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ABSTRACT: We have designed a series of short RGD peptide
ligands and developed one-pot aqueous synthesis of integrin-
binding CdTe and CdZnTe quantum dots (QDs). We first
examined the effects of different RGD peptides, including
RGDS, CRGDS, Ac-CRGDS, CRGDS-CONH,, Ac-CRGDS-
CONH,, RGDSC, CCRGDS, and CCCRGDS, on the synthesis
of CdTe QDs. CRGDS were found to be the optimal ligand,
providing the CdTe QDs with well-defined wavelength ranges
(500—650 nm) and relatively high photoluminescence quantum
yields (up to 15%). The key synthesis parameters (the pH value
of the Cd**-RGD precursors and the molar ratio of RGD/Cd**)
were assessed. In order to further improve the optical properties
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of the RGD-capped QDs, zinc was then incorporated by the simultaneous reaction of Cd** and Zn*" with NaHTe. By using a
mixture of CRGDS and cysteine as the stabilizer, the quantum yields of CdZnTe alloy QDs reached as high as 60% without any
post-treatment, and they also showed excellent stability against time, pH, and salinity. Note that these properties could not be
obtained with CRGDS or cysteine alone as the stabilizer. Finally, we demonstrated that the RGD-capped QDs preferentially bind
to cell surfaces because of the specific recognition of the RGD sequence to cell surface integrin receptors. Our synthesis strategy
based on RGD peptides thus represents a convenient route for opening up QD technologies for cell-specific tagging and labeling

applicable to a wide range of diagnostics and therapy.
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1. INTRODUCTION

Colloidal quantum dots (QDs) have attracted enormous
attention because of their unusual optical properties and great
potential in diverse biological applications."™> Most of the
currently used QDs are prepared in an organic phase and are
coated with hydrophobic organic ligands such as trioctylphos-
phine oxide.*> To produce water-soluble QDs, which are
compatible with biological systems, further surface modification
is a prerequisite for the as-prepared QDs, typically through
encapsulation with amphiphilic polymers®™® or exchange with
hydrophilic thiol ligands.”'® However, these processes are often
associated with adverse effects, such as a reduction in the
quantum yield (QY) and stability'"'* and a lack of control of
the QD size."> Consequently, a simpler and more direct
synthesis of QDs in aqueous solution has been extensively
explored. Although short-chain thiol ligands such as thioglycolic
acid (TGA) and 3-mercaptopropionic acid (MPA) have been
used successfully in this regard,'*”"” the resulting particles
often lack a biological interfacing capacity and further elaborate
steps are thus needed to conjugate with biologically active
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molecules (e.g., streptavidin, antibodies, DNA oligonucleotides
and aptamers, peptides) to achieve biological specificities.'® !
These interfacial coupling chemistries are often complicated
and time- and labor-intensive. Therefore, better and simpler
QD surface functionalization approaches exploiting both optical
advantages (high brightness, size tunability, and photostability)
and biological specificity are essential to opening up QD-based
technologies in diagnostics and therapy.

Kelley et al. have recently turned to nucleic acids as a
versatile ligand set and found that these biological molecules,
which can be engineered to bind DNA, protein, and cancer cell
targets, are appropriate for the preparation of biocompatible
semiconductor nanocrystals.”> This approach can also be
mimicked to develop a one-step synthesis of biofunctionalized
CdS and CdTe nanocrystals in aqueous solution.”>~>* Although
the optical properties of the as-prepared DNA- or RNA-capped
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QDs are not as good as those prepared in MPA or TGA
solution, this approach suggests a new route to search for
biomolecules for one-step syntheses of high-quality biofunc-
tionalized QDs. There is, hence, a strong demand to develop
new biomolecules and synthetic processes that can direct the
synthesis of highly luminescent and stable QDs in aqueous
solution and the surface grafting of biological functionalities to
generate high biospecificity.

