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ABSTRACT: Here we demonstrate a novel and facile strategy of highly
luminescent water-soluble Zn-doped AgIn5S8 (ZAIS) nanocrystals and ZAIS/
ZnS core/shell structures, which were based on hydrothermal reaction between
the acetate salts of the corresponding metals and sulfide precursor in the
presence of L-cysteine at 110 °C in a Teflon-lined autoclave. The photo-
luminescent (PL) emission wavelength can be conveniently tuned from 560 to
650 nm by tailoring the stoichiometric ratio of [Ag]/[Zn]. The as prepared
nanocrystals were characterized systematically and exhibit long PL lifetimes more
than 100 ns. The influence of experimental conditions, including concentration
of L-cysteine and reaction temperature, was investigated. In addition, we
performed a coating procedure with the ZnS shell outside the ZAIS core and
showed excellent PL quantum yields up to 35%. The in vitro experiment
exhibited quite low cytotoxicity and marvelous biocompatibility, revealing their
promising prospect in bioscience. Furthermore, the obtained ZAIS/ZnS
nanocompounds (NCs) were covalently conjugated to alpha-fetoprotein antibodies and targeted fluorescent imaging for
hepatocellular carcinoma cells was realized.

1. INTRODUCTION

Ternary I−III−VI nanocrystals, which are also called quantum
dots (QDs), have gained intensive research in biolabeling, light
emitting diodes, solar cells, and photocatalysis during recent
decades, because of their wonderful biocompatibility, excellent
optical properties, and high biochemical stability.1−10 Among
the I−III−VI QDs, Ag−In−S (AIS) nanoparticles are attracting
intensive attention in the past few years for a relatively wide
band gap (ranging from 1.87 to 2.03 eV) and pronounced
defect tolerance.11 Most of the reported synthetic methods
were concentrated on thermolysis of various metal−sulfur
precursors in the organic phase, which obtains a product with
high crystallinity and PL quantum yield (QY), limiting their
direct applications in bioscience.2,12−14 Although there have
been many protocols for post-treatment of phase transition via
ligand exchange, these methods emerged with obvious
drawbacks including being time-consuming, use of toxic
chemicals, decreased QY, tedious steps, and high cost.6,15

Hence, it is significant to develop an aqueous synthesis for Ag−
In−S QDs.
Recently, Luo et al. reported a one-step synthesis of water-

soluble AIS QDs with metal salts and sodium sulfide as
precursors and glutathione as stabilizer. After capping with ZnS,
QDs exhibited photocatalytic activities in the degradation of

Rhodamine B, and the QY was improved from 3% to 15%.4

Soon afterward, Regulacio and his co-workers prepared
AgInS2−ZnS QDs with poly(acrylic acid) and mercaptoacetic
acid as surface ligand, which showed unsatisfactory QY of
20%.16 Apparently, exploration of new strategies for producing
highly luminescent and water-soluble ternary or quaternary
QDs, which is conducive to fundamental studies and possible
technical applications, is still expected.
In this paper, we report a facile aqueous method for the

synthesis of Zn-doped AgIn5S8 (ZAIS) nanocrystals reacted in a
Teflon-lined autoclave under 110 °C using L-cysteine as a
stabilizer for the first time. The PL emission wavelength can be
facilely tuned from 560 to 650 nm by changing the
stoichiometric ratio of [Ag]/[Zn]. The luminescent mechanism
was discussed, manifesting that the combination of intrinsic
states dominated the PL emission. The key factor for the highly
luminescent QDs was a suitable reaction temperature and an
appropriate concentration of L-cysteine. The as prepared ZAIS
QDs give QY in the range of 15−26%. With the purpose of
reducing the surface defects and increasing chemical stability,
we introduced a coating procedure. After coating with ZnS, the
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QY of ZAIS/ZnS nanocompounds (NCs) were further
improved as high as 35%, which achieved the same level
compared to water-soluble CdTe QDs, and the lifetime was
longer than 200 ns. Furthermore, these ZAIS/ZnS are found to
demonstrate wonderful stability and remarkable biocompati-
bility, conjugated with alpha-fetoprotein (AFP) antibodies and
labeled to hepatocellular carcinoma cells for targeted
fluorescent imaging. To our best knowledge, this is the first
time for the application of hepatocellular carcinoma cell
cytoplasm for fluorescence labeling using quaternary QDs,
which provide a new approach for the clinical diagnosis and
monitoring of liver cancer.

