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Multicolor bioimaging with 
biosynthetic zinc nanoparticles and 
their application in tumor detection
Yanjun Kang1,*, Yi-Zhou Wu2,*, Xianyun Hu3,*, Xueqin Xu2, Jie Sun4, Rong Geng2, 
Tongxing Huang2, Xiaohang Liu2, Yichen Ma2, Ying Chen2, Quan Wan2, Xiaobang Qi2, 
Gen Zhang2, Xiaohui Zhao5 & Xin Zeng6

Because they generate excellent images, nanoparticles (NPs), especially biosynthesized NPs, provide a 
new solution for tumor imaging. In this research, we unveil a novel type of biosynthesized NPs featuring 
multicolor fluorescence. These NPs exhibit little cytotoxicity to cells. The explored NPs, designated Zn-
ZFP-GST NPs (Zinc NPs in abbreviation), are generated from leukemia cells treated with a Zn2+ solution, 
while zinc-finger protein and glutathione S-transferase (GST) were also identified in the Zinc NPs. 
Under near-UV illumination, the Zinc NPs simultaneously emit green, yellow, and red fluorescence. 
In addition, the intensity of the fluorescence increases with the existence of sulfides. Besides, the 
NPs are encapsulated by microvesicles (MVs) shed from the plasma membrane. As observed in whole-
body research of nude mice, the NP-MVs migrate via blood circulation and are distinguished by their 
fluorescent signals. Furthermore, the folic acid (FA) & AVR2 (human VEGF antibody)-coated NP-MVs 
are exploited to target the tumor location, and the feasibility of this approach has been confirmed 
empirically. The Zinc NPs shed light on an alternative solution to tumor detection.

Magnetic resonance imaging (MRI), positron emission tomography (PET) and X-ray computed tomography 
(CT) are the most-used imaging technologies for the detection of cancer to date. However, these technologies are 
still ineffective in early-stage cancer or tumor metastasis diagnosis1–3. In recent years, with the advance of nano-
technology, nanomaterials have been employed as new luminescent agents for biological imaging4–9. Luminescent 
nanoparticles (NPs) exhibit unique size, optical, and structural features. Briefly, luminescent NPs possess higher 
levels of brightness, photostability, and biocompatibility than other fluorescent organic dyes10–12. In addition, by 
virtue of their optical and size properties, these NPs demonstrate their great superiority in tumor imaging and 
tracing11,13,14. To date, a wide range of NPs have been developed for tumor diagnosis. Of the luminescent NPs, 
many types of quantum dots (QDs), such as CdSe, ZnS and other multiple material, doped QDs, are the most 
common and have been well described15–17. In addition, gold NPs and fluorophore-doped silica NPs have also 
been a frequent focus of research18.

For economic reasons, large quantities of NPs of variable sizes are traditionally synthesized by chemical methods19.  
However, chemically synthesized NPs possess patent flaws. The toxic heavy metals contained in the NPs may 
be harmful to the cells or organism20,21. To conquer this problem, many types of modified NPs have been devel-
oped by conjugating biocompatible materials, such as polyethylene glycol, a silica shell, or synthetic peptides. 
Otherwise, despite their complicated preparation process, the optical property of biocompatible materials is 
compromised21.

Contrarily, biosynthesized NPs are more biocompatible because of their environmentally friendly synthetic 
composition, which provides a promising solution for further application due to their facile and economically 
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advantageous features. To date, mostly biological entities, such as mammalian cells, bacteria, and other organ-
isms, have been exploited as the “factory” for metallic NP production. Several studies have exploited novel ways 
to synthesize the NPs biologically, at either the organism or cell level18,22–25.

A pioneering work revealed nanomaterial biosynthesis using tissues near the earthworm gut; the nanoma-
terials were subsequently coated with polyethylene glycol and were available for imaging of macrophage cells24. 
However, in addition to requiring surface modification, this synthetic procedure is obviously time consuming. 
In another study, gold nanoclusters were developed using cancer cells. This method has the advantage of a large 
amount of nanomaterial production due to rapid cell division18. It has been widely reported that the cells of many 
organisms are preferred for biosynthesizing nanoparticles with metal ions (e.g., Au+, Ag+ and Zn2+) due to their 
cost-effective and nontoxic properties26.

In this paper, we develop and characterize a novel type of microvesicle (MV)-encapsulated zinc NPs in leu-
kemia cancer cells. These NPs simultaneously emit green, yellow, and red fluorescence signals, impose little cell 
toxicity and can be readily applied for in vivo imaging. Targeted tumor detection can be performed with antibod-
ies attached to the MV surface, affording fluorescence images at different wavelengths and avoiding background 
interference by the multiple color fluorescence.

