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Early diagnosis remains highly important for efficient cancer treatment, and
hence, there is significant interest in the development of effective imaging
strategies. This work reports a new multimodal bioimaging method for accurate
© Tsinghua University Press and rapid diagnosis of cancer cells by introducing aqueous Fe** and Zn?* ions
and Springer-Verlag Berlin into cancer cells (i.e.,, HeLa, U87, and HepG2 cancer cells). We found that the
Eleidelberg 2017 biocompatible metal ions Fe** and Zn** forced the cancer cells to spontaneously

synthesize fluorescent ZnO nanoclusters and magnetic Fe;O; nanoclusters.

KEYWORDS These clusters could then be used for multimodal cancer imaging by combining

multimodal imaging, fluorescence imaging with magnetic resonance imaging and computed

biosynthesized, tomography imaging. Meanwhile, for normal cells (i.e., L02) and tissues, neither

Zn&Fe oxide nanoclusters, fluorescence nor any other obvious difference could be detected between pre-

cancer diagnosis and post-injection. This multimodal bioimaging strategy based on the in situ
biosynthesized Zn&Fe oxide nanoclusters might therefore be useful for early
cancer diagnosis and therapy.

1 Introduction strategy. In this respect, fluorescence bioimaging,

magnetic resonance imaging (MRI), X-ray computed
Early cancer diagnosis remains a critical strategy for ~ tomography (CT), ultrasound imaging [3-8], etc.
reducing cancer mortality and improving the cure  have gradually become primary diagnosis techniques.
rate [1, 2]. Among the diagnostic methods, biomedical =~ Fluorescence imaging could be efficiently utilized
imaging technology is considered a highly promising  for precise and real-time monitoring of tumors due
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to improved fluorescence imaging technology and
nanoscaled probes including noble metal nanoclusters
and quantum dots [2-5, 9-11]. Our recent studies also
demonstrated that some biocompatible metal ions,
such as Au (III), Ag (I), and Pt (IV), can be readily
reduced by excess reduced monomeric glutathione
(GSH) or triphosphopyridine nucleotide and nico-
tinamide adenine dinucleotide (NAD(P)H) to form
fluorescent nanoclusters in cancer cells, leading to
in situ fluorescent bioimaging of cancers [12-14].

One drawback of fluorescence bioimaging is the
limited penetration depth for deep-seated neoplasms,
and the autofluorescence of tissues may also interfere
with the detection sensitivity. In the latter case, MRI
and/or CT imaging could provide an effective alter-
native for the rapid and accurate diagnosis of cancers
[15-17]. Combining the high penetration depth of
MRI and the anatomical information from CT,
multimodal bioimaging can be achieved if effective
fluorescence enhancement can be introduced. In MRI,
the use of imaging agents will significantly improve
the quality of the image [18-21]. Commonly, imaging
agents for MRI can be classified as T; and T, imaging
agents by their different action mechanisms. Super-
paramagnetic Fe;O, nanoparticles, which can decrease
the transverse relaxation time of H,O, have been
widely used as a negative contrast T, imaging agent in
clinical diagnosis [22-26]. Based on these observations,
in this contribution, we have explored a new multi-
modal bioimaging strategy via biosynthesized nano-
clusters of fluorescent ZnO and superparamagnetic
Fe oxides. Our observations demonstrate that when
zinc gluconate and FeCl, solution were cultured with
cells or intravenously injected into xenografted nude
mice, the ions were readily reduced, and fluorescent
ZnO nanoclusters and magnetic Fe;O, nanoclusters
were spontaneously biosynthesized. These nanoclusters
can be used for multimodal cancer imaging through a
combination of bright fluorescence imaging with MRI
and CT imaging (Scheme 1).

2 Experimental

HepG2, HeLa, U87, and L02 cells were cultured in
Dulbecco’s modified Eagle medium (DMEM) under a
5% CO, atmosphere at 37 °C. When the concentration
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Scheme 1 In situ biosynthesis of Zn&Fe oxide nanoclusters
and subsequent in vivo multimodal bioimaging of cancer cells.

of cells reached approximately 100,000 per well,
300 uM Zn(C¢H;;0y;), and 300 uM FeCl, were added
into the DMEM within six-well plates (for control
assay, only phosphate buffer saline (PBS) was used).
After 48 h of incubation, the cells were washed by PBS
(5mL x 3) and then observed under a laser confocal
fluorescence microscope (Leica TCS SP2) with an excita-
tion wavelength of 440 nm and emission wavelength
of 650 nm.

