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ABSTRACT: An eflicient ligand exchange strategy for aqueous phase transfer
of hydrophobic CulnS,/ZnS quantum dots was developed by employing
glutathione (GSH) and mercaptopropionic acid (MPA) as the ligands. The
whole process takes less than 20 min and can be scaled up to gram amount.
The material characterizations show that the final aqueous soluble samples are
solely capped with GSH on the surface. Importantly, these GSH-capped
CulnS,/ZnS quantum dots have small size (hydrodynamic diameter <10 nm),
moderate fluorescent properties (up to 34%) as well as high stability in
aqueous solutions (stable for more than three months in 4 °C without any
significant fluorescence quenching). Moreover, this ligand exchange strategy is
also versatile for the aqueous phase transfer of other hydrophobic quantum
dots, for instance, CulnSe, and CdSe/ZnS quantum dots. We further
demonstrated that GSH-capped quantum dots could be suitable fluorescence

A/

ra s
: o GSHAMPA ;A(// <
_
~ /™~ 130°C20min 7\ )<
§ o~ S 4
T 4

OLA-capped QDs

A A
GSH-capped QDs

[ Before phase transfer
I Atter phase transfer

10
D, (nm)

markers to penetrate cell membrane and image the cells. In addition, the GSH-capped CulnS, quantum dots also have potential

use in other fields such as photocatalysis and quantum dots sensitized solar cells.
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1. INTRODUCTION

Semiconductor nanocrystals (NCs), also known as quantum
dots (QDs), are very attractive fluorescent markers for
biological probes and imaging applications due to their small
particle size, enhanced photostability, broad emission tunability,
and high extinction coefficient.' ™ Unfortunately, most of the
highly luminescent QDs currently used for bioimaging are
composed of class A toxic elements (Cd, Hg, Pb, Se, Te,
etc.).’”"" The cytotoxicity of these QDs has been a great
challenge for developing in vivo biotechniques.'”'® On the
contrary, I-III-VI CulnS, and CulnSe, QDs have a large
spectral tunable range (500—900 nm) and high photo-
luminescence quantum yields (PLQYs =~ 70%) and less
toxicity, which make them promising candidates for bio-
applicaitons.'*™*°  Although, CulnS, based QDs could be
directly fabricated in water, the available aqueous routes only
give samples with narrow emissive ranges and low QYs.”' >
High-quality I-III-VI CulnS, and CulnSe, QDs produced in
organic solvents are insoluble in water.”*™*’ Hence a current
challenge is to achieve efficient phase transfer of hydrophobic
CulnS, and CulnSe, based QDs into aqueous solution with
keeping good fluorescent properties.”* >*

There are three commonly used aqueous phase transfer
strategies, including ligand exchange, forming micelle through
hydrophobic interaction, and silica (or polymer) encapsula-
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tion.”> Among them, ligand exchange is one of the widespread
used aqueous phase transfer strategies.”*™** The other two
strategies usually increase the particle size to dozens or even
hundreds nanometers,”~*' whereas ligand exchange strategy
can perfectly maintain the small particle size and monodisper-
sity of QDs, which is crucial for either in vitro or in vivo
bioimaging applications, especially in cellular imaging, protein
(or DNA, virus) tracing, and so on.*™H Mercaptopropionic
acid (MPA) is the most commonly used ligand in aqueous
phase transfer strategies. However, due to its high activity to
form disulfide, the prepared QDs in aqueous solution will
aggregate and precipitate out of water in a short time, which is
unacceptable in most bioimaging applications.” Although
many other ligands (DHLA, PEG-SH, etc.) can provide QDs
a better performance in solubility and stability, the affordable
prices and low production rates still hinder the popular
utilization of these strategies.46_49 Glutathione (GSH), as a
common biological molecular, has appropriate price. It also can
provide high-quality water-solubility and good biocompatibility
as well as chiral response when capping QDs.””" Since 2004,
Vogel et al.>” first reported the aqueous synthesis of GSH-

Received: January 23, 2015
Accepted: July 27, 2015
Published: July 27, 2015

DOI: 10.1021/acsami.5b05503
ACS Appl. Mater. Interfaces 2015, 7, 17623—-17629


www.acsami.org
http://dx.doi.org/10.1021/acsami.5b05503

ACS Applied Materials & Interfaces

Research Article

capped CdSe QDs, many in situ synthesis strategies of GSH-
capped II-VI QDs were developed subsequently.”>™>° In
comparison to the in situ synthesis, only limited strategy is
available for effective phase transfer of hydrophobic QDs,
especially I-III-VI CulnS, and CulnSe, based QDs, into
aqueous solution using GSH as ligands.

