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In this work, we present the development of a high water soluble biological nanoprobe through the covalent
bonding of 3-CD onto the surface of iron oxide-gold nanoclusters (Fe30,@Au@p-CD). Fe;0,@Au@SiO, NPs
were also prepared for comparison. The maximum emission peak of magnetic fluorescent NPs red-shifted by
30 nm and the lifetime was also elongated to 5.21 ps after surface modified with B-CD. The relaxivities and in
vitro magnetic resonance imaging ability of the resultant magnetic fluorescent NPs were also studied, indicating
that Fe304,@Au@-CD NPs have the lowest r»/r; ratio and could be a potential T, contrast agent for MR imaging.
The MTT assay proved that, Fe;0,@Au@p-CD NPs are of excellent water solubility and biocompatibility. In
vitro confocal fluorescence imaging was also performed, manifesting that Fe;0,@Au@f-CD NPs can be selec-
tively uptaken by gastric cancer cells (MGC-803) and exhibit red fluorescence in the cells. The preliminary drug
loading and releasing measurements demonstrate that it can also act as targeted drug delivery nanosystem. All
these experimental results indicate that, Fe30,@Au@[-CD NPs hold great application perspective in the diag-

nosis and therapy of gastric cancer cells as biological nanoprobes.

1. Introduction

Design and synthesis of multifunctional nanomaterials have re-
ceived numerous attention due to their potential applications in cancer
cell imaging and treatment [1-3]. As we know, imaging techniques are
the most important and commonly used in clinical practice for cancer
detection, such as magnetic resonance imaging (MRI), fluorescent
imaging (FI), ultrasound imaging (UI), X-ray computed tomography
(CT), etc. [4-8] However, each one of these technologies has its lim-
itations in practical application due to their sensitivity, spatial resolu-
tion, and complexity [9]. Rational combination of two or more imaging
techniques is an effective way to increase the accuracy of diagnosis of
cancer. For instance, the multimodal MRI/FI nanoprobes have been
widely explored and shown the outstanding advantage of simulta-
neously providing both high-resolution histological information and
high-sensitivity functional imaging [10-12]. Moreover, to avoid the
secondary damage to patient and improve the cure rate, it is very de-
sirable to endow the therapy ability to targeting detection agent.

* Corresponding authors.

Through the surface molecular engineering of nanoparticles (NPs),
multi-functionalities can be achieved on a single NP, such as multi-
modal imaging ability for detection and treatment [13-15].
Superparamagnetic iron oxide (SPIO) is the most studied nanoma-
terials for exploration of theranostic agents through surface functio-
nalization [16-18]. For example, by assembling with noble metals such
as Ag and Au, Fe304 NPs can exhibit MR/FI dual-modal imaging ability
[19,20]. Especially, the Au nanoclusters are very appealing due to their
excellent photostability, large Stokes shift and environmental friendli-
ness. Nevertheless, biocompatibility of this type of materials is un-
satisfied and has limited their practical application due to their poor
water solubility [21]. Thus, further modification is particularly needed
to address this crucial issue. To keep in mind that it is very preferred to
integrate the diagnosis and therapy abilities together, suitable mod-
ification material should be considered cautiously. It is well known
that, cyclodextrins (CDs) can protect drugs from physical, chemical and
enzymatic degradation, as well as solubilize hydrophobic drugs, which
allow them to be widely used as drug-delivery agents [22-26].
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Therefore, CDs are likely to improve the hydrophilicity of the magnetic
fluorescent NPs through covalent bond interaction.

In this report, we present the development of a high water soluble
biological nanoprobe through the covalent bonding of 3-CD onto the
surface of iron oxide-gold nanoclusters (Fe;0;@Au@[3-CD), which
possesses excellent features such as red fluorescence, cytocompatible
and superparamagnetic, etc. The relaxivities and in vitro magnetic re-
sonance imaging ability of the resultant magnetic fluorescent NPs were
studied, indicating that Fe;04,@Au@p-CD NPs have the lowest ry/ry
ratio and could be a potential T, contrast agent for MR imaging. In vitro
confocal fluorescence imaging was also performed and demonstrated.
This study aims to develop composite nanomaterial with high water
solubility and biocompatibility as multifunctional nanoprobe for cancer
diagnosis and treatment. Fe;0,@Au@SiO, NPs were also prepared for
comparison.

2. Experimental
2.1. Materials

All the solvents and chemicals that were used in the synthetic route
were of reagent grades. The following materials were purchased from
Energy Chemical Co.: hydrogen tetrachloroaurate (HAuCly4H50), L
(+)-cysteine (i-cys), Iron(IlI) acetylacetonate (Fe(acac)s), 4-dimethy-
laminopyridine (DMAP), N,N’-dicyclohexylcarbodiimide (DCC), di-
phenyl ether, oleylamine and cetyltrimethyl ammonium bromide
(CTAB). N-hexane, dimethyl sulfoxide (DMSO) and alcohol were pur-
chased from Sinopharm Chemical Reagent Co., Ltd., China. Fetal bovine
serum, phosphate buffer saline (PBS), 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2-H-tetrazolium bromide (MTT), paraformaldehyde and for-
mazan were purchased from Nanjing micro-world biology technology
Co. Ltd. The gastric mucosal and gastric cancer cells were available in
the Cell Bank of Type Culture Collection of Chinese academy of sci-
ences. All the reagents were used as received without further purifica-
tion. Deionized water was used in all the experiments.