Subcutaneous tumor models were generated by the
subcutaneous inoculation (0.10 mL volume containing
5 x 107 cells/mL media) of Hela or HepG2 cells in the
right side of the oxter using a 1-mL syringe with a
25G needle. Tumor growth was monitored until a
palpable size of approximately 1.0 cm in length was
reached in any direction. After anesthetizing with 5%
isoflurane (O,-balanced), a 100-puL solution that
contained 5 mM Zn(C¢H;,0;), or/and 8 mM FeCl,
was injected into the tail vein or subcutaneously.
Then the bioimaging fluorescence was monitored in
real-time by the PerkinElmer® in vivo imaging system
(IVIS Lumina XRMS Series III) with an excitation
wavelength of 440 nm and emission wavelength of
670 nm in a 24-h period. T,-weighted MRI imaging
was conducted on a 7.0 T Micro-MR (PharmaScan
70/17 Brucker).

The nanoclusters in tumors were extracted via a
freeze-thaw method [6]. Energy-dispersive X-ray
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spectroscopy (EDS) was performed using a Zeiss Ultra
Plus scanning electron microscope. X-ray photoelectron
spectroscopy (XPS) was performed on a PHI Quantera
II with Al Ka X-ray (h = 1,486.6 eV) radiation operated
at 135 W to investigate the surface atomic concentrations
and the oxidation state distribution of the elements in
the samples. All binding energies (BE) were referenced
to the adventitious C1s at 284.4 eV. UV-Vis absorption
spectroscopy and fluorescence spectra were recorded
on Thermo Scientific BioMate-3S and PerkinElmer
LS-55 spectrophotometer, respectively. The micromor-
phology of the nanoclusters was examined on a JEOL
JEM-2100 transmission electron microscope (TEM).
CT imaging was performed on a Hiscan-M1000 CT
instrument.

3 Results and discussion

Initially, the fluorescent bioimaging efficiency of Zn*

and Fe? has been explored by in vitro studies with
confocal fluorescence microscopy using the same
method as that described in our previous report [27],
where cancer cells including HeLa, U87, and HepG2
and normal or non-cancerous cells like L02 were
respectively incubated with 300 pM Zn(Ce¢H;;,05),
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or/and FeCl, for 24 h, while in control experiments
only DMEM was incubated with the above cells. As
shown in Fig. 1(a), after 24 h of incubation, no detectable
fluorescence was observed from the control group
and the Fe group (i.e., with FeCl, alone) for all cells.
This implies that Fe oxides alone cannot contribute to
the intracellular fluorescence signal. In contrast, in
the presence of the Zn(C¢H;;0;), complex, bright
fluorescence was clearly observed from cancer cells such
as HeLa, U87, and HepG2. Furthermore, comparing
the intracellular fluorescence intensity of the Zn
group (i.e., with Zn(C¢Hy;,0O;), alone) with that of
the Fe&Zn groups (i.e., with Zn(C¢H;,05), and FeCl,),
we found that the addition of Fe*" enhanced the
fluorescence intensity. The experiments in which
only Fe** was present (from FeCl,) indicated that the
presence of iron oxides alone did not seem to affect
intracellular fluorescence. However, it may be possible
that the formation of iron oxides does indeed pro-
mote the ZnO product to a certain degree. Another
notable aspect is that the L02 cells showed little or
no fluorescence under all of the conditions. This
observation suggests that the synthesis of fluorescent
ZnO nanoclusters only occurred in the cancer cells,
thereby allowing the rapid discrimination between
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Figure 1 (a) Laser confocal fluorescence imagings of a series of cells after culturing with 300 uM Zn(C¢H,,05), or/and 300 uM FeCl,

for 24 h. For the control group, only DMEM was used. Figures on the right show the relative fluorescence intensity of the cells along the

cross-section. Purple line, red line, green line, and blue line represent control, Fe, Zn, and Zn&Fe groups, respectively. Real-time
monitoring of the fluorescence intensity of (b) HepG2 and (c) L02 was performed using high-content cell analysis.
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non-cancerous and cancer cells. The same results were
also observed by high-content cell analysis (Figs. 1(b)
and 1(c)). For HepG2 cells, fluorescence emerged
and increased with time in the initial 6 h while they
were treated with Zn*. No obvious fluorescence was
detected in the control group (Movies S1 and 52 in
the Electronic Supplementary Material (ESM)).