Recently, we developed the colloidal chemistry of non-
injection technique to synthesize highly luminescent I-III-VI
CulnS, and CulnSe, based QDs in organic phase.”***7*% The
availability of these high quality materials at gram amount
provides the opportunity to explore their potential in various
applications.'* Herein, we report a facile strategy to transfer
CulnS,/ZnS core/shell QDs from the organic to aqueous
solvent with high transfer efficiency and effective preservation
of the PLQY using MPA and GSH as ligands. With this
method, we achieved high-quality hydrophilic CulnS,/ZnS
QDs with PLQY over 30%, small particle size less than 10 nm,
and good monodispersity. The GSH ligands also enable QDs
good biocompatibility and a colloidal stability over three
months at 4 °C. All these features make GSH-capped CulnS,/
ZnS QDs suitable material for various applications. It is also
noteworthy that the ligand exchange process can be finished
within 20 min, as well as scaled up to gram amounts.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Copper(I) iodide (Cul, Alfa Aesar, 98%),
indium(III) acetate (In(OAc);, Alfa Aesar, 99.99%), zinc acetate
(Zn(OAc),, Alfa Aesar, >97%), 1-dodecanethiol (DDT, Alfa Aesar,
98%), 1-octadecene (ODE, Alfa Aesar, 90%), oleic acid (OA, Alfa
Aesar, 90%), oleylamine (OLA, J&K Scientific, 90%), N,N-
dimethylformamide (DMF, Alfa Aesar, 99.7+%), 3-mercaptopropionic
acid (MPA, TCI development Co., Ltd,, > 98%), and L-glutathione
(GSH, Aladdin, 98%) were used.

2.2. Synthesis of CulnS,/ZnS NCs. The CulnS,/ZnS QDs were
prepared in ODE and purified as described in our previous reports and
the details are shown as follow. Cul (0.038 g, 0.2 mmol), Zn(OAc),
(0.088 g, 0.5 mmol) and In(OAc); (0.232 g, 0.8 mmol) were mixed
with 2 mL DDT and 4 mL ODE. The reaction mixture was degassed
under vacuum for 20 min at 120 °C. After that, 1 mL OA was added
into the reaction flask. The solution was then heated to 230 °C for 30
min until a colloidal solution was formed with the protection of
nitrogen. Zinc stock solution was first prepared as follows. The mixture
of Zn(OAc), (0.528 g, 3 mmol), 2 mL of OLA, and 2 mL of ODE was
degassed for 30 min. Next, the solution was heated to 130 °C until a
clear colorless solution was formed with the protection of nitrogen.
The obtained Zn stock solution was maintained at this stage for
following injection. Subsequently, 4 mL Zn stock solution was added
dropwise into the reaction mixture. Afterward, the reaction solution
was cooled to room temperature and precipitated by adding excess
acetone. The flocculent precipitate was centrifuged at 7000 rpm for 3
min and the supernatant decanted. This process was repeated a
minimum of three times, and the precipitation was then dispersed in a
nonpolar solvent (toluene, chloroform) or dried to powder.

2.3. Aqueous Phase Transfer Using GSH and MPA. The
aqueous phase transfer was achieved by replacing the initial surface
ligands using GSH and MPA as coligands, as shown in the following
steps. A mixture of MPA (2 mL, ~20 mmol), GSH (230 mg, 0.7S
mmol), and 100 mg CulnS,/ZnS QDs powder were added into 3 mL
of N,N-dimethylformamide (DMF) and formed a turbid solution.
Then, the mixture was heated to 130 °C and stirred with the
protection of nitrogen. After 10—15 min, the mixture solution became
clear gradually. Finally, the product was precipitated by adding 10 mL
of methanol or 2-propanol and centrifugated at 6000 rpm for 3 min.
The precipitates were dissolved in alkaline buffer solution (pH ~10) to
store. The transfer yields are usually over 50% in weight.

2.4. Characterization. Absorption spectra were recorded on a V-
570 UV—vis spectrophotometer. PL spectra were taken using a FP-

6600 luminescence spectrometer. The PLQYs of samples were
measured by using rhodamine B as a standard reference (rhodamine
B dissolved in ethanol, QY: 97%) and comparing integrated PL
intensities using the standard procedure.’” The PL emission of
rhodamine B was measured with excitation wavelength at 520 nm. The
PLQYs of QDs was calculated as

