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A simple synthesis of poly(ethylene glyeol) methacrylate (PEGMA) coated CulnS-/ZnS quantum
dots (QDs) has been developed. X-ray diffraction, transmission electron microscopy, and atomic
force microscopy observations demonstrated that uniform CulnS,/ZnS QDs were successfully
prepared. Fourier transform infrared spectroscopy indicated no new peak after the coating process,
indicating that only physical interactions occurred during coating and that PEGMA did not disturb
the crystal structure of the CulnS,/ZnS QDs. After PEGMA coating, the photoluminescence spectra
of the CulnS./ZnS QDs red shifted (from 566 nm to 589 nm) and the QD particle size increased. The

concentration and molecular weight of PEGMA play important roles in the water solubility and
hydrodynamics of the particles. The PEGMA-coated CulnS»/ZnS QDs showed stable emissions
for up to 3 weeks. As a demonstration of a potential biomedical application, PEGMA-coated
CulnSs-ZnS QDs were used in labeling human liver carcinoma (HepG2) tumor cells.

1. Introduction

Quantum dots (QDs) are semiconducting materials with physical
dimensions smaller than the exciton Bohr radius and have
unique electronic properties. QDs, generally synthesized with
II-IV or III-V elements of the periodic table, have potential
biological applications in biological labeling, nano diagnostics,
imaging, targeted drug delivery, and photodynamic therapy.'
For a QD to be useful in biological imaging, it must be nontoxic
and water soluble. It has been reported that QDs can accumulate
in the kidney, liver, and spleen for several months after systemic
administration.* ® Since QDs contain toxic materials, under-
standing the toxicity mechanisms from animal and human bodies
must soon become a prominent area of inquiry. Recent studies
have indicated that even though QDs did not affect cell
morphology, they might change the expression of specific genes.
Therefore, the potential risk at the molecular level and the long-
term effects of QDs on humans and the environment should
be recognized and evaluated extensively. For example, QDs

“ Departient of Chemical Engmeering, National Taiwan University of
Science and Technology, Section 4, #43, Keelung Road, Taipei, 106,
Taiwan, ROC. E-mail: jychang@mail ntust ew iw; Fax: +886-2-27376644;
Tel: +886-2-27303636

J'Dc-;xmmcm of Materials Science and Engineering, National Taiwan
University of Science and Technology, Taipei, Taivan, ROC

Y Research Center for Biomedical Devices, Taipei Medical University, 250
Wu Hsing Street, Taipei, 110, Taiwan, ROC. E-mail: klow@ mu_edu. tw
4 Research Center Sor Biomedical Implants and Microsurgery Devices,
Taipei Medical University, 250 Wu Hsing Street, Taipei, 110, Taiwan,
ROC

“Department of Biomedical Materials and Tissue Engineering, College of
Oral Medicine, Taipei Medical University, 250 Wu Hsing Street, Taipei,
110, Taiwvan, ROC

composed of CdS, CdSe, and CdTe have appealing optical
properties, but the intrinsic toxicity of Cd has put their future
applicability in doubt. Potential alternatives to these QDs are the
I-III-VI ternary semiconductor nanocrystals, which are of
particular interest for the formation of QDs because they are
direct-band-gap semiconductors with high extinction coefficients
in the visible-to-near-infrared region and contain no highly toxic
elements. Among the I-III-VI semiconductor nanoctystals,
CulnSs has a band gap of 1.45 eV and can be an efficient,
stable, and tunable emissive material in the red and near-infrared
(NIR) windows, approximately between 600 and 1100 nm.”’
NIR emission is an ideal property for biological imaging; human
tissue has an absorbance window between 700 and 1100 nm,
which makes labels that can emit in the NIR particularly
important.

