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Aqueous synthesis of color tunable Cu doped
Zn-In-S/ZnS nanoparticles in the whole visible
region for cellular imaging

Tongtong Jiang," Jianglugi Song,” Huijie Wang," Xuecheng Ye," Hao Wang,’
Wenting Zhang,* Mingya Yang,” Ruixiang Xia, ° Lixin Zhu,® Xiaoliang Xu"™

Cu doped Zn-In-S quantum dots (CZIS QDs) were synthesized by hydrothermal method. The
absorption and fluorescence peaks of CZIS QDs shifted monotonically to longer wavelengths
with the increase of Cu precursor and the decrease of Zn and In precursors. The dopant
emission wavelength can be easily tuned in the whole visible region ranging from 465 nm to
700 nm by changing the molar ratio of Cu/Zn/In/S. On the basis of experimental result, it was
testified that the emission of CZIS QDs was the trap state emission rather than the excitonic
emission. The emission mechanisms of CZIS QDs were attributed to three kinds of approaches:
(i) photogenerated holes efficiently move to trap state induced by Cu defect and recombine
with the electrons in energy level of sulfur vacancy; (ii) the holes in Cu trap state recombine
with the electrons in surface defect state; (iii) the electrons in conduction band recombine with
the holes in levels caused by Zn vacancy. After coating ZnS shell around CZIS core, the
fluorescence quantum yield of CZIS QD can reach 25-35 %. CZIS/ZnS QDs conjugated with
antibodies were successfully applied for labeling Hep-G2 liver cancer cells. The cytotoxicity
studies revealed that the viabilities of cell incubated with different concentrations of CZIS/ZnS
QDs and different times all remained at high level of more than 90 %. Hence, the CZIS/ZnS

nanoparticle is a promising material as fluorescent probe for biological application.

Introduction

Semiconductor QDs have attracted great attention for their
potential application in photovoltaic cell,' light emitting diodes
(LED)*? and bioimaging field* due to their unique optical and
electronic properties such as tunable photoluminescence (PL),
narrow emission peaks and broad excitation wavelength.® Cd-
based QDs such as CdTe, with tunable spectra in the whole
visible region and higher quantum yield of light emission have
attracted a lot of research interest.®* However, many groups have
proved the toxicity of Cd-based QDs, proposing that Cd ions
may diffuse into the biological environment with time.” ®
Hence, the inherent toxicity from the heavy metal elements
limits their widespread use especially in biological field.
Recently, non-toxic I-III-VI semiconductor QDs such as
Cu/In/S (CIS) QDs were considered as promising alternatives
to traditional Cd-based QDs. In general, the PL peak of QDs
can be easily tuned by changing reaction temperature,'
reaction time,!'! and stoichiometric ratio of their chemical
components'? due to the change of band gap relative to the size,
shape or composition.” In I-III-VI semiconductors, there are
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different kinds of intrinsic defects including vacancies,
interstitial atoms, and combinations of these two, which are
well-known to produce deep trap states.'””> The emission
mechanisms of I-III-VI semiconductor QDs are the trap state
emission rather than the excitonic emission. For these QDs, the
move permanently to the

trap/defect state placed within the band gap before direct

photogenerated holes internal
recombination."* As is well known that the quaternary alloy
chalcogenides have greater flexibility in tuning the optical
properties than ternary chalcogenides.'? The optical spectrum of
Cu-In-S-Zn can be tuned from the whole visible to near-
infrared region.” '° In order to improve the quantum yields and
enhance photostability of semiconductor nanoparticles, ZnS
shell is commonly used to eliminate surface trap states that
induce a suppressed nonradiative recombination process.” '% '
6 ZnS is an ideal material as shell for coating CulnS, or
ZnCulnS cores, due to its chemical stability, nontoxicity, wide
bulk band gap to localize the charge carriers inside the core
region, and the smaller lattice mismatch between ZnS and
CulnS,.> " ' '® Many research groups have reported about
synthesizing Cu-In-S-Zn QDs with high PL quantum yields.> '°
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The best PL quantum yields can reach 70—-80%.” Han et al
synthesized near-infrared CulnS,/ZnS QDs embedded silica
beads for cancer cell imaging.* Chang et al synthesized Zn-Cu-
In-S/ZnS core/shell QDs and studied the applications of QDs
for tumor targeted bioimaging.!! However, these QDs were
usually synthesized in organic solvents, which are not
appropriate for the application in the field of biology. Although,
hydrophobic QDs can be transformed into hydrophilic QDs
through a ligand exchange, many organic solvents in the
synthetic process are harmful to environment. In addition, the
ligand exchange will cause the obvious decrease of the PL
quantum yields.’ In the view of toxicity and environment
protection, hydrophilic Zn-Cu-In-S QDs synthesized directly
without additional phase transfer process are better for wide
application in biological field. Recently, Su et al synthesized
water-soluble Cu—In—S QDs stabilized with L-cysteine and 3-
mercaptopropionic acid by hydrothermal approach.'®?° Zhu et
al synthesized CulnS,/ZnS QDs using Microwave-Assisted
method and obtained optimal PL QY's of 24% by changing the
ratio of CwIn.2' Until now, there are only few studies of
synthesizing CulnS,/ZnS QDs in aqueous phase.