2. EXPERIMENTAL SECTION
2.1. Materials and Chemicals. All the chemicals were of

analytical grade and used without further purification. Zinc acetate
(Zn(OAc)2·2H2O, 99.99%), silver acetate (AgOAc,99.8%), thioaceta-
mide (TAA, 99%), sodium hydroxide (NaOH, 96%), L-cysteine
(98.5%), and absolute ethanol were purchased from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China). Indium acetate
(In(OAc)3, 99.99%) was purchased from Alfa Aesar Chemical Reagent
Co. (China). All the water used in experiments was deoxidized
deionized water (18.25 MΩ·cm).
Alpha -fetoprotein (AFP) monoclonal antibody (bs-4708R),

phosphate buffer saline (PBS, pH = 7.2), 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide hydrochloride (EDC, 98%), N-
hydroxysuccinimide (NHS, 98%), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), 4′,6-diamidino-2-phenylindole
(DAPI), dimethyl sulfoxide (DMSO), penicillin−streptomycin, high
glucose Dulbecco’s modified Eagle medium (DMEM), fetal calf serum,
and streptomycin were purchased from commercial sources.
2.2. Preparation of L-Cysteine Capped ZAIS QDs and ZAIS/

ZnS NCs. ZAIS QDs were synthesized via hydrothermal synthetic
method. Typically, 2.88 mg of AgOAc, 48.66 mg of In(OAc)3, and a
desired amount of Zn(OAc)2·2H2O were mixed with 5.5 mL of water.
Then, 2 mL of 0.6 M L-cysteine was added, and NaOH solution (1 M)
was introduced so that pH = 8.5 was achieved. Subsequently, 6.5 mL
of 0.05 M TAA solution was rapidly injected into the mixture. The
mixture was sealed in a Teflon-lined stainless steel autoclave and
maintained at 110 °C under autogenous pressure for different times
(30−270 min). After the liquid was naturally cooled to room
temperature, ZAIS QDs were precipitated by adding excess ethanol,
then ultrasonically treated for 5 min, and centrifuged for collection.
The precipitates were dispersed in water or dried thoroughly for
further use. (Samples of different emission wavelength were prepared
by changing the molar ratio of [Ag]/[Zn] from 1:1 to 1:6.)
To prepare ZAIS/ZnS NCs, 10 mL of previously synthesized ZAIS

QDs stock solution was loaded in a two-necked flask, heated to 100 °C
in atmosphere, and refluxed with a condenser. Under stirring, 200 μL
of 0.05 M of Zn(OAc)2 solution was dropwise injected into the
solution through a syringe. To monitor the reaction, aliquots of the
sample were taken out at different time intervals to examine their
photoluminescence spectra. The purification of ZAIS/ZnS was the
same as that of ZAIS QDs. The schematic illustration of the procedure
for fabrication L-cysteine stabilized ZAIS QDs and ZAIS/ZnS NCs is
presented in Scheme 1.
2.3. Characterization of ZAIS QDs and ZAIS/ZnS NCs. The

