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Visible light-sensitive ZnO nanoplates (ZnO NPls) were successfully synthesized using a hydrothermal 

sol-gel method and their structures were characterized by using techniques such as X-ray diffraction 

(XRD), scanning electron microscopy (SEM), transmitting electron microscopy (TEM), atomic force 

microscopy (AFM) and FT-IR analysis. From these studies, the nanoplates have excellent crystallinity 

and perfect nanoplate morphology with diameter range from 50 nm to 250 nm and thickness of ~10nm. 10 

Surfaces of the ZnO NPls were further conjugated with hydrophilic amino groups such as aminopropyl 

triethoxysilane (APTES) to enhance the biocompatibility and better cell penetrations. The resultant 

APTES-modified ZnO NPls showed excellent colloidal stability in various aqueous media, exhibiting 

stable and strong red fluorescence emission (~650 nm) under visible light-excitation at 405nm.  They also 

kept exhibiting the strong red emission even after being penetrated into living cells with negligible 15 

cytotoxicity.  Therefore, the APTES-modified ZnO NPls should be promising alternative nanomaterials to 

the traditional quantum dots as well as previously reported ZnO cellular labelling agents which exhibit 

green emission by UV-excitation. 

Introduction 

Over the past decade, semiconductor quantum dots (QDs) 1-4    20 

have been developed for the optical imaging of living cells to 
overcome two problems associated with conventional organic 
fluorophores5, 6 and fluorescent proteins7-9 - low photostability 
and low resolution imaging due to visible fluorescence emission 
masked by the cellular auto-fluorescence. The traditional QDs 25 

have very high photostability as compared to organic probes, 
exhibiting strong and narrow fluorescence emission peaks from 
visible to near infrared depending on their sizes, shapes and 
compositions. In general, the multi-coloured QDs can excite 
simultaneously using a single wavelength owing to their broader 30 

absorption band behaviours compared to organic fluorophores, 
which needs multiple excitation wavelengths. Thus, the QDs have 
been attractive for the high-resolution cellular imaging, which 
supports single-molecule level study of the intracellular process, 
tumour targeting and diagnostics by long-term in vivo observation 35 

of cell trafficking.1 Nevertheless, most of the traditional QDs 
contain cadmium or lead which is not eco-friendly and highly 
toxic at the cellular levels, and their biological applications are 
severely limited. To overcome this problem, recently 
semiconductor nanoparticles have been introduced due to their 40 

biocompatibility and nontoxic nature.10, 11 Semiconductor 
nanoparticles such as metal oxides and ternary I-III-VI2 
chalcopyrite were extensively used for cellular imaging by 
modifying their surface with organic binders.12-16  Since, these 
semiconductor nanoparticles are usually have hydrophobic 45 

surfaces,14, 16 and they require additional processes for 
modification of the surface from hydrophobic to hydrophilic for 

more biocompatibility in biological applications. 
Hence, ZnO nanomaterials (e.g. nanoparticles, nanorods, 

nanowires, nanosheets) have been attracting as alternative 50 

materials to the traditional QDs for the biological application 
including optical imaging of cells, because they have hydrophilic 
surface terminated by –OH groups.17 Thus, recently many 
researchers have employed simple sol-gel methods to synthesize 
different biocompatible molecules-modified ZnO nanomaterials 55 

which are stable in aqueous biological medium, low toxic and 
highly fluorescent.18-22  Especially ZnO nanowires and nanorods 
have been successfully utilized for specific cancer cell-targeted 
fluorescent imaging and drug loading.18, 22 However, they absorb 

Scheme 1. Schematic flow chart for the synthesis of ZnO NPls. 
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only UV light region, and their biological application including 
the cellular imaging is still limited because biological 
components can be damaged not only by UV itself  but also the 
UV-induced photocatalytic action of ZnO.  Further, they emit 
green fluorescence (~500 nm) upon UV excitation, which can be 5 

masked by the cellular auto fluorescence. Thus, it is necessary to 
develop visible light-sensitive ZnO naomaterials which can emit 
fluorescence in the near IR region (~700 nm).  