2.2. Synthesis of 1-cys-AuNCs

L-cys-AuNCs were prepared through the reduction of HAuCl,4H,0
with 1-cys. Briefly, HAuCl44H,0 (0.50 mmol, 0.22g) was added to
30 mL deionized water, followed by the addition of r-cys solution
(0.06 g 1-cys in 5 mL water). The mixture was stirred at 25 °C for 5 min,
and then continuously stirred for 24h at 70°C. After reaction com-
pleted, there was white precipitate formed, which was filtered and
dried to give rise to L-cys-AuNCs in white powder (0.11 g) [27].

2.3. Synthesis of Fe30,-CTAB magnetic NPs

Fe(acac)s; (3mmol, 0.706g) was dissolved in oleylamine (15 mL)
and benzyl ether (15 mL) mixed solution and magnetically stirred under
a flow of nitrogen. The mixture was dehydrated at 110 °C for 1 h, then
quickly heated to 300 °C at a heating rate of 20 °C/min and allowed to
react for another 1h. The black-brown mixture was cooled to room
temperature and extract with ethanol (40 mL) to precipitate out the
crude Fe304 MNPs, which was collected by centrifugation (8000 rpm,
10 min). The black product was then purified by dissolving in hexane
(35mL) and reprecipitating by addition of ethanol (50 mL) for 3 times
to give rise to pure Fe304 MNPs in black powder (0.15 g).

Fe304 MNPs were further functionalized by CTAB to change it from
hydrophobic to hydrophilic. In a typical process, Fe30, MNPs (0.05 g)
was added into 10 mL of CTAB solution (2.5 mg mL™YH. A subsequent
ultrasonication (~30 min) led to the formation of a stable black emul-
sion, which was vigorously stirred at room temperature for 24 h. After
centrifugation to remove the free surfactants, the precipitated hydro-
philic Fe304-CTAB MNPs were re-dispersed in water to obtain a stable
dispersion [28].
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2.4. Synthesis of Fe30,@Au NPs

The above hydrophilic Fe;04,-CTAB MNPs (0.09 g) and 1-cys-AuNCs
(0.11 g) were mixed in ultrapure water and sonicated for 5 mins to form
gray emulsion, which was then allowed to react for 6 h under room
temperature. Afterwards, the reaction solution was centrifuged
(8000 rpm, 10 min). The precipitate was separated and dried to gen-
erate the target Fe;04,@Au NPs in deep-gray color (0.10 g) [29].

2.5. Synthesis of Fe30,@Au@SiO, NPs

The Fes0,@Au NPs (0.12 g) were dispersed into the mixed solution
of ethanol (80 mL) and water (20 mL). Then 1 mL ammonia aqueous
(28 wt%) was added and the mixture was allowed to react for 15 min
under stirring. TEOS (3 mL) was then added to react for 6 h. Afterwards,
the final product Fe;04,@Au@SiO, NPs were obtain by centrifugation,
which were then purified with ethanol and water, respectively (0.61 g)
[30].

2.6. Synthesis of Fe30,@Au@p-CD NPs

The Fe;04@Au NPs (0.12g) and B-CD (0.24 g) were dispersed in
ultrapure water and allowed to react for 30 min at room temperature
under vigorously stirring. Then DMAP (12 mg) and DCC (12 mg) were
added to react overnight. After reaction completed, the color of solution
was changed from black to brown-yellow. Afterwards, the reaction
solution was centrifuged (8000 rpm, 10 min). The precipitate was se-
parated and dried to give rise to the target Fe;0,@Au@f3-CD NPs in
brown-yellow color (0.27 g, 67.5%) [31].

2.7. Characterization

Fourier transform infrared (FT-IR), Ultraviolet-visible (UV-vis) ab-
sorption and photoluminescence (PL) spectra were measured with
Bruker Tensor 27 spectrometer, Hitachi U3900 spectrometer and
Horiba FluoroMax-4 spectrofluorometer, respectively. FT-IR spectra
were measured in the 500-4000 cm ™! region with samples dispersed in
KBr pellets. Transmission electron microscopy (TEM) (JEM-2010F,
USA) operated at an acceleration voltage of 200 kV was used to study
the morphology and average diameter of the as-synthesized NPs. The
average hydrodynamic diameter of solvated NPs was evaluated with
Zetasizer Nano ZS90. Thermogravimetric analysis (TGA) curves were
recorded to quantify the composition of samples under a nitrogen at-
mosphere with a heating rate of 10 °C/min using the NETZSCH TG 209
F3 Tarsus. The confocal microscopy images were obtained under a
confocal fluorescence microscope (LSM-880, Zeiss) at 37 °C. The M-H
curves were recorded on the LakeShore 7410 at room temperature, and
the relaxivities were measured on a Smartracer relaxometer (all the
samples were dissolved in water and measured at 37 °C under a mag-
netic field of 0.17 T).