To the best of our knowledge, there is no report about direct
synthesis of quaternary CZIS QDs in water solution. In this
paper, Cu-Zn-In-S QDs including CZIS, CZIS/ZnS and
CZIS/(ZnS), alloyed QDs were firstly synthesized in aqueous
CZIS/ZnS  QDs synthesized by
hydrothermal method. Sodium citrate was used as stabilizing
agent in the process of synthesis. CZIS nanoparticles were
synthesized by adding Cu precursor, Zn precursor, In precursor
and S precursor into autoclave, respectively. Then Zn precursor
and S precursor were injected to in-situ grow ZnS shell.
Glutathione (GSH) was used as the capping ligand, which
makes the obtained QDs being functionalized with carboxyl
group and amine group. The PL peak of CZIS QDs was
effectively tuned from 465 nm to 700 nm by controlling the
relative stoichiometries of various chemical elements. The
quantum yield of CZIS/ZnS can reach 25-35% by tuning the
ratio of Cu/In/Zn and coating ZnS shell. Multiple peaks (weak
peak, main peak, shoulder peak) phenomena appeared during
the process of tuning various chemical elements. A mechanism
of the recombination process in the multiple nanocrystal was
proposed to explain these phenomena. Obtained CZIS/ZnS QDs
were used as fluorescent probe to label Hep-G2 liver cancers
after conjugation with antibodies. The detailed experiment
process was shown in Scheme 1. Furthermore, MTT assay was
conducted for researching the cytotoxicity of the obtained
CZIS/ZnS QDs. Various studies have clearly demonstrated that

environment. were

CZIS/ZnS QDs have wide prospect in fluorescent imaging field.

Experimental section

Materials

Copper (II) chloride dihydrate (CuCl,-2H,0, 99.0%), indium
chloride hydrate (InCl;-4H,0, 99.9%), sodium citrate

2| J. Name., 2012, 00, 1-3
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Scheme 1. Schematic illustration of the synthesis and cellular labeling process of
CZ1S/ZnS QDs.

(Na;C¢Hs07-2H,0, 99.0%) , =zinc chloride (ZnCl,, 98.0%),
sodium hydroxide (NaOH, 96.0%), thiourea (CS(NH,),,
99.0%), zinc acetate (Zn(OAc),-2H,0, 99.0%), ethanol (99.7%)
were purchased from Sinopharm Chemical Regent Co., LTD.
Rabbit Anti-AFP was purchased from Beijing biosynthesis
biotechnology Co., LTD. Sodium sulfide (Na,S-9H,0, 98%)
was purchased from Shanghai chemical technology Co., LTD.
(GSH), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), 4',6-diamidino-2-phenylindole (DAPI), Hep-G2 liver
cancer, Cell culture media, supplements, cancer cells were all
supplied by First Affiliated Hospital of Anhui Medical
University. All the chemicals were used without further

L-glutathione

purification. The water used had a resistivity higher than 18.25
MQ-cm.

Synthesis of CZIS QDs

GSH was dissolved in 25 mL of distilled water. Then
CuCl,.2H,0O, InCl3.4H,0, ZnCl,, Na3;C¢Hs;0,2H,O were
injected into the solution. Total molar number of Cu, In and Zn
sources is 0.3 mmol. The molar ratio of sodium citrate to In**
and Zn?' is 2:1. The pH value of the mixture solution was
adjusted to 11.3 by adding NaOH (4 mol/ L). After stirring for
10 min, CS(NH,), was dissolved in the above solution. The
double CS(NH,), molar number is the total of triple In** molar
number and double Zn®" molar number. Then the mixture
solution was transferred into an autoclave and maintained at
150 °C for 23 h. The QDs were precipitated by adding ethanol
to the mixture solution.

