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ABSTRACT: In the present study, the molecular and magnetic dual-
targeted redox-responsive folic acid—cysteine—Fe;O, microcapsules
(FA—Cys—Fe;O, MCs) have been synthesized via the sonochemical
technique, and targeting molecule (folic acid) and Fe;O, magnetic
nanoparticles are introduced into the microcapsule shells successfully.
The obtained FA—Cys—Fe;O, MCs show excellent magnetic
responsive ability by the oriented motion under an external magnetic
field. The hydrophobic fluorescent dye (Coumarin 6) is successfully
loaded into the FA—Cys—Fe;O, MCs, demonstrating that it could be
also easily realized to encapsulate hydrophobic drugs into the FA—
Cys—Fe;0, MCs when the drugs are dispersed into the oil phase
before sonication. Cellular uptake demonstrates that FA—Cys—Fe;0,
MCs could target selectively the cells via folate-receptor-mediated
endocytosis. Moreover, the FA—Cys—Fe;O0, MCs show their
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potential ability to be an attractive carrier for drug controlled release owing to the redox responsiveness of the disulfide in

the microcapsule shells.
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1. INTRODUCTION

Microcapsules are microsize containers with a specific geo-
metric structure for encapsulation of drugs or other
materials.'™> The biomaterials such as proteins, lipids, and
amino acids are good microcapsule materials and have
prospective applications in the fields of drug or gene delivery,
drug controlled release, and magnetic resonance imaging
(MRI).*7 In recent years, protein microcapsules or lipid
microcapsules have been focused on the treatment of serious
diseases (heart disease, cancer, etc.) as effective drug delivery
carriers in the biomedical field.

Many efforts have been devoted to prepare biomaterial
microcapsules, and various approaches have been devel-
oped.®'* Suslick and cooperators have developed a new
synthesis method for biomaterial microcapsules by using
ultrasonic radiation and successfully embedded gas or water-
insoluble liquid into protein microcapsules and explored its
synthesis mechanism further.”>™"” The sonochemical method
has been proven to be simple and efficient owing to its
convenient process, simple experimental devices, superior
products, and significant saving time in production.'®"’
Moreover, the hydrophobic drugs dispersed in the oil phase
can be directly loaded into microcapsules without being
destroyed under a high-intensity ultrasound.*
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It will be very interesting and valuable to introduce targeting
material or stimuli-responsive material into the biomaterial
microcapsules or immobilize them onto the microcapsule walls,
since there are several potential advantages of the targeted
stimuli-responsive biomaterial microcapsules. First, micro-
capsule shells are generally biodegradable due to their
biomaterial constituents and the existence of hydrolytic
enzymes in vivo, and hence, there is little negative effect from
the biomaterial microcapsules.”' Second, a certain amount of
hydrophobic drugs can be kept in the biomaterial micro-
capsules before arriving at the targeted tumor sites or
pathological cells, avoiding the side effects of drugs that harm
the normal tissues.”* Third, owing to the existence of targeting
material, biomaterial microcapsules can be guided accurately to
release the drugs at the specified illness sites. Fourth, on the
basis of disulfide bonds, biomaterial microcapsules possess
excellent redox responsiveness, which can control release of the
drugs when cleavage of disulfide bonds occurs.>>° Fur-
thermore, the drug controlled release might help to overcome
the multidrug resistance (MDR) of cancer cells.”*>*
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Herein, we design a facile sonochemical route for the
fabrication of dual-targeted redox-responsive folic acid—
cysteine—Fe;0, microcapsules (FA—Cys—Fe;O, MCs)
(Scheme 1). Cysteine (Cys) can provide sulfhydryl groups