2.8. Cell culture and MTT assay

The gastric mucosal and gastric cancer cells (210 cells per mL) were
cultured in Dulbecco's modified Eagle's medium supplemented with
10% fetal bovine serum-1640 using a 96-well plate at 37 °C in a hu-
midified incubator containing 5% CO,. For the MTT cell viability assay,
coverslips (15 mm) were placed in each well of a 24-well plate. GES-1
and MGC-803 cells were seeded at a density of 5 x 10* cells per well in
1mL DMEM medium and grown for 24h. Then, Fe;04@Au,
Fe30,@Au@SiO,, and Fe;0,@Au@[3-CD NPs with various concentra-
tions (25, 50, 100 and 200 ug mL~') were dispersed in DMEM solutions
with new culture medium, and allowed to incubate for 2h at 37 °C in
the presence of 5% CO,. After exposure, the supernatant was removed
and cells were washed immediately with PBS. Then, an aliquot of
150 uL 10% fetal bovine serum-1640 and 20 pL. MTT stock solution
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Scheme 1. Synthetic routes of Fe;0,@Au, Fe;0,@Au@SiO,, Fes0,@Au@p-CD NPs.

(5mgmL~" in PBS, pH 7.4) were subsequently added to each well and
incubated for 4h at 37 °C. Finally, an aliquot of 150 uL. DMSO was
added to dissolve the formazan crystals after removing the culture
medium. The resulting mixture was shaken for 10 min at room tem-
perature. The optical density (OD) of the mixture was measured at
490 nm using a standard micro plate reader (Scientific Multiskan MK3,
thermo, USA), and the cell viability was expressed by the ratio of the
OD of MTT in the experimental samples to that of the cells incubated
with culture medium only according to the following formula [32]:

Cell viability = (OD value of the experimental group
/0D value of the control group) X 100%.

2.9. Cell imaging

Coverslips (15mm) were placed in each well of a 24-well plate.
GES-1 and MGC-803 cells were seeded at a density of 5 x 10* cells per
well in 1 mL DMEM medium with 10% fetal bovine serum (FBS) and
grown for 24h at 37°C in the presence of 5% CO,. Then, the old
culture mediums were replaced by 1mL of DMEM solutions
containing Fe;04@Au, Fe;0,@Au@SiO,, and Fe;0,@Au@(3-CD NPs
(100 ug mL™ 1Y), respectively. After incubation for 2h at 37°C in the
presence of 5% CO,, the cells in the culture medium were washed three
times with PBS buffer solution (pH = 7.4) to remove the excess NPs in
advance, and fixed with 4% (by mass) paraformaldehyde in PBS for
20 min at 37 °C. All the experiments were performed in triplicate to
reduce the randomness of the experiments.

2.10. In vitro drug loading and release efficiency measurements

The maximum loading amount of DOX in Fe;0,@Au@f3-CD NPs
was evaluated by mixing 1 mg of Fe30,@Au@p-CD NPs with 2mL of
200ugmL~! DOX ethanol solution. After ultrasonic treatment for
120 min, the resulting suspension was centrifuged at 8000 rpm for
20 min. The residual DOX content of the supernatant at different time
was collected and measured by UV-vis absorption spectroscopy at
A = 483 nm. The loading amount (LA) and loading efficiency (LE) can
be calculated according to the formulas (1 and 2):

LA% = (MO - M)/MNPS X 100% (1)

(2)

where M, is the original DOX content in the corresponding loading
solution, M is the remaining DOX content and Myps is the mass of
Fe30,@Au@[-CD NPs [33].

To study the drug release of DOX-loaded Fe;0,@Au@[3-CD, 2.0 mg
of DOX-loaded Fe;04@Au@p-CD NPs were dispersed in 10 mL PBS
with different pH values (5.0 and 7.4) and placed in dialysis bags
(MWCO, 3500 Da). The dialysis bags were dipped in 30 mL of PBS at

LE% = (My — M)/M, X 100%
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37 °C with gently shaking in a water bath shaker under dark condition.
2mL of supernatant solution was taken out periodically through cen-
trifugation and an equal amount of fresh PBS was added at the same
time to maintain the total solution volume constant at 10 mL. The re-
lease DOX was determined by fluorescence spectroscopy with excitation
wavelength at 480 nm and emission wavelength at 550 nm. The cu-
mulative DOX release can be calculated by the following formula (3):

3)

where M, and M, are the amount of drug released at time t and that of
drug initially loaded onto NPs, respectively [34].

Drug release (%) = Mt/MO0 X 100%

3. Results and discussion
3.1. Synthesis and characterization

The synthetic routes of Fe30;@Au, Fe3;0,@Au@SiO,, and
Fe30,@Au@p-CD NPs are shown in Scheme 1. Iron(IIl) acetylacetonate
was chosen as the precursor to generate Fe3O4 NPs according to the
procedure as reported in literature [28]. Au nanoclusters (AuNCs) were
synthesized according to the similar method reported by Xie et al. with
L-cys as reductant instead of GSH [27]. The Fe304 NPs were further
modified by CTAB to be positive charging and hydrophilic. Then Fe;04
NPs and AuNCs were assembled together through the electrostatic in-
teraction to give rise to Fe304@Au NPs. Afterwards, Fe;04@Au NPs
were allowed to react with tetraethoxysilane (TEOS) by using ammonia
as reducing agent to produce Fe;0,@Au@SiO, NPs. Finally, we use [3-
CD to modify Fe304@Au NPs through esterification, which gives rise to
covalent linked Fe;0,@Au@p-CD NPs.