Preparation of CZIS/ZnS QDs

CZIS/ZnS QDs were prepared by adding 0.8 mmol
Zn(OAc),2H,0, 1 mmol sodium citrate and 1.2 mmol GSH

This journal is © The Royal Society of Chemistry 2012

Page 2 of 11



Page 3 of 11

Journal of Materials Chemistry B

——1:5:15
@[ \_ (b)
—~ —1:10:10
T 1:5:15 3 |—1:15:5
S 1:30:10 8 |—2:40:5
8 1:10:10 é‘ —2:30:3
c \fEs @ [——2:20:3
s 1:15:5 S f—2:15:5
5 2:40:5 c}
2 2:30:3 g
< 2:20:3 L
2:15:5

[t /TR

Wavelength (nm)

350 400 450 500 550 600 650 700 750 800 300 350 400 450 500 550 600 650 700 750
Wavelength (nm)

1:5:15 1:30:10 1:10:10 2:40:5 2:30:3 2:15:5

Figure 1. UV-Vis absorption spectra (a), and normalized PL spectra (b) of CZIS QDs under different Cu/In/Zn precursor ratios; the digital photograph of

CZIS QDs with different Cu/In/Zn ratios under 365 nm UV light (c).

into the CZIS QDs solution. Then, 0.8 mmol Na,S solution was
slowly added. After stirring for 10 min, the reaction solution
was heated for 2 h at 100 °C.

Covalent Conjugation of QDs with Antibody (Ab)

Antibodies were coupled to the surface of QDs through amide
bond creation mediated by EDC and NHS. 10 mL QDs were
precipitated by adding ethanol to the mixture solution and
dissolved in 1 mL PBS solution. 50 uL EDC (20 mg mL™), 5
puL NHS (20 mg mL™") and 100 pL QDs were added into PBS
solutions. The samples were incubated at 37 °C for 1 h in a
table concentrator. 100 puL (0.1 mg mL™") of antibody was
added to the PBS solution. The mixture was further incubated
at 37 °C for 1 h. Finally, the product was washed with the PBS
solution for further application.

Cell Culture and Cell Imaging

Hep-G2 liver cancer cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10 % (v/v) fetal bovine
serum at 37 °C in humidified air containing 5 % CO,. Then
cells were cultured in 6-well plates in which coverslips were
placed. Hep-G2 liver cancer cells were incubated for 24 h
before experiments. The coverslips were carefully washed three
times with PBS solution. Then PBS solution of QDs-Ab was
added onto these coverslips and incubated in the humidified
box for 1 h at 37 °C circumstance. Prior to imaging, the
coverslips were washed three times with PBS solution. Cell
images were taken by using a fluorescence microscope.

Cellular MTT Assay

Hep-G2 liver cancer cells were seeded in a 96-well microplate
in complete DMEM culture medium and were incubated at 37
°C in a humidified atmosphere with 5 % CO, for 24 h. Then
medium was discarded and different concentrations of QDs
were added. Cells were incubated for different times at 37 °C
with 5 % CO,. Before 20 pL MTT stock solutions (5 mg/mL)
were added to each well, wells were washed with PBS for
three times and placed in a fresh DMEM solution. After 4 h
incubation, 150 pL dimethyl sulfoxide (DMSO) was added to

This journal is © The Royal Society of Chemistry 2012

dissolve the produced formazan. Finally, the absorbance was
measured using a microplate reader (ELX 800; BioTek) at 490
nm. The relative cell viability was defined as (A cxperiment/Acontrol
%100 %), where A is the absorbance.

Characterization

The morphological information of nanoparticle was obtained by
transmission electronic microscopy (TEM, JEOL, JEM-2010).
UV-visible absorbance and PL spectra were measured by using
UV-3600 UV-VIS-NI  spectrophotometer and F-4600
fluorescence spectrophotometer, respectively. Cells images
were taken using Olympus IX 73 fluorescence microscope and
Leica SP5 laser scanning confocal microscope. The surface
chemical structure was characterized by Fourier transform
infrared spectra (FTIR) spectroscopy (TENSOR27). The
luminescence decay curves were measured by fluorescence
lifetime spectrometer (FLS920, Edinburgh Instruments Ltd)
with an excitation of 430 nm. X-ray diffraction (XRD) patterns
were obtained on an X-ray diffractometer (PHILIPS Corp.,
X'Pert PRO). The scanning angle ranges from 20° to 70°. The
chemical component was analysed by an X-ray photoelectron
spectroscope (XPS) (THERMO Corp., ESCALAB250).