I AR ﬂz

QY QYR IR A HRZ
where QY is the quantum yield of samples, I is the measured
integrated PL emission intensity, n is the refractive index of solvent (n
= 1.497 for toluene; n = 1.33 for deionized water; n = 1.42 for DMF),
and A is the optical density at the excitation wavelength (A is typically
around 0.05). The subscript R refers to the parameters of the
reference. All the CulnS,/ZnS NCs samples were measured using an
FP-6600 spectrophotometer with excitation wavelength at 420 nm.
TEM and HRTEM images were taken on a JEM-2100F transmission
electron microscope with an acceleration voltage of 200 kV. '"H NMR
spectra were recorded on a Varian mercury-plus 400 spectrometer.
Fourier transform infrared (FT-IR) spectra were recorded on an
IRPrestige-21 spectrophotometer. Dynamic light scattering (DLS)
measurement and zeta potential were carried out on Malvern Nano-ZS
Zetasizer Nano series.

2.5. Bioimaging Experiments. Cytotoxicity assay was performed
according to the procedures described previously.”” Briefly, the cells
were seeded into a 96-well plate (Corning, U.S.A.) and grown to a
density of 104 cells per well. Then serial dilutions of the QDs samples
were added and coincubated with the cells for 48 h. Subsequently,
CCK-8 solution (20 mL/well) was added and the plate was further
incubated for 30 min. The absorbance of each well at 450 nm was
determined using FlexStation 3 multimode microplate reader
(Molecular Devices). For bioimaging, CulnS,/ZnS QDs were
incubated with MCF10CAla cells in Petri dish for 30 min at 37 °C
incubator, followed by washing with PBS three times, staining with
Hoechst 33342 for 20 min, and washing again. The cells were finally
observed with a Zeiss LSM710 confocal microscope.

3. RESULTS AND DISCUSSION

Figure la illustrates the aqueous phase transfer strategy. Briefly,
hydrophobic CulnS,/ZnS QDs were synthesized according to
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Figure 1. (a) Schematic presentation of the phase transfer route. (b)
Photographs of samples treated with different surface ligands (left)
dissolved in different solvents (top).

our previous reports.”* A fixed amount of the as-prepared
samples were dissolved into DMF with a mixture of GSH and
MPA at 130 °C under vigorous string (Step 1). The samples
were then precipitated from DMF with adding methanol and
redispersed into water or buffer solution (pH 12) to form
aqueous soluble CulnS,/ZnS QDs. To investigate the
mechanism of ligand exchange and optimize the phase transfer,
parallel experiments were carried out using MPA and GSH
respectively as ligands in the reaction system under the same
circumstance. Because the solubility of QDs strongly depends
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on their surface ligands, the successful phase transfer of these
samples after ligand exchange can be directly demonstrated by
the transparency of the resulting solutions. Figure 1b show the
optical images of the resulting samples in DMF or in water at
pH 7 and 12, respectively. It is observed that the samples after
ligand exchange using MPA or GSH respectively give opaque
suspensions. Only the QDs after ligand exchange with a
combination of GSH and MPA are soluble in DMF. Moreover,
the CulnS, based QDs precipitated from DMF are insoluble in
neutral solution (pH 7) but become soluable after neutraliza-
tion with alkaline water solution (pH 10—12). We further
stuided the variation of PLQY and zeta potential of resulting
samples with the ratio of GSH and MPA (see Table S1 in the
Supoorting Information). An optimized molar ratio of GSH
and MPA at 1:1 gives the highest PLQY of ~34%. These
phenomena imply that the combination of these two ligands
have a significant effect in the ligand exchange process.
Moreover, the MPA assisted ligand exchange strategy using
GSH can be further extended to the aqueous phase transfer of
other hydrophobic quantum dots, for instance, CulnSe, and
CdSe/ZnS quantum dots (see Figure SI in the Supoorting
Information). It is worth noting that the ligand exchange can be
simply scaled up to obtain gram scale aqueous soluble QDs
(see Figure S2 in the Supporting Information).

To understand the ligand exchange process, we further
analyzed the products by characterizing the final products.
Thermogravimetric analysis (TGA) was applied to determine
the samples before and after ligand exchange and the results are
shown in the Supporting Information (see Figure S3). The
obvious reduction of the weight loss suggests the success of
ligand exchange. In order to further comprehend the function
of GSH and MPA in the ligand exchange process, FTIR and 'H
NMR characterizations were carried out to determine the
nature of surface ligands. Figure 2a shows the FTIR spectra of
QDs before ligand exchange, after ligand exchange with only
MPA, and after ligand exchange with MPA and GSH,
respectively. It was found that QDs after ligand exchange
have a sharp band at 1698 cm™, which can be assigned to the
carbon—oxygen double bond stretching vibration from MPA or
GSH.* In contrast, the OLA capped QDs before ligand
exchange do not have any signal of carboxyl from GSH and/or
MPA. Thus, the FITR spectra provide evidence for the
successful ligand exchange on the surface of QDs.