Fig. 1(a—f) exhibit the digital photos of Fe30,@Au, Fe;0,@Au@
SiO, and Fe;0,@Au@f-CD NPs at daylight and under UV lamp. It can
be seen obviously that, Fe;0,@Au and Fe;0,@Au@SiO, are gray
powder while Fe;0,@Au@3-CD NPs are brown, and all these NPs ex-
hibited red fluorescence under UV irradiation. From Fig. 1(g, h) we can
observe distinctly that, Fe;04@Au, Fe;0,@Au@SiO, and Fe;0,@Au@
B-CD were attracted onto the wall of the vial by an external magnet and
also shown red emission. This suggests that all these NPs are magnetic.
Fig. 1(i, k) are the saturated solutions of at daylight and under UV
excitation, which implies that these NPs can also emit red fluorescence
in solution.

To further investigate the composition and magnetic properties of
the above NPs, we performed the measurements of FT-IR spectra and M-
H curves as shown in Fig. 2. From the IR spectra of Fig. 2a, we can
observe the characteristic absorption peaks caused by stretching vi-
bration of Si—O—Si bonds. By comparing with the spectra of Fe;0,@Au
NPs and (-CD, the characteristic absorption peaks of Fe;0,@Au@[3-CD
NPs with the wavenumbers of 3390 cm ™!, 1650 cm ™! and 1155 cm ™!
correspond to the stretching vibration of —OH, —C(=0)— and C—0—C
bonds, respectively. Moreover, the absorption peak located at
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3390 cm ™! corresponding to the stretching vibration of —OH was en-
hanced significantly, manifesting that B-CD was successfully compos-
ited with Fe30,@Au NPs. Thermogravimetric analysis was acquired to
quantify the grafting amount of 3-CD. Fig. S1 exhibits the TGA curves of
Fe30,@Au and Fe;0,@Au@3-CD NPs measured at the heating rate of
10 °C/min in nitrogen flow. The total weight losses for Fe;0,@Au and
Fe30,@Au@p-CD NPs were determined to be about 47% and 54%,
respectively, indicating about 7% surface grafting amount of Fe30,@Au
by B-CD. For both TGA curves, a mass loss can be observed between 200
and 400 °C, which could be attributed to the degradation of organic
moieties (i.e. CTAB, oleylamine, r-cysteine and (3-CD) from the nano-
particle surface. Fig. 2b shows the M-H curves of Fe;O4@Au,
Fe30,@Au@SiO, and Fez04@Au@f-CD NPs, which imply that all
these NPs are superparamagnetic. The saturated magnetization of
Fe30,@Au, Fe;0,@Au@SiO, and Fe30,@Au@p-CD NPs are de-
termined to be 7.76, 7.41, 2.83emu g~ ?, respectively. The low satu-
rated magnetization of Fe30,@Au@p-CD NPs should be attributed to
their low crystallinity, which resulted from the aggregation of
Fe304@Au NPs in the core [35].
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Fig. 1. Photos of (a, d) Fez04@Au NPs, (b, e)
Fe30,@Au@SiO, NPs, and (c, f) Fes0,@Au@p-CD
NPs at daylight and under UV lamp, respectively; (g,
h) photos of Fe;04,@Au (1), Fe;0,@Au@SiO, (2)
and Fe304@Au@p-CD (3) NPs absorbing by a
magnet at daylight and under UV lamp; (i, k) photos
of saturated solutions of Fez0,@Au (1),
Fe;0,@Au@SiO, (2) and Fe;0,@Au@B-CD (3) NPs
at daylight and under UV lamp.

3.2. Morphology study

Morphologies of the resulting Fe;04@Au, Fes0,@Au@SiO,, and
Fe304,@Au@p-CD NPs were investigated by transmission electron mi-
croscopy (TEM), as shown in Fig. 3. It can be seen clearly from
Fig. 3(a—c) that both the Fe;0,@Au and Fe;0,@Au@SiO, NPs exhibit
spherical morphology, while the Fe;0,@Au@p-CD NPs hold a distinct
core-shell structure. From the high resolution TEM (HRTEM) image of a
Fe;04@Au NP in Fig. 3d, we can observe the clear continuous fringe
patterns with the interplanar distances of around 0.1124nm and
0.1135nm, which correspond to the (311) d-spacing of face-centered
cubic (fcc) Au NPs (JCPDS no. 04-0784) and (642) d-spacing of fcc
Fe304 NPs (JCPDS no. 26-1136). In Fig. 3e, the (311) d-spacing of fcc
Au NPs, (642) and (444) d-spacings of fcc Fe304 NPs with the inter-
planar distances of 0.1127 nm (0.1130 nm), 0.1120 nm and 0.1206 nm,
respectively, can also be seen clearly. The observation of fringe patterns
in the TEM implies that these NPs are highly crystalline. Fig. 3f shows
the HRTEM image of a Fe30,@Au@p-CD NP, from which we can ob-
serve the clear core-shell structure with the shell thickness of 20 nm

(b) —=— Fe304@Au NPs
~ 10 ¢ Fe;0,@Au@sio, NPs
4 Fe304@Au@p-CD NPs

wm
1

=]