In this paper, we report the design and synthesis of a series of
short heterobifunctional peptides for surface functionalization
and stabilization of QDs. Peptides are small but carry the
inherent advantage of easy customization for specific
applications. By suitably combining diverse amino acid residues,
simple pegtide sequences with multiple functions can be
designed.”® Our designed peptides contain two different
functional moieties, the side-chain thiol(s) of cysteine (Cys)
residue(s) to bind to the QD surface and control the surface
passivation and the RGD sequence (arginine-glycine-aspartic
acid) pointing toward the surrounding aqueous solution and
mediating the exemplary biorecognition.””*® Note that,
although there have been some reports about RGD-function-
alized QDs for targeted bioimaging, their conjugations to QDs
were typically achieved through complex chemistries such as a
biotin—streptavidin system,” maleimide-functionalized phos-
pholipid encapsulation,”® and heterobifunctional cross-linkers
le.g, l-ethyl-3(3-dimethylaminopropyl)carbodiimide hydro-
chloride,® 4-maleimidobutyric acid N-succinimidyl ester,!
and sulfosuccinimidyl 4-N-maleimidomethylcyclohexane-1-car-
boxylate®*]. Here, with the designed RGD peptides as
stabilizers, we have subsequently developed a simple one-pot
aqueous synthesis route of biofunctionalized CdTe and
CdZnTe QDs, and their preferential binding onto the cell
surface via specific recognition between the RGD motif and
integrin has also been demonstrated. The effects of different
RGD peptides on the synthesis of CdTe QDs were examined.
By optimization of RGD peptide primary structures and
reaction conditions, the emission wavelengths of the RGD-
capped CdTe QDs could be tuned from 500 to 650 nm, with
QYs up to 15% and narrow full widths at half-maximum
(fwhm) of 40—60 nm. In order to further improve the optical
properties of QDs, the alloyed CdZnTe QDs was successfully
prepared by the simultaneous reaction of Cd** and Zn** with
NaHTe using a mixture of CRGDS and Cys as the stabilizer.
The incorporation of Zn®', along with the combination of
CRGDS and Cys as the stabilizer, greatly enhanced the QYs of
QDs. Under optimized conditions, the QYs of CdZnTe alloy
QDs were as high as 60% without any post-treatment. In
addition, the alloy QDs were found to be biocompatible and
stable under physiological conditions, making them suitable for
cell-specific tagging and labeling. Finally, we demonstrated that
the RGD-capped QDs preferentially bound to the cell surfaces
because of the specific recognition of the RGD sequences to
cell surface integrin receptors. The same synthetic route as that
developed in this work enables similar surface attachment of
more specific and more elaborate sequences or motifs to the
QD surfaces, making it easy for the controlled targeting of
specific cells or cellular organelles.

2. EXPERIMENTAL SECTION

2.1. Materials. Synthesis of the short RGD peptides was
performed on a CEM Liberty microwave peptide synthesizer using
the (fluorenylmethoxy)carbonyl solid-phase synthesis strategy from
natural L-amino acids. The detailed synthetic procedures including
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peptide purification have been described in our previous work.>*™3*

The purities were at least 95% for all peptides. The composition and
purity of all peptides used were confirmed by matrix-assisted laser
desorption ionization time-of-flight mass spectrometry and reversed-
phase high-pressure liquid chromatography. Tellurium powder
(99.997%), CdCl, (99.99+%), ZnCl, (99.995%), NaBH, (>96%),
and L-cysteine hydrochloride (>98%) were purchased from Sigma-
Aldrich and used as received. All solutions were prepared with
ultrapure water (18.2 MQ) purified on a Millipore System (Millipore,
USA).

2.2. Synthesis of CdTe and CdZnTe QDs. A NaHTe solution
was freshly prepared by dissolving 0.05 g of NaBH, in 2 mL of water,
and then 0.04 g of tellurium powder was added to the NaBH, solution.
This reaction was conducted at room temperature overnight in a
syringe with a needle to help release the gas generated during the
reaction, and the resulting NaHTe solution was diluted by injection
into 23 mL of ultrapure water before use. For a typical CdTe QD
synthesis, a Cd** peptide precursor solution was prepared by
dissolving CdCl, and a given RGD peptide in ultrapure water and
subsequently adjusting the pH to 8.5 with 1 M NaOH. The NaHTe
solution was then injected into a N,-saturated precursor solution
under vigorous stirring. The typical molar ratio of Cd*, HTe”, and
peptide introduced was 4:1:10 in a total volume of 25 mL, with the
final peptide concentration fixed at 1 mM. The resulting mixture was
heated to 98 °C and refluxed at different times to control the size of
the CdTe QDs. Aliquots of the reaction solution were taken out at
regular intervals for further ultraviolet—visible (UV—vis) absorption
and fluorescence characterization. For a typical ZnCdTe synthesis,
Zn**-CRGDS and Cd**-CRGDS peptide precursor solutions were
prepared by dissolving ZnCl,, CdCl, and different stabilizers
(CRGDS, Cys, or a mixture of the two) in ultrapure water and then
adjusting the pH to 8.5 with 1 M NaOH. The typical molar ratio of
zinc, cadmium, tellurium, and CRGDS peptide introduced was
2:2:1:10 in a total volume of 25 mL with a stabilizer concentration
of 1 mM. All other manipulations were identical with those described
in the synthesis of CdTe QDs.