So far, CulnS; QDs are mostly synthesized in an organic
phase using high-boiling-point solvents, and they display good
monodispersity and photoluminescence. However, these QDs are
generally capped with hydrophobic capping ligands. Therefore,
they are not soluble in the aqueous phase and not compatible
with biological systems. To dissolve QDs in aqueous solvents, it
is important to change the surface nature from hydrophobic to
hydrophilic. The ideal biocompatible QD must fulfill many
ctiteria, such as being colloidally stable in aqueous solvents,
exhibiting pH and salt stability, showing high selectivity of
specific binding to biological components, having a small
hydrodynamic diameter and being receptive to the introduction
of chemical functionality to the QD surface to help connect with
various chemicals and biomolecules.'""!! Three main techniques
for generating biocompatible nanocrystals have been developed:
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(i) ligand exchange, (ii) silica encapsulation into a water-soluble
shell, and (iii) surface coating with a [;mly:rmar.'l‘I3 Now, because
hydrophilic surface treatments are being developed for QDs,
their application is spreading quickly to the field of bicima-
ging."* Furthermore, the polyethylene glycol (PEG) functional
group has been shown to reduce nanoparticle aggregation,
reduce nonspecific binding in vivo, and significantly extend blood
circulation time."?

In this study, a simple synthesis of poly(ethylene glycol)
methacrylate (PEGMA) coated CulnS,/ZnS QDs was devel-
oped. Different concentrations and molecular weights of
PEGMA and various combinations of Igepal and PEGMA were
applied to examine the coating efficiency. In addition, PEGMA-
coated CulnS-/ZnS QDs were used in the labeling of human liver
carcinoma (HepG2) tumor cells.

2. Experimental
2.1 Materials

Copper acetate (Culc, 99.995%), Zinc stearate (ZS, 90%),
1-dodecanethiol (DDT,97%), l-octadecene (ODE, 90%), poly-
oxyethylene nonylphenylether (Igepal CO-520 and C0O-630) and
Poly (ethylene glycol) methacrylate (PEGMA, Mn~360 and
Mn~526) were purchased from Sigma-Aldrich (Milwaukee, WI,
USA) and Indium acetate (InAc, 99.98%) was purchased from
Alfa-Aesar (Ward Hill, MA, USA). Zinc chloride (90%) was
purchased from Riedel-deHaen AG (Seelze, Germany), All the
organic solvents were purchased from EM-Sciences. All the
chemicals were used directly without further purification.

2.2 Synthesis of CulnS2/ZnS QDs

A mixture of 0.0245 g Cu(Ac),, 0.17517 g In(Ac);, 2.5 mL DDT
and 5 mL ODE was stirred and purged in a nitrogen atmosphere.
After conditioning at 40 “C for 1 h, the mixture was heated
moderately up to 240 “C, which led to the formation of a reddish
orange solution. Another mixture, made by mixing 0.031 g ZE in
1 mL toluene, 0.1 mL DMF and 0.504 g of ZS in 3 mL ODE,
was swiftly injected into the boiling solution. After the injec-
tion was complete, the reaction mixture was cooled to room
temperature, followed by centrifugation at 6000 rpm for 20 min.
The supernatant was then discarded. The precipitate was
redispersed in chloroform under sonication and precipitated by
the addition of methanol, followed by 20 min of centrifugation at
6000 rpm. The supernatant, which contained unreacted material,
was discarded, and the remaining precipitate was then redis-
persed in hexane.

2.3 Preparation of PEGMA-coated CulnS:/ZnS QDs

The surface modification was started by mixing 5 mg of CulnS,/
ZnS QDs with 1 mL of Igepal CO-520 and 11.3 mL of
cyclohexane in a flask, followed by sonication for 1 min.
Afterwards, the solution was mixed for 10 min and then
PEGMA solution (540 uL of PEGMA, Mn ~ 360, dissolved in
100 uL water) was introduced into the solution and stirred for
I h. In the next step, ethanol was added to the solution until
45 mL, followed by centrifugation at 6000 rpm for 30 min. The
supernatant containing the surfactant and cyclohexane was
discarded. Meanwhile, 3 mL water was added to the precipitate

on the wall of the centrifuge bottle, followed by centrifugation at
6000 rpm for 10 min. Finally, the supernatant, CulnS./ZnS QDs
in the water phase, was passed through a 045 pum nylon
filter and a 0.22 pm nylon filter. The procedure was repeated
for different combinations of Igepal CO-630 and PEGMA
(Mn~526).

