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the mesoscale.[1] It follows that the ability 
to predict and control mesoscale architec-
tures is essential in tailor-making meso-
materials of specific functions.[2] After 
long evolution, some materials from living 
things, e.g., spider silk dragline fibers, but-
terfly wings, seashells, bones, etc. are of 
particular functions.[3–5] These functions 
are to a large extent subject to particular 
mesoscopic structures.[3–5] Thus we can 
acquire some specific functions by mim-
icking the mesostructures. In this paper, 
we will mimic the dragon fruit structure 
in the mesoscopic size in order to obtain 
enhanced biomedical performance of 
ZnO/SiO2@ACP multiple core–shell 
nanospheres.

There is a growing interest in using 
nanocarriers for drug delivery, bioim-
aging, and biosensing as they offer high 
efficacious diagnostic and therapeutic 
treatment of human diseases. However, in 
order to reach the diseased cells and orga-

nelles, nanocarriers are often coupled with targeting moieties 
via ligand-exchange reactions, chemical or biological conjuga-
tion which are complicated and not always achievable. In the 
recent years, numerous nanoparticle systems (e.g., polymeric, 
noble metal, and semiconductor nanoparticles) have been 
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1. Introduction

Numerous researches have indicated that in various functional 
materials, in particular soft materials, the macroscopic behavior 
begins to manifest itself not at the atomic or nanoscale but at 
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developed to target and deliver therapeutic/diagnostic payloads 
to mitochondria.[6] These nanosystems often involve the use 
of costly and toxic chemicals and need to follow complicated 
synthetic routes to further functionalize them with desired 
properties for these purposes. In addition, the applications of 
nanomaterials are also limited by their biocompatibility, biodeg-
radation or physiochemical stability in biological environments. 
For examples, semiconductor nanocrystals (also known as QDs) 
are often synthesized in organic solvents, their fluorescence 
properties suffer from degradation when being transferred into 
aqueous solutions, and therefore they are normally required 
further functionalization prior to applications. The commonly 
used cadmium-based QDs have high toxicity with a fatal risk 
once cadmium is leaked from their carriers.[7,8] Another impor-
tant material, carbon nanotubes are known to cause inflamma-
tory response.[9] Furthermore, dendrimers, liposomes, or solid 
lipid nanoparticles are often found to be destabilized in bio-
logical environments due to the microbiological degradation.[10] 
Therefore, the strategies to overcome these downsides should 
be developed prior to their practical applications. One way to 
overcome the obstacle is to identify the new materials with high 
biocompatibility, suitable biostability, and controllable desired 
properties, which are not always achievable. The other way is 
to surpass the limitation by constructing a particular structure 
with controlled properties so that the desired performance can 
be produced. Due to the very rich selection, flexibility in both 
materials and engineering methods, this is always a highly 
desirable approach, compared with the first one.

To implement the second pathway, we adopt a bioinspired 
approach to mimic the structure of dragon fruits (pitahaya) in 
the mesoscale with enhanced biomedical performance. The 
fruit structure, with the simple yet so extraordinarily beautiful 
combination of shell, flesh, and seeds, provides a better way 
to protect functional seeds and acquire multifunctionalities 
for biomedical applications. If one can fabricate a biocompat-
ible shell and flesh with a proper mesoscopic structure and 
desired properties, some extra benefits/functions such as the 
controlled release and targeted delivery of certain agents could 
be achieved. The well-controlled fabrication process can allow  
the precise selection of particular emission wavelengths, 
and the designated nanosized structure of dragon fruits will 
permit the long sustainable fluorescence emission of QDs in 
the aqueous environment and acquire the control release ben-
efit. In this work, we demonstrate how to achieve the nanof-
ruit structure, and show that the structure of nanosized dragon 
fruits, with suitable choice of materials, can deliver a better 
performance in terms of fluorescent stability and control, bio-
compatibility, targeting intracellular delivery, and subcellular 
imaging.