Scheme 1. Synthesis Schematic of FA—Cys—Fe;0, MNPs
(A) and FA—Cys—Fe;0, MCs (B)
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for the formation of disulfide bonds that are necessary for
fabricating microcapsules and achieving potential redox
responsiveness. Fe;O, magnetic nanoparticles (Fe;O, MNPs)
are a therapeutic magnetic material owing to their super-
paramagnetism, chemical stability, and biocompatibility.”” "
They are available for the motion and collection of targeted
drug carriers through an outer magnetic field, which can guide
the transportion of targeted drug carriers to the specified illness
sites.>>>* Folic acid (FA) is a novel targeting molecule and has
been found to be a good affinity ligand of the folate receptors
(FRs) which have been identified as a cancer marker.>* 3¢
Introduction of FA can help the microcapsules selectively bind
and deliver the drug into the targeted cells via the FA-receptor-
mediated endocytosis.>’ In addition, there were abundant
reductive agents in the cancer cells, such as glutathione
(GSH).>®* Once the FA—Cys—Fe;0, MCs were absorbed
into the cancer cells by the FR-mediated endocytosis, the
reductive agents could cause the disulfide cleavage reactions of
the microcapsules and release the drugs instantly.

2. EXPERIMENTAL SECTION

Materials. Ferrous chloride tetrahydrate (FeCl,-4H,0, >99%) and
ferric chloride hexahydrate (FeCl;:6H,0, >99%) were purchased from
Tianjin Guangfu Chemical Reagents Company (Tianjin, China).
Aqueous ammonia (NH,OH, 25%, Beijing Chemical Reagent
Company, China), dimethyl sulfoxide (DMSO), N,N-dimethylforma-
mide (DMF), and sodium citrate (C4HsNa;O, >99.0%, Beijing
Chemical Reagent Company, China) were purchased. Bovine serum
albumin (BSA), l-ethyl-3-(3-dimethylaminepropyl) carbodiimide
hydrochloride (EDC), and cysteine (Cys) were purchased from
Shanghai Boao Biochemical Technology (Shanghai, China). Folic acid
(FA) and Coumarin 6 (C6) were purchased from Sinopharm
Chemical Reagent Limited Corporation (Shanghai, China). Phosphate

buffer solution (PBS) was prepared by us. All other chemicals were of
analytical grade and were used without further purification.

Immobilization of Cys onto the Fe;0, MNPs. The Fe,O,
MNPs with an average particle size of 20 nm were synthesized through
a chemical coprecipitation method. For the functionalization of Fe;O,
MNPs with Cys, 60 mg of Fe;0, MNPs was dispersed into 20 mL of
PBS (0.003 M, pH 6.0) and sonicated for 30 min. Then, Cys aqueous
solution (20 mg/mL, 3 mL) was injected into the resulting Fe;O,
colloidal solution, and sonication of the mixture was vigorously
implemented for about 30 min under nitrogen gas (N,). After that,
Cys and EDC in a mole ratio of 1:3 were added into the above-
mentioned mixed solution and fast mechanical stirring was carried out
in the 20 °C water bath. After 24 h, the composite Cys—Fe;O,
magnetic nanoparticles (Cys—Fe;0, MNPs) were collected centrifu-
gally at 12 000 rpm and washed several times with deionized water to
remove the unreacted Cys, and then dialyzed against deionized water
for 48 h at room temperature. Finally, the Cys—Fe;O, MNPs were
obtained via an external magnetic field and redispersed into PBS
(0.003 M, pH 6.0).

FA Conjugated Cys—Fe;0, MNPs. FA (10 mg) and EDC (60
mg) were dissolved in DMSO and agitated for 30 min, in which EDC
could activate the carboxyl group of FA. Then, the DMSO solution
was added into the colloidal solution containing Cys—Fe;O, MNPs
(10 mg/mL). After agitating the mixtures under dark conditions for 24
h at room temperature, the supernatant was decanted while the
composite FA—Cys—Fe;0, magnetic nanoparticles (FA—Cys—Fe;0,
MNPs) were kept in the reaction flask using an external magnet, and
the FA—Cys—Fe;0, MNPs were washed several times to remove the
free FA and dispersed in deionized water.

Preparation of Dual-Targeted Microcapsules (FA—Cys—
Fe;0, MCs). A small amount of BSA (1 wt %, 100 uL) was
introduced into the FA—Cys—Fe;O, MNP solution (3 wt %, 4 mL),
and silicone oil solution (400 xL) was layered over the BSA and FA—
Cys—Fe;O, MNP mixed solution. Then, an ultrasonicator probe
(GEX 600, Sonics & Materials, New town, CT, USA) was inserted
into the solution. The tip of the ultrasonicator probe should be laid at
the oil—water interface and the assembly was maintained in an ice-
cooling bath which could control the temperature of the solution
below 30 °C during the ultrasound treatment. An acoustic power of
350 W-cm™ was carried out at 20 kHz frequency in 6 min. During the
ultrasonication, the oil/water solution became a brown suspension.
The resultant suspension was stored at 4 °C, waiting for measure-
ments.