2.4. Cell culture and observation of the intracellular location of
QDs in HepG2 cells

The HepG2 cells were cultured in Eagle’s Minimum Essential
Medium (containing 1.5 g L' sodium bicarbonate) supplemented
with 1% L-glutamine, 1% antibiotic antimycotic formulation, and
10% fetal bovine serum (FBS). For cell expansion and senescence
induction, the cells were cultured in a humidified 5% CO,
atmosphere at 37 “C. HepG2 cells were seeded in a six-well
chamber slide (Nalge Nunc, Naperville, IL) with one piece of
cover glass at the bottom of each well at a density of 1 x 10° cells
per well in 500 pL of complete medium (RPMI-1640 medium) and
incubated for 24 h at 37 “C. Five milliliters of the PEGM A-coated
CulnS./ZnS QDs were added to the cells at a concentration of
50 pg mL™'. After 1 h, the cells were washed with phosphate
buffered saline (PBS), fixed with 4% paraformaldehyde, and
stained with DAPI (1 pg mL™" in PBS, Roche). The fluorescence
images were acquired by confocal laser scanning microscopy
(CLSM) (LSM 510 META, Carl Zeiss, Germany).

2.5 Characterization

Transmission electron microscopy (TEM) observation was per-
formed by field-emission TEM on a Philips Tecnai G2 F20
microscope (Philips, Holland) operating at an accelerating voltage
of 200 kV. The TEM specimen was prepared by dropping the QD
solution onto carbon-coated nickel grids by slowly evaporating the
solvent in air at room temperature. Atomic force microscopy
(AFM) analysis was conducted using an SPM-9600 scanning
probe microscope (Shimadzu Co.) in dynamic mode at room
temperature. Dynamic light scattering (DLS) data was collected
using a Malvern instrument Zetasizer Nanoseries 3000 HS with
He/Ne at a 90 scattering angle. X-Ray diffraction (XRD) samples
were prepared by depositing the nanocrystals on a Si(100) wafer;
XRD measurements were performed by a Rigaku 18 kW rotating
anode source X-ray diffractometer with the Cu K. line (i =
1.54 A). UV-vis absorption spectra were measured with a JASCO
V-670 spectrometer. The measurements of the PL spectra were
carried out by using a JASCO FP-6500 spectrofluorometer
equipped with a 150 W xenon lamp. Cell imaging was performed
on a Leica TCS SP2 inverted confocal microscope (Leica
Microsystems) equipped with a 63 x 1.32 NA oil immersion
objective (Leica Microsystems). Images were obtained by illumi-
nating the samples with the in-line Ar (488 nm) and He-Ne (543,
633 nm) lasers of the microscope and with a 405 nm Violet laser.

3. Results and discussion

Fig. 1A shows powder XRD patterns of the CulnS, QDs. The
diffraction peaks match well with the standard data of
chalcopyrite-type CulnS, with tetragonal lattice parameters of
a = 5522 A and ¢ = 11.13 A (JCPDS card No. 85-15753),
indicating that single-phase CulnS. QDs with chalcopyrite
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Eg.l {A) XRD pattern of CulnS; and CulnS,/ZnS QDs and (B)
representative TEM images of CulnS,/ZnS QDs. The inset shows a high-
magnification TEM image of a CulnS,/ZnS QD.

gructure have been fabricated. Similar features are observed for
CulnS+/ZnS QDs, but all peaks exhibited a shift to larger angles,
closer to the characteristic peak positions of bulk cubic ZnS,
which could result from the contribution of both ZnS and
CulnSa.. Similar behavior has been observed for other core/shell
systems, such as CdSe/ZnS.'® Fig. 1B shows the TEM images of
the as-prepared CulnS,/ZnS QDs, and it can be seen that the
resultant CulnS»/ZnS QDs are uniform spherical particles with a
very narrow size distribution. This demonstrates the high
crystallinity of the CulnS,/ZnS QDs. The distances (0.31 nm)
between adjacent lattice fringes are the interplanar distances of
the CulnS+/ZnS QDs in the (112) plane.

The hydrophilic PEGMA is known to be nonimmunogenic,
nonantigenic, nontoxic, and to have good antifouling effect on a
wide variety of proteins.'”** It has been revealed that the
PEGMA brushes can provide a steric surface barrier to maintain