The hybrid ZnO/SiO2@ACP nanostructures were designed 
and constructed according to the seed–flesh–shell structure of 
a nanosized fruits. The basic idea is that the shell provides the 
protection for the entire fruit while the flesh is the medium to 
stabilize and distribute the functional seeds. For biomedical 
applications, the shell requires the key consideration of bio-
compatibility, controlled release, and targeting delivery. For 
these reasons, calcium othorphosphate (CaP) based mate-
rials are excellent candidates for the shell construction as 
CaPs are ubiquitous in our body in the form of hard tissues 

(e.g., calcium hydroxyapatite in bone, teeth, etc.), thus they 
have unequivocal biocompatibility. In addition, they also have 
high bioactivity, biostability and bioavailability which are indis-
pensable for biomedical applications.[11] The solubility of CaPs 
is pH dependent, and their morphologies, phases, polariza-
tion, surface properties are controlled by pH, supersaturation, 
additives, fields, etc.[12–17] This provides us with a variety of 
options to construct the shell with different properties, and to 
dissolve it if necessary. Furthermore, CaPs can easily form the 
complexes with biomolecules due to the occurrence of chela-
tion between Ca2+ with biomolecule functional groups, ionic-
covalent bonding with biomolecules, or electrostatic interaction 
between CaPs and biomolecules.[18,19] In other words, such a 
shell is easy to be further functionalized for theranostic applica-
tions. Due to these unique features, CaPs have been extensively 
utilized in nonviral gene delivery carriers for over 30 years and 
a number of CaP materials have been approved by US Food 
and Drug Administration (FDA) for biomedical applications in 
the last decade.[10,20–27] Recent advance in Ca2+ signaling and 
uptake has revealed the fateful encounter of mitochondria with 
calcium and CaPs,[28] thus mitochondria has gained a central 
role in regulation of cytoplasmic Ca2+ and storage of CaPs for 
cellular function.[28–30] As a result, CaP based carriers might 
be very beneficial and promising for intracellular delivery and 
mitochondria targeting compared with other carrying plat-
forms which always require further functionalization to render 
them biocompatibility, intracellular delivery and subcellular 
targeting.

In this work, we chose ZnO QDs as the functional seeds for 
subcellular imaging due to the following factors. First, ZnO 
QDs offer excellent fluorescence properties compared with 
organic dyes including narrow emission peaks, broad absorp-
tion spectra, longer-fluorescence lifetime, photobleaching 
resistance, tunable emission colors by controlling the particle 
size, a broad of solvent types and surface modification.[31–34] 
Second, ZnO QDs are relatively biocompatible and consid-
ered biologically and environmentally safe compared with 
cadmium-based QDs. Thirdly, ZnO QDs have been found to 
have the potential in drug delivery related bio-imaging appli-
cations.[31,35–40] In general, the nanosized ZnO and CaPs turn 
out to be a good combination of high biocompatibility, bio-
molecule binding ability, and good fluorescence properties 
compared with other delivery systems. Nevertheless, an appro-
priate flesh is still needed in building up the optimized struc-
ture and sustaining the performance of ZnO QDs. The design 
and construction of ZnO/SiO2@ACP nanostructures need to 
take into account the following facts: ZnO QDs as seeds are 
often synthesized in organic solvents to achieve the uniform 
distribution and to avoid the rapid fluorescence quenching, 
which normally occurs in aqueous phase. Therefore, the flesh 
selection and construction is crucial to control the appropriate 
size of ZnO seeds and protect them in aqueous solutions prior 
to ACP shell coating. In this regard, the amorphous silica 
flesh is selected to fulfill the following tasks: (a) to control the 
size of seeds, (b) to protect the ZnO seeds from quenching in 
aqueous solution, and (c) to facilitate the ACP shell formation. 
The seed-flesh-shell structure of the dragon fruits is given in 
Figure 1. The ZnO seeds are embedded inside the amorphous 
SiO2 flesh, which is further covered by a thin shell of ACP. 
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The strategy to engineer the fruit structure is illustrated in 
Figure 1. First of all, ZnO seeds are synthesized in organic sol-
vents using a modified sol-gel method (Figure 1(i)).[41] Second, 
the freshly synthesized ZnO seeds are then embedded in the 
amorphous silica flesh. This is also a critical step in color 
selection which can be achieved by controlling the size via 
growing ZnO seeds in terms of tuning the supersaturation 
and the growth period of seeds (Figure 1(ii)). As the coating 
of amorphous silica will terminate the growth of ZnO seeds, 
the control of the application time of silica coating during the 
formation of ZnO seeds will acquire their desired size and the 
corresponding emission colors. In other words, the hydrol-
ysis onset of silane precursor, TEOS on ZnO surface stops 
the growth and aggregation of seeds, giving rise to the color 
selection. Third, the seeded amorphous silica flesh will then 
be covered by the mineralization of ACP on the external sur-
face (Figure 1(iii)). The ACP shell formation is based on the 
fact that there are the dangling silanol groups, known as Ca-
binding sites and apatite promoters, on the silica surfaces.[42] 
ACP is subsequently mineralized by the accumulation of 
Ca2+ and PO4