Moment (emu g-1

=104

T T

T T T T T
-80  -60 -40 -20 0 20 40 60 80

Magnetic Field (KOe)

Fig. 2. (a) Infrared absorption spectra and (b) M-H curves of Fe;0,@Au, Fe;0,@Au@SiO,, and Fe;0,@Au@p-CD NPs, respectively.
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Fig. 3. TEM and HRTEM images of (a, d) Fe;0,@Au, (b, ) Fe30,@Au@SiO- and (c, f) Fe30,@Au@pB-CD NPs; Size distribution of (h) Fe304@Au, (i) Fe30,@Au@

SiO5 and (j) Fe30,@Au@p-CD NPs.

around. The obvious core-shell structure of Fe;0,@Au@f-CD NPs
might be formed due to the self-assembly effect of 3-CD, which force
the aggregation of Fe30,@Au NPs in the core. Fig. 3(h—j) display the
histogram of the size distribution of the TEM images (Fig. 3a—c), in-
dicating that the as-synthesized Fe3;0,@Au, Fe;0,@Au@SiO,, and
Fe30,@Au@[3-CD NPs have an effective average size of 5.16, 5.59 and
71.40 nm, respectively, as depicted in Fig. 3(h-j).

The hydrodynamic size of Fe30,@Au@p-CD NPs dissolved in ul-
trapure water was measured to be 178.1 nm as determined by dynamic
light scattering (DLS), which is much higher than that calculated from
the TEM image. This could be attributed to the aggregation of
Fe30,@Au@[3-CD NPs due to the solvation effect induced by hydrogen
bond interactions of 3-CD in solution [36]. Moreover, the average size
of the resulting NPs increase significantly with increasing the reaction
amount of (3-CD as determined by the DLS measurement (see Figs. S2,
S3 and Table S1), which further proved the existence of intermolecular
hydrogen bond interaction of -CD.

3.3. Photophysical properties

To investigate the intrinsic photophysical properties of Fe;0,@Au,
Fe30,@Au@SiO, and Fe;0,@Au@fp-CD NPs, their UV-Vis absorption
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spectra, photoluminescence (PL) spectra (at room temperature both in
water solution and in powder state) were measured and presented in
Fig. 4. As shown in Fig. 4(a), Fe30,@Au, Fe3;0,@Au@SiO, and
Fe3;0,@Au@[-CD NPs exhibit two sets of absorption bands at 260 nm
and 360 nm around in their UV-Vis absorption spectra. By comparing
with Fe;0,@Au and Fe;0,@Au@SiO, NPs, the intensity of 360 nm
absorption band of Fe;0,@Au@p-CD NPs increased clearly and the
maximum absorption peak was red-shifted to 385 nm. This is consistent
with the PL intensity increase in the range of 600-700 nm, as shown
with the dashed line in Fig. 4(a). This might be ascribed to the larger
particle size and aggregation-induced emission (AIE) effect caused by
the compact arrangement of Fe;0,@Au in the core of Fe;0,@Au@p-
CD NPs [37]. From the PL spectra of Fe30,@Au, Fe;0,@Au@SiO, and
Fe;0,@Au@pB-CD NPs in powder states (Fig. 4b), we can see clearly
that the maximum emission peak of Fe;0,@Au@[3-CD NPs red shifted
by 30 nm to 650 nm by comparing to Fe;04,@Au and Fe;0,@Au@SiO-
NPs. Fig. 4(c) displays the overlay PL spectra of Fe;0,@Au@3-CD NPs
at different concentrations in water, which demonstrates that the PL
intensity grows significantly in the range of 600-700 nm with the in-
crease of the concentration of Fe;0,@Au@p-CD NPs aqueous solution.
Fig. S4 shows the absorption and emission spectra of Fe;0,@Au@[3-CD
NPs in aqueous solutions with different pH values and in PBS solution
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Fig. 4. (a) The Normalized overlay absorption and emission spectra
(Aex = 365nm) of Fe;0,@Au, Fe;0,@Au@SiO, and Fe;0,@Au@p-CD NPs
with the same concentration (200 pg mL™') in water at 298 K; (b) Normalized
PL spectra of Fe30,@Au, Fes0,@Au@SiO, and Fe;0,@Au@p-CD NPs in
powder at 298 K (Aex = 365nm); (c) PL spectra of Fe;0,@Au@[3-CD NPs at
different concentrations (25, 50, 100 and 200ugmL~') in water at 298 K
(Aex = 365 nm).

(100 pgmL™ 1. It can be observed that, the absorption and emission
wavelengths and intensities have no much change, manifesting the
relatively high stability of NPs in solutions with different pH values or
high ionic strength.

