surface of Fe3O4 MNPs, and that no
amorphous 6-NH2-b-CD was observed. The circular streak
image in Fig. 2a2 reveals the orientation of the crystalline Fe3O4

core, and the diameter spacing of 0.27 nm, which agrees with
that of the standard magnetite of Fe3O4.33 Another diameter
spacing of 0.47 nm wasmeasured in the shell layer, which could
be ascribed to the amorphous Fe3O4 phase,34 as shown in
Fig. 2a2. The electron diffraction pattern exhibits spotty
diffraction rings and well-resolved spots in Fig. 2a3, which
conrm the crystalline structure of the nanoparticles.

The size distribution and zeta potential of Fe3O4@NH2-b-CD
MNPs and Fe3O4@NH2-b-CD@GA MNPs were determined
27140 | RSC Adv., 2019, 9, 27136–27146
immediately aer the production by using a Zetasizer instru-
ment (Fig. 3). The average particle sizes of Fe3O4@NH2-b-CD
MNPs and Fe3O4@NH2-b-CD@GA MNPs were 119.4 � 0.37 nm
and 147.4 � 0.28 nm and their polydispersity indexes (PDIs)
were 0.092 � 0.025 and 0.072 � 0.013, respectively. The zeta
potentials of Fe3O4@NH2-b-CD MNPs and Fe3O4@NH2-b-
CD@GA MNPs were �30.8 � 0.16 mV and �29.3 � 0.42 mV,
respectively. These results show that the particle size of
Fe3O4@NH2-b-CD MNPs increased aer loading GA. According
to the report, nanoparticles with a positive surface charge are
prone to interact non-specically with serum proteins in blood
and produce precipitation. The negative zeta potential of the
nanoparticles suggested that they could have a prolonged
circulation time in blood. The zeta potential of Fe3O4@NH2-b-
CD@GAMNPs was about�29.3 mV, which meant they were not
dispersed stably as the electrostatic repulsion could not prevent
the colloids from occulation.

The magnetic properties of Fe3O4 MNPs, Fe3O4@NH2-b-CD
MNPs, and Fe3O4@NH2-b-CD@GA MNPs were investigated by
VSM (Vibrating Sample Magnetometer, NanoMagnetics Instru-
ments) at 300 K. Their hysteresis loops could be clearly observed
in Fig. 4. In the S-shape magnetic curve, no coercivity and
remnant magnetization were observed, suggesting that samples
were superparamagnetic.35 Superparamagnetic materials do not
retain magnetization before and aer exposure to an external
magnetic eld, which is very useful in in vivo applications. The
saturation magnetization values for Fe3O4, Fe3O4@NH2-b-CD
MNPs, and Fe3O4@NH2-b-CD@GAMNPs were 56.86, 53.64, and
41.75 emu g�1, respectively. The saturation magnetization value
of Fe3O4@NH2-b-CD@GA MNPs was considered to be sufficient
for drug delivery. The decrease in the saturation magnetization
value was attributed to the non-magnetic b-CD on the particles,
quenching the magnetic moment.

As a drug-loading material, Fe3O4@NH2-b-CDMNPs not only
have the size effect and strong adsorption capacity of magnetic
nanoparticles, but also have a hydrophobic and hydrophilic
cavity inside the cyclodextrin. The GA content in the
Fe3O4@NH2-b-CD@GA MNPs was measured using HPLC. The
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra04955j


Fig. 2 The HRTEM image of Fe3O4@NH2-b-CD MNPs (a1, a2, a3) and Fe3O4@NH2-b-CD@GA MNPs (b1, b2, b3).
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EE% and DL% of the GA in the Fe3O4@NH2-b-CD@GA MNPs
were 85.71 � 3.47% and 4.63 � 0.04%, respectively.

