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We have developed Fe;O4@ZnS-based fluorescent magnetic composites as targeted drug delivery carriers
via a facile route. The results indicated that the composites exhibited both magnetic and fluorescent
properties. Fe;0,@ZnS possessed high saturation magnetization (68.25 emu/g) at room temperature.
Ultraviolet light can be easily obtained by exposing the microspheres to different excitation wavelengths.
The drug loading studies showed that Fe;O,@ZnS-based fluorescent magnetic composites had an excellent
drug loading performance. These traits made the composites better for the application of medical imaging

and magnetic targeted drug delivery.
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1. Introduction

With the progresses of medical technology, biomaterials
with single function cannot meet the needs of experimental
research and clinic usage in the field of tumor therapy.
Superparamagnetic iron oxide nanoparticles have been inves-
tigated extensively for biomedical applications such as tumor-
specific targeted (Ref 1, 2), gene therapy (Ref 3), protein
therapy (Ref 4), drug delivery (Ref 5, 6), and so on.
Regrettably, magnetic nanoparticles have no function of
marking. Therefore, magnetic particles that are modified by
substances with fluorescently labeled function have attracted
wide attention of researchers (Ref 7, 8).

However, fluorescent substances, whose main limitation is
that when combined with other materials, it will produce
quenching phenomenon due to the effect of free radicals or
inappropriate ligand. In order to prevent the quenching
phenomenon, the magnetic particles should be coated with
protective layer. SiO, has been exploited as the most popular
coating material for magnetic nanoparticles (Ref 9, 10). Silica
has several advantages as firstly, it may provide both chemical
and physical shielding from the direct environment to improve
the stability; secondly, it can reduce the release of cytotoxic
ions and prevent photooxidation (Ref 11-13); thirdly, Fe;O4@-
SiO, facilitates the hydrophilicity of Fe;O4 and allow the
composite particles for further use (Ref 14-16). However, the
SiO, layer could directly lead to the increase of nanoparticles’
size and also affect their magnetism. Moreover, during the
preparation process of Fe;O4@Si0O,, different silane coupling
agents are required to be used, and the synthetic procedure is
rather complex and time consuming.

Wei Jiang, Xiaolong Chen, Juan Wu, Shanshan Xu, and
RenbingTian, National Special Superfine Powder Engineering
Research Center, Nanjing University of Science and Technology,
Nanjing 210094, China. Contact e-mail: superfine jw@126.com.

Journal of Materials Engineering and Performance

All the fluorescence substances, II-VI group semiconductor
quantum dots have gained considerable attention in the past
decade (Ref 17-20). Zinc sulfide, as a unique II-VI group
semiconductor of direct transition type, has been used in the
fabrication of solar cells (Ref 21), LED (Ref 22), electrolumi-
nescent displays (Ref 23), and so on. Zinc sulfide owns some
excellent advantages: (1) strong luminescent properties, (2)
environmental adaptability, (3) ease of synthesis, (4) low raw
material prices, and (5) as a coating material without the
disadvantages of silane coupling agents.

Herein, following the above principles, for combining the
characteristics of magnetism with biological markedness, we
developed a facile route to synthesize trifunctional composite
for drug delivery (Scheme 1). The synthesized composites were
characterized by x-ray diffraction (XRD), transmission electron
microscopy (TEM), Fourier transform infrared spectroscopy
(FT-IR), vibrating sample magnetometer (VSM), and fluores-
cence emission (FL) spectra. The drug loading performance
was studied using bull serum albumin (BSA) and doxorubicin
(DOX).

2. Experimental

2.1 Materials

All chemicals were analytical grade and used without further
purification. Ferric chloride (FeCl3:6H,0), Zinc acetate
(Zn(Ac),), citric acid (CA), and polyethylene glycol (PEG-
4000) were purchased from Sinopharm Chemical Reagent Co.
Ltd., Shanghai, China. Thioacetamide (TAA) was supplied by
Aladdin. BSA was purchased from Shanghai Huixing Bio-
chemical Reagent Co., Ltd., Shanghai, China. DOX was
purchased from Yuanye Biotechnology Co. Ltd., Shanghai,
China. All other chemicals and solvents used in this study were
of high analytical grade and commercially available.