Results and discussion

Optical properties of the CZIS QDs

The emission and absorption properties of CZIS QDs with
different Cu/Zn/In ratios were presented in Figure 1. With the
change of precursor ratios, the fluorescence peak can be tuned
in visible region. In the synthesis process, Zn ions were
introduced to Cu-Zn-In-S QDs in two ways. In the first way, Zn
ion was introduced by using ZnCl, as Zn source of synthesizing
CZIS QDs. In the second way, the zinc was incorporated into
QDs by coating ZnS shell around CZIS QDs, which is due to
Zn interstitials at Cu vacancy sites.'”

In order to investigate the effect of Cu, In and Zn molar ratio
on the optical properties of QDs, the PL spectrum and
absorption spectrum of QDs were investigated by controlling a
single variable. Experimental results show that the main PL
peak was blue-shifted with decreasing Cu or increasing In and

J. Name., 2012, 00, 1-3 | 3
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Figure 2. UV-Vis absorption spectra (a) and PL spectra (b) of CZIS QDs with
different amount of S precursor. Samples A, B, C : CZIS QDs prepared under
Cu/In/Zn/S precursor molar ratios of 2:20:5:70, 2:20:5:35 and 2:20:5:18,
respectively.
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Figure 3. UV-Vis absorption spectra (a, c), PL spectra (b, d) of CZIS and CZIS/ZnS
QDs, respectively.

Zn precursors. In addition, a shoulder peak around 700 nm
appeared with the red shift of the main peak.(see Figure 1 b)
The results clearly show that the peak position in the
fluorescence spectra of CZIS QDs presented a substantial
dependence on the molar ratio of Cu precursor. For further
comparing the influence of Zn and In on PL peak shift, the ratio
of In/Zn was increased from 1:3, 1:1 to 3:1 (Cu/In/Zn molar
ratio from 1/5/15, 1/10/10 to 1/15/5), while keeping the Cu
precursor and the gross amount of Zn and In precursors
constant. It was found that the emission peak of CZIS was red-
shifted from 463 to 591 nm.(Table S1) The phenomena
demonstrate that Zn precursor ratio had greater influence on the
PL peak shift of QDs than In precursor. The fluorescence peak
shifted from 552 nm, 591 nm to 678 nm monotonously (Table
S1) and the absorption peak shifted from 392 nm, 396 nm to
405 nm with increasing Cu/(In+Zn) ratio from 1:(30+10),
2:(30+10) to 4:(30+10), which was consistent to the previous
report that the emission peak of the CulnS,/ZnS QDs
underwent a red shift with increasing Cu/In ratios of the
Corresponding Stoke shifts were 917 meV, 1033
meV and 1233 meV, respectively. Such large Stokes shift

precursor.2 !

indicates that it is the trap state emission rather than a direct

excitonic emission.?
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Figure 4. Schematic energy level diagram of CZIS nanoparticle.

In experimental process, an interesting phenomenon was
discovered. Multiple peaks would appear in changing the
relative ratio of various chemistry species. There was a weak
peak around 500 nm, which had a slight shift with changing the
precursor ratios. When only Cu ratio was changed, the weak
and the main peak had all shifts. For investigating the effect of
S element on the optical property of QDs, three samples (A, B,
C) were synthesized by changing the amount of S precursor.
The molar ratios of Cu/In/Zn/S in the three samples were
2:20:5:70, 2:20:5:35 and 2:20:5:18, respectively. As shown in
Figure 2, only the position of the main peak had a red shift with
decreasing the amount of S precursor. Figure 3a and ¢ show the
absorption spectra of CZIS and CZIS/ZnS with different
Cu/In/Zn precursor ratios. The corresponding fluorescence
spectra with excitation light of 400 nm (el) were shown in
Figure 3b and d, respectively. The results show that weak peaks
of CZIS QDs with different precursor ratios were all suppressed
after coating ZnS shell. In addition, the absorption peak around
400 nm almost disappeared, which should be due to the
elimination of certain trap states on the QD surface.