3− on the surface of ZnO/SiO2 hybrids, which 
results in a high supersaturation of the precursor ions and 
the nucleation of ACP phases (Figure 1(iii)). In this paper, we 
demonstrate a simple approach to design and engineer a novel 
seed–flesh–shell, i.e., a dragon fruit structure of ZnO/SiO2@
ACP nanoparticles which allows their intracellular delivery 
and subcellular imaging of mitochondria. The effectiveness of 
ZnO/SiO2@ACP nanofruits as intracellular nanoprobes was 
measured through the quantitative cellular uptake and subcel-
lular distribution of the nanodragon fruits in mouse embry-
onic fibroblast NIH3T3 and human normal hepatic L02 cell 
lines.

2. Results and Discussions

2.1. Synthesis of ZnO Quantum Dots

The key step in the synthesis of ZnO QDs and the control of the 
fluorescent emission is determined by the control of ZnO QDs 
nucleation and growth. The nucleation and growth of ZnO QDs 
occurred right after mixing zinc acetate with sodium hydroxide 
in ethanol. Figure 2 shows the typical emission spectra of ZnO 
QDs with time. The red shift of the emission peaks of the fluo-
rescent spectra is due to the decrease of the band gap energy 
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Figure 1. Schematic diagram showing the design of ZnO/SiO2@ACP nanodragon fruits and the strategy of controlling fluorescent emission and 
delivered benefits. The dragon fruit provides a similar structure for the synthesized ZnO/SiO2@ACP nano complex.

Figure 2. Fluorescence spectra of ZnO quantum dots versus time 
during the nucleation and growth. The growth of ZnO quantum dots 
is evidenced through the red shift in emission spectra. Inset shows the 
selection of emission colors by varying the supersaturation and coating 
with silica flesh.
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in addition to the reduction of quantum confinement energy, 
when the particle size increases.[43]

Transmission electron microscopy (TEM) data show the par-
ticle size of ZnO QDs around 5–7 nm (Figure 3a) and ZnO 
(002) crystal lattice planes (Figure 3b). The inset in Figure 2 
shows the controlled colors of ZnO/SiO2 from blue to green 
and to yellow emission.