As described above, our results established the
feasibility of in vivo detection. We then applied this
methodology for the following in vivo tumor bioimaging
study with a xenografted nude mice model. We
intravenously injected 0.1 mL of a solution containing
5mM Zn(CH;O;), or/fand 5mM FeCl, (for the
control group, only PBS was used) through the tails
into the tumor of xenografted nude mice models of
HepG2. As shown in Fig. 2, rapid in vivo fluorescence
tumor imaging was realized with an excitation
wavelength of 440 nm and an emission wavelength
of 670 nm. It is evident from Fig.2 that bright
fluorescence could be observed in the tumor sites for
both the Zn and the Zn&Fe group 4 h after intra-
venous ion injection. The fluorescence intensity con-
tinued to increase with time and reached a maximum
after approximately 18 h (Fig. 2(b)). Furthermore, it
is noteworthy that under the same experimental
conditions, the Zn&Fe group always showed higher
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fluorescence intensity in the tumor sites when
compared with that of the Zn group at the same
sampling point. No detectable fluorescence appeared
in the Fe and control groups within the entire period
(Fig. S1 in the ESM). This result is in agreement with
the in vitro studies. In addition, ex vivo fluorescence
studies confirmed (Fig.S2 in the ESM) that the
fluorescence materials were mostly located in the
tumors, while only weak fluorescence was detected
in the liver and no fluorescence was observed in any
other organ. These phenomena indicated that self-
bioimaging for the Zné&Fe group could be established
for in vivo tumor imaging, and the introduction of Fe
could efficiently enhance the fluorescence intensity.
The liver and kidney are the main organs that excrete
metal clusters, and the weak fluorescence in these
organs confirmed that the biosynthesized clusters
can remain in vivo for at least 24 h, which could be
another advantage of this bioimaging technology.

In comparison, the results of T,-weighted MRI and
CT are shown in Figs. 2(c) and 2(d), and Fig. S3 in the
ESM. In the Zn&Fe group, 24 h after intravenous
injection, the tumor region (indicated by white circle)
became dark (for MRI) or bright (for CT) whereas no
obvious differences were observed in the control
group. The T-weighted MRI signal was always due

Figure 2 (a) In vivo fluorescence on HepG2-xenografted tumor mice after injecting 5 mM Zn(C¢H,,05), and 5 mM FeCl, (if used) at a
series of time points and (b) quantitative analysis of fluorescence intensity. (c) 7>-weighted MRI imaging and (d) CT imaging of mice
in (1) Zn&Fe and (2) control group (24 h after injecting, the tumor is indicated by white circle).
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to superparamagnetic iron oxides, which, in this
work, was most probably formed from the Fe*
precursor. Furthermore, we observed that this Fe
species could readily act as a CT contrast agent. It is
evident that compared to the conventional imaging
agents that are usually synthesized under high
temperature and high pressure, this in situ bioimaging
method can achieve multimodal imaging via the
simple introduction of Zn* and Fe* ions, where the
ZnO and Fe;O, clusters can be readily biosynthesized
under mild conditions by utilizing the difference in
the redox environment between cancerous cells and
normal cells.

On the basis of the above studies, the elements in
tumor extracts were further investigated by EDS
analysis (Fig. 53 in the ESM). The abnormally high
content of Fe and Zn revealed that these metal
species have not yet been completely excreted by
tumor tissues. Figures 3(a) and 3(b) show the XPS
results of the biosynthesized metal oxides, where the
signal peaks at 1,021.5 and 1,045.1 eV are attributed
to Zn (II), while for the Fe ions, after deconvoluting
the XPS band from 700 to 730 eV, we found that both
Fe(Il) and Fe(IIl) co-existed in the tumor tissue
samples. From the integrated peak area, we found