Cellular Uptake of FA—Cys—Fe;0, MCs. To evaluate the cellular
uptake of FA—Cys—Fe;O, MCs by means of CLSM and flow
cytometry, coumarin 6 (C6) was dispersed in the oil phase and then
was loaded into the FA—Cys—Fe;O, MCs by sonication. For the
CLSM test, HeLa cells seeded in six-well plates (1 X 10° cells per well)
were incubated for 24 h before endocytosis. Some wells were
pretreated with FA (10 mg/mL) for 1 h and then replaced with C6-
loaded FA—Cys—Fe;O, MCs in serum-free medium (2 mL). The
other wells were incubated with C6-loaded FA—Cys—Fe;O, MCs in
serum-free medium (2 mL) for 6 h. Afterward, the cells were rinsed
with PBS (pH 7.4) and fixed with ethanol (75%). The CLSM analysis
was carried out using a confocal laser-scanning microscope. For flow
cytometric assay, HeLa cells were seeded in six-well plates (2 X 10°
cells per well) and incubated for 24 h. When the cells reached 70—80%
confluence, Cé6-loaded FA—Cys—Fe;0, MCs were added into the
wells and incubated for another 6 h. The cells pretreated with FA (10
mg/mL) for 1 h were set as the control. Subsequently, the cells were
harvested and resuspended with PBS, and the flow cytometry was
determined by a FACS Calibur instrument.

Controlled Release of FA—Cys—Fe;0, MCs. A 3 mL portion of
as-synthesized C6-loaded FA—Cys—Fe;O, MC solution was injected
into dialysis tubing (3500). Then, the dialysis tubing was immersed
into the vessel with the mixed solution of DMF and deionized water
(v/v = 1:2) containing pL-dithiothreitol (DTT, 10 mM) and the vessel
was vibrated by 150 rpm in the 37 °C water bath. The absorbance of
the dialysate was measured by a UV-—vis spectrophotometer at
different times and the measurements were recorded.
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Figure 1. TEM images of Fe;0, MNPs (A), Cys—Fe;O0, MNPs (B), and FA—Cys—Fe;O, MNPs (C); the size distribution of Fe;O, MNPs, Cys—

Fe;0, MNPs, and FA—Cys—Fe,0, MNPs (D).

A @
)
X (b)
[}]
o
<
(1]
=]
£
[72]
c
o
- (a) —Fe304 MNPs
(b) — Cys-Fe304 MNPs
(c) — FA-Cys-Fe304 MNPs
4000 3000 2000 1000

Wavenumber (cm-1)

B 1.0. (a) —Before the reaction
| (b) — After the reaction
0.8 (a)
Q
o
< 0.6
©
K]
S
O 0.4
[7]
]
< 0.24
0.0- \
200 300 400 500 600

Wavelength (nm)

Figure 2. FTIR spectrum of Fe;O, MNPs, Cys—Fe;O, MNPs, and FA—Cys—Fe;O, MNPs (A); UV—vis spectra of the FA solution before and after

the reaction of immobilization of FA on the Cys—Fe;O, MNPs (B).

Measurements. Transmission electron microscopy (TEM) images
were recorded using the JEOL JEM-2100F transmission microscope at
an accelerating voltage of 200 kV. The preparation samples dispersed
in water were dropped onto an amorphous carbon-coated copper grid
and allowed to air-dry at room temperature. The morphology of
samples was investigated using the field emission scanning electron
microscope (FESEM) with a Hitachi S-4800 FESEM. Confocal laser
scanning microscopy (CLSM) images were taken with a confocal laser-
scanning system TCLS attached to an inverse microscope (FV1000)
from Olympus (Japan). The flow cytometry was evaluated using a
FACS Calibur instrument (BD Bioscience Mountain View, USA). The
UV—vis absorption was observed by a UV-2550 spectrophotometer
from Shimadzu (Japan). The size distributions of nanoparticles and
microcapsules were measured by dynamic light scattering (DLS) with

22168

a 90Plus/BI-MAS, and each sample was measured five times. Fourier
transform infrared spectra (FTIR) of KBr powder-pressed pellets were
recorded in the range 400—4000 cm™ on a Nicolet Instruments
Research Series SPC Fourier Transform Infrared spectrometer.