2.2. Silica Flesh Formation

Figure 3c shows monodispersed ZnO/SiO2 nanoparticles in 
ethanol. After the hydrolysis of tetraethyl orthosilicate (TEOS), 
ZnO QDs were securely kept within amorphous silica shells as 
shown by Figure 3d. The fast Fourier transform (FFT) patterns 
at selected regions (Figure 3d, right) show that crystalline ZnO 
QDs were embedded in amorphous SiO2 matrix. The mecha-
nism of silica shell formation was depicted in Figure 1(ii): Silica 
particles were formed by the hydrolysis of TEOS into Si(OH)4 
and subsequent condensation of Si(OH)4 into SiO2.[44]

2.3. ACP Shell Formation

The formation of ACP can be monitored by the pH of solutions. 
Figure 4 shows the typical pH change as CaCl2 was mixed with 
K2HPO4 at the initial pH ≈ 7. Amorphous calcium phosphate 
was rapidly formed after mixing and remained in solutions 
for a period of time, characterized by the duration of the first 
plateau. Posner’s clusters were proposed as the approximate 
composition of ACP.[45] The first plateau attributed to the pres-
ence of ACP aggregates in the solutions. ACP nanoparticles 
were later transformed to hydroxyapatite (HAP, the most stable 

phase of CaPs with the formula Ca10(PO4)6(OH)2), giving rise 
to the rapid decrease of pH.[46–48] Once the reaction approaches 
the equilibrium, the pH reaches the minimum and keeps 
constant.

However, the pathway is altered completely once ZnO/
SiO2 nanoparticles are present. The value of pH kept almost 
unchanged and there is no dropdown of pH for a very long 
period of observation (Figure 4). This means that no conversion 
from ACP to HAP occurs, implying that ACP shells were stabi-
lized by ZnO/SiO2 nanoparticles. The stability of ACP on ZnO/
SiO2 particles in our study is unusual as silica is known to pro-
mote HAP formation.[42,49] This unusual ACP stability might 
be originated from the complex surface structure of ZnO/SiO2 
(as shown in Figure 1(iii)) which is rich in Zn2+ also known as 
an inhibiting agent for HAP formation.[50,51]

The Fourier transform infrared (FTIR) and X-ray diffraction 
(XRD) spectra of the as-prepared ZnO/SiO2 and ZnO/SiO2@
ACP powders also further confirm the presence of ACP on 
hybrid ZnO/SiO2 nanoparticles (Figure 5). The FTIR spectrum 
shows two featureless bands at 550 and 997 cm−1 which charac-
terize the occurrence of ACP (Figure 5a).[52] XRD spectra show 
no visible peaks of ACP phases in ZnO/SiO2@ACP samples 
(Figure 5b). For ZnO/SiO2 samples, FTIR spectrum shows 
Si–O stretching band at 978 cm−1, and XRD results show visible 
peaks (marked with an asterisk) of hexagonal crystalline struc-
ture of ZnO QDs.

The nanosized dragon fruit structure is clearly demonstrated 
in Figure 6a showing ZnO seeds embedded in silica flesh, 
which are further encapsulated in the ACP shells. For compar-
ison, the inset in Figure 6a shows a real dragon fruit to illustrate 
the seed–flesh–shell structure. Figure 6 b and c show a cluster 
of nanosized dragon fruits and the corresponding selected area 
electron diffraction (SAED) respectively, which confirms the 
amorphous phase of ZnO/SiO2 @ACP. The elemental analysis 
using energy dispersive X-ray spectroscopy (EDS) (Figure 6d) 
confirms the presence of Ca, P, Zn, Si, O elements with the 
ratio of Ca/P = 1.16.

The stabilization effect of silica and ACP coating on the 
fluorescent emission spectra is demonstrated in Figure 7. 
In comparison, the neat ZnO seeds show the red shift of the 
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Figure 3. a) TEM images of ZnO quantum dots in ethanol (scale bar: 
20 nm), b) HRTEM image of ZnO showing the (002) planes (scale bar 2 nm), 
c) monodisperse ZnO/SiO2 nanoparticles in ethanol (scale bar: 200 nm), 
d) Left: ZnO crystal (circle) inside SiO2 matrix (square), Right: FFT results 
showing crystalline phase of ZnO quantum dots (circle) and amorphous 
phase of silica matrix (square).