3* is a hard Lewis acid, while Cu" is a soft one; so they

23 In3+

In
differ in their reactivity towards sulfur compounds. and
thiols have weak bonding strength. Therefore, In®" has a higher
reactivity than Cu’ ion.>* Moreover, the introduction of Zn**
complicates the whole reaction. As previously reported, Zn ion
can be introduced to CIS QDs by partial cation exchange of Cu”
or In*" with Zn**. Zn*" may fill the vacancy sites related to Cu-
defects.'

as acceptors. To explain these PL properties of CZIS QDs, Cu-

Cu ions can substitute Zn ions in the Zn sites and act

doping hypothesis was put forward. Proposed energy diagram
for CZIS were shown in Figure 4. ZnS has a wide band gap of
3.49 eV, while In,S; has a band gap of 2.08 eV. The band gap
of Zn-In-S should be between 3.49 eV and 2.08 eV, which
consist of ZnS and In,S; with appropriate ratios. For CZIS
nanoparticle, Cu 3d levels will form above the edge of valence
band of Zn-In-S.** * Hybridized Zn4sdp and In5s5p orbital
contribute to formation of the conduction band minimum
(lowest unoccupied molecular orbital (LUMO)). The valence
band maximum (highest occupied molecular orbital (HOMO))
consists of S3p. Experimental results indicate that the main PL

This journal is © The Royal Society of Chemistry 2012
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Figure 5. UV-Vis absorption spectra (a, d), PL spectra (b, e) of CZIS and CzIS with different thickness of ZnS shell, summarization of relative PL
intensity and excitation wavelength (c, f). e1, e2 and e3 are the excitation wavelengths correspond to 400 nm, 425 nm and 450 nm, respectively.

peak presented clear change with varying the amount of Cu and
S. Therefore, the main PL emission of CZIS QDs was attributed
to the recombination between the level caused by sulfur
vacancy and Cu3d level. The strong main peak should be due to
great density of energy state of sulfur vacancy level. On the
basis of experimental result analysis, it was proposed that the
weak PL peak was due to the transfer between surface trap state
and Cu3d level, which reasonably demonstrates the
longer wavelength of the main peak than weak peak and the
elimination of weak peak after coating a ZnS shell. When the
main peak was tuned to a longer wavelength, the shoulder peak
around 700 nm began to appear. Moreover, the peak didn’t
have any wavelength change with changing the ratio of
precursors, which was ascribed to the transition between the
conduction band of the host and levels caused by Zn vacancy.
With the amount of Cu doped increasing, Cu 3d level would be
elevated farther from the valence band,” causing the redshift of
absorption edge and fluorescence peak (weak peak and main
peak). When In or Zn precursor increased and Cu doping
amount would relatively decrease, the band gap would be
widen inducing the blue shift of main PL peak. With decreasing
S element, Cu doping amount would relatively increase, which
resulted in the decrease of the band gap. The intensity ratios of
the main peak and weak peak had a slight increase with
reducing S element, which should be attributed to a higher S
vacancy concentration inducing a stronger main emission. But
the main peak would have an obvious decrease with further
decrease of S element. It may arise from less S inducing a
stronger surface defect or forming other nonradiative

This journal is © The Royal Society of Chemistry 2012

recombination centers, and suppressing the emission of the
main peak.

Figure 5 (a, b, d, ) show the UV-vis absorption and emission
spectra of CZIS QDs, CZIS/ZnS, CZIS/(ZnS), with different
excitation light wavelength (el 400 nm, €2 425 nm, and e3 450
nm). The fluorescence intensity of QDs with one layer ZnS
shell had obvious improvement, which was due to the
elimination of surface trap states. According to the previous
report, the PL quantum yield of CulnS,/ZnS QDs can reach 20-
30 % by optimizing Cu/In ratio.”' Herein, The CZIS QDs had
PL quantum yield of 35 % by optimizing the Cu/In/Zn ratio
(1:20:5) and coating one layer ZnS shell. The PL intensity
increased or decreased slightly with the growth of ZnS shell
from one layer to two layers.(see Figure Sc, f) The result should
be due to that the crystal strain induced in the heterostructure
increased, which caused new surface traps or crystallographic
defects.”’