morphologies of nanoparticles were determined on a transmission
electron microscope (TEM, model JEM-1400), and the element
analyses were conducted on a high resolution TEM (HRTEM)
equipped with an energy dispersive spectrometer (EDS) attachment.
X-ray diffraction (XRD) measurements were conducted with Cu Kα
(0.154 nm) serving as the incident radiation. The element analysis was
conducted with X-ray photoelectron spectroscopy (XPS) using an
ESCLAB 250 spectrometer. Fourier transform infrared (FTIR) spectra
were measured on a Nicolet 6700 spectrometer with 2 cm−1 resolution
using the KBr pellet technique. Photoluminescence (PL) spectra were
obtained by using an RF-5301 fluorescence spectrophotometer. The

time-resolved PL spectra were performed by an Edinburgh FLS920
transient state fluorescence spectrometer. PL quantum yield (QY) was
calculated using Rhodamine 6G (QY = 95%) as the standard based on
the previously described method.17

2.4. Cell Viability. Human hepatoma cell line (Hep G2) was
provided by Anhui Medical University. The cells were cultured on
DMEM containing 10% of heat-inactivated fetal bovine serum (FBS)
and 1% of penicillin/streptomycin at 37 °C in a humidified
atmosphere with 5% CO2. For MTT assay, the cells were seeded in
96-well plates at a density of 5 × 104 cells/mL and incubated for 24 h
until cell growth reached about 80% confluence before measurement.
Six of the 96 wells were set as the control group without any addition
of QDs, and 6 of the 96 wells were set as the zero group only with 100
μL of DMEM. L-Cysteine stabilized ZAIS/ZnS NCs were added into
each well with various concentrations ranging from 0.03 to 50 mg/mL.
Cells were then incubated at 37 °C and in a 5% CO2 atmosphere for
another 24 h. Subsequently, 20 μL of MTT solutions (5 mg/mL) was
added to each well, and cells were then incubated at 37 °C. After 4 h,
the medium was discarded, and 150 μL of DMSO was added into each
well and placed into a shaking table for 15 min to dissolve the
intracellular purple formazan crystals. The absorbance of the samples
was recorded at 490 nm. The cell viability was calculated by
normalizing with the results obtained with no QDs loading. The
complete assay above was operated thrice, and results were averaged.
The same assay was performed with L-cysteine-stabilized CdTe/ZnS
QDs prepared according to the previous report18 for comparison.

2.5. Covalent Conjugation between QDs and Antibody.
QDs/antibody composites were prepared via covalent linkage between
QDs and antibody according to the method reported by our group19

when their surface groups of amino and carboxyl were activated. 100
μL of QDs with yellow emission was added into 1.5 mL of PBS
containing 10 μL of 10 mg/mL EDC and 15 μL of 100 mg/mL NHS,
and incubated at 37 °C for 1 h in a constant temperature shaking table.
After incubation, 50 μL of 1 mg/mL antibody was added to the
solution, which was incubated overnight at 37 °C. The mixture was
finally centrifuged and washed to remove excess QDs and reagents,
and redispersed in PBS for targeted imaging.

2.6. Cell Imaging. For the fluorescent imaging, Hep G2 cells were
placed in a 24-well plate at 37 °C with 5% CO2. After 24 h incubation,
200 μL of QDs/antibodies composites was injected into each well and
incubated for 4 h. After that, the DMEM medium was aspirated and
the cells were washed three times with PBS. The cell nuclei were
eventually stained further with DAPI for 3 min. Fluorescence images
of the cells were obtained with an Olympus IX73 fluorescence
microscope and Leica SP5 laser scanning confocal microscope.