3. RESULTS AND DISCUSSION

The FA—Cys—Fe;0, MNPs were synthesized through a multi-
step process, as shown in Scheme 1A. First, the Fe;O, MNPs
were modified with Cys to prepare composite Cys—Fe;O,
magnetic nanoparticles (Cys—Fe;O, MNPs).*'~* Then, FA
was immobilized on the composite Cys—Fe;0, MNPs via an
EDC-mediated coupling reaction.** Eventually, the composite
FA—Cys—Fe;0, magnetic nanoparticles (FA—Cys—Fe;0,
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Figure 3. Microscope image and diameter distribution of FA—Cys—Fe;O, MCs whose polydispersity was 0.213 (A); the FTIR spectrum of FA—

Cys—Fe;0, MC shells (B).

MNPs) were obtained. TEM images of Fe;O, MNPs, Cys—
Fe;O0, MNPs, and FA—Cys—Fe;0, MNPs are shown in Figure
1. It could be seen obviously from the inset of Figure 1C that
Fe;0, MNPs were embedded in the Cys and FA shells.
Meanwhile, it was worth noticing that the diameter of Fe;O,
MNPs increased successively after modifying with Cys and
immobilization of FA (Figure 1D).

The FTIR spectrum analysis gave us some insights into the
components of FA—Cys—Fe;O, MNPs, and the results are
shown in Figure 2A. The curves revealed well-defined
characteristic adsorption peaks of Cys at 2550 cm™ (vgy),*
which was a weak band. The adsorption peaks of 1690 and
1505 cm™" were attributed to vibration adsorption of the
carboxyl and phenyl which belonged to FA.***” The character-
istic absorption peaks of Fe;O, could be found around 578
cm™'. Obviously, after immobilization of FA onto the Cys—
Fe;O, MNPs, there were sulthydryl groups remaining on the
surface of the Fe;O, MNPs. Moreover, the characteristic
shoulder around 4 = 285 nm in the UV—vis spectrum, as shown
in Figure 2B, also confirmed that FA was immobilized onto the
Cys—Fe;0, MNP surface successfully.”*~*° In addition, the
immobilized amount of FA was quantified by subtracting the
UV absorbance of the supernatant solution after the reaction
from that of the original solution. Consequently, through the
calculation, we could confirm that the reacting density of FA on
the Cys—Fe;O, MNP surface was about 40 mg/g.

The dual-targeted redox-responsive microcapsules (FA—
Cys—Fe;0, MCs) were fabricated by the sonochemical method
as mentioned before (Scheme 1B). The FA—Cys—Fe;0, MCs
in the microscope (Figure 3A) showed a spherical morphology
with a mean diameter of 1.9 um which was confirmed by the
DLS measurement, as shown in the inset of Figure 3A. Most of
the FA—Cys—Fe;O0, MCs could be kept stably in the water
solution over a month. Additionally, the characteristic
absorption peaks of FA could be observed in the FTIR
spectrum of the microcapsule shells (Figure 3B), which proved
that FA still remained on the microcapsule shells after the
ultrasound reaction.

As shown in Figure 4A and B, the SEM images gave us the
finer morphology of the FA—Cys—Fe;O, MCs. FA—Cys—
Fe;0, MCs were collapsed, and some were creasy due to the
elimination of the inner oil phase from the soft microcapsules,
and their surfaces were scraggly ascribed to Fe;O, MNPs.
Moreover, the compact structure still remained well, indicating
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Figure 4. SEM images (A, B) and TEM image (C) of FA—Cys—Fe;0,
MCs.

that the FA—Cys—Fe;O, MCs were robust enough to be used
as carriers for loading of the hydrophobic material or
hydrophobic drugs. The shell structure of FA—Cys—Fe;O,
MCs was observed by TEM further (Figure 4C), and it could
be clearly seen that the Fe;O, MNPs were embedded evenly in
the shells of the FA—Cys—Fe;O, MCs. The formation of the
microcapsule shells was attributed to the sulthydryl groups
cross-linking among the Cys layers that were conjugated onto
the surface of the Fe;O, MNPs, which was induced by
sonication.”’ Owing to Fe;O, MNPs loaded densely into the
microcapsule shells, the FA—Cys—Fe;O, MCs promised
excellent magnetic responsive properties.