Results
Biosynthesis of Zinc NPs encapsulated by microvesicles in cancer cells. The functionalized 
zinc-derived NPs were synthesized and characterized by transmission electron microscopy (TEM) imaging. In 
the case of KA cells incubated with Zn2+ solutions, the TEM image (Fig. 1A c) displayed typical microstructure 
changes in tumor cells compared with those in untreated cells (Fig. 1A a). Energy dispersive X-ray spectroscopy 
(EDS) observation further indicated that the calculated atom content of Zn in cancer cells changed significantly 
after incubation with Zn2+ solutions. The microstructurally altered cells clearly showed MVs with diameters of 
30–50 nm (Fig. 1B a). Using facile ultrasound treatment, the disrupted cells effectively presented the MV-loaded 
NP complexes under TEM at different magnification scales. The TEM assay verified that, compared with the 
control (Fig. 1B c), the MVs derived from Zn2+-treated KA cells could encapsulate NPs (Fig. 1B b and B d, arrow 
indicator). The particle size varied between approximately 4 and 6 nm (Fig. S1). The nanoparticles were generated 
approximately two hours after the zinc solution was added. The number of NPs increased with the duration of 
incubation and reached a peak in the 48 h treatment (Fig. S2). EDS results (Figs S3 and 4) confirmed the content 
of Zn in the MVs in cancer cells. In addition, the surface charge (zeta potential) of the Zinc NP-MVs is − 17.1 mV, 
which indicates that the NP-MVs are negatively charged when dispersed in water. The results of MTT assays 
demonstrated that the Zinc NPs did not show apparent cytotoxicity even at high concentrations (Fig. S5).

The multiple fluorescences of Zinc NP-MVs in cancer cells. After treatment by Zn2+, the imaging 
properties of KA cells were examined under a fluorescent microscope. The 3D-reconstructed fluorescent images 
give a clear overall view of the green, yellow and red fluorescence, which demonstrated that the three-color 
fluorescence appears higher in intracellular distribution (Fig. 2a–c). Furthermore, the magnifying scope illus-
trated the three color features at 400-fold and 100-fold magnification (Fig. 2d–f, g–i). We can see in the magni-
fication imaging that the fluorescence intensity increases with a longer zinc treatment. In addition, zinc-treated 
acute myeloid leukemia (AML) cells shared the same fluorescent features (Fig. S6). The absorption range of 
the zinc-treated cells varied between 400 and 600 nm, of which the optimum excitation spectra at 480, 520 and 
560 nm were applied to excite green, yellow, and red fluorescence, respectively (Fig. 3b,c,d). In agreement with 
this approach, the biosynthesized Zinc NPs in KA cells displayed three accordingly typical emission spectra peak-
ing at approximately 520, 540 and 580 nm. The various fluorescence intensities emitted by the Zinc NPs increased 
with higher Zn2+ concentration in the KA cells (Fig. 4a). Furthermore, the S concentration can influence the 
fluorescence intensity, indicating the S may contribute the chemical characteristics of the NPs (Fig. 4b). Na2S and 
Na2SO4 shared a similar combination property linked with fluorescent imaging for the biosynthesized Zinc NPs, 
while Na2S2O3 showed stronger fluorescence.

Self-imaging and migrating capacity of zinc-derived NPs in vivo. In this study, Zinc NP-MVs were 
mainly expected to be applied for tumor imaging by functional biomolecules. In vivo imaging results showed 
significant green (Fig. 5A b,c), yellow (Fig. 5A d,e) and red (Fig. 5A f,g) fluorescence in the animal body after 
treatment with zinc salts. The three-color fluorescence was captured in the spectra excited at 480, 520 and 560 nm.

To investigate the migratory capacity of the Zinc NP-MVs around the blood vessels in the animal body, 
the produced NP-MVs were injected into the body of nude mouse via the hepatic portal vein to detect the 
self-imaging signals. The results revealed that strong and specific green (Fig. 5B a,d), yellow (c,f) and red (b,e) 
fluorescence signals at 520, 540 and 580 nm emission wavelengths respectively, were detected in the whole-body 
imaging.

Tumor-targeted imaging of the Zinc NP-MVs in vivo. To validate the feasibility of the tumor targeting 
feature of the NP-MVs, an experiment on blood cell carcinoma tumor-bearing nude mice was conducted. Because 
the tumor-specific antibodies FA and AVR2 are positively charged, the MVs can readily absorb the antibodies.

The results clearly demonstrated that the bright fluorescence was located around the tumor, and the blood 
vessels were also distinguishable (Fig. 6). In accordance with the previous results, the tumor distribution was 
displayed by the three-color fluorescence. These results contrasted with those obtained for the control, which 
was injected with only NP-MVs (Fig. 6b). Thus, the FA/AVR2-coated NP-MVs accumulated at the location of 
the tumor.