Previously, we had synthesized the visible light-sensitive ZnO 
nanowires by a sol-gel method through formation of liposome-10 

ZnO nanocomposites and hydrothermal reaction, 23 and modified 
surface of nanowires with amino-propyl triethoxysilane (APTES). 
24, 25 It was demonstrated that ZnO nanowires could deliver drugs 
into subcellular environments simultaneously with nanoscale 
optical detection of the intracellular biomolecules under visible 15 

light region.  However, ZnO nanowire can be one or two in the 
cell by the phagocytosis process26 because of big size (~200 nm 
diameter and 7-8 µm length). Particle size can affect the 
biodistribution and the cellular uptake pathway by influencing 
their adhesion and interaction with cells.27, 28  In a recent report, 20 

particles of 100-200nm size showed a 4-fold higher rate of tumor 
uptake compared to particles greater than 300nm, or less than 
50nm in size. 19 Therefore, ZnO nanomaterials of suitable size 
need to be synthesized which can uptake into cell.  

Herein, we synthesized the visible light-sensitive ZnO 25 

nanoplates (NPls) which have diameter range of from 50 nm to 
250 nm and ~10 nm thickness, and investigated their optical 
properties and visible light-induced fluorescence imaging of 
living cells by their surface-modification with amino-propyl 
triethoxysilane (APTES). 24, 25 30 

Experimental Section 

Chemicals 

The chemicals used for the synthesis of ZnO NPls were zinc 
nitrate hexahydrate (98%, Aldrich), egg lecithin (L-R-
phosphatidyl- choline, >60%, Aldrich), chloroform (>99.8%, 35 

Samchun, Korea), sodium hydroxide (>93%, Duksan, Korea), 
and ethanol (200 proof, >99.8%, Aldrich). All chemicals were 
analytic grade reagents and used as received without further 
purification. 

Synthesis of ZnO NPls 40 

The schematic representation of synthesis procedure of ZnO NPls 
is shown in scheme 1. The ZnO NPls were synthesized using a 
sol-gel method which was modified from the previously reported 
hydrothermal reaction of liposome-ZnO composites23. Initially, 
for the preparation of ZnO NPls 100 mL of 0.6 M NaOH aqueous 45 

solution was added into 0.06 M Zn(NO3)2 ·6H2O in ethanol (20 
mL) with constant stirring under room temperature. To fabricate 
liposome-ZnO composites, a thin phospholipid film was prepared 
by evaporating the chloroform solution of egg lecithin lipid 
(0.025 g/mL) in a round bottom flask until dry out under reduced 50 

pressure. The lipid films were mixed with the precursory 
solution, followed by sonication for 60 min in an ultrasonic bath 
(Fisher Scientific model FS20, 70 W,42 kHz) to produce turbid 
liposome-ZnO composites. The turbid solution of liposome-ZnO 
composites were washed with distilled water and ethanol several 55 

times to remove NaOH. The collected solid matter was dispersed 

in 100 mL of distilled water and transferred into a Teflon-lined 
stainless steel autoclave maintained at 180 °C for 24 h. After the 
hydrothermal reaction, the Teflon-lined autoclaves were cooled 
naturally to room temperature. Finally, the precipitate was 60 

washed with distilled water and ethanol several times, followed 
by calcinations at 823 K for 24 h for the formation of nanoplates.   

 Surface modification of ZnO NPls 

The surfaces of as-prepared ZnO NPls were modified by binding 
with APTES as per the previous reported.29 In the initial step, 65 

APTES solution was prepared by dissolving 0.1% acetic acid, 4% 
deionized water and 2% APTES in ethanol. The ZnO NPls were 
dispersed in a flask (200 mL) containing 10 mL ethanol under 
constant ultrasonication for 30 min. And the APTES solution was 
added into the ethanol dispersed ZnO NPls solution and stirred 70 

for 24 h. The solution was washed with ethanol and deionized 
water several times using repeated centrifugation. Finally an 
aliquot of these particles were dried under oven at 40℃.  