The lifetimes of Fe;0,@Au, Fe;0,@Au@SiO, and Fe;0,@Au@p-
CD NPs were studied by time-resolved photoluminescence (TRPL)
spectra (as shown in Fig. 5). The PL decay data is fitted through the
formula (1), while the average excitons lifetime of NPs were determined
by formula (2) [38]. The lifetimes of Fe;04,@Au, Fe;0,@Au@SiO, and
Fe30,@Au@p-CD NPs are finally calculated to be 4.68, 2.77 and
5.21 ps, respectively. Hence, the radiative transition rate of Fe;0,@Au
NPs is increased significantly after surface modified by SiO, and de-
creased after modified with B-CD. And the longer average lifetime of
Fe30,@Au@p-CD NPs comparing with Fe;0,@Au and Fe;0,@Au@
SiO, NPs could be attributed to its particular structure and composition,
which is also favorable in the bioimaging of cancer cells.
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Fig. 5. Time-resolved PL spectra measured for Fe;04@Au, Fe;0,@Au@SiO,
and Fe;04,@Au@[-CD NPs in water at 298 K (A.ex = 375 nm).
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The luminescence quantum yield of Fe;0,@Au@p-CD NPs was
determined as follows with Rhodamine 6G (dSFStd = 0.95 in water) as
the reference [39]:

F AStdnz

_ oStd
@r = @f" X FSUA (nStd)2

(6)
where A and AS'Y are the absorbances of the sample and the standard
Rhodamine 6G, respectively. F and F5' are the areas under the lumi-
nescence curves of the sample and the Rhodamine 6G, respectively. n
and n® are the refractive indices of the solvent used for the sample and
standard Rhodamine 6G, respectively. The quantum yield of
Fe30,@Au@p-CD NPs was finally calculated to be 0.6% in water.

3.4. Zeta-potential study

To study the zeta-potential change of NPs by introducing different
surface modification layer, we measured the zeta-potential values of
Fe30,4 NPs, Fe30,4-CTAB NPs, Fe;0,@Au NPs, Fe;0,@Au@p-CD NPs
and 1-cys-Au nanoclusters (NCs) dispersed in ultrapure water,
which were measured to be —29.3 + 1.3mV, 40.1 = 0.1mV,
30.6 = 0.2mV, 12.8 = 1.0mV and —27.4 * 1.0mV, respectively
(as displayed in Fig. 6). Therefore, after introducing CTAB, the zeta-
potential of NPs can be dramatically changed from negative
(—29.3 = 1.3mV) to positive (40.1 = 0.1 mV) due to the positively
charged trimethylammonium group. However, further modification
with 1-cys-Au nanoclusters (NCs) reduced the zeta-potential to
30.6 = 0.2mV, which can be understood easily by the negative zeta-
potential of 1-cys-Au NCs (—27.4 = 1.0 mV). As it is well known, the
zeta-potential of 3-CD is negative [40]. Thus, the grafting of 3-CD onto
the surface of Fes0,@Au NPs can further lower the zeta-potential to
12.8 + 1.0mV. Moreover, we studied the zeta potential of
Fe;0,@Au@p-CD NPs with different grafting amount of 3-CD. We can
learn from Fig. S5 and Table S2 that the zeta potential decreased gra-
dually with the increase of the grafting amount of (3-CD, and turned
from positive to negative when the reaction mass ratio is 1:6. The po-
sitive zeta-potential of as-synthesized Fe;0,@Au@f3-CD NPs in this
work (reaction mass ratio = 1:2) is favorable for the targeting of cancer
cells due to the electrostatic interaction. In addition, the zeta-potential
change of intermediates and final NPs can also prove the composition of
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Fig. 6. Zeta-potential values of Fe304 NPs, Fe304-CTAB NPs, Fe;04@Au NPs,
Fe304,@Au@p-CD NPs and 1-cys-Au nanoclusters (NCs). Data are means + SD.

Fe;04,@Au@f-CD NPs.

3.5. Biological application

3.5.1. MTT assay

The potential clinical applications of luminescent in the diagnosis of
cancers or other diseases tend to depend on their water solubility and
cytotoxicity. In this regard, we first investigate the solubility of as-
synthesized Fe;04,@Au, Fes0,@Au@SiO, and Fe;0,@Au@[3-CD NPs.
The as-prepared saturated aqueous solutions of Fe;04@Au,
Fe30,@Au@SiO, and Fe;0,@Au@p-CD NPs were allowed to stew for
12h. Afterwards, we observed that there were precipitate generated
obviously in the saturated solution of Fe;0,@Au and Fe;0,@Au@SiO,
NPs, while the Fe30,@Au@p-CD one is still clear. Hence, after mod-
ification with (3-CD, magnetic fluorescent NPs can be dispersed in water
stably, which would be beneficial for its future application in biological
system.

Then, we performed the MTT and apoptosis assay to evaluate the
cytotoxicity of Fe;04@Au, Fe;0,@Au@SiO, and Fe;0,@Au@f-CD
NPs and viability of cells. As shown in Fig. 7, the viability of the gastric
mucosal cells (GES-1) and gastric cancer cells (MGC-803) still remained
close to 90% after incubation with Fe;04@Au, Fes0,@Au@SiO, and
Fe30,@Au@[-CD NPs for 24 h, respectively, even at the concentration
of 200 ugmL™!; these conditions are quite harsher than that used for
cell incubation and imaging. The results demonstrate that all these NPs
exhibit excellent biocompatibility to gastric mucosal and gastric cancer
cells.