Figure 4. A plot of pH versus time during ACP formation with and 
without ZnO/SiO2 nanoparticles showing the influence of ZnO/SiO2 on 
ACP nucleation (5Ca-3P-3ZnO/SiO2 means 5 × 10−3 m CaCl2 + 3 × 10−3 m 
K2HPO4 + 3 × 10−3 m zinc acetate).
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emission spectra and the significant reduction of the fluores-
cent intensity over 10 h storage in ethanol solvent. This indi-
cates strongly the serious aggregation and quenching of ZnO 
seeds over time. In contrast, the hybrid ZnO/SiO2 core-shell 
and the ZnO/SiO2@ACP nanosized dragon fruits only show 
a mild reduction of the fluorescent intensity for more than 
four months storage in aqueous solutions and the fluorescent 

peaks remain the same. This implies no aggregation of ZnO 
seeds after coating with silica and ACP. In other words, 
silica coating improves the fluorescent emission stability of 
ZnO seeds over time and ACP coating does not jeopardize 
that of hybrid ZnO/SiO2 nanoparticles. It is worth noting 
that the fruit structure and the emission colors remain for a 
long period of time either in aqueous solutions or in the dry 
state (solid form) (Figure S1, Supporting Information and 
Figure 7). The mild reduction of the fluorescent intensity 
of hybrid ZnO/SiO2 core–shell and ZnO/SiO2@ACP nano-
sfruits over time is probably due to the following facts: (i) the 
aggregation of ZnO/SiO2@ACP nanosized dragon fruits and 
the precipitate occurred (Figure S2, Supporting Information)  
(ii) the diffusion of water molecules into the silica flesh and 
their subsequent reaction with the emission centers of ZnO 
seeds to form Zn2+ ions, which diffuse down the concentra-
tion gradient out of the silica fleshes and shells. In any case, 
the direct aggregation and the quenching of ZnO seeds do 
not occur. In other words, they are well protected by the seed–
flesh–shell structure of dragon fruits.

2.4. Intracellular Delivery and Subcellular Imaging 
of Mitochondria

The effectiveness of ZnO/SiO2@ACP nanofruits as intracellular 
nanoprobes was measured through the quantitative cellular uptake 
and subcellular distribution. In this regard, the NIH3T3 and L02 
cell lines were adopted to investigate the cellular uptake profile of 
the nanofruits. We compared the cytotoxicity of ZnO/SiO2@ACP 
with ZnO/SiO2 and found that ZnO/SiO2@ACP showed little 
cytotoxicity at and below 50 μg mL−1, while that of ZnO/SiO2 was 
at and below 10 μg mL−1 in NIH3T3 cells (Figure 8). This result 
suggests that ZnO/SiO2@ACP nanofruits are more biocompat-
ible than ZnO/SiO2 nanoparticles and ACP shells do serve as the 
designated task.

The cellular uptake of nanofruits was assessed using con-
focal laser scanning microscopy (CLSM) and quantitative 
real-time PCR (qRT-PCR). Figure 9 shows that the green flu-
orescence of ZnO/SiO2@ACP nanofruits emitted from the 
cytoplasma and the fluorescence intensity increased with incu-
bation time.
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Figure 5. a) FTIR and b) XRD spectra of hybrid ZnO/SiO2 and core–shell 
ZnO/SiO2@ACP nanostructures.

Figure 6. a) TEM image of a single ZnO/SiO2@ACP nanostructures (scale bar: 20 nm) including ZnO seeds, silica flesh, and ACP shell that are marked 
with arrows, triangle and square, respectively. Inset is a cross-section photo of a dragon fruit for structural comparison. b) TEM image of ZnO-SiO2-ACP 
cluster, c) selected area electron diffraction, and d) EDS analysis of ZnO/SiO2@ACP nanostructures.
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Confocal microscopy analysis of nanofruit-treated cells 
labeled with Lysotracker and Mitotracker shows that nanofruits 
were located at lysosome and mitochondria in both cell lines 
(Figures 10 and 11). This confirms that ZnO/SiO2@ACP nano-
fruits are able to target the mitochondria; therefore this new 
nanofruit platform can be a promising candidate for subcellular 
imaging and intracellular delivery of active agents to mitochon-
dria for related diseases.