Structural and optical characterization techniques 

Structural and morphological characterizations of the ZnO NPls 75 

were carried out using X-ray diffraction (XRD), Scanning 
electron microscopy (SEM),   Transmission electron microscopy 
(TEM) and atomic force microscopy (AFM) techniques. 
Crystallinity and phase purity of the as-prepared nanoplates were 
characterized by measuring XRD, using a rotating anode X-ray 80 

diffractometer (D/MAX-2200 Ultima/PC) with Cu Kαradiation 
(λ) 1.5405 Å). The SEM images were recorded using JSM 
electron microscope (JEOL; JSM-7000F). TEM images were 
carried out by using a transmission electron microscope (JROL-
1200 EX). The sample solution was prepared by treating the 85 

above synthesized ZnO NPls in anhydrous ethanol followed by 
sonication for 10 min. A drop of the resultant mixture was drop 
casted over a TEM grid (carbon Formvar-coated copper grid) and 
dried in room temperature. The AFM measurements were carried 
out in a humidity-controlled box equipped with an AFM 90 

(METRIS-2000, Burleigh Instrument, USA). The functional 
groups and vibrational assignments of the APTES-ZnO NPls 
were investigated by FT-IR analysis. The FT-IR spectra were 
recorded with the KBr pellet technique using a JASCO FT-IR 
4100 spectrometer.  95 

For the optical properties, diffuse reflectance UV-vis 
absorption spectra were recorded using a Shimadzu UV-3101PC 
spectrophotometer equipped with an integral sphere. The steady 
state fluorescence spectra were obtained at room temperature 
with visible light at 410 nm, using a Ti:sapphire laser (Coherent 100 

model Mira 900) under second harmonic generation.  
The particle sizes and zeta potentials of the dispersed  solution 

of ZnO NPls and APTES-ZnONPls were measured respectively 
by dynamic light scattering (DLS) and laser doppler velocimetry 
(LDV) using a electrophoretic light scattering spectrophotometer 105 

(Otsuka electronics co, ltd; ELS-Z2).  

Cell culture 

As living cells, HeLa cells were grown in 89% Dulbecco’s 
modified Eagle’s medium (DMEM) with 10% fetal bovine serum 
and 1% antibiotic-antimycotic solution. Cells were routinely 110 

maintained on plastic tissue culture dishes at 37℃ in a humidified 
5% CO2/95% air-containing atmosphere. 
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Laser scanning confocal microscopy (LSCM) 

The cell proliferation was analysed frequently and the cells were 
seeded in tissue culture dishes. The cells were treated with 10 
µg/mL APTES-ZnO NPls for 24 h under controlled condition. 
The fluorescence images of the intracellular APTES-ZnO NPls 5 

were observed by LSCM (LSM5 Live configuration vario two 
VRGB) under visible light region at 405 nm. 

Evaluation of cytotoxicity 

 The cytotoxicity of the injected ZnO NPls were evaluated using 
3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl-2H-tetrazolium bromide 10 

(MTT) assay. MTT solution was dissolved in Dulbecco’s 
phosphate buffered saline (DPBS) at 2 mg/mL just before use and 
filtered through 0.22 µm polycarbonate membrane filters for 
sterilization to remove the small amount of insoluble residue 
present in some batches of MTT. HeLa cells or were seeded at a 15 

density of 2x104cells/well in 96 well microassay plates and were 
incubated for 24h at 37℃under a 5% CO2 atmosphere. After 
incubation, the cells were treated with the APTES-ZnO NPls as 
well as polyethyleneimine (PEI) 25 kDa as the internal standard 
at various concentrations for 24h at 37℃ under humidified 20 

atmosphere (5% CO2 + 95% air). The 26 µL of 2 mg/mL MTT 
stock solution in DPBS was then added and the plates were 
incubated for an additional 4 h at 37℃ . Then, the MTT-
containing medium was aspirated off and 150 µL of DMSO was 
added inorder to dissolve the formazan crystal formed by living 25 

cells.  The absorbance was measured at 570 nm using a 
microplate reader (VersaMax, Molecular Devices, US). The cell 
viability (%) was calculated by the following equation: Cell 
viability (%) = (OD 570(sample)/OD 570(control)) x 100.  

Results and discussion 30 

Fig. 1 shows the XRD patterns of the as-prepared ZnO NPls. The 
diffraction pattern shows the hexagonal wurtzite phase of the 
ZnO structure of crystallization as reported in the standared 
JCPDS card (JCPDS 05-0664). The sharp and high intense peak 
demonstrates the excellent crystalline nature of the sample. From 35 

the diffraction pattern, no characteristic peaks of other phases 
were observed, indicating that the ZnO precursors grew into pure 
ZnO single crystalline structures without any lipid contamination. 
The SEM (Fig. 2A) and TEM images (Fig. 2B (a) and (b)) of the 

as-synthesized ZnO NPls exhibit the plate-like morphology. In 40 

addition to this, the morphology of the ZnO NPls were observed 
more specifically using tapping-mode AFM. For AFM analysis 
the sample was prepared by coating a few drop of well dispersed 
nanoplates solution on a cover glass plate.  Fig. 3 shows the 
resultant AFM images of the ZnO NPls.  The size distribution 45 

seems to be the same as that observed through SEM and TEM 
analysis, exhibiting the nanoplates of diameter ranging from 50 
nm to 250 nm with ~10nm thickness. These results confirm that 
the synthesized ZnO nanostructures are actually two-dimensional 
nanoplate structures of appropriate size for the high rate of 50 