Compositional characteristics of biosynthetic Zinc NPs. To gain insight into the mechanism 
underlying the biosynthesis of MV-NPs in KA cells, we used mRNA chips to gauge the expression levels of 
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messenger RNAs (Supplementary Table S1). Two mRNAs, corresponding to Zn-finger protein (ZFP) and 
glutathione-transfer-S-protein (GST), were significantly elevated. Indeed, from the western blot analysis (Fig. 7), 
it is evident that the concentrations of ZFP and GST are both up-regulated in Zn2+-treated KA cells.

Discussion
In addition to being an essential trace element in the human body, zinc is also used to synthesize metallic NPs 
and has become increasingly prevalent in recent years27. For example, zinc oxide (ZnO) nanoparticles display 
various novel features and potential applications. In addition, in many types of multiple material, doped QDs, 

Figure 1. (A) Morphological and compositional characterization of Zn2+-treated tumor cells: (a) and (c) 
show TEM images at the sub-cellular level of control and Zn2+-treated cells, respectively; (b) and (d) show the 
corresponding results of the EDS analysis. (B) TEM images of MVs from (a) Zn2+-treated KA cells; (b) Zn2+-
treated KA cells under ultrasound treatment ( →  ); (c) KA cells without treatment; (d) Zn2+-treated KA cells 
under ultrasound treatment (→ ).
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ZnS serves as an essential substrate28,29. Most of these NPs are produced via chemical procedures, including some 
modified methods30. While these chemically modified NPs are considered compatible with the organism, the 
quality of their optical properties is reduced to some extent. Due to their relatively low toxicity, biosynthesized 
NPs have attracted increasing interest in recent years. In a previous study, we reported the green fluorescence of 
gold nanoclusters biosynthesized in situ inside HepG2 and K562 cancer cells treated by HAuCl4, demonstrating 
that gold nanoclusters can be used successfully for in vivo bio-imaging of relevant live tumor cells18. Now, through 
our study on biosynthesized zinc-derived NPs, we find that the biosynthesized zinc NPs can emit multiple-color 
fluorescence and that sulfur can enhance the fluorescence intensity. Because ZFP and GST have been identified 
as essential components of the NPs, the NPs are designated Zn-ZFP-GST NPs, or “Zinc NPs”. The uncovered 
novel Zinc NPs possess fluorescent wavelengths from 500 nm to 600 nm from the green to red fluorescence. The 
three-color fluorescence emissions at different wavelengths can circumvent interference from autofluorescence 
or endogenous or exogenous fluorescent molecules in the living body.

Figure 2. Fluorescent image of the 3D reconstruction of KA cells treated with 10 mmol/L Zn2+ solutions 
after 24 h incubation for green (a), yellow (b), and red (c) intracellular fluorescence; scale bar: 100 μ m; laser 
confocal fluorescence micrographs (400-fold magnification) of KA cells incubated with 10 mM Zn2+ solutions 
for 0 h incubation (d), 12 h incubation (e) and 48 h incubation (f); scale bar: 50 μ m; laser confocal fluorescence 
micrographs (100-fold magnification) of KA cells incubated with 10 mM Zn2+ solutions for 0 h incubation  
(g), 12 h incubation (h) and 48 h incubation (i); scale bar: 100 μ m.
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NPs featuring multiple-color fluorescence have been reported frequently31,32. Generally, the earlier-reported 
NPs emitting multiple-color fluorescence were chemically modified by a bonding ligand, which may reduce bio-
compatibility. In contrast, the Zinc NPs in this research are biosynthesized in a green fashion. Notably, the secreted 
Zinc-ZFP-GST NPs from zinc-treated cells are naturally enclosed in MVs. MVs are fragments of the plasma 
membrane-derived liposome that are shed from almost all cell types under normal or pathological conditions33,34.  
To date, MVs have been mainly studied by biological methods, which remains challenging due to their compara-
tively small size of 50–100 nm. For a long time, the liposome was used to enclose QDs to reduce their cytotoxicity 

Figure 3. Optical properties of NP-MVs. (a) The visible absorption spectrum of the NP-MVs obtained from 
KA cells pre-exposed to 10 mM Zn2+ for 12 h. Excitation and emission spectra of MV-NPs corresponding to 
green fluorescence at 520 nm (b), yellow fluorescence at 560 nm (c) and red fluorescence at 620 nm (d). On the 
right of panels (b–d) are images of the NP-MVs cast in phosphate buffer with excitation wavelengths set at 480, 
520, and 560 nm.
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and enhance their biocompatibility35. Otherwise, the targeting ability of liposomes can be ameliorated by an 
antibody combination. Because the MVs can be regarded as endogenous cell organelles, the resulting Zinc NPs 
are naturally innocuous to cells. In addition, an MTT assay confirmed that Zinc NPs are not cytotoxic, even at 
high doses, and can therefore be used as a new agent for in vivo imaging. To our knowledge, this is the first report 
of biosynthesized NPs encapsulated by microvesicles.