To further confirm the species and ratio of surface ligands,
the QDs before and after the ligand exchange process were
investigated by 1H-NMR (see Figure 2b). There is a peak at §
125 ppm of QDs before ligand exchange, which can be
attributed to the hydrogen at —CH,— and is a characteristic
peak for OLA. Obviously, there’s no peak from 6 0 ppm to 6 2
ppm of QDs after the ligand exchange process, indicating that
the formal ligands on the surface of OLA-capped QDs have
been replaced. Meanwhile, the peaks centered at 6 2.3 ppm, &
2.55 ppm, and 6 2.9 ppm represent the H atom on methylene
in the GSH molecule. In contrast with formal view of partly
exchange process, this result provides cogent evidence that the
ligands have been replaced completely since there is not any
peak of OLA. Meanwhile, compared with the 1H-NMR spectra
of GSH, MPA molecular, and QDs after ligand exchange, the
missing of peaks between 6 2.6 ppm to 6 2.8 ppm indicates
support for the absence of MPA on the surface of CulnS,/ZnS
QDs. Based on these results, we supposed the MPA only plays
an auxiliary role in the reaction, but does not cover the QD’s
surface in the final product.
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Figure 2. (a) FTIR spectra of OLA capped CulnS,/ZnS QDs before
ligand exchange (S1), the sample after ligand exchange with MPA
(S2), the sample after ligand exchange using MPA and GSH (S3); (b)
1IH-NMR spectra of OLA capped CulnS,/ZnS QDs before ligand
exchange (S1) in chloroform-d, the sample after ligand exchange using
MPA and GSH (S3) in D,0, GSH (M1) and MPA (M2) in D,O.

According to the literature reports, the dynamic of ligand on
QDs surface can be described as an adsorption—desorption
equilibrium process.”® Based on the literature and our
experimental results, the ligand exchange process can be
further explained as follow. As illustrated in Scheme 1, MPA has
a high affinity to the QD’s surface and is likely to replace the
original capping ligand of OLA. In contrast to small lineral
structure of MPA, GSH is a tripeptide with linkage between the
carboxyl group of the glutamate side-chain and the amine group
of cysteine (see Figure S4 in the Supporting Information). Due
to possible steric hindrance from GSH, MPA is more likely to
replace OLA on the surface to obtain MPA-coated QDs in
DMEF, although both of MPA and GSH are susceptible to
oxidation under disulfide formation.***® Acccording to the
literature, the transformation of thiol/disulfide systems is
determined by the half-cell potential relative to the stanard
hydrogen electrode. GSH has a half cell potential E disulfide/
thiol of —0.262 V, which is higher relative to the value of MPA
(=0.257 V).°" Therefore, MPA-coated QDs are prone to be
replaced by GSH due to the higher reduction potential for
formation disulfide.

As shown in Figure 3a, GSH-capped CulnS,/ZnS QDs can
be dissolved in alkaline water. Therefore, the final products
after ligand exchange were further characterized by applying
difference techniques. Figure 3b shows the results of DLS
measurements. It is observed that the hydrodynamic diameters
(HDs) of QDs increased slightly from ~4 to ~6 nm. The GSH-
capped CulnS,/ZnS QDs have zeta potential of —47.5 + 0.8
mV in deionized water, which is in consistent with the presence
of a carboxyl group on their surface. Figure 3c,d presents the
TEM images of the QDs before and after ligand exchange. It
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Scheme 1. Illustration of Proposed Mechanism for the Ligand Exchange Process
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Figure 3. (2) Photographs of samples before and after ligand exchange
under UV light; (b) DLS data of CulnS,/ZnS QDs before and after
ligand exchange; (c) and (d) are TEM and HRTEM images of
CulnS,/ZnS QDs before (c) and after (d) ligand exchange,
respectively.

appears that CulnS,/ZnS QDs are well isolated and rarely
observed as aggregates. As is shown in HRTEM, the shape and
size of QDs in aqueous solution were almost the same as the
one in toluene, which provides further evidence that the
dispersity and size of QDs were slightly altered during the
ligand exchange process.