2.2 Synthesis of Fe;0, Particles

The Fe;O4 particles were synthesized by solvothermal
method (Ref 24). Typically, FeCl;-6H,O (1.35 g), carbamide
(3.60 g), and PEG-4000 (4.00 g) were dissolved in 40 mL EG,
the mixture was stirred vigorously to ensure all materials

Volume 24(3) March 2015—1237



FeCl;- 6H,0
EG
PEG-4000
carbamide

Fe;0, modified with CA

CA=Citric acid

PEG-4000=Polyethylene glycol (Mn 4000)

S

o

TAA=Thioacetamide

H,C NH,

TAA

Fe;0,@ZnS

Scheme 1 Schematic representation of the formation of fluorescent magnetic composites

dissolve completely. Then, the mixture was transferred to a
Teflon-lined stainless-steel autoclave and sealed for heating at
200 °C for 8 h. The precipitated black products were collected
from the solution with an external magnet and washed with
ethanol and water for several times.

2.3 Fabrication of Fes0,@ZnS with Core-Shell Structure

In order to avoid the quenching phenomenon, CA was used
as partition to modified Fe;O, particles (Ref 25). Briefly, 8.0 g
CA was added to 100 mL suspension of Fe;Oy,, and then the
reaction was continued for 4 h under stirring and ultrasound at
room temperature. The colloidal Fe;O, was separated by
magnetic decantation and washed with ethanol and water.
Finally, the biocompatible Fe;O, particles were dispersed in
100 mL isopropanol to form a magnetic fluid (MF). Then, 2.0 g
Zn(Ac), was dissolved in 60 mL isopropanol, and 5 mL. MF
was dropwise added under ultrasound and mechanical stirring
for 30 min, and the reaction was continued for 24 h. After that,
60 mL TAA (1.0 g) aqueous solution was added slowly under
N, atmosphere at 65 °C and reacted for 6 h. Finally, the
products were collected and washed with water for several
times to separate the otiose ZnS. The final products were dried
under vacuum at 60 °C.

2.4 Drug Loading Studies

As shown in Fig. 1, the dry Fe;O4@ZnS particles were
dispersed in 100 mL deionized water, 1.0 g BSA was added
under stirring and ultrasound for 10 min. Then the BSA-coated
Fe;04@ZnS was collected by a magnet, washed with water,
and dried under vacuum. After that, 10 mg dry BSA-coated
Fe;04@ZnS was dispersed into 100 mL DOX solutions which
were prepared in advance at different concentrations. After
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stirring and ultrasound for 5 min, particles were collected by a
magnet, the solutions were analyzed by ultraviolet-visible (UV-
Vis) at 482 nm to determine the loading capacity and
encapsulation efficiency of BSA-coated Fe;04@ZnS.

2.5 Characterizations

The morphology of composites was observed by transmis-
sion electron microscopy (TEM, Model Tecnai 12, Philips Co.
Ltd., Holland). FT-IR spectroscopies were measured on a
Vector22 spectrometer (Bruker Co. Ltd., Germany). Further-
more, X-ray diffractometer (XRD, D/max 18 kV, Bruker D8
Super Speed) with Cu K, radiation was used to ensure the
crystalline phase, and the magnetic properties of the samples
were measured using a vibrating sample magnetometer (VSM,
Model7410, Lake Shore Co. Ltd., USA) at room temperature.
The FL spectra were recorded by a Hitachi F-4500 fluorescence
spectrophotometer with a Xe lamp as the excitation source
(Tokyo, Japan).

3. Results and Discussion

In Fig. 2, the diffraction peaks with 20 values of 30°, 35°,
43°, 53°, 57°, and 63° correspond to the (220), (311), (400),
(422), (511), and (440) reflection planes of magnetite Fe3Oy,
respectively (JCPDS No. 19-0629). The diffraction peaks with
20 values of 27°, 47°, and 61° correspond to the (002), (110),
and (202) reflection planes of wurtzite ZnS (JCPDS No. 12-
0688). These revealed that ZnS shell formed onto Fe;O4 and
Fe;04 particles was stable during the coating process.

Figure 3(a) shows the microscopy of Fe;O, nanoparticles
modified with CA, and the mean size is about 200 nm.
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Fig. 2 X-ray diffraction (XRD) patterns of (a) as-synthesized
Fe;04 microspheres and (b) Fe;04@ZnS microspheres

Figure 3(b-d) clearly reveals that the Fe;O4 core was coated
with ZnS shell. The thickness of ZnS shell in the core-shell
structure gradually changed with different inverse proportion of
Fe;O4 and ZnS. Overall ratios, the most appropriate is 1:1
according to Fig. 3(c).