Fig. 1 X-ray diffraction pattern of ZnO NPls. Fig. 3 Tapping-mode AFM image of ZnO NPls on cover
glass, (A) 2D and (B) 3D, exhibiting nanoplates morphology. 

Fig. 2 (A) SEM and (B) TEM images of ZnO NPls. Inset in (b): Fast 
Fourier Transform (FFT) of the corresponding structures. The size 
of scale bars in (A, a) and (b) are 500 nm and 1 nm, respectively. 
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tumour cell uptake.19 
Fig. 4A (a) shows the diffuse reflectance UV-visible absorption 

spectra of the as-prepared ZnO NPls measured at room 
temperature. It exhibits broad visible light-surface absorption 
band from 400 nm to 580 nm, which is much red-shifted as 5 

compared to UV exciton absorption of ZnO nanoparticles (Fig. 
4A (b)).  Accordingly, the powder of ZnO NPls shows a broad 
and red fluorescence emission band around 620nm with visible 
light excitation at 410 nm (Fig. 4B). The red emission, which is 
commonly referred as a deep-level or trap-state emission,23 is 10 

originated from radiative recombination of a photogenerated hole 
with an electron occupying the oxygen vacancy.  These results 
indicate that ZnO NPls can be used as the visible light-induced 
fluorescence probe of the cellular imaging.  

For the efficient targeting and penetration of the NPls into 15 

living cells, the ZnO NPls were conjugated with APTES.  The 
existence of functional groups of APTES over the ZnO NPls was 
analysed using FT-IR spectroscopy. The FT-IR spectra of the 
purified APTES-ZnO NPls and ZnO NPls are shown in Fig. 5 (A). 
The FT-IR spectra of the ZnO NPls were recorded in the KBr 20 

phase in the frequency range between 400 cm-1 – 4000 cm-1. The 
recorded FT-IR spectra were compared and indexed with the 
standard spectra of the functional groups. The Zn-O stretching 
vibrational bands were observed at about 470 cm-1 for both 
APTES-ZnO NPls and naked ZnO NPls. However, N-H 25 

stretching vibration band around 3250 cm-1, symmetric and 
asymmetric C-H stretching vibration band at 2933 cm-1 and 2884 
cm-1, Zn-O-Si and Si-O-Si symmetrical stretching vibration band 
at 1108 cm-1 and 1012 cm-1 observed only from APTES-ZnO 
NPls (Fig. 5A(a)). These facts indicate that the aminosilane 30 

ligands (APTES) were bound on the surface of ZnO NPls through 

covalent chemical bonds.  
The surface functionality of APTES-ZnO NPls and ZnO NPls 

was also examined by zeta potential measurements as a function 
of suspension pH (Fig. 5B and Fig. S1). The naked ZnO NPls 35 

was observed to be strongly negative charged as proved by zeta 
potential of -21.6 mV at pH 7.4 in buffer which is the same as the 
culture medium of cells. On the contrary, APTES-ZnO NPls in 
the same buffer solution showed large positive zeta potential of 
+20.4 mV, indicating that the surface of ZnO NPls was 40 

significantly changed due to ionization of –NH2 groups of 
APTES to –NH3

+.18, 29 The large zeta potentials also imply that 
APTES-ZnO NPls is stable with minimum aggregation in the pH 
7.4 suspensions.  Actually the dynamic light scattering (DLS) 
measurements showed that APTES-ZnO NPls of 1 mg/ml in pH 45 

7.0 deionized water were found to have average diameter of 400 
nm which is much smaller than that of pure ZnO nanoparticles 
(990 nm) (see Fig. S2, Fig. S3 and Fig. S4). Such large positive 
charge and well dispersion properties of APTES-ZnO NPls in the 
pH condition of cell culture medium can ensure the efficient 50 

targeting and penetration of ZnO NPls into the living cells with 
negatively charged surfaces.24, 30, 31   