3. RESULTS AND DISCUSSION
3.1. Optical Properties. It is believed that PL of I−III−VI

QDs originates from the electron−hole pair emission of a
defect state.20−22 Thus, we could hardly obtain the QDs of
different PL emission by changing their size like II−VI
QDs.23,24 In this study, we systematically explored the synthesis
of biocompatible quaternary ZAIS QDs and ZAIS/ZnS NCs
with the variation of the molar ratio of Ag/Zn from 1/6 to 1/1.
Panels A−C of Figure 1 show the normalized PL spectra, digital
photograph taken under UV, and the absorption spectra of

Scheme 1. Procedure for Fabrication L-Cysteine Stabilized
ZAIS QDs and ZAIS/ZnS NCs
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ZAIS QDs with variable molar ratio of [Ag]/[Zn]. The
emission peaks have a maximum intensity at a wavelength
ranging from 560 to 650 nm. Different from those II−VI
semiconductor nanocrystals, the PL spectrum demonstrates the
typical characteristics of ternary and quaternary QDs of broad
full width at half-maximum (fwhm) larger than 100 nm and
asymmetry. These features may be caused by donor−acceptor
transition and trap-state emission. It has been found that the
conduction band of bulk Ag−In−S semiconductor is made up
of hybrid orbitals of In 5p5s and S 3p, while the valence band is
formed by S 3p hybridized with Ag 4d.25 With the
incorporation of Zn in the reaction system, Ag is replaced via
cation exchange, leading to the decrease in the number of Ag
orbitals, and expands the band gap.26 The same reason can
illustrate the absorption onset blue-shift shown in Figure 1C.
All of the absorption curves exhibit broad shoulder with
absorption onset located from 550 to 750 nm. No obvious
exciton absorption peaks are found in the spectra coupling with
the long trail on the long-wavelength region, which may be
ascribed to the wide size distribution or trap-state-related
emission or their combination reaction.10 The large Stokes shift
suggests that the observed PL is not a band gap emission but
the emissions from surface states and intrinsic states.13,27 As our
reaction was performed in autoclaves in 110 °C, we obtained
high QY ranging from 15% to 26% as is shown in Figure 1D,
which may arise from the high temperature and high pressure
environment contributing to QDs of high quality.
Figure 2A shows the evolution of PL emission with reaction

time. The emission maximum exhibits continuous enhance-
ment, which is ascribed to the decrease of the defect states
during the progress of QD growth. Ternary I−III−VI
semiconductors are known for abundant trap states which
easily form interstitial atoms or vacancies and are responsible
for donor−acceptor transitions.28 Based on this cognition,
deconvolution method was used to analyze the luminescence
mechanism.29,30 We deconvoluted the PL spectra (90−240 min
and ZAIS/ZnS) into two Gaussian functions noted as Peak1
(shorter wavelength, around 548 nm) and Peak2 (longer
wavelength, around 606 nm), which correspond to surface and
intrinsic trap states, respectively, as seen in Figure 2B−H. We
use integral area rather than intensity of each peak to discuss
their contribution to the entire PL spectrum, because each of
the two deconvoluted peaks has a distinct shape, i.e., fwhm and

peak height. We could not simply take the intensity as the
indicator of their contribution. The integral area (A1, A2) of
each function, which represents the contribution to the entire
spectrum, and their specific value (A2/A1) are summarized in
Table 1. Increasing integral area of two functions and their ratio
are found, which could be explained by considering that, with
the growth of the QDs, the number of shallow surface defects
in high energy reduces, while the intrinsic states increase
relatively.13 After 120 min, the area of Peak2 is much larger
than that of Peak1, which is similarly observed in the case of

Figure 1. PL emission spectra (A), digital photograph (B), absorption
spectra (C), and QY (D) of each molar ratio of [Ag]/[Zn].

Figure 2. Evolution of PL emission of the sample [Ag]/[Zn] = 1/6
(A) and corresponding Gaussian deconvolution PL spectra with
different reaction time from 90 to 240 min of ZAIS QDs (B−G) and
ZAIS/ZnS NCs (240 min) (H).