Because Zn-finger protein and GST are known to bind to a variety of cellular toxins for detoxification pur-
poses36,37, the up-regulation of the two proteins is likely related to the sequestration and transport of Zn2+. 
Na2S2O3 shows stronger fluorescence than Na2S and Na2SO4, which strongly suggests that S plays an impor-
tant role in the NP generation phases. Therefore, we believe that sulfur promotes the formation of a mercapto 
group (-SH) of the ZFP or GST, which further benefits the binding with Zn2+. Accordingly, we predict that the 
Zn-ZFP-GST complex generated through the oxidation reaction possesses a unique excitation spectrum. Clearly, 
deciphering the precise luminescence mechanism of the zinc NPs requires additional research.

It is generally believed that NP imaging has the potential to lead to a better understanding and management 
of cancer-targeted therapies11,38. Additionally, imaging techniques must be convenient to apply to optimize tar-
geted strategies to different tumor entities before entering clinical application. Our research revealed that the 
subcutaneous injection of a millimolar Zn2+ solution near xenograft tumors of the nude mouse led to the efficient 
biosynthesis of triply-fluorescent NPs, allowing specific fluorescent self-bio-marking of the tumors. To specifically 
target tumors, we attached FA/AVR2 to the MV-NP surfaces. The two tumor antibodies are positively charged 
and can be readily adsorbed onto the negatively charged MV-NPs. Figure 4e clearly shows that the AVR2-coated 

Figure 4. Dependence of NP-MV quantities on Zn2+- and S-containing ions in the cell media. (a) Fluorescence 
images of KA cells with pre-exposure to 0, 5 and 10 mM Zn2+ solutions for 12 h. The green, yellow, and red 
fluorescence were obtained with excitation wavelengths set at 480, 520, and 560 nm. (b) Plots of green, yellow, and 
red fluorescence intensities against the ions to which KA cells were exposed.
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Figure 5. In vivo imaging with NP-MVs. (A) In vivo tumor images of KA tumor-bearing mice 24 h after being 
treated with 10 mM Zn2+ solutions: (bc, de, fg) for green, yellow, and red fluorescence distribution in the tumor 
location, respectively; bright field image (a). (B) Fluorescence images of an anesthetized nude mouse that had 
been subjected to portal vein injection of NP-MVs with excitation wavelengths set at 480 (a), 520 (b), and 
560 nm (c).
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MV-NPs accumulate at the tumor surface. This result is in contrast to that shown in Fig. 4d, which shows an 
image recorded from a mouse injected with only MV-NPs. As Fig. 6 shows, the target tumors can be distinguished 
clearly by the fluorescence imaging of the NPs after the Zinc NP-MVs-FA/AVR2 are introduced into nude mice 
via intravenous injection.

Figure 6. In vivo imaging with NP-MVs-FA/AVR2. Images (b) were obtained under UVillumination from 
mice containing NP-MVs (left) and AVR2/FA-coated NP-MVs (right). Panels (d–f) show enlarged images of the 
tumor in the mouse injected with AVR2/FA-coated NP-MVs; bright field image (a).

Figure 7. Composition of the Zinc NPs. (a) Western blot analysis of Zn-finger proteins and GSH-transfer-s-
protein in lysates of KA cells exposed to different Zn2+ concentrations. GADPH was used as a loading control. 
The western blot images were cropped to appropriate sizes. (b) A bar graph showing the relative concentrations 
of Zn-finger proteins and GST vs. GADPH under a gradient concentration of Zn2+ treatment.



www.nature.com/scientificreports/

9Scientific RepoRts | 7:45313 | DOI: 10.1038/srep45313

This study also shed new light on the diagnosis of tumor metastasis. Cancer progression and metastasis can 
result in the accumulation and concentration of fluorescence that labels the cells at metastatic regions. Hence, 
metastasis can be observed through fluorescence imaging9. Injection of cancer cells into the tail vein of mice can 
stably express green fluorescent protein (GFP), and it is feasible to visualize single tumor cells in blood vessels39,40. 
In our research, after the injection of Zinc NPs through the hepatic portal vein, strong and specific green, yellow 
and red fluorescent signals were distinct in different internal organ autopsy images. In addition, the migration 
of the NP-MVs via blood circulation indicates that the MV-encapsulated NPs are benign to the animal body. 
Because the three-color-fluorescence Zinc NPs can migrate through blood vessels in the animal body, we can 
anticipate that this novel material has the potential for tracing metastasis.

In conclusion, our research has revealed a novel method for the biosynthesis and MV encapsulation of Zinc 
NPs in a cost- and time-effective manner. The NPs simultaneously emit green, yellow, and red fluorescence under 
near-UV illumination and exhibit little cytotoxicity to the organism. Consequently, these NPs are potentially 
amenable for in vivo imaging and multi-color tumor detection.