Figure 4 shows the FT-IR analysis of Fe;04 modified with
CA and Fe;0,4,@ZnS. The absorption bands around 3400 cm '
correspond to the stretching vibration of -OH. The FT-IR bands
at low wavenumbers (590 cm™') were consistent with the
characteristic absorption of Fe-O. The peaks at 1130 and
1398 cm ™" attribute to the C-O stretching vibration of primary
alcohol and carboxyl, respectively. The shoulder at 1624 cm ™'
is assigned to the C=0 of CA. These three peaks strongly
confirmed the presence of citric acid on the surface of Fe;0,.
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Fig. 3 Transmission electron microscopy (TEM) micrographs of (a)
Fe;04 nanoparticles modified with CA, Fe;04,@ZnS with different
proportions of Fe:Zn (b) 1:3, (¢) 1:1, (d) 1:2

Figure 5 shows that the saturation magnetization (M) value
of Fe304 is 85.9 emu/g, corresponding to the value reported
before (Ref 26). After being modified with ZnS, the Mg value
decreased to 68.2 emu/g. In addition, no evident hysteresis
loops can be observed, these revealed that Fe;O4 and
Fe;04@ZnS microspheres are all superparamagnetic at room
temperature, which further confirmed the application of
Fe;04@ZnS in the area of targeted drug delivery.
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Fig. 4 Fourier transform infrared (FT-IR) spectras of (a) Fe;O4
modified with CA and (b) Fe;04@ZnS
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Fig. 5 Vibrating sample magnetometer (VSM) measurement results
of (a) Fe304 and (b) Fe;04@ZnS

In the process of combining magnetic particles and quantum
dots, the most important problem is to prevent the quenching of
quantum dots. Figure 6 shows the photoluminescence (PL)
spectra of Fe;04@ZnS microspheres, the main emission peak
at 323.3 nm excited by Xe light at 225 nm, corresponding to
the intrinsic band gap emission of bulk wurtzite ZnS (Ref 27).
It indicates that the composite particles did not result in
quenching of the quantum dots, which is very important for the
application in medical imaging. On the basis of the above
discussions, Fe;04/ZnS possesses properties of both fluores-
cence and magnetism, and may serve as targeted and tracing
drug delivery carrier in tumor treatment.

Figure 7 shows the morphology of BSA-coated
Fe;04@ZnS. After coating with BSA, a thin layer formed
onto the surface of Fe;04@ZnS, and the morphology of the
microspheres appeared to be more spherical. Figure 8§ shows
the effects of DOX concentration on drug loading capacity and
encapsulation efficiency of BSA-coated Fe;04@ZnS.

In Fig. 8, with the initial concentration of DOX increased,
the drug loading capacity also increased, when the concentra-
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Fig. 6 The fluorescence emission (FL) spectra of Fe;O4@ZnS
excited at 225 nm at room temperature
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Fig. 7 Transmission electron microscopy (TEM) micrograph of
BSA-coated composite particles. (a) the whole and (b) the single

tion of DOX was more than 35 mg/L, the drug absorption
started to level off with little change in drug loading capacity,
indicating that the drug loading was gradually saturated. In
contrast, the drug encapsulation efficiency had been reduced
with the increase of the initial concentration of DOX. The
highest encapsulation efficiency was 67.3% at the concentration
of 5 mg/L. When the concentration of DOX was more than
15 mg/L, the encapsulation efficiency reduced rapidly. There-
fore, the optimal initial drug concentration was about 15 mg/L.
At this point, the drug loading capacity and encapsulation
efficiency can achieve the best with each other. All of these
revealed that BSA-coated Fe;O04@ZnS could be used as drug
delivery carriers and Fe;04@ZnS may have the potential to be
used as multifunctional drug delivery carriers in the field of
targeted cancer therapy.

4, Conclusion

In summary, Fe;04@ZnS composites have been synthesized
via a facile route, and the products exhibit fluorescence, display
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Fig. 8 The effects of initial DXR concentrations on the drug loading capacity and encapsulation efficiency of BSA-coated composite particles

excellent magnetic properties at room temperature. From the
drug loading studies, BSA can be successfully coated onto
Fe;04@ZnS, and the BSA-coated Fe;04@ZnS microspheres
have excellent drug loading performance. Thus, the bifunc-
tional magnetic optical Fe;04@ZnS microspheres may have
great potential applications in tracking targeted drug delivery.
And this facile synthetic procedure may be widely applicable in
the synthesis of multifunctional composites with core-shell
hetero-structures using different cation or anion surfactants.
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