The FA—Cys—Fe;0, MCs possessed a superior magnetic
response, which was demonstrated by the motion and
collection of the FA—Cys—Fe;0, MCs in an external magnetic
field (Figure S). The initial FA—Cys—Fe;0, MC aqueous
dispersion was a nontransparent brown suspension (Figure Sa).
When a magnet was placed on one side of the vial, the
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redispersion

Figure 5. FA—Cys—Fe;0, MCs in aqueous solution (a) and their
targeted movement under external magnetic stimuli (b).

suspension would become transparent in a very short time, and
the FA—Cys—Fe;O, MCs aggregated onto the side of the vial
close to the magnet (Figure Sb). The phenomenon illustrated
that the FA—Cys—Fe;0, MCs could be manipulated to move
in a desired direction by an external magnet. After removal of
the magnet, it was easy to redisperse the FA—Cys—Fe;O, MCs
into the water by gentle shaking. While the magnet was close to
one side of the vial once more, the FA—Cys—Fe;0, MCs were
collected again, demonstrating that the FA—Cys—Fe;O, MCs
possessed satisfactory magnetic response and there was little
magnetic loss with time owing to the protection of the
outermost cross-linked shells. Hence, it could be concluded
that the obtained FA—Cys—Fe;O, MCs were possible to be
applied in the field of targeted delivery owing to their excellent
magnetic responsive properties.52

To verify the capacity of hydrophobic drugs encapsulated
into the FA—Cys—Fe;0, MCs, hydrophobic dye could be
loaded into the FA—Cys—Fe;0, MCs as a substitute for the
hydrophobic drugs. The fluorescent dye coumarin 6 (C6) was
insoluble in aqueous solution and usually regarded as a model
hydrophobic drug,****7% so we could disperse C6 in the oil
phase and loaded it into the FA—Cys—Fe;O, MCs by
sonication. The Cé6-loaded FA—Cys—Fe;O, MCs were
indistinctive in the transmission mode (Figure 6A), while the

N

Figure 6. Confocal microscope images of C6-loaded FA—Cys—Fe;0,
MCs in transmission mode (A) and fluorescence mode (B).

signals of green fluorescence could be observed clearly in the
fluorescence mode (Figure 6B). The signals were originating
from C6 motivated by the laser. Superimposing the trans-
mission mode and the fluorescence mode, we could observe
clearly that the signals were originated from the interior of FA—
Cys—Fe;0, MCs, which demonstrated that the hydrophobic
C6 was encapsulated successfully into the FA—Cys—Fe;0,
MCs. Meanwhile, there were few fluorescent signals in the
solution or out of the microcapsules, proving that there was

little leakage of C6 from the FA—Cys—Fe;O, MCs owing to
the protection of the tough microcapsule shells.>® Accordingly,
the as-synthesized FA—Cys—Fe;0, MCs could be excellent
carriers for targeted delivery, especially for hydrophobic
anticancer drugs (i.e., taxol, camptothecin, etc.) or other
hydrophobic materials.

FRs were overexpressed in more than 90% of the ovarian
carcinomas as a highly selective tumor marker,””*® so HeLa
cells with FRs were selected to monitor FA-mediated
internalization of Cé6-loaded FA—Cys—Fe;O0, MCs through
the CLSM.” As Figure 7A shows, a quite strong green
fluorescence was observed in the HeLa cells after incubation,
mainly in the intracellular regions, indicating that C6-loaded
FA—Cys—Fe;0, could realize the endocytosis with high
efficiency. To evaluate the mechanism of cellular uptake clearly,
we pretreated HeLa cells with FA (10 mg/mL) for 1 h before
the incubation of Cé6-loaded FA—Cys—Fe;O0, MCs to block
FRs. The intracellular fluorescent intensity of HeLa cells was
remarkably weakened (Figure 7B), indicating that the cellular
uptake of C6-loaded FA—Cys—Fe;0, MCs was reduced by free
FA in the pretreatment. The data suggested that the
internalization of C6-loaded FA—Cys—Fe;O0, MCs into cells
was induced by a FA-dependent pathway.