Methods
Biosynthesis and imaging characterization of Zinc NPs in vitro. The adriamycin-resistant leukemia 
cell lines K562/A02 (KA) were maintained in RPMI-1640 medium containing 10% fetal calf serum (FCS), 100 U/
mL penicillin, 1 g/mL adriamycin and 100 g/mL streptomycin at 37 °C with 5% CO2. A sterile coverslip was put on 
the bottom of the cell culture dish for the latter assay. Zinc chloride (ZnCl2) dissolved in distilled water was added 
into the cell media (containing 107 KA cells) to a predetermined concentration (10 mM, 5 mM, and 0 mM for con-
trol), and the cells were incubated overnight. To isolate cells, cell media were centrifuged for 5 min at 900 ×  g, and 
to remove remaining debris, another centrifugation step was performed for 1 h at 10,000 ×  g. The morphologies of 
the cells were characterized by TEM (JEM-2100, Japan) and EDS. To examine the correlation between the dura-
tion and the quantity of NPs, the number of NPs were calculated using the Zetasizer Nano (Malvern Instrument, 
UK) at different zinc treatment time points (1, 2, 4, 8, 12, 24, 48 and 72 h).

The KA cells (5 ×  105/well) on coverslips were examined under a fluorescent light microscope and then cen-
trifuged for 5 min (400 g) for the examination of small animal whole-body optical imaging. 3D reconstructions 
of (5 ×  105/well) Zn2+-treated KA cells were established to reveal the intracellular distributions of fluorescence 
signals. After treatment with Zn2+, various sulfides with the same concentration as Zn2+ were separately added 
to the cells for 12 h. Finally, the KA cells were centrifuged for 5 min (400 g) and examined under small animal 
whole-body optical imaging and other experiments.

The cytotoxic effects of the zinc NPs on the KA cell line were examined by an MTT assay. The cell growth 
inhibition rate was monitored after a 36 h treatment with a concentration gradient of Zn2+.

Isolation and characterization of biosynthetic Zinc NP-MVs in vitro. The generated Zinc NPs 
encapsulated by MVs were isolated from cell culture supernatants of KA cells. To remove residual cells, the media 
were first centrifuged for 5 min at 900 ×  g followed by centrifugation for 1 h at 10,000 ×  g to remove the last 
remaining debris. Afterwards, the supernatants were filtered through 0.2 μ m pore filters to remove particles big-
ger than 200 nm. To concentrate the MVs, the filtrate was passed through a Vivacell 100 Filter (Sartorius AG, 
Goettingen, Germany) during 30 min centrifugation at 4 °C and 400 ×  g. Then, 10 mL of the concentrated super-
natant were passed through a Sepharose CL-2B column (1.5 cm ×  45 cm; GE Healthcare, Munich, Germany), 
and 1 mL fractions were pipetted. The filtrate was then lyophilized using a freeze-dryer. In parallel, the obtained 
precipitates were also resuspended in 150 μ L of phosphate buffered saline (PBS) for further colloid chemical anal-
yses. Finally, the separated Zinc MV-NPs were also characterized by TEM, EDS and fluorescence spectroscopy 
(Shimadzu UV3150, Japan).

Fluorescence imaging and migration of biosynthetic Zinc NP-MVs in vivo. To explore the imaging 
feasibility of the Zinc NPs in vivo, small animal entire-body optical imaging was performed. All animals were 
housed in the Animal Care Facility of Nanjing Medical University under standard approved laboratory condi-
tions. Animal procedures were performed in accordance with protocols approved by the Animal Ethical and 
Welfare Committee of NJMU (Application No. 10799 & Approval No. IACUC-1601234). Diethyl ether was used 
for anesthesia followed by cervical dislocation.

Nude mice were utilized in the in vivo imaging test. First, 20 μ l of 1 mol/L Zn2+ was injected into the abdomen 
of animals via subcutaneous injection. After 24 h, the mice were anesthetized by inhalation of a mixture of oxy-
gen with 5% isoflurane and then placed supine on the table so that the detector could be positioned in the tumor 
region of the animal. A small animal model in vivo imaging instrument (Carestream Multispectral, Canada) was 
used in the fluorescence detection.

To evaluate the migrating capacity of the produced NPs in the animal body, the KA cells bearing Zinc NP-MVs 
through the nude mice were traced by the fluorescence signal. The cells (≈ 106) were injected into the animal body 
via the hepatic portal vein. After 24 h, the mice were anesthetized by isoflurane. Before the fluorescence detection, 
the abdomen of the nude mice was opened to observe the fluorescence with higher intensity.