During the preparation of 6-NH2-b-CD, b-CD was prone to
clathration, whereas it was difficult to dissolve TosCl in water,
and the whole reaction system was heterogeneous. Therefore,
using water as a solvent can effectively inhibit the clathration of
Fig. 3 The size distribution and zeta potential distribution of Fe3O4@NH

This journal is © The Royal Society of Chemistry 2019
b-CD. When the reaction temperature exceeds 10 �C and the
NaOH concentration is too high, the resulting 6-OTs-b-CD can
be easily hydrolyzed. There are two main reactions for the
formation of an azide group: one is Pd/C reduction, and the
other is triphenylphosphine reduction. The Pd/C reduction was
more intense and produces more by-products. The reduction
2-b-CD MNPs and Fe3O4@NH2-b-CD@GA MNPs (n ¼ 3).

RSC Adv., 2019, 9, 27136–27146 | 27141
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Fig. 4 The saturation magnetization curve of Fe3O4 MNPs, Fe3O4@NH2-b-CD MNPs, and Fe3O4@NH2-b-CD@GA MNPs.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

ug
us

t 2
01

9.
 D

ow
nl

oa
de

d 
on

 7
/1

5/
20

24
 5

:3
4:

56
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
reaction of triphenylphosphine was milder, and the structure of
the phosphorimide could be obtained, while the use of acetone
was effective for preventing the re-dissolution of triphenyl-
phosphine in aqueous ammonia.

In the synthesis of Fe3O4 MNPs, stirring was carried out
using polytetrauoroethylene. Citric acid is a polycarboxyl
molecule that may be adsorbed by Fe3O4 during the synthesis
process, which can reduce the surface energy of the molecule,
can effectively prevent the occurrence of agglomeration, and
also act as a dispersant or electrostatic stabilizer in the
synthesis process.36 The b-CD was modied into 6-NH2-b-CD,
and its action wasmore inclined to provide –NH2, which formed
a chemical bond with –COOH and was graed onto Fe3O4.37 In
addition, 6-NH2-b-CD can also be used as an inclusion material,
whereby the hydrophobic cavity can load a poorly soluble drug
and act as a drug carrier. Fe3O4 has one molecule of FeO with
sp2 hybridization and one molecule of Fe2O3 with sp3 hybrid-
ization, according to the principle of Pauli [exclusion] prin-
ciple.38 Fe3O4 can provide an empty orbital to chelate with acid
ions. Furthermore, as the Fe3O4 forms nanoparticles, the
surface energy and adsorption capacity were greatly increased,
and the free acid ions were adsorbed on the surface of the Fe3O4

in the solution. Finally, Fe3O4–COOH was formed.
There are three main reasons for the decrease in saturation

magnetization. First, the original spin state of the ferroferric
oxide has changed. Second, with the nanocrystallization of
Fe3O4, non-collinear rotation occurs, resulting in a decrease in
the magnetic moment and magnetic properties, or rather it can
be said that the surface curvature of the particle is affected by
the size, and this changes the disordered crystal orientation of
the particle surface, resulting in a change in saturation
magnetization. Third, aer Fe3O4 was encapsulated by NH2-b-
27142 | RSC Adv., 2019, 9, 27136–27146
CD, the magnetic strength of the magnetic center was
weakened.
4.2 In vitro drug release

The suitability of Fe3O4@NH2-b-CD MNPs as drug carriers was
evaluated using cumulative drug release experiments. Fig. 5
shows the release percent of GA released from Fe3O4@NH2-b-
CD@GA MNPs under different pH conditions. The results
revealed that Fe3O4@NH2-b-CD@GA MNPs showed the highest
release efficiency, where the cumulative release percent was
nearly 30% within 100 min under pH 7.4. The cumulative
release of GA was lower at pH 4.0. However, in subsequent drug
releases, the difference was not obvious under different pH
conditions. As Fig. 5 indicates, the GA release from Fe3O4@NH2-
b-CD@GA MNPs constituted three different phases: an initial
relatively fast phase, an acceleration phase, and a smooth
release phase, which would help in sustaining the drug to be
available for a longer period of time and helping reduce the
toxic side effects of the drugs.
4.3 Cytotoxicity analysis