Table 1. Summary of Integral Areas of Deconvoluted PL
Peaks and Their Ratio

integral area

reaction time/min Peak1 Peak2 A2/A1

90 3139.3 2888.5 0.92
120 4470.8 5484.9 1.23
150 7266.4 8979.8 1.24
180 9344.3 12185.5 1.30
210 10385.3 14819.5 1.43
240 10856.7 17919.6 1.65
ZAIS/ZnSa 30225.4 58388.2 1.93

aSample is formed in situ on the as prepared ZAIS QDs (240 min).
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ZAIS/ZnS (Figure 2H), confirming that the surface states are
further weakened and intrinsic defects working as donor−
acceptor dominate the main PL emission. Thus, the high PL
intensity and QY are obtained. Additional information given by
Figure 2A is the decrease of PL intensity at 240 min. This could
be interpreted by the further increase of surface defects, such as
dangling bonds and vacancies,31,32 providing the recombination
centers and resulting in the feeblish emission.
3.2. Influence of Experimental Conditions. Zinc-doped

AIS QDs were synthesized by hydrothermal protocols using L-
cysteine as the stabilizer. Indium acetate and zinc acetate served
as cation precursor. According to the electronic theory of acid
and alkali proposed by Lewis, S2− is a soft base, which can
readily react with soft acid, i.e., Zn2+ and Ag+, to form a stable
product. Deng et al. found that different kinds of S sources,
such as thioacetamide, sodium thiosulfate, thiourea, and sodium
sulfide, have distinct reactivity.33 Sodium thiosulfate and
thiourea, which have poor reactivity, can only be hydrolyzed
to release free S2− by means of hydrolysis under 100 °C.
However, sodium sulfide possesses a high reactivity, which can
react with metal ions at room temperature, and it is hard to
control reaction rate. As a consequence, TAA was used as a
sulfur source.
It is reported that the optical properties of AIS and AIS/ZnS

QDs depend on tailoring the experimental variables, such as pH
value and the molar ratio of elements.25,34,35 Herein, as the
ZAIS QDs were synthesized using L-cysteine at 110 °C for the
first time, we only focused on the dependence of PL intensity
on the concentration of L-cysteine and reaction temperature in
the case of ZAIS with [Ag]/[Zn] = 1/6, where we immobilized
all the other experimental variables as set in the Experimental
Section.
3.2.1. Effect of L-Cysteine Concentration. As is seen in

Figure 3A, the PL intensity of the samples is enhanced with a

continuous increase of the concentration of L-cysteine, which
confirms that the surface of ZAIS QDs is stabilized by L-
cysteine ligand since the dangling bonds and vacancies are
passivated. Intriguingly, an excess amount of ligand can result in
reduction of PL intensity as the concentration is 0.7 M. We
speculate that this may contribute to the formation of new
nonradiative recombination sites because of the excess ligand
on the surface.

3.2.2. Effect of Reaction Temperature. The PL intensity of
the resulting ZAIS QDs was found to be strongly dependent on
the reaction temperature (Figure 3B). With an increase of the
reaction temperature (70−110 °C), the PL intensity is
enhanced systematically. If the reaction temperature is too
low (below 80 °C), no evident PL emission is found, since it
does not form ZAIS QDs. As for a higher temperature, such as
120 °C, the PL intensity was decreased obviously. Since the
XRD patterns of the samples are broad (see Morphology and
Structure Characterization), we measured the HRTEM to study
the crystallinity of each sample synthesized under different
temperature conditions (90, 100, 110, 120 °C). As shown in
Figure 3C−E, the HRTEM images show clear lattice fringes,
while in Figure 3F, the fringes are ambiguous, indicating the
poor crystallinity of the samples prepared at 120 °C. This may
be because the growth rate of nanocrystals was too fast at
higher temperature (120 °C), forming a lot of structure defects
and giving rise to fluorescence quenching. Therefore, we make
use of a Teflon-lined autoclave to create a reaction environment
of 110 °C to improve PL intensity. Because of the high
temperature as well as the high pressure generated by the sealed
autoclave, the QDs have a nice crystallinity. Thus, a high QY of
26% is achieved.