Biosynthesis and tumor locating feasibility of tumor-specific Zinc NP-MVs. To target the tumor 
location in the animal body, the monoclonal tumor-specific antibodies AVR2 and FA were applied to the Zinc 
NP-MVs. Briefly, the solution, which was composed of AVR2/FA/Zinc NP-MVs in a 1:1:10 proportion (mass 
ratio) reacted overnight to allow complete absorption. The resulting nanocomposite was then centrifuged at 
40,000 rpm for 20 min. To evaluate the status of the antibody binding to the NP complex, the antibody remaining 
in the supernatant was quantified using a protein assay kit (Thermo Scientific, USA).
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For bio-imaging the xenograft tumor, the mixture was injected into the blood of nude mice. The animals were 
anesthetized by inhalation of a mixture of oxygen with 5% isoflurane 24 h after injection. An excitation spectrum 
with different wavelengths was used for the tumor detection imaging. The atom content of the tumor cells was 
detected in deparaffinized tumor tissue sections using EDS.

The nude mice bearing xenograft tumors were established first to pursue the bio-imaging and locating fea-
sibilities of the Zinc NPs-MV-FA/Zinc NPs-MV-AVR2 mixture in the living body. The mice were treated with 
subcutaneous injections of K562 cells (n ≈  107), and the weight of the solid tumor could not exceed 10% of the 
entire mouse body, which took approximately 1 week. Afterwards, 100 μ l of the mixture was injected into the 
mouse tumor xenograft model through the caudal vein. After 30 min, the mice were anesthetized by inhalation of 
a mixture of oxygen and 5% isoflurane, and the three-color fluorescent signal was examined.

Composition identification of biosynthetic Zinc NPs. After a 12 h treatment with Zn2+ (10 mM), 
changes in the transcriptional products of KA cells (1 ×  107 cells/well) were analyzed by Human Transcriptome 
Array 2.0 (Affymetrix, USA), which was conducted by the commercial service of Capitalbio Corporation, China. 
Based on the mRNA chip results, the targeted protein was further confirmed by an immunological method. 
The treated cell lysates were then subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE)/western blot analysis with specific primary antibodies. The results were visualized by enhanced 
chemiluminescence (ECL, Thermo Scientific, USA). The western blot result was scanned using Quantity One 
software (Bio-Rad, USA).

References
1. Antoch, G. et al. Whole-body dual-modality PET/CT and whole-body MRI for tumor staging in oncology. Jama 290, 3199–3206 

(2003).
2. Scully, O. J., Bay, B.-H., Yip, G. & Yu, Y. Breast cancer metastasis. Cancer Genom. Proteom. 9, 311–320 (2012).
3. Pace, L. et al. Comparison of whole-body PET/CT and PET/MRI in breast cancer patients: lesion detection and quantitation of 

18F-deoxyglucose uptake in lesions and in normal organ tissues. Eur. J. Radiol. 83, 289–296 (2014).
4. Alivisatos, P. The use of nanocrystals in biological detection. Nat. Biotechnol. 22, 47–52 (2004).
5. Jain, P. K., Huang, X., El-Sayed, I. H. & El-Sayed, M. A. Noble metals on the nanoscale: optical and photothermal properties and 

some applications in imaging, sensing, biology, and medicine. Acc. Chem. Res. 41, 1578–1586 (2008).
6. Yu, J., Patel, S. A. & Dickson, R. M. In vitro and intracellular production of peptide‐encapsulated fluorescent silver nanoclusters. 

Angew. Chem. 119, 2074–2076 (2007).
7. Michalet, X. et al. Quantum dots for live cells, in vivo imaging, and diagnostics. Science 307, 538–544 (2005).
8. Sullivan, D. C. & Ferrari, M. Nanotechnology and tumor imaging: seizing an opportunity. Mol. Imaging 3 (2004).
9. Nie, S., Xing, Y., Kim, G. J. & Simons, J. W. Nanotechnology applications in cancer. Annu. Rev. Biomed. Eng. 9, 257–288 (2007).

10. Shah, M., Fawcett, D., Sharma, S., Tripathy, S. K. & Poinern, G. E. J. Green synthesis of metallic nanoparticles via biological entities. 
Materials 8, 7278–7308 (2015).

11. Raju, G. S. R., Benton, L., Pavitra, E. & Yu, J. S. Multifunctional nanoparticles: recent progress in cancer therapeutics. Chem. 
Commun. 51, 13248–13259 (2015).

12. Wolfbeis, O. S. An overview of nanoparticles commonly used in fluorescent bioimaging. Chem. Soc. Rev. 44, 4743–4768 (2015).
13. Chen, H., Zhen, Z., Todd, T., Chu, P. K. & Xie, J. Nanoparticles for improving cancer diagnosis. Mat. Sci. Eng. R. 74, 35–69 (2013).
14. Probst, J., Dembski, S., Milde, M. & Rupp, S. Luminescent nanoparticles and their use for in vitro and in vivo diagnostics. Expert Rev. 