3.5.2. Magnetic relaxivity study

To explore the MRI imaging ability of Fe;0,@Au, Fe;0,@Au@SiO»
and Fe;0,@Au@p-CD NPs, we performed measurement of the relax-
ivity of these materials with the content of [Fe] = 4 uM mL~'. The
relaxivity values (r; and r,) are summarized in Table 1. As we can see
clearly that, both r; and r, values of Fe30,@Au@p-CD NPs are larger
than Fe;04,@Au and Fe;0,@Au@SiO, NPs, while the ry/r; ratio of
Fe;0,@Au@p-CD NPs is lowest. To investigate the ability of
Fe30,@Au@p-CD NPs as MR contrast agents, samples of Fe;0,@Au@
B-CD NPs were dissolved in water at different concentrations (0.01,
0.02, 0.04, 0.08 and 0.16 mM) and the T,-weighted MR images were
mapped by the 3.0 T MR scanner, as shown in Fig. 8a. It can be seen
clearly that the image contrast decrease with the increase of con-
centration. The specific r, relaxivity was calculated from a linear
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Fig. 7. MTT cell viability of (a) GES-1 cells and (b) MGC-803 cells incubated
with Fe;04@Au, Fe;0,@Au@SiO, and Fe;04,@Au@p-CD NPs at various con-
centrations.

Table 1
Relaxivities of as-synthesized Fe;0,@Au, Fe30,@Au@SiO, and Fe;0,@Au@[3-
CD NPs.

Compound r (s 'mM™Y ry (s7'mM™Y) ra/ry
Fe;0,@Au 1.2 + 0.1 81 * 0.2 6.8
Fe;0,@Au@SiO, 2.0 £ 0.3 13.8 £ 1.7 6.9
Fe30,@Au@pB-CD 5.0 = 0.9 26.3 £ 1.2 4.5

regression curve fitting of 1/T, (R, spin-spin relaxation rate) plotted
against concentration in various aqueous solutions. As displayed in
Fig. 8b, the r, value is determined to be 120.06 mM ~ 1571 and the R, is
enhanced with the increase of the concentration, manifesting that the
NPs could serve as a T, contrast agent for MRI imaging [29,41].

3.5.3. Cell imaging

The intracellular distribution of the Fe;04@Au, Fe;0,@Au@SiO,
and Fe30,@Au@p-CD NPs in cells was evaluated by confocal laser
scanning microscopy (CLSM), and the bright field, dark field and
emerged images are shown in Fig. 9. Here, human gastric carcinoma
MGC-803 cells and normal gastric epithelial cells (GES-1) were used for
the imaging experiment, due to the high gastric cancer incidence in
China, Japan, Eastern Europe and certain countries in Latin America
[42]. From the bright field images, it can be observed clearly that GES-1
cells and MGC-803 cells incubated with these NPs still maintained their
normal morphology, indicating the good biocompatibility of NPs at the
tested doses and time. We can learn from the fluorescence dark field
images collected at 610-680 nm (A.x = 405 nm) that, Fe30,@Au NPs



H. Guo et al.

(@

Fe,0,@Au@p-CD

[Fe]/mM 0.01

@ ¢
o0

0.02

Blank

0.04 0.08 0.16

Fe,0,@Au@SiO,

06

(b) = Fe,0,@Au@B-CD
201 (r,=120.06317;R,=0.93877)
154
—I‘»'I}
~ 104
o
=~
—
5
O ) ] ) 1
0.00 0.05 0.10 0.15

Fe concentration (mM)

Fig. 8. (a) To-weighted MR images of Fe;0,@Au@p-CD NPs at various con-
centrations; (b) relaxation rate 1/T, versus concentrations at room temperature
using a 3.0 T MRI scanner.

are not able to be uptaken by MGC-803 cells due to its poor water so-
lubility and biocompatibility, while Fe;0,@Au@{3-CD NPs can be up-
taken by MGC-803 cells and exhibit red fluorescence within the cells.
And the fluorescence intensity enhanced significantly with the increase
of concentration of Fe;0,@Au@p-CD NPs. However, Fe;0,@Au@p-CD
NPs cannot be uptaken by GES-1 cells as shown in Fig. 9G, implying
that Fe30,@Au@p-CD NPs can selectively label MGC-803 cells. And
this might be ascribed to the strong permeability of cancer cells. Al-
though Fe;0,@Au@SiO5 NPs can enter into the gastric cancer cells and
exhibit red fluorescence, but the intensity is much lower than
Fe;0,@Au@pB-CD NPs.

Fe,0 @ Au@p-CD NPs

Journal of Inorganic Biochemistry 192 (2019) 72-81

To evaluate the targeted effectiveness of Fe3;0,@Au@p-CD NPs,
after incubation with Fe;0,@Au@p-CD NPs for 2h and washing for
several times with PBS solutions, the nucleuses of MGC-803
cells were further stained with 4/,6-diamidino-2-phenylindole (DAPI,
1.8uMuL™") for 10 min. These dark field confocal images were col-
lected in the range of 420-490 nm and 610-680 nm with wavelength of
Aex = 405nm, respectively. It can be seen clearly from the CLSM
images in Fig. 10 that, the Fe30,@Au@p-CD NPs could be uptaken by
the nucleuses of MGC-803 cells instead of absorbing on the surface of
cells. Therefore, the assembled nanocomposite Fe;0,@Au@p-CD could
be used as functional probe for real-time cellular imaging [43].