3.3. ZAIS/ZnS Core/Shell Structure. The ZAIS/ZnS
core/shell structure NCs were formed in situ on the as
prepared ZAIS QDs. It is known that robust shells can impart
to QDs chemical and physical stability and gain higher quantum
yield of emission. Modifying with ZnS, which is an excellent
candidate for its wide band gap (bulk Eg = 3.68 eV), is
frequently used to passivate the surface and enhance the
stability of many kinds of nanoparticles, such as CdS and
CdSe.36 Figure 4A shows the temporal evolution of PL

emission. The inset of a digital camera picture acquired before
and after the capping process gives us visualized images of
increasing emission. As we can see from the curves, there is an
enhancement of PL intensity of 1.5-fold from 0 to 120 min,
illustrating that surface defects of ZAIS including dangling
bonds and vacancies are eliminated by means of the passivation
of ZnS shell. The slight blue shift is probably caused by the
diffusion of Zn into ZAIS QDs, broadening the band gap of the
NCs. The decrease of emission maximum at 150 min is similar
to ZAIS, which may partly contribute to the formation of new
defect states arising from the mismatch of the core/shell
structure with the further thickening of the ZnS shell, resulting
in nonradiation recombination of carriers. Another reason may
be the further reduction of the intrinsic point defects, which act
as deep donor−acceptor pairs, via cation exchange of Ag ions
by Zn.24 Figure 4B shows the QY of ZAIS/ZnS of each case. All

Figure 3. Dependence of PL intensity upon concentration of L-
cysteine (A) and reaction temperature (B) for the case of [Ag]/[Zn] =
1/6; HRTEM images of samples synthesized at 90 °C (C), 100 °C
(D), 110 °C (E), 120 °C (F).

Figure 4. (A) Evolution of PL emission with reaction time of ZnS
coating (inset: digital picture of ZAIS before and after coating with
ZnS taken under the UV light); (B) QY of ZAIS/ZnS NCs of each
sample.
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the samples were found to have improvement of PL intensity
and QY after coating with ZnS, elucidating that a proper
thickness of the ZnS shell can indeed ameliorate the optical
properties.
3.4. PL Relaxation of ZAIS QDs and ZAIS/ZnS NCs. To

further gain the mechanism of electron−hole recombination,
we measured time-resolved PL spectra of samples ([Ag]/[Zn]
= 1/6), as is presented in Figure 5. The PL decay curve of each

sample can be well fitted by a biexponential function I(t) = y0 +
B1 exp(−t/τ1) + B2 exp(−t/τ2), where I(t) is the PL intensity at
delay time (t), B1 and B2 represent the relative weights of the
decay components at t = 0, and τ1 and τ2 are the lifetimes.
These constants coupled with effective decay lifetimes, which
could be calculated using the equation t = (B1τ1

2 + B2τ2
2)/(B1τ1

+ B2τ2),
37 are listed in Table 2. As we know, different electron−

hole recombination mechanisms bring about the distinct PL
decay time. It is reported that the fast decay component can be
attributed to intrinsic recombination, while the slow
component can be ascribed to defect-related recombination
of carriers.38 In our case, the shorter and the longer lifetime can
be assigned to surface trap states and donor−acceptor
transition of trap (intrinsic) states, respectively.6,27 Table 2
shows that the weight of the slow decay component is
considerably larger than that of the fast decay component,
which illustrates that PL emission is mainly composed of the
intrinsic states. This conclusion is also in good agreement with
the results of deconvolution which is discussed in Optical
Properties, and could explain the broad fwhm of emission. After
the ZAIS core is coated with the ZnS shell, the fast decay
component is increased and its contribution to the whole
emission is decreased, which indicates that the surface defect is
effectively suppressed by ZnS, getting longer average lifetime of
206.9 ns than that of ZAIS QDs (130.5 ns).
3.5. Morphology and Structure Characterization. The

crystal structures of the samples were investigated by XRD with
Cu Kα radiation. Figure 6A shows the XRD patterns for the
ZAIS QDs of the samples with [Ag]/[Zn] = 1:0, 1:1, 1:3, and
1:5. The peaks of [Ag]/[Zn] = 1:0, i.e., Ag−In−S nanocrystals,
basically match the characteristic peaks of cubic AgIn5S8. Due

to their small particle size, all of the curves exhibit three broad
and weak peaks. All the peaks of the samples are located
between the corresponding peaks of bulk cubic AgIn5S8 and
ZnS, and shifted to higher angle with the decrease of the ratio
of [Ag]/[Zn] because of the increasing component of ZnS.15,39