In an attempt to understand the anticancer efficacy of
Fe3O4@NH2-b-CD@GA MNPs in vitro, APL HL-60 and HepG2
cells, being two different cancer cell lines, were treated with
different concentrations of GA, Fe3O4@NH2-b-CD, and
Fe3O4@NH2-b-CD@GA MNPs for 24 h. The MTT assay showed
that GA was able to inhibit the growth of HL-60 cells and HepG2
cells, with IC50 values of 0.818 mg mL�1 and 1.525 mg mL�1,
respectively. Additionally, as observed from the decrease in
corresponding IC50 values (0.348 and 0.964 mg mL�1 in HL-60
and HepG2 cells, respectively) in the two cancer cell lines,
aer GA was encapsulated into Fe3O4@NH2-b-CD, the
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Accumulative release of GA and Fe3O4@NH2-b-CD@GA MNPs over time under different pH conditions (n ¼ 3).
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antiproliferative efficacy was greatly augmented. Furthermore,
in HL-60 and HepG2 cells, Fe3O4@NH2-b-CD@GA MNPs
compared to GA at an equivalent drug concentration showed
higher cytotoxicity, while Fe3O4@NH2-b-CD demonstrated no
obvious cytotoxicity, indicating its good safety with the cells, as
shown in Fig. 6.
4.4 Vascular irritability

Macroscopic observations were performed for a single ear
injection of GA and Fe3O4@NH2-b-CD@GA MNPs to rabbits. In
the GA group, signicant redness, congestion, and agglomera-
tion occurred in the injection area of the rabbit ear,39 but no
such phenomena occurred in the Fe3O4@NH2-b-CD@GA MNPs
group. As presented in Fig. 7d–f, there was signicant swelling,
degeneration, vascular edema, inammatory cell inltration,
Fig. 6 Effects of GA, Fe3O4@NH2-b-CD MNPs, and Fe3O4@NH2-b-CD@
plates were treated with various concentrations of GA, Fe3O4@NH2-b-C
3).*p < 0.05, **p < 0.01 compared with the Fe3O4@NH2-b-CD MNPs, #p

This journal is © The Royal Society of Chemistry 2019
necrosis, and formation of thrombus when the dose of injection
was increased. No pathological change was found in the control
group (Fig. 7a–c). There was no degeneration, necrosis, and
endothelial cell injury with the inner wall of veins, and a slight
swelling in Fe3O4@NH2-b-CD@GA MNP groups was observed,
as shown in Fig. 7g–i. This suggested that the vascular irritation
of GA could be reduced with Fe3O4@NH2-b-CD MNP encapsu-
lation due to the reduction of the direct contact of the drug with
the vascular endothelium. Therefore, it could be acceptable for
intravenous administration.
4.5 Pharmacokinetic characteristics

The pharmacokinetic characteristics were evaluated using i.v.
administration at a single dose of 20 mg kg�1 of GA and
Fe3O4@NH2-b-CD@GA MNPs in rats, respectively. The
GA MNPs on the cell viability of (a) HL-60; (b) HepG2. Cells in 96-well
D MNPs, and Fe3O4@NH2-b-CD@GA MNPs for 24 h (mean � SD, n ¼
< 0.05, ##p < 0.01 compared with the GA.

RSC Adv., 2019, 9, 27136–27146 | 27143
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Fig. 7 Pathological paraffin sections (hematoxylin-eosin stain) from the ears of rabbits (�200 magnification). Control group (a–c), GA group (d–
f), Fe3O4@NH2-b-CD@GA MNPs (g–i).
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pharmacokinetic parameters were calculated using DAS 2.1
soware and the noncompartment model. The pharmacoki-
netic parameters are listed in Table 1, respectively, and the
concentration-time proles of GA and Fe3O4@NH2-b-CD@GA
MNPs are presented in Fig. 8. Encapsulating GA in Fe3O4@NH2-
b-CD greatly increased the systemic drug exposure; the AUC
increased from (149.2 � 11.91 mg (L min)�1) to (347.8 �
13.71 mg (L min)�1), and the Cmax value in the Fe3O4@NH2-b-
CD@GA MNPs group was signicantly higher than in the GA
Table 1 Pharmacokinetic parameters of GA in plasma following
administration of GA and Fe3O4@NH2-b-CD@GA MNPs to rats (mean
� SD, n ¼ 6)

Parameters GA Fe3O4@NH2-b-CD@GA

t1/2z (min) 6.932 � 0.392 18.823 � 0.409a

Cmax (mg L�1) 7.54 � 0.56 11.82 � 0.27b

CLz (L (min kg)�1) 0.150 � 0.004 0.062 � 0.024b

AUC(0–t) (mg (L min)�1) 149.2 � 11.76 347.801 � 13.72b

AUC(0–N) (mg (L min)�1) 199.968 � 15.36 414.707 � 14.62a

a p < 0.05. b p < 0.01 compared with the GA group.