As we discussed in the introduction, the compact size and
favorable dispersibility not only satisfy the request for general
biological imaging application but also provide specific
application prospect, in brain tumor®” and nucleus imaging.’
Figures 4a and S5 show the UV—visible absorption and PL
emission spectra of QDs before and after ligand exchange. The
fluorescence emission peaks and full width at half maxima
(fwhm) for the samples after ligand exchange is almost the
same as it before ligand exchange, indicating no obvious change
in the particle size and structure. Thus, the QDs retain their
photoluminescence properties during the ligand exchange,
which is important for phase transfer.** To illustrate the
advantages of our GSH capped CulnS, based QDs, we
compared the resulting GSH capped QDs with other samples
using 11-Mercaptoundecanoic acid (MUA), forming micelle
using CTAB® and polymer encapsulating using F127. The
methods are described in details in the Supporting Information.
As illustrated in Figure 4b, our ligand exchange method gives an
optimized PLQY of ~34% for CulnS, based QDs in deionized
water. In contrast, the PLQYs of the aqueous QDs that phase
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Figure 4. (a) UV and PL spectra of CulnS,/ZnS QDs before and after

ligand exchange; (b) QYs of samples with different aqueous phase
transfer strategies.

transferred from the same sample using 11-MUA, CTAB and
F127 are 14%, 8%, and 4%, respectively, which confirm the
advantage of a combination of GSH and MPA in the ligand
exchange process.

The colloidal stability of hydrophilic QDs in the aqueous
solution is very important for their bioimaging applica-
tions.”* " We further conducted the stability test under
various conditions. Within the experimental limits, during more
than three months, nearly no decrease of PLQY was observed,
which is rare for QDs transferred by ligand exchange and with
PLQY over 30% (Figure Sa). Comparative analysis was also
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Figure S. (a) Stability of samples with different surface modification

methods; (b) pH resistance of GSH-capped CulnS,/ZnS QDs.

carried out between QDs transferred through other methods.
The results show that QDs transferred by MUA, which also
belonged to ligand exchange strategy, behaved a poor stability
after 10 days. Although the QDs transferred by CTAB and
F127 exhibit a high stability, but suffering from the low PLQYs.
In some application, especially sensor and detection, it is
important that the fluorescence intensities of the QDs remain
unaffected by the pH value.”” For our method, GSH-capped
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Figure 6. Cell confocal images of Hoechst dyed nucleus (a), CulnS, QDs (b), and merged image (c).

QDs in phosphate buffer solution (PBS) of pH value between 2
and 13 were determined by measuring the PL intensity after 5 h
(see Figure Sb and Figure S6 in the Supporting Information).
We also determined the stability of these samples under
different temperature and light exposure (see Figure S7 in the
Supporting Information). These results show that the QDs
transferred by this method can be stable between 4 and 12,
implying the potential application for sensor and detection.

To demonstrate the potential bioimaging application, we first
determined the cytotoxicity of GSH-capped CulnS,/ZnS QDs.
As shown in Figure S8 in the Supprorting Information, no
significant cytotoxicity was observed for the doses that we used
here. We then carried out the cell confocal imaging to verify the
imaging applications of GSH-capped CulnS,/ZnS QDs (see
Figure 6). In Figure 6a, MCF10CAla breast tumor cells were
stained with Hoechst (blue), while the red color in Figure 6b is
from CulnS,/ZnS QDs. It is obviously that the CulnS,/ZnS
QDs can enter and successfully image the cells. Notably, most
of the CulnS,/ZnS QDs were in the cytoplasm. Some were in
the perinuclear area. These results demonstrate the potential
for further application of the QDs in bioimaging and diagnosis.
More related works are currently underway.

4. CONCLUSION

The aqueous phase transfer of CulnS,/ZnS QDs was achieved
through an efficient ligand exchange strategy using GSH as the
bifunctional ligand. According to the experiment phenomena
and characterization results, MPA is an essential additive for
GSH ligand exchanging. TEM and DLS results show that there
is no obvious change in the particle size and monodispersity of
QDs during the ligand exchange process. Meanwhile, the
fluorescent of hydrophilic CulnS,/ZnS QDs can maintain a
PLQY of 34%, which is almost ~50% of hydrophobic CulnS,/
ZnS QDs. Most importantly, the stability of aqueous solution of
CulnS,/ZnS QDs is marvelous. The aqueous solution can be
stored at 4 °C for nearly three months without any aggregation
or fluorescent quenching. In conclusion, the small particle size,
good fluorescent intensity and impressed stability make GSH-
capped CulnS,/ZnS QDs promising candidates for optical
bioimaging, especially in cell imaging. Particularly, the
versatility of this ligand exchange strategy for colloidal quantum
dots was demonstrated by extending it to the aqueous
transferring of other hydrophobic quantum dots, for instance,
CulnSe, and CdSe/ZnS quantum dots. We believed that the
available gram-scale GSH-capped QDs also have the oppor-
tunities to promote the applications in other fields such as
photocatalysis,”” QDs-sensitized solar cells,”® etc.
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