To get further insight into the mechanism for cellular uptake,
the cellular internalization of Cé-loaded FA—Cys—Fe;0, MCs
was investigated through flow cytometry. When Hela cells
were pretreated with FA (10 mg/mL) for 1 h, the
internalization of C6-loaded FA—Cys—Fe;O0, MCs into cells
was apparently inhibited with a lower fluorescence intensity
observed (from b to c, Figure 7C). These results were
consistent with those in CLSM, demonstrating that the
pretreatment of FA could significantly lower the cellular uptake
of C6-loaded FA—Cys—Fe;0, MCs and FA—Cys—Fe;O, MCs
could target selectively the cells via FR-mediated endocytosis.

The efforts were devoted to confirm whether the FA—Cys—
Fe;0, MCs possessed stimuli-sensitive properties for drug
controlled release. Owing to the disulfide linkage, the FA—
Cys—Fe;0, MCs might be disassembled in the presence of
some reductive agents, such as DTT and glutathione.éo’61
Hence, a few disassembly experiments were carried out to
demonstrate the redox responsiveness of the microcapsules by
addition of DTT. To test the dependence of disassembly, C6-
loaded microcapsules were treated with DTT (10 mM) and the
dye release amount with the time was recorded by a UV—vis
spectrophotometer. A direct signal that was diagnostic of C6
release was the absorbance intensity change of C6 in the
dialysate. Figure 8 showed the time-dependent absorbance of
C6 at the maximum absorption wavelength (1 = 457 nm).
When there was no DTT, the absorbance intensity of the
dialysate increased relatively slowly throughout the time. In
contrast, in the presence of DTT, the release of C6 was
accelerated and the absorbance intensity of the dialysate
increased obviously with the time. The results suggested that
the disassembly of microcapsule structure could be mainly
attributed to the cleavage of disulfide bonds and the FA—Cys—
Fe;O, MCs had excellent redox-responsive ability for drug
controlled release.

B CONCLUSION

In summary, we have rationally designed a facile approach for
the fabrication of molecular and magnetic dual-targeted redox-
responsive FA—Cys—Fe;O, MCs via the sonochemical
technique, and targeting molecule (FA) and Fe;O, MNPs
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Figure 7. CLSM images of HeLa cells exposed to C6-loaded FA—Cys—Fe;O, MCs (A) and Hela cells with the pretreatment of FA before being
exposed to C6-loaded FA—Cys—Fe;0, MCs (B); flow cytometric analysis of the cellular uptake (C): (a) the control, (b) Cé6-loaded FA—Cys—
Fe;0, MCs, and (c) C6-loaded FA—Cys—Fe;0, MCs after the pretreatment of FA.
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Figure 8. Time-dependent absorbance of C6 in the dialysate without
DTT (a) and with DTT (b).

were introduced into the microcapsule shells successfully. The
FA—Cys—Fe;O, MCs showed excellent magnetic responsive
ability and could be readily moved and collected with the help
of an external magnetic field. The hydrophobic fluorescent dye
(C6) was loaded successfully into the FA—Cys—Fe;0, MCs,
demonstrating that it could be easily realized to encapsulate the
hydrophobic drugs into the microcapsules when the drugs were
dispersed into the oil phase. Cellular uptake of C6-loaded FA—
Cys—Fe;0, MCs demonstrates that FA—Cys—Fe;O, MCs
could target selectively the cells via FR-mediated endocytosis.
Furthermore, the FA—Cys—Fe;0, MCs showed their potential
ability to be an attractive carrier for drug controlled release
owing to the redox responsiveness of the disulfide in the
microcapsule shells. Besides, the FA—Cys—Fe;O, MCs could
be endowed with desired multifunctionality by modifying some
functional groups or small molecules on the shells. Accordingly,
the dual-targeted redox-responsive FA—Cys—Fe;O, MCs
should be excellent candidates as smart carriers for drug
targeted delivery and drug controlled release.
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