27144 | RSC Adv., 2019, 9, 27136–27146
group (p < 0.01). In addition, the t1/2 value of Fe3O4@NH2-b-
CD@GA MNPs was signicantly improved to 18.823 �
0.409 min compared with that of the GA group. These results
suggested that Fe3O4@NH2-b-CD@GA MNPs could overcome
the low bioavailability and poor pharmacokinetics of GA. The in
Fig. 8 Mean concentration-time profile of GA and Fe3O4@NH2-b-
CD@GA MNPs in plasma following i.v. administration of a single dose
of 20 mg kg�1 to rats (mean � SD, n ¼ 6).

This journal is © The Royal Society of Chemistry 2019
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vivo pharmacokinetic study proved that the Fe3O4@NH2-b-
CD@GA MNPs exhibited slower clearance and higher drug
exposure than GA did. The reason for this is that b-CD them-
selves have a sustained release feature, and the other reason is
that the aminated modication increases this characteristic.40

Besides, the concentration–time characteristic curve in vivo did
not exactly match the in vitro release prole. The amount of
released GA over 12 h was approximately 67% in the GA group,
while the half-life was approximately 6.9 min aer i.v. admin-
istration to the rats, which corresponded to a release amount of
about 4.8% in vitro. The amount of released GA over 12 h was
75% in the Fe3O4@NH2-b-CD@GA MNPs group in vitro, while
the half-life was approximately 18.8 min aer i.v. administra-
tion to rats in vivo. Some studies suggest that changes in the
morphology and surface electronic structure of nanoparticles
may have an effect on the pharmacokinetics in vivo.41 These
results provided us some information that Fe3O4@NH2-b-CD
themselves may have a sustained release feature to understand
the properties of Fe3O4@NH2-b-CD@GA MNPs with respect to
pharmacokinetics and pharmacodynamics.

Fe3O4@NH2-b-CD@GA MNPs possessed better magnetic
targeting, controlled release, low stimulation, and good phar-
macokinetic behavior in vivo, including a lower CLz, longer half-
life, and increased AUC, which indicate that they have a good
promoting effect on enhancing drug accumulation and
adsorption at the tumor site when compared with gambogic
acid nanomagnetic systems, such as gambogic acid-loaded
micelles based on chitosan derivatives,42 magnetic nano-
particles of Fe3O4 with gambogic acid,43 GO-modied Fe3O4/
SiO2 nanoparticles with combined rhenium-188 and gambogic
acid,44 and gambogic acid-loaded magnetic Fe3O4 nano-
particles.45 Moreover, other nanomagnetic systems, such as
pegylated liposomes loaded with cisplatin magnetic nano-
particles (Cis-MLs),46 and folic acid-functionalized magnetic
nanoparticles47 also have great signicance.
5. Conclusions

Fe3O4@NH2-b-CD@GAMNPs based on the host macromolecule
Fe3O4@NH2-b-CD and the guest component GA showed
a substantially spherical-like core–shell structure with an
average size of 147.4 nm and zeta potential of �29.3 mV.
Besides, the Fe3O4@NH2-b-CD@GA MNPs showed enhanced
stability, sustained drug release proles, and essentially
increased cytotoxicity compared with free GA. Moreover,
Fe3O4@NH2-b-CD@GA MNPs could extend the biological half-
life and improve the vascular irritability and bioavailability
compared with GA. Collectively, the present results suggested
that the encapsulation of GA could greatly enhance the bio-
logical activity, which also would provide more choices for
Fe3O4@NH2-b-CD as carriers for other hydrophobic drugs.
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