ge stability of micelles and avoid aggregation between micelles
during biological circulation. Basiruddin er al'' have adopted
PEGMA to prepare PEGylated nanoprobe-containing magnetic
nanoparticles and QDs. In this experiment, we used PEGMA to
cover the surface of CulnS»/ZnS QDs to transfer them from the
organic phase to the aqueous phase. The coating procedure is
based on the interactions of the PEGMA and the QD capping
agents (Fig. 2). At the beginning, cyclohexane serves as the
solvent for the CulnS+/ZnS QDs and the capping process is
promoted by the use of Igepal CO-520. The Igepal CO-520
surfactant centralizes the hydrophobic QDs in the corner of a
micelle. Subsequently, PEGMA is introduced into the resulting
solution and DDT capping agents of the CulnS/ZnS QDs
interact with the carbon chain of PEGMA by physical
adsorption or through the van der Waals force. The outer part
of the PEGMA tail, especially the hydroxide groups, functions
to improve the solubility of CulnS./ZnS QDs in water. A
purification process involving ethanol can separate Igepal CO-
520 and cyclohexane from the solution, and thus PEGMA-
coated CulnS-/ZnS QDs can be obtained.

The normalized absorption and PL emission spectra of the
CulnS./ZnS QDs and the PEGMA-coated CulnS./ZnS QDs are
compared in Fig. 3A. After coating with PEGMA, the maximum
emission peak of the PEGMA-coated CulnS,/ZnS QDs was
shifted to a longer wavelength (600 nm) than that of CulnS./ZnS
QDs in chloroform (560 nm). These phenomena are consistent
with previous reports:* % the maximum emission peak of the
higher levels of aggregated QD doping in small Si0, beads was
also shifted to a longer wavelength than that of QDs in organic
solvent. This can be attributed to the aggregation of the CulnS./
ZnS QDs and energy transfer from smaller QDs to larger QDs.
This energy transfer occurs when QDs are sufficiently close to
one another that their emission and absorption spectra overlap,
which is referred to as fluorescence resonance energy transfer.
Moreover, the colloidal stability of water-soluble QDs is very
important in biological applications. One can see from Fig. 3B
that the PEGMA-coated CulnS-/ZnS QDs maintained their
initial PL even after 27 days of immersion in water. The
luminescence quantum vield (QY) of the PEGMA-coated
CulnS./ZnS QDs were comparatively studied by taking rhoda-
mine 6G (R6G) as a reference fluorescent dye with a known QY

Cyclohexane Water

Fig. 2 Schematic diagram showing the preparation of PEGMA-coated
CulnS»/ZnS QDs.
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gg. 3 (A) Absorption and fluorescence emission of the CulnS/ZnS QDs
and the PEGMA-coated CulnS«ZnS QDs. (B) Temporal evolution of the
PL intensity of the PEGMA-coated CulnS»ZnS QDs for 1, 4, 9, 23, and
27 days. (C) FT-IR spectra of the PEGMA, CulnS+ZnS QDs, and
PEGMA-coated CulnSy/ZnS QDs. (D) CulnS»/ZnS QDs and PEGMA-
coated CulnSy/ZnS QDs in chloroform and water, respectively. The top layer
was water, and the bottom layer was chloroform. The inset shows CulnSy/
ZnS QDs coated with different formulations of Igepal and PEGMA: (a)
Igepal CO-520 and PEGMA Mn~360, (b) Igepal CO-520 and PEGMA
Mn~526, (c) Igepal CO-630 and PEGMA Mn~360, and (d) Igepal CO-630
and PEGMA Mn~526. The hydrodynamic size distribution of CulnS+ZnS
after coating with (E) 540 pL PEGMA and (F) 1080 pL. PEGMA.

(95%) and comparing the integrated fluorescence intensity of the
solutions, both recorded exciting samples having the same
absorbance (< 0.1 au. in order to minimize possible re-
absorption effects). This method has been discussed extensively
elsewhere.”” 2" The PL QYs of the as-prepared QDs were
calculated using the fg#@pwing equations: QY = QYgeclon/
IR&G(ﬁ'chl{)r{)l‘nrm‘rﬁ'etham)l} where I and n denote the integral PL
intensity and the optical density and reflective index of the
solvent, respectively. The luminescence QY of the PEGMA-
coated CulnS-/ZnS QDs was ~0.6% after 1 day of reaction time
and decreased to ~0.4% after 27 days. These results suggest that
the long-term stability of the PL might be attributed to
appropriate coating of the PEGMA chains, leading to a more
efficient insulating barrier on the surface of the CulnS,/ZnS
QDs. The FTIR spectra of PEGMA (Fig. 3C) showed
adsorption peaks at 3351 cm™ ' (O-H), 2872 and 1107 cm™'
(C-H), 1728 cm™' (C=0) and 1636 cm™' (C=C). Moreover, the
CulnS-/ZnS QDs showed a specific peak at 2921 cm™' (C-H
stretching) and 1049 cm ™' (8-C) from the organic ligands (DDT)
of the QDs. PEGMA coating significantly altered the FTIR