The above results demonstrate that the dragon fruit-like 
ZnO/SiO2@ACP nanostructures do produce the designated 
effect over the conventional nanocarriers: (i) all ingredients are 
considered safe in the biomimetic structure (Zn, Si, Ca, P are 
all essential elements for living organisms); (ii) the color emis-
sion can be selected at will from blue to yellow, and acquired 
a better control over organic dyes or other fluorophores;  
(iii) the ZnO seeds are protected from fluorescent quenching 
and aggregation in aqueous solutions by the silica flesh and 
ACP shell; (iv) the nanodragon fruits of ZnO/SiO2@ACP are 
more biocompatible owing to the formation of the silica flesh 
and ACP shell, which are “generally recognized as safe” (GRAS) 
by the US FDA; (v) the coating of ACP on ZnO/SiO2 does elevate 
the biocompatibility of ZnO/SiO2@ACP nanofruits; (vi) the pre-
pared nanosized dragon fruit is suitable for intracellular delivery 

targeting mitochondria which play significant 
roles in numerous human disorders related 
to mitochondrial dysfuntions, e.g., inflam-
mation, neurodegeneration, obesity, diabetes, 
cardiovascular diseases, cancer, aging related 
diseases, etc.[6] In addition, the pH-dependent 
solubility of ACP equips the ZnO/SiO2@
ACP nanofruits with the controlled release 
manner; the high dissolution rate of ACP at 
low pH media facilitates the delivery of drugs 
into the malign zones. The ZnO/SiO2@ACP 
nanofruits with ACP shell also provide the 
high binding affinity with DNA, proteins or 
other biomolecules, thus can be potentially 
applied in gene therapy, e.g., gene transfec-
tion or gene silencing, targeted delivery. 
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Figure 7. Time course of fluorescent spectra of a) ZnO QDs, hybrid ZnO/SiO2 (excited at 
330 nm) and b) ZnO/SiO2@ACP nanofruits (excited at 338 nm).

Figure 8. Cell viability of NIH3T3 treated with ZnO/SiO2@ACP and ZnO/
SiO2 for 24 h as measured using MTS assay. This result shows that ZnO/
SiO2@ACP is more biocompatible than ZnO/SiO2.

Figure 9. The ZnO/SiO2@ACP nanosfruits were internalized by cells and 
observed using confocal laser scanning microscopy. The green fluores-
cence of ZnO/SiO2@ACP nanofruits emitted from the cytoplasma and 
the fluorescence intensity increased from 0 to 24 h. Scale bar is 50 μm.
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Moreover, the silica flesh can be loaded with drugs, functional 
moieties, or extra sensing agents, e.g., magnetic cores.[53,54] 
These advantageous effects make ZnO/SiO2@ACP nanofruits a 
promising candidate in bioimaging, drug delivery, cancer treat-
ment, and gene therapy with multifunctional, controlled release, 
and smart responsive manners.[10,55]

Furthermore, the seed–flesh–shell structure provides extra 
functionalities that can be utilized for various applications, 
such as the protection of sensing and active agents (functional 
seeds), the separation of incompatible ingredients (e.g., one in 
the flesh, the other in the shell) for a broader range of drug and 
sensing agent selection, and the multifunctionalization of both 
the flesh and the shell for the controlled release and targeted 
delivery. The structure also provides more parameters, e.g., con-
stituents, composition, the core to shell thickness ratio in con-
trolling performance outcome.[56] As one of the outcomes, one 
can expect that the seed–flesh–shell structure would offer the 
high loading capacity, superior reactivity, a variety of binding 
possibilities, multifunctions, and controlled electrical, optical, 
or magnetic properties, controlled and sustained release, tar-
geted delivery, diagnostic, bioimaging, and biosensing.[56–59]