Mol. Diagn. 12, 49–64 (2012).
15. Mulvihill, M. J., Habas, S. E., Jen-La Plante, I., Wan, J. & Mokari, T. Influence of size, shape, and surface coating on the stability of 

aqueous suspensions of CdSe nanoparticles. Chem. Mater. 22, 5251–5257 (2010).
16. Li, H., Li, Y. & Cheng, J. Molecularly imprinted silica nanospheres embedded CdSe quantum dots for highly selective and sensitive 

optosensing of pyrethroids. Chem. Mater. 22, 2451–2457 (2010).
17. Geszke, M. et al. Folic acid-conjugated core/shell ZnS: Mn/ZnS quantum dots as targeted probes for two photon fluorescence 

imaging of cancer cells. Acta Biomater. 7, 1327–1338 (2011).
18. Wang, J. et al. In vivo self-bio-imaging of tumors through in situ biosynthesized fluorescent gold nanoclusters. Sci. Rep. 3, 1157 

(2013).
19. Weiss, E. A. Organic molecules as tools to control the growth, surface structure, and redox activity of colloidal quantum dots. Acc. 

Chem. Res. 46, 2607–2615 (2013).
20. Tang, S. et al. Distinct expression profiles of stress defense and DNA repair genes in Daphnia pulex exposed to cadmium, zinc, and 

quantum dots. Chemosphere 120, 92–99 (2015).
21. Yong, K.-T. et al. Nanotoxicity assessment of quantum dots: from cellular to primate studies. Chem. Soc. Rev. 42, 1236–1250 (2013).
22. Sweeney, R. Y. et al. Bacterial biosynthesis of cadmium sulfide nanocrystals. Chem. Biol. 11, 1553–1559 (2004).
23. Kumar, S. A., Ansary, A. A., Ahmad, A. & Khan, M. Extracellular biosynthesis of CdSe quantum dots by the fungus, Fusarium 

oxysporum. J. Biome. Nanotechnol. 3, 190–194 (2007).
24. Stürzenbaum, S. et al. Biosynthesis of luminescent quantum dots in an earthworm. Nat. Nanotechnol. 8, 57–60 (2013).
25. Nam, K. T. et al. Stamped microbattery electrodes based on self-assembled M13 viruses. Proc. Natl. Acad. Sci. USA 105, 17227–17231 

(2008).
26. Khalil, M. M., Ismail, E. H. & El-Magdoub, F. Biosynthesis of Au nanoparticles using olive leaf extract: 1st nano updates. Arab. J. of 

Chem. 5, 431–437 (2012).
27. Kumar, S. S., Venkateswarlu, P., Rao, V. R. & Rao, G. N. Synthesis, characterization and optical properties of zinc oxide nanoparticles. 

International Nano Letters 3, 1–6 (2013).
28. Wang, D., He, J., Rosenzweig, N. & Rosenzweig, Z. Superparamagnetic Fe2O3 beads-CdSe/ZnS quantum dots core-shell 

nanocomposite particles for cell separation. Nano Lett. 4, 409–413 (2004).
29. Rajabi, H. R., Khani, O., Shamsipur, M. & Vatanpour, V. High-performance pure and Fe 3+ −ion doped ZnS quantum dots as green 

nanophotocatalysts for the removal of malachite green under UV-light irradiation. J. Hazard. Mater. 250, 370–378 (2013).
30. Zhang, X. et al. Surfactant modification of aggregation-induced emission material as biocompatible nanoparticles: Facile 

preparation and cell imaging. Nanoscale 5, 147–150 (2013).
31. Wang, L. & Tan, W. Multicolor FRET silica nanoparticles by single wavelength excitation. Nano Lett. 6, 84–88 (2006).
32. Jaiswal, J. K., Mattoussi, H., Mauro, J. M. & Simon, S. M. Long-term multiple color imaging of live cells using quantum dot 

bioconjugates. Nat. Biotechnol. 21, 47–51 (2003).
33. Shefler, I., Pasmanik-Chor, M., Kidron, D., Mekori, Y. A. & Hershko, A. Y. T cell–derived microvesicles induce mast cell production 

of IL-24: Relevance to inflammatory skin diseases. J. Allergy Clin. Immun. 133, 217–224 e213 (2014).



www.nature.com/scientificreports/

1 1Scientific RepoRts | 7:45313 | DOI: 10.1038/srep45313

34. Lima, L. G., Leal, A. C., Vargas, G., Porto-Carreiro, I. & Monteiro, R. Q. Intercellular transfer of tissue factor via the uptake of tumor-
derived microvesicles. Thromb. Res. 132, 450–456 (2013).

35. Yang, C., Chen, W., Bui, B. Q. & Xiang, G. Recent progress on the liposomes loaded with quantum dots. Reviews in Nanoscience and 
Nanotechnology 1, 257–270 (2012).