spectra of the CulnS,/ZnS QDs, especially the O-H peak from
hydroxide and the C=0 and C-H peaks from the methacrylate
tail. The CulnS./ZnS spectra after PEGMA coating showed no
new peak on the FTIR spectrogram, which indicates that the
coating process occurred vig physical adsorption without a
chemical reaction.

Different formulations of Igepal (Igepal CO-520 and Igepal
CO-630) and PEGMA (PEGMA with Mn ~ 360 and Mn ~ 526)
were used in this research. The combination of Igepal CO-520
and PEGMA (Mn~ 360) gave the highest PL QYs (0.9%), as
shown in Fig. 3D. The QY of the combination of Igepal CO-520
and PEGMA (Mn~526) is 0.5%, lower than the case using
Igepal CO-520 and PEGMA (Mn~360). Moreover, PEGMA
with both Mn ~ 360 and 526, which was used with Igepal CO-
630, failed to cause a phase transter of the CulnS./ZnS QDs,
even when added with high concentrations of Igepal CO-630.
This phenomenon can be understood as follows: the higher
molecular weight of Igepal produces a more hydrophilic site on
the reverse micelle that limits the placement of QDs in the corner
of the reverse micelle. Additionally, the longer chain of PEGMA
increases the probability of the QDs aggregating and leads to
decreases in the QY. The concentration of PEGMA also affects
the water solubility of the CulnS,/ZnS QDs. DLS showed that
the as-synthesized PEGMA-coated CulnS+/ZnS QDs were
homogeneously suspended in the aqueous solution and had a
small size distribution as shown in Fig. 3E and F. DLS
measurements on aqueous samples of PEGMA-coated CulnS.,/
ZnS QDs with 540 uL or 1080 pL showed hydrodynamic mean
diameters of 114 nm and 122 nm, respectively, indicating that the
concentration of PEGMA dominates the hydrodynamic mean
diameters of the QDs.

To demonstrate the potential exploitation of the PEGMA-
coated CulnS-/ZnS QDs as cellular fluorescence markers, we
incubated them with HepG2 cells for 1 h, washed the cells to
remove non-internalized nanoparticles, and subsequently stained
them with DAPI to wisualize the nuclei. Fig. 4A shows the
morphology of the HepG2 cells without fluorescence; this clearly
shows the cellular boundaries of the HepG2 cells. In Fig. 4B,
blue luminescence from the DAPI is clearly visible in the region
around the nuclei of the cells. In Fig. 4C, red luminescence is also
clearly visible, indicating that the PEGMA-coated CulnS./ZnS
QDs labeled mainly the cell membrane and revealed punctated
QD staining throughout the cytoplasm.

4. Conclusion

We report a simple and rapid method for the preparation of
PEGMA-coated CulnS-/ZnS QDs at room temperature and
atmospheric pressure without involving inert gas. The whole
procedure can be considered “green”, not only because of the
reduced energy consumption (reaction at room temperature and
atmospheric pressure without invelving inert gas), but also
because of the associated time savings (reaction within 1 h).
Different formulations of Igepal (Igepal CO-520 and Igepal CO-
630) and PEGMA (PEGMA with Mn ~ 360 and Mn ~ 526) were
used to examine the coating procedure. Other important features
are that the PEGMA-coated CulnS-/Zn§ are stable in water for
up to 27 days, and they can be used as HepG2 cellular
fluorescence markers. We believe that such a synthetic strategy
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gg. 4 Confocal images of HepG2 cells: (A) optical image under visible
light; (B) DAPI emission at 460 nm, showing the location of the nuclei of
the HepG2 cells; (C) red fluorescence originating from the PEGMA-
coated CulnSy/ZnS QDs; and (D) image showing a superposition of
Fig. 4A, B, and C.

and mechanism can be readily extended to the fabrication of
other I-ITI-VI ternary systems such as CulnSes and AgInSa,
which may create new opportunities for bioimaging applications.
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