Morphology and Structure of the CZIS QDs

To further understand the light emission mechanism, it is also
necessary to analyze the coulomb potential energy of donor-
acceptor pair (DAP) recombination, which can be expressed as
following

€2

U@ =- e

4TTEGET

The coulomb interaction can be changed with changing the
DAP separation, r. The optical energy transition condition was
presented using the equation

J. Name., 2012, 00, 1-3 | 5
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4TTEGET
where Ey, and E, are the DAP recombination energy and the
bulk energy band gap, respectively; Ep and E, are the
respective ionization energies of the donor and acceptor energy
levels; € is the electric permittivity; ho(e) is the absorption and
emission energy of DAP at r = . Seen from TEM images of
CZIS QDs (Figure 6a, b), the diameter of CZIS changed from
4.6 £ 0.5 nm to 5.5 £ 0.5 nm with increasing the Cu doping
amount. The energy shift associated with Coulomb interaction
was calculated to be only ~20.3 meV when the CZIS QD size
was reduced from 3.3 nm to 2.4 nm in the previous report.”®
Similarly, the energy shift associated with Coulomb interaction
was ~6.35 meV when the size of CZIS QD was increased from
4.6 nm to 5.5 nm. Hence, the DAP recombination of CZIS QDs
in this paper was mainly due to hw () and the Coulomb
interaction between electrons and holes was ignored. The size-
dependent shift of the optical band gap with the size of QDs
changing from 4.6 nm to 5.5 nm was small (~ 100 meV)
according to calculated size dependent optical band gaps.” The
shift of the emission energy was 269 meV, which indicated that

6 | J. Name., 2012, 00, 1-3

the PL band for QDs could be mainly attributed to a DAP
recombination. Figure 6¢ shows the TEM image of CZIS/ZnS
QDs corresponding to Cu:(In+Zn) ratio of 4:(30+10). Its high
resolution transmission electron microscope (HRTEM) image
was shown in the inset of Figure 6¢. The lattice spacing of 0.32
nm should be attributed to the (111) planes of zinc blende. The
energy dispersive spectroscopy (EDS) image of CZIS QDs
testified the existence of Cu, Zn, In, S elements and the
formation of CZIS nanoparticles. (Figure S1)

Figure 7 displays the XRD patterns of QDs, which consist of
three major peaks. The broad diffraction peaks of CZIS and
CZIS/ZnS were due to the small size of QDs. XRD pattern
shows zinc-blende phase of Cu:Zn-In-S QDs, which was in
good agreement with previous report.>* After coating ZnS
shell, the pattern of the cubic lattice was maintained.
Compared to the (1 1 1), (22 0) and (3 1 1) peaks of cubic ZnS,
the three characteristic peaks of CZIS and CZIS/ZnS left
shifted, which was consistent with the smaller Zn>" cationic
radius than those of Cu” and In*".'"" The XRD pattern
corresponding to CZIS /ZnS core /shell QDs slightly shifted
toward the higher angels compared with CZIS QDs, which was
due to the smaller lattice constant for ZnS compared with CZIS.

~——GSH
CZIS/IGSH
CZIS/ZnSIGSH

1396
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Figure 8. FTIR spectra of GSH, CZIS and CZIS/ZnS QDs.
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Figure 9. XPS survey spectra of CZIS, CZIS/ZnS QDs (a); XPS spectra of CZIS (b) and CZIS/ZnS QDs (c) for S 2p; and XPS spectra of CZIS and CZIS/ZnS for Cu

2p (d), In 3d (e), Zn 2p (f), respectively.

Figure 8 shows the FTIR spectra of free GSH and QDs. The
peaks at 1396 cm™, 3125 cm™ and 3039 cm™' for GSH were due
to C-O stretching and N-H stretching vibration of the
zwitterion-OOC—C-NH>" ' The peaks located at 1599 cm™
and 1713 cm™ were assigned to the C=0 stretching band of the
carboxylic group (vC=0).>* The band at 1537 cm™ and 1658
cm™ were attributed to N-H deformation (amide II band) and
C=0 stretching vibration of the amide bond.>* The peak at
2530 cm™ was assigned to —SH. Compared with pure GSH, the
disappearance of the —SH stretching vibrational peak indicated
that there was a coordination between the thiol (—SH) and metal
atom.® CZIS and CZIS/ZnS had an apparent absorption peak of
-OH group at about 3430 cm™ and two apparent absorption
peaks of -COO" at 1599 and 1396 cm™', which indicated that
CZIS and CZIS/ZnS were all functionalized with —COOH.**