After coating with ZnS shell, because the lattice constant is
bigger than that of ZAIS, the diffraction peaks similarly shifted
to larger angles (Figure 6B), indicating that these samples are
not a simple mixture of ZnS and AgIn5S8 but a formation of
quaternary ZAIS QDs and ZAIS/ZnS core/shell structure.
TEM observation (Figures 6C and 6D) reveals that both of

the NCs have remarkable monodispersity. The average size of
the sphere-shaped NCs is determined to be 3.0 and 3.2 nm,
respectively, based on the static analysis of more than 100
particles in a certain region. The histograms of size distribution
are given in the insets of Figures 6C and 6D, exhibiting
relatively wide distribution. The HRTEM images lying in the
top-right insets of Figures 6C and 6D show continuous lattice
fringes, which are indicatives of the single crystalline nature of
the NCs. Because of the finite size, the small thickness, and the
resolution limit of the instrument, we cannot distinguish the
ZnS shell from the ZAIS core. EDS and XPS FTIR analysis,
which were further worked to determine the elements and their
molar ratio and to certify the stabilizer on the surface of the
nanocrystals, is presented in the Supporting Information.

3.6. In Vitro Cytotoxicity. It is of great importance to
evaluate the in vitro cytotoxicity of our prepared ZAIS QDs and
ZAIS/ZnS NCs before applying them as fluorescent probes in
bioimaging. A standard cell viability assay based on 1-
methyltetrazole-5-thiol (MTT) was performed on Hep G2
cells that are meant to be used for imaging. The concentration-
dependent effect of ZAIS/ZnS QDs at 24 h was determined. As
is depicted in Figure 7, the cell viability of L-cysteine terminated
CdTe/ZnS QDs synthesized by Mntungwa’s method is 80% at
a concentration of 0.3 mg/mL, and decreased rapidly with the
further increase of the concentration. Differently, the L-cysteine

Figure 5. PL lifetime spectra of ZAIS and ZAIS/ZnS with [Ag]/[Zn]
= 1/6.

Table 2. PL Decay Constants Obtained from I(t) = y0+ B1
exp(−t/τ1) + B2 exp(−t/τ2)

samples lifetime/ns τ1/ns B1 τ2/ns B2

ZAIS 130.5 28.6 0.36 144.1 0.54
ZAIS/ZnS 206.9 41.5 0.31 222.7 0.60

Figure 6. XRD patterns of ZAIS nanocrystals with [Ag]/[Zn] = 1:0,
1:1, 1:3, and 1:5, respectively (A); XRD patterns of ZAIS core and
ZAIS/ZnS NCs with [Ag]/[Zn] = 1/3 (B); TEM images of ZAIS core
with [Ag]/[Zn] = 1/3 (C) and corresponding ZAIS/ZnS core/shell
NCs (D). Insets: Corresponding histograms of size distribution (top
left) and HRTEM (top right) images of the sample.
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terminated ZAIS/ZnS NCs show a cell viability up to 85% even
at a high concentration of 50 mg/mL after being incubated for
24 h. What is more, ZnS shell prevents the Ag+ or In3+

exudating from the ZAIS core and further reduces the
cytotoxicity. Such a low cytotoxicity in vitro reveals that L-
cysteine stabilized ZAIS/ZnS provide a necessary precondition
for the high biocompatibility in vivo and can be used as
intracellular markers for clinical diagnosis.
3.7. Specific Cellular Labeling and Imaging with ZAIS/