Nano Res. 2017, 10(8): 2626-2632

that the +2 valence state of Fe accounts for 53.2% of
total iron. Figures 3(f) and 3(g) depict the particle
size of the biosynthesized metal oxides via
high-resolution TEM. To distinguish Zn and Fe
oxides in this process, FeCl, solution and zinc
gluconate solution were injected intravenously into
two groups of xenografted nude mice models of
HepG2, followed by extraction of the biosynthesized
samples that were characterized by TEM. It can be seen
that the biosynthesized ZnO and Fe;O, nanoparticles
have the same size, 5 nm, and the residual tissues cap
the nanoparticles and make them blurry. The
interplanar spacing between them is approximately
0.162 and 0.260 nm, respectively, corresponding to
the (110) plane of ZnO and (311) plane of Fe;O,. In
this experiment, only Fe** was used as a precursor
and thus, the appearance of Fe* should result from
the partial oxidation of Fe*" in the tumor tissues. For
cancer cells, it is already known that the concentrations
of reactive oxygen species (ROS) such as H,O, are
much higher than those in normal cells [28, 29]. The
existence of ROS affects the Fe** and brings it to a
higher valence state. Figure 3(e) and Fig. S3 in the
ESM show the impact of H,O, on Fe*. FeCl, solutions
in PBS (50-3,000 uM) were mixed with different
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Figure 3 (a) Fe2p and (b) Zn2p XPS spectra of the in vivo extract. High-resolution TEM images of the in vivo extracted (c) ZnO and
(d) Fe;04 nanoclusters. (¢) Oxidation of Fe** by H,0, and formation of Fe*" under different concentrations. (f) Formation of -OH from
H,0, under catalysis of Fe*" indicated by salicylic acid at an absorbance at A = 510 nm. The reaction concentrations are (1) 50 pM H,0, +
50 uM Fe?', (2) 100 uM H,0, + 50 uM Fe?*, (3) 200 uM H,0, + 50 uM Fe?*, and (4) 500 uM H,0, + 50 uM Fe?".
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concentrations of H,O, (50-3,000 uM) for 10 min,
followed by spectrophotometric determination of the
Fe* concentration at A = 511 nm after coordinating
the iron with 1,10-phenanthroline. With a higher
H,O,/Fe* ratio or lower Fe* concentration, the Fe*
will obviously be converted to Fe*. This observation
provides reliable evidence for the appearance of Fe*.
This further illustrates the relationship between Fe*
oxidization to Fe* and hydroxyl radicals, formed
from H,O, via the Fenton reaction. Figure 3(e) shows
the formation of -OH, indicated by its reaction with
salicylic acid in PBS [18]. The as-formed products
exhibited absorption at 510 nm (Fig. 3(f) inset), which
could be expressed as a function of time under a
series of concentrations. It can be seen that most -OH
appears to be generated in the initial 10 min after
the addition of H,O, to Fe*, and the yield of -OH
increased with H,O, concentration. The fluorescence
spectrum of the biosynthesized ZnO nanoclusters is
displayed in Fig. S3 (in the ESM), where the excitation
peak at 431 nm and emission peak at 650 nm are
attributed to ZnO nanoparticles [30]. Considering that
cells always maintain a constant intracellular fluid
pH, and combining the observations described above,
the introduction of Zn** and Fe?" may result in such a
pathway in cancer cells

Fe* + H,0, — Fe* + OH +-OH (1)
Fe*+-OH — Fe*+OH- @)
Fe* + 2Fe* + 8OH- — Fe,0, + 4H,0 3)
Zn*+20H- — ZnO + H,0 (4)

4 Conclusions

In summary, in this study we have explored a novel
in vivo multimodal bioimaging method for the early
detection of tumors based on in situ biosynthesized
Zn&Fe oxide nanoclusters. Our observations demon-
strate that by introducing Zn*" and Fe* ions via a
single injection, fluorescent ZnO nanoclusters and
superparamagnetic Fe;O, nanoparticles can be spon-
taneously self-biosynthesized in tumor cells/tissues,
which then contribute to the fluorescence and
T-weighted MRI signal, respectively. The resultant
Zn and Fe oxides most probably stem from excess
ROS, such as H,0, in cancer cells. More importantly,
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such a self-biosynthetic process is not found in normal
cells or normal tissues. This could be a significant
advantage of this in situ multimode bioimaging
method to achieve the rapid and accurate diagnosis
of tumors. The relatively non-toxic agents and simple
operation make this a potentially useful method for
early cancer detection.
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