As for the optical properties of APTES-ZnO NPls dispersed in 
deionized water, they exhibited the same visible light absorption 
band as well as a broad red fluorescence emission band around 55 

620 nm with visible light excitation as that of ZnO NPls as shown 
in Fig. S5.  Further the fluorescence emission was observed to be 
very stable in the aqueous solution without quenching for at least 
7 days, implying that the particle sizes and morphology of the 

Fig. 5 (A) FT-IR spectra (a) APTES-ZnO NPls and (b) ZnO NPls
and (B) corresponding zeta potential measurements against pH 
of the suspension. 

Fig. 4 (A) UV-visible absorption spectra (A) and (B) fluorescence 
emission spectra of ZnO NPls (a) and ZnO nanoparticles (b). 
Excitation wavelength was visible light region at 410nm using a 
Ti/sapphire laser. 
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NPls are not changed. The fluorescence quantum yield (Fig. S6) 
of APTES-ZnO NPls was determined to be 53% using a solution 
of Rhodamin B in ethanol (QY = 65%) as the reference 
material,32 indicating that APTES-ZnO NPls can be useful 
fluorescence probe in the aqueous medium. 5 

 As for the cytotoxicity of APTES-ZnO NPls, viability of HeLa 
cells was measured after 24 hr-incubation of the cells with 
different concentrations of the NPls. As shown in Fig. 6.  
Viability of the cells was observed to be remaining strong and 
better than 90% even with high concentration of the NPls (90 10 

µg/mL). From this cytotoxicity test result, it is clear that the 
obtained APTES-ZnO NPls are potential candidate for biological 
applications.     

Finally, in order to confirm the potential cellular imaging probe 
of the APTES-ZnO NPls, HeLa cells were incubated with 10 15 

µg/mL APTES-ZnO NPls in a petri dish for 24 h, followed by 
measuring confocal fluorescence with visible light excitation at 
405 nm using LSCM system.  Fig. 7A shows the red fluorescence 
image of APTES-ZnO NPls dispersed in the cell culture medium, 
exhibiting well dispersion of the nanoplates. After incubation 20 

with HeLa cells, most of the nanoplates were observed to be 
penetrated into the cells as shown by their red fluorescence 
images in the cells (Fig. 7B) which were clearly comparable to 
the DIC (Fig. 7C) and merge (Fig. 7D) images. It is noteworthy 
that the red fluorescence image was observed to be highly 25 

resolved without overlapping with the auto-fluorescence image of 
HeLa cells (Fig. S7). Interestingly careful examination of the 
fluorescence images of the NPls in not only HeLa cells but also 
HEK 293 cells (Fig. S8) indicate that the size and structure of the 
NPls remain constant during the intracellular uptake process.  30 

These results demonstrate that the cells could be effectively 
probed with the APTES-ZnONPls through visible light-induced 
red fluorescence imaging, which in turn proved that APTES-ZnO 
NPls could serve as alternative materials to the traditional QDs 
and the existing ZnO cellular labelling agents which exhibit green 35 

emission by UV-excitation.   

Conclusions 

Visible light-sensitive ZnO NPls were successfully synthesized 
using a hydrothermal synthesis method and modified with  

 40 

hydrophilic amino groups on the surfaces. Synthesized ZnO NPls 
have high crystallinity with diameter range from 50nm to 250nm  
and thickness in 10nm. The APTES-modified ZnO NPls showed 
excellent cellular uptake followed by strong red emission under 
visible light excitation with low cytotoxicity, which avoids 45 

overlap with the green auto-fluorescence of cells. Therefore, the 
synthesized ZnO NPls would be alternative nanomaterials to the 
traditional semiconductor quantum dots for the future 
biocompatible and visible light-induced cellular imaging 
applications. 50 
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The APTES-modified ZnO Nanoplates (NPls) showed excellent 

permeability into HeLa cells with negligible cytotoxicity, 

exhibiting strong red fluorescence emission (~650nm) under 

visible light excitation at 405nm. Therefore, the synthesized 

ZnO NPls would be useful for the highly resolved cellular 

imaging by avoiding the overlap with the cellular intrinsic green 

emission. 
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