The state of elements and composition information of CZIS
and CZIS/ZnS were further determined by XPS. (Figure 9) A
survey spectrum was shown in Figure 9a, indicating the
presence of Cu, Zn, In and S elements. The Cu 2p core level
split into Cu 2p3;, (932.1 eV) and Cu 2py,; (952.2 eV), which
was consistent with the literature value for Cu'. The appearance
of Cu’ should be due to that the blue Cu?* was reduced to
colorless Cu” by thiols in an aqueous solution.”* The peak at
444.4 eV and 452.0 eV corresponded to In 3ds, and 3d;5
binding energy, indicating the chemical value state of In
element was +3. The Zn core level split into Zn 2p;, (1021.3
eV) and Zn 2p,;; (1044.8 eV) peaks, which was consistent with
a valence of +2.!" From S 2p core level spectrum, it can be seen
that the spectrum can be divided into two peaks, which may
result from the recombination of S2p;,, and S2p;/,. The energy
separation of S2ps,, and S2p;/, was taken constant at 1.2 eV and
the relative intensities of each doublet peak was taken equal to
the ratio of their respective degeneracies (2:1), in agreement

This journal is © The Royal Society of Chemistry 2012

with the reported data.’® The spin split sulfur doublet peak of
CZIS/ZnS underwent a red shift compared with CZIS, which
indirectly indicate that ZnS shell was successfully coated onto
CZIS QDs.

Table S2 shows element ratio of CZIS and CZIS/ZnS QDs as
estimated by XPS. After coated by ZnS shell, it was reasonable
that the ratio of Zn/S increased strongly. However, In:Cu
stoichiometric ratio decreased, which should be due to that In**
was gradually substituted by Zn?' through an ion-exchange
reaction during growth of the ZnS shell.

PL Lifetimes

The decay curves of CZIS and CZIS/ZnS were nonexponential.
(Figure 10) They were fitted well with a biexponential function:
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Figure 10. Time-resolved PL decay curves of the CZIS, CZIS/ZnS QDs in

water.
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Table 1. The fitting parameters of PL decay curves

Sample Ti/ns A To/ns A, Tave
CZIS 12.8 39.9 100.5 15.8 79.2
CZIS/ZnS 17.8 45.4 142.0 21.6 116.1

I(t)=IgtA exp(-t/t1) +Azexp(-t/12) 3)

where A; and A, are preexponential factors associated with the
PL lifetimes t; and t,, respectively. The average decay time t was
calculated by using the following equation

= (AT AL /(A 1T HALT,) 4)

The corresponding biexponential fit parameters were presented
in Table 1. The short radiation lifetime was ascribed to surface
defect states. The long lifetime can be attributed to donor—
acceptor pair transition.'”” *' Surface defect states such as
vacancies and dangling bonds provided local site for
photoexcited electrons and holes, which had short decay
lifetime compared with deep trap states.'> Surface trap states
usually occupied shallow energy level, which can be efficiently
eliminated with the coating of ZnS shell. Usually, the intrinsic
defects such as vacancies and interstitial atom contributed to
deep trap states.!” After the deposition of ZnS shell, the short
decay increased and A;/(A;+A,) decreased,

indicating the reduction of surface defects. The 1, value and the

lifetime 1,

mean decay lifetime in CZIS/ZnS core/shell QDs were greater
than that of CZIS QDs, which can be attributed to the change of
local environment. '

The stability of QDs is an important standard to measure the
application prospect of these QDs. To test the stability of the
as-prepared CZIS/ZnS QDs, the PL spectrum of QDs was
measured after being stored for different times at room
temperature and without being protected from light.(Figure S2)
The PL intensities of CZIS/ZnS QDs had almost no change
after being stored for sixteen days.