36. Wang, Y., Lorenzi, I., Georgiev, O. & Schaffner, W. Metal-responsive transcription factor-1 (MTF-1) selects different types of metal 
response elements at low vs. high zinc concentration. Biol. Chem. 385, 623–632 (2004).

37. Oakley, A. Glutathione transferases: a structural perspective. Drug Metab. Rev. 43, 138–151 (2011).
38. S Wadajkar, A. et al. Design and application of magnetic-based theranostic nanoparticle systems. Recent patents on biomedical 

engineering 6, 47–57 (2013).
39. Uchugonova, A. et al. Cancer-cell killing by engineered Salmonella imaged by multiphoton tomography in live mice. Anticancer res. 

32, 4331–4337 (2012).
40. Hayakawa, J., Migita, M., Ueda, T., Shimada, T. & Fukunaga, Y. Generation of a chimeric mouse reconstituted with green fluorescent 

protein-positive bone marrow cells: a useful model for studying the behavior of bone marrow cells in regeneration in vivo. Int. J. 
Hematol. 77, 456–462 (2003).

Acknowledgements
This research was financially supported by National Natural Science Foudation of China (81370679, 81301305 
and 21545006), Jiangsu provincial key research and development program BE2016620, Jiangsu planned projects 
for postdoctoral research funds 1601010C, the key project supported by medical science and technology 
development foundation, Nanjing Department of Health JQX15010.

Author Contributions
G.Z. and X.Z. conceived and designed the experiments. Y.J.K., Y.Z.W., X.Y.H., X.Q.X., J.S., R.G., T.X.H., X.H.L., 
Y.C.M., Q.W., X.B.Q. and Y.C. performed the experiments. Y.J.K., X.Z. and G.Z. analyzed the data. Y.J.K. and G.Z. 
wrote the article. Y.J.K., Y.Z.W., X.H.Z. and G.Z. re-wrote and edited the revised manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing Interests: The authors declare no competing financial interests.
How to cite this article: Kang, Y. et al. Multicolor bioimaging with biosynthetic zinc nanoparticles and their 
application in tumor detection. Sci. Rep. 7, 45313; doi: 10.1038/srep45313 (2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Multicolor bioimaging with biosynthetic zinc nanoparticles and their application in tumor detection
	Results
	Biosynthesis of Zinc NPs encapsulated by microvesicles in cancer cells. 
	The multiple fluorescences of Zinc NP-MVs in cancer cells. 
	Self-imaging and migrating capacity of zinc-derived NPs in vivo. 
	Tumor-targeted imaging of the Zinc NP-MVs in vivo. 
	Compositional characteristics of biosynthetic Zinc NPs. 

	Discussion
	Methods
	Biosynthesis and imaging characterization of Zinc NPs in vitro. 
	Isolation and characterization of biosynthetic Zinc NP-MVs in vitro. 
	Fluorescence imaging and migration of biosynthetic Zinc NP-MVs in vivo. 
	Biosynthesis and tumor locating feasibility of tumor-specific Zinc NP-MVs. 
	Composition identification of biosynthetic Zinc NPs. 

	Acknowledgements
	Author Contributions
	Figure 1.  (A) Morphological and compositional characterization of Zn2+-treated tumor cells: (a) and (c) show TEM images at the sub-cellular level of control and Zn2+-treated cells, respectively (b) and (d) show the corresponding results of the EDS 
	Figure 2.  Fluorescent image of the 3D reconstruction of KA cells treated with 10 mmol/L Zn2+ solutions after 24 h incubation for green (a), yellow (b), and red (c) intracellular fluorescence scale bar: 100 μm laser confocal fluorescence micrograph
	Figure 3.  Optical properties of NP-MVs.
	Figure 4.  Dependence of NP-MV quantities on Zn2+- and S-containing ions in the cell media.
	Figure 5.  In vivo imaging with NP-MVs.
	Figure 6.  In vivo imaging with NP-MVs-FA/AVR2.
	Figure 7.  Composition of the Zinc NPs.



 
    
       
          application/pdf
          
             
                Multicolor bioimaging with biosynthetic zinc nanoparticles and their application in tumor detection
            
         
          
             
                srep ,  (2017). doi:10.1038/srep45313
            
         
          
             
                Yanjun Kang
                Yi-Zhou Wu
                Xianyun Hu
                Xueqin Xu
                Jie Sun
                Rong Geng
                Tongxing Huang
                Xiaohang Liu
                Yichen Ma
                Ying Chen
                Quan Wan
                Xiaobang Qi
                Gen Zhang
                Xiaohui Zhao
                Xin Zeng
            
         
          doi:10.1038/srep45313
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep45313
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep45313
            
         
      
       
          
          
          
             
                doi:10.1038/srep45313
            
         
          
             
                srep ,  (2017). doi:10.1038/srep45313
            
         
          
          
      
       
       
          True
      
   