3. Conclusions

In this study, we demonstrate that a rational design of nanof-
ruits can deliver favorable outcomes: elevated biocompatibility, 
intracellular delivery efficiency, subcellular targeting, and con-
trolled release manner. The nanofruits also offer substantial 
enhancement in fluorescent stability of the functional seeds 
in aqueous solution or in the dry state, precise color selec-
tion, and the stability of short-lived ACP which is highly bio-
compatible and bioresorbable. More interestingly, this new 
nano dragon fruit ZnO/SiO2@ACP can be used in targeting 
and imaging of mitochondria, which aid treatment and diag-
nostic of related diseases. The strategy of “biomimicking” the 
ZnO/SiO2@ACP nanodragon fruit structure relies mainly on 
the knowledge of the formation of the individual components 
(the seed, the flesh, and the shell) and the factors controlling 
their nucleation, e.g., supersaturation, pH, solvents, additives. 
This can be further extended to other hybrid nanomaterial 
systems provided that prior knowledge on the formation of 
the seeds, the flesh, and the shell, and all controlling factors 
should be well conceived.
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Figure 10. ZnO/SiO2@ACP nanofruit colocation with a) mitochondria 
and b) lysosome in NIH3T3 cells. Cells were treated with 20 μg mL−1 nano-
fruits for 12 h, then they were incubated with Mitotracker or Lysotracker 
for 30 min and observed using CLSM. Scale bar is 5 μm.

Figure 11. ZnO/SiO2@ACP nanofruit colocation with a) mitochondria 
and b) lysosome in in L02 cells. Cells were treated with 20 μg mL−1 nano-
fruits for 12 h, then they were incubated with Mitotracker or Lysotracker 
for 30 min and observed using CLSM. Scale bar is 5 μm.
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4. Experimental Section
Preparation of ZnO/SiO2@ACP Nanofruits: All reagents were used as 

received without further purification. All reactions were conducted at 
room temperature ≈23 °C and under vigorous stirring by Teflon-coated 
magnetic stirrer. ZnO QDs were synthesized using a modified sol-gel 
method.[41] Zinc acetate and sodium hydroxide were both dissolved in 
ethanol with the concentration 100 × 10−3 m, and 1 m, respectively. Then 
zinc acetate solution was mixed with sodium hydroxide solution with the 
varied ratio of zinc acetate:sodium hydroxide to control the emission 
colors. The emission colors of ZnO QDs in the inset of Figure 2 were 
obtained by using a wide range of zinc acetate:sodium hydroxide ratios, 
e.g., 20:50, 20:20, 10:40, etc. (mM). The mixtures were placed under 
a fluorescent spectrometer right after mixing to study the dynamic 
formation of ZnO QDs by recording the emission spectra of the reacting 
solutions with time. TEOS and water was added into the mixtures with 
the ratio of zinc acetate:TEOS:H2O = 1:1:2 (molarity) at the interval of 10, 
15, 20, 25, 30, 40 min, etc. after the onset of acetate-sodium hydroxide 
mixing based upon the time evolution curves of the emission spectra 
of ZnO QDs. The solutions were left overnight and then collected by 
centrifuge and washed two times with ethanol, one time with deionized 
(DI) water. The precipitation was later transferred into an equal amount 
of aqueous solution with final pH fixed at 7 for mineralization of ACP. 
The precursors of ACP were CaCl2 1 m and K2HPO4 1 m in DI water. CaCl2 
and K2HPO4 were mixed with the aqueous ZnO-SiO2 solution at final 
concentration 10:6 (mm). The reaction of the mixture was monitored by 
pH meter. The final products were either stored for months in solution 
or in dry state by centrifugation followed by washing with DI water two 
times then drying in the oven at 60 °C. The dried powder was later used 
for XRD and FTIR analysis.