ZnS NCs. Nowadays, hepatocellular carcinoma (HCC) is
becoming a global health concern which is mainly the
consequence of hepatitis B and hepatitis C. In clinical diagnosis,
alpha-fetoprotein (AFP) concentration is a significant indicator
for the reason that AFP is a highly specific marker for HCC.40

In consideration of PL intensity and cytotoxicity, yellow
emission ZAIS/ZnS core/shell QDs-linked AFP antibodies
were applied to specifically mark the AFPs which extensively
exist in HCC cells. A schematic diagram of the linkage between
AFP antibodies and ZAIS/ZnS QDs and delivery to cells is
presented in Scheme 2. In general, antibody is a globulin which
is composed of four polypeptide chains covalently bound via
disulfide bridges. The whole antibody is divided into two parts,

i.e., variable region and constant region. The ends of the
constant region are terminated by carboxyl groups which could
react to amino groups of L-cysteine located in the surface of
QDs to produce amide bond according to EDC/NHS
protocol.41,42 The QDs/antibody composites are delivered
into Hep G2 cells and specifically bound to AFP antigen.
Figures 8A and 8B show the images under ambient light and

UV light of Hep G2 cells, respectively. The normal cellular
morphology under visible light reveals marvelous biocompat-
ibility of L-cysteine stabilized ZAIS/ZnS NCs. For the purpose
of observing the DAPI stained and QD/antibody composite
labeled Hep G2 cells more clearly and delicately, laser scanning
confocal microscopy is performed for image collection. Figure
8C is the picture taken on the condition of blue channel in
which we can see the blue emission only, showing a legible
profile of the nucleus. Figure 8D gives the image photographed
on the blue and yellow channels simultaneously, showing the
QD-marked cytoplasm and DAPI stained nucleus distinctly. All
of the fluorescent and confocal images indicate that AFP
antibodies have been specifically bound to the antigen receptor
in the cytoplasm of Hep G2 cells. To the best of our
knowledge, this is the first report on labeling of HCC
cytoplasm using fluorescent quaternary QDs, and clarified
capacity of the core/shell-structured ZAIS/ZnS nanoparticles in
targeted cellular imaging and monitoring.

4. CONCLUSIONS
In summary, Zn-doped AgIn5S8 nanocrystals have been
conveniently prepared via a one-step approach of reaction
between metal salt and TAA with L-cysteine as ligands on the
surface. The emission wavelength can be tuned conveniently by
the variation of the stoichiometric ratio of [Ag]/[Zn]. The
concentration of L-cysteine and the temperature have significant
influence on the PL intensity. As the reaction progresses, the
number of shallow surface defects in high energy was lowered
relatively, and intrinsic state recombination dominates the PL

Figure 7. In vitro cytotoxicity of the aqueous L-cysteine-capped ZAIS/
ZnS QDs and L-cysteine-capped CdTe/ZnS QDs determined by MTT
assay.

Scheme 2. Schematic Diagram of the Linkage between AFP
Antibodies and ZAIS/ZnS QDs and Delivery to Cells

Figure 8. Bright-field (A) and fluorescent image of Hep G2 cells under
excitation at 360 nm (B); confocal laser-scanning fluorescent
microscopy images of Hep G2 cells stained by DAPI with 430−470
nm (C) and 430−590 nm (D) bandpass filters.
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emission. After coating with a ZnS shell, the PL QY increased
substantially to 26−35% and obtained longer PL lifetime.
Besides the prominent optical properties, the obtained ZAIS/
ZnS NCs also exhibit excellent biocompatibility in the studies
of cytotoxicity. Furthermore, the as prepared NCs were
conjugated to AFP antibody and realized targeted labeling
and imaging, indicating the promising application of monitor-
ing single-cell level.
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