MTT and Cell Imaging of CZIS and CZIS/ZnS QDs

The cytotoxicity of nanoparticle is an essential measure for
estimating their application prospect in biological field. In order
to research the cytotoxicity of CZIS/ZnS QDs-Ab, MTT assay
on Hep-G2 liver cancers with various CZIS/ZnS QDs-Ab
concentrations were investigated.(Figure 11a) With increasing
the concentration of CZIS/ZnS QDs-Ab from 22.5 pg/mL to
220 pg/mL, the viabilities of cells were all >90% and no
obvious suppression was observed. When the incubation time
increased from 2 h to 24 h, the activity of cells with the
treatment of CZIS/ZnS QDs-Ab (230 pg/mL) declined by less
than 10 %. (Figure 11b) However, Cell viability of control
group after incubation with CdTe QDs-Ab (230 ng/mL) for 24
h had less than 15 %. Cell viability of control group incubated
with CZIS QDs had also a little decline compared with that of
the group incubated with CZIS/ZnS QDs. These results indicate
that CZIS/ZnS QDs have an overwhelming advantage due to
low cytotoxicity, which will provide a significant contribution
to its prospect for the further biological labeling.

8 | J. Name., 2012, 00, 1-3

1 CZIS/ZnS QD:
100 (@) __ [ITICZIS/ZnS QDs W (b) | CZ S5 oD
—~ M CdTe QDs
280
= 80
% 60
8
>40 40
©
O 20 20
0 0
225 55 110 165 220 4 6 8 24
Concentration (pug/mL) Incubation time (h)

Figure 11. (a) the viability of cell incubated with CZIS/ZnS QDs-Ab of different
concentration for 24 h, and (b) the viability of cell incubated with CZIS/ZnS QDs-
Ab, CZIS QDs-Ab and CdTe QDs-Ab (230 pg/mL) for different times.
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Figure 12. Bright-field image of Hep-G2 liver cancer cells after incubation with (a)
CZIS QDs-Ab and (c) CzIS/ZnS QDs-Ab, (b) and (d) fluorescence image
corresponding to (a) and (c) respectively. Confocal fluorescence images of Hep-
G2 liver cancer cells after incubation with DAPI and CZIS/ZnS QDs-Ab taken
under the conditions of (e) blue, (f) blue and yellow channel output.

To illustrate the applicability of CZIS/ZnS QDs in biological
imaging, Hep-G2 liver cancer cells were labelled with
CZIS/ZnS QDs-Ab. After incubation in PBS solution of QDs,
the cells were washed by PBS buffer for three times. Then the
cell images were taken by fluorescence microscope. The bright-
field image and fluorescence image of liver cancer cells stained
by CZIS QDs-Ab and CZIS/ZnS QDs-Ab were shown in
Figure 12 (a, b, c, d), respectively. The morphologies of cells
can be clearly observed. The cytoplasm exhibited bright yellow
fluorescence under the excitation of ultraviolet light and the
fluorescence intensity in the nuclei region was very weak,
which was due to that QDs were abundant in the cytoplasm of

This journal is © The Royal Society of Chemistry 2012
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Hep-G2 liver cancer cells. It can be found that CZIS/ZnS QDs
had than CZIS QDs of the
concentration. After stained with DAPI, the liver cancer cells

stronger emission same
were observed by a laser scanning confocal microscope (Figure
12e and f). The nucleoli and cytoplasm of Hep-G2 liver cancer
stained by DAPI and CZIS/ZnS QDs-Ab,
respectively. The
CZIS/ZnS QDs

precisely target the position of cytoplasm.

cells were

fluorescence images clearly show that

conjugating with Rabbit Anti-AFP can

Conclusions

In summary, water-soluble CZIS QDs were synthesized by
using GSH as a stabilizer. With increasing concentration of Cu-
doped, the absorption and emission peaks were shifted to the
longer wavelength. Moreover, the PL peak underwent a blue
shift by increasing the concentration of Zn (or In) precursors.
The weak PL peak was attributed to the coupling of the carriers
between surface trap state and Cu defect-related level. The
main PL peak was predominantly due to an optical transition
from energy level of sulfur vacancy to the Cu trap state. The
shoulder peak was due to that the electrons in conduction band
recombine with the holes in levels caused by Zn vacancy. The
recombination mechanism explained the PL peak shift of CZIS
QDs with different ratios of Cu, In, and Zn precursors and the
elimination of the weak peak after the deposition of ZnS shell.
The obtained CZIS/ZnS QDs can well label the cytoplasm of
Hep-G2 liver cancer cells after conjugating with antibodies.
MTT assay exhibited low cytotoxicity of CZIS/ZnS QDs,
which indicates that the QDs with good biocompatibility are
promising fluorescent probe.
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Cu doped Zn-In-S/ZnS QDs were synthesized for labeling cytoplasm and multiple peaks emission

mechanisms of them were proposed.