Characterization of ZnO/SiO2@ACP Nanostructures: Fluorescent 
spectra measurements were conducted using Varian Cary Eclipse 
Fluorescence Spectrophotometer at room temperature. Immediately 
after mixing zinc acetate and NaOH, 3–4 mL of reacting solutions were 
put in a quartz cuvette. The cuvette was then sealed into the closed 
fluorescence chamber for measurement.

Morphology of ZnO/SiO2@ACP nanofruits were studied 
using scanning electron microscopy (JEM 6700F, JEOL, Japan). 
Transmission electron microscopy (JEM 3010F, JEOL, Japan) was used 
to study the core–shell structure, phase and elemental analysis of 
ZnO/SiO2@ACP nanofruits. XRD analysis of ZnO/SiO2@ACP nanofruits 
was also conducted.

Cell Culture and Viability: NIH3T3 and L02 cells were maintained in 
RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) 
and 1% penicillin & streptomycin (Gibco, NY, USA) at 37 °C in a 5% CO2 
humidified incubator (Thermo, CO, USA). MTS assay was conducted 
to measure cell viability (Promega, USA). NIH3T3 cells were seeded 
on 96-well plates (10 000 per well) overnight, then incubated with 
0, 10, 20, 40, 60, and 80 μg mL−1 of ZnO/SiO2@ACP nanostructures 
for 12 and 24 h. Before absorbance measurement 3 h, the MTS reagent 
was added. The absorbance at 490 nm was assessed with the microplate 
spectrophotometer (Mutiscan, Thermo, USA).

Cellular Fluorescence Imaging Using Confocal Microscopy: To investigate 
the cell uptake and imaging of ZnO/SiO2@ACP nanostructures, 
cells were seeded on coverslips overnight, and then incubated with 
20 μg mL−1 of nanofruits (a negotiable cytotoxic concentration) for 12 h. 
The nanofruit-treated cells were reacted with MitoTracker Orange probe 
or LysoTracker Red probe (Invitrogen, CA, USA) for 30 min at humidified 
incubator according to the manufacturer’s manual. The treated cells 
were fixed with 4% paraformaldehyde for 15 min and washed twice 
in PBS, then visualized using a CLSM (Olympus, Tokyo, Japan). The 
wavelengths of excitation of MitoTracker Orange, LysoTracker Red, 
and nanofruits were 579, 570, and 324 nm respectively, and those of 
emission were 599, 590, and 512 nm, respectively.

Quantitative Real-Time PCR (qRT-PCR): Total RNA was extracted from 
cells using Trizol (Life, USA). 1st chain cDNA synthesis was conducted 
according to the manufacturer’s instruction (Takara, Dalian, China). 
The primers were as follow: MT1B forward primer, 5′-GGC TTG TCT 

TGG CTC CAA ATG-3′; MT1B reverse primer, 5′-GCA AAC CGG TCA 
GGG TAG TT-3′; MT2A forward primer 5′-GCA ACC TGT CCC GAC 
TCT AG-3′; MT2A reverse primer, 5′-GGT CAC GGT CAG GGT TGT 
AC-3′; ACTB forward primer, 5′-CAC CAG GGC GTG ATG GT-3′; ACTB 
reverse primer, 5′-CTC AAA CAT GAT CTG GGT CAT-3′. The qRT-PCR 
was conducted using a BioRad CFX96 Real Time PCR system (BioRad, 
USA). Each reaction contained 1 μL of 1st chain cDNA as template with 
0.3 pmol of each primer, 5 μL SYBR Green PCR Master Mix, and up 
to 10 μL with double distilled H2O. The reaction condition was initial 
denaturation at 94 °C for 3 min, followed by 40 cycles of 94 °C for 10 s, 
and 60 °C for 34 s. mRNA relative expression levels were fold of ACTB 
according to the formula 2 Ct (untreated target gene- untreated ACTB) -  Cτ(treated 

target gene- treated ACTB). The assays were performed in duplicate and 
repeated with three independent experiments.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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