3.5.4. Invitro drug loading and release efficiency measurements

To explore the drug delivery capability of the Fe;O,@Au@p-CD
NPs, we first performed the DOX drug loading measurement. And the
maximum loading amount of DOX in Fe;0,@Au@p-CD NPs was eval-
uated by mixing 1 mg of as-synthesized Fe;0,@Au@p-CD NPs with
2mL of 200 ugmL~! DOX ethanol solution. After ultrasonic treatment
for 120 min, the resulting suspension was centrifuged at 8000 rpm for
20 min. The residual DOX content of the supernatant at different time
was collected and measured by UV-vis absorption spectroscopy at
A =483 nm (as shown in Fig. S6). It can be seen clearly that, the
loading amount of DOX in Fe;0,@Au@f-CD NPs reached maximum
with the absorption intensity of residual DOX in supernatant has no
much change after 120 min. By measuring the absorption intensity, the
maximum drug loading amount (LA) is 82ug DOX per 1mg of
Fe304@Au@p-CD NPs, and the final LE% was determined to be 20.5%.
Moreover, with increasing the amount of surface-grafted 3-CD, the drug
loading efficiency increased significantly from 15% (mass ratio of
Fe;0,@A:3-CD = 1:0.5) to 25.5% (mass ratio of FesO,@Au:p-
CD = 1:6) (as shown in Table S3).

Then, to quantitatively determine the release of DOX from the NPs,
DOX loaded Fe;0,@Au@p-CD NPs were suspended in PBS at pH 7.4
(corresponding to the pH of blood) and PBS at pH 5.0 (corresponding to
the pH of endosome) at 37 °C, respectively. The amount of released
DOX at predetermined time points was measured by fluorescence
spectroscopy with the excitation wavelength at 480 nm and emission

Fe;0,@AuNPs  Fe,0,@Au@SiO, NPs

(a2)

T
7
:

B

)

1

€— GES-1 cells —>|€

MGC-803 cells 1

Fig. 9. Confocal images of MGC-803 cells incubated with (a—d) Fe;0,@Au@p-CD NPs at different concentrations (25, 50, 100 and 200 pg mL™Y), (e) Fe;0,@Au
(100 ug mL ™1 and (f) Fe;0,@Au@SiO, (100 ug mL~1); and (g) confocal images of GES-1 cells incubated with Fe;0,@Au@f-CD NPs (100 pg mL 1) (collected at

610-680 nm, Aoy = 405nm).
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Fig. 10. Confocal images of MGC-803 cells after incubation with Fe;0,@Au@f-CD NPs at the concentration of 100 ug mL~! (a) in light field, (b) in blue field, (c) in
red field and (d) emerged. Cell nucleus was stained with DAPI (collected at 420-490 nm and 610-680 nm, A.x = 405 nm).
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Fig. 11. In vitro drug releases of DOX-loaded Fe;0,@Au@f-CD NPs at pH7.4
and 5.0, respectively.

wavelength at 550 nm. As shown in Fig. 11, the release of DOX loaded
Fe30,@Au@p-CD NPs is pH-sensitive. DOX release was faster and
higher (13.4%) at pH5.0 than that of 3.5% at pH7.4 after 40h in-
cubation. This might be because that the weak interaction between
DOX and B-CD is decreased under acidic environment which then fa-
cilitates the release of DOX from the central cavity of 3-CD. Therefore,
the as-synthesized Fe;0,@Au@-CD NPs hold great biomedical appli-
cation potential as a multifunctional nanoprobe.

4. Conclusions

To conclude, we used [3-CD to surface modify magnetic fluorescent
Fe;04@Au NPs, and the water solubility and biocompatibility of re-
sultant Fe30,@Au@p-CD NPs enhanced significantly. Fe;0,@Au@SiO,
NPs were also synthesized for comparison. The morphology, size dis-
tribution and photophysical properties of Fe30,@Au, Fe30,@Au@SiO,
and Fe;0,@Au@p-CD NPs were fully investigated. Among them,
Fe30,@Au@p-CD NPs show uniform core-shell structure with average
size of 50 nm. The maximum emission peak of magnetic fluorescent NPs
red-shifted by 30 nm and the lifetime was also elongated to 5.21 ys after
surface modified with B-CD. The biological experiments proved that,
Fe30,@Au@P-CD NPs are of excellent water solubility and bio-
compatibility; and it could serve as a T, contrast agents for MRI ima-
ging. Moreover, the Fe;04,@Au@f3-CD NPs can be selectively uptaken
by gastric cancer cells (MGC-803) and exhibit red fluorescence in the
cells. The preliminary drug loading and releasing measurements de-
monstrate that it can also act as targeted drug delivery nanosystem. All
the above experimental results indicate that, the as-reported
Fe30,@Au@p-CD NPs in this work hold great application perspective
in the diagnosis and therapy of gastric cancer cells as a multifunctional
biological nanoprobe. Further investigation of these NPs in the
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application of in vivo and in vitro magnetic resonance imaging (MRI)
and targeted drug delivery is in progress.
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AIE aggregation-induced emission
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DAPI 4/,6-diamidino-2-phenylindole
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FT-IR Fourier transform infrared

HRTEM high resolution transmission electron microscopy
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LA loading amount

LE loading efficiency

MRI magnetic resonance imaging
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NPs nanoparticles
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oD optical density
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PL photoluminescence
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Ul ultrasound imaging

UV-vis  ultraviolet-visible
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