2.3. Characterization. No postpreparative treatment was
performed on any as-prepared samples for optical characterization.
UV—vis absorption spectra were obtained using a Shimadzu UV-2450
spectrophotometer. Fluorescence spectra were recorded with a Hitachi
F-2500 fluorescence spectrophotometer. All optical measurements
were performed at room temperature under ambient conditions. The
QY of CdTe QDs was measured using rhodamine 6G (QY = 95%) in
an ethanol solution as a reference standard as described previously.'>'¢
Transmission electron microscopy (TEM) samples were prepared by
dropping the aqueous nanocrystals onto carbon-coated copper grids
with excess solvent evaporated. TEM and high-resolution TEM
(HRTEM) images were recorded on a JEM-2100 electron microscope
(200 kV), which is equipped with an energy-dispersive spectrometry
(EDS) system.

2.4. Cell Imaging. First, as-prepared RGD peptide-capped QDs
were purified using Amicon Ultra-15 Centrifugal Filter Units
(UFC900324, 3-kDa cutoff, Millipore Corp., USA) at 6000 rpm for
60 min. This procedure was repeated three times to remove all excess
reagents and unbound peptides. Then, the purified QDs were
resuspended in phosphate-buffered saline (PBS) and kept at 4 °C
until use. Human cervical carcinoma HeLa cells, human promyelocytic
leukemia HL60 cells, and human embryonic kidney 293 (HEK293)
cells were purchased from the Cell Bank of the Shanghai Institute for
Biological Science, Chinese Academy of Sciences (Shanghai, China).
These cells were cultured with Iscove’s modification of Dulbecco’s
medium supplemented with 10% fetal bovine serum in a humidified
incubator at 37 °C in which the CO, level was kept constant at 5%.
For HeLa cell imaging, a 1 mL solution with approximately 3000 cells
was seeded onto a 10 mm sterile coverslip in a 24-well plate. After 24
h, the cells on the coverslip were rinsed three times with PBS (pH 7.4)
and then incubated with approximately 200 nM (estimated according
to ref 36) RGD peptide-capped QDs in PBS for about 30 min at room
temperature. After that, the cells were washed three times with PBS to
remove the unbound nanoparticles. Fluorescence images were
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obtained with a Nikon Al confocal laser scanning system (Nikon,
Japan) with 488 nm argon laser excitation and 552—617 nm emission.
For HL60 cell imaging, cells were washed twice with PBS, and cell
suspensions were labeled with RGD-capped QDs for about 30 min at
room temperature. After that, the cells were centrifuged at 2000 rpm
for S min to remove unbound particles, and then the cells were washed
twice and resuspended in PBS. A drop of the above solution was
placed on top of a microscopic slide and sealed with a coverslip for
observation under fluorescence microscopy (DMI3000B, Leica)
equipped with a 100X oil immersion objective and a digital color
camera (DFC490, Leica). HEK293 cells were used for MTT assays to
assess the toxicity of QDs (see the Supporting Information).

3. RESULTS AND DISCUSSION

3.1. Design of RGD Peptides. Because the sequence of
RGDS is more effective than RGD at binding integrin
receptors,””*’ the peptide tetramer was used in all of the
peptides synthesized. To improve coordination between the
RGD peptides and QD surface, Cys residue was incorporated
into the sequence. The designed RGD peptides include
CRGDS, RGDSC, Ac-CRGDS, CRGDS-CONH,, Ac-
CRGDS-CONH,, CCRGDS, and CCCRGDS. Among them,
multiple repeats of the Cys residue in tandem (CC or CCC
sequences) were expected to enhance the peptide coverage on
the QD surface, thereby improving the colloidal system
stability.

3.2. Synthesis and Characterization of CdTe QDs. The
synthesis of CdTe QDs was based on the reaction of cadmium
chloride (CdCl,) and sodium hydrotelluride (NaHTe). As a
baseline control, when Cd** and HTe™ were mixed in the
absence of additives, a dark precipitate formed immediately,
indicating rapid condensation and crystallization into the bulk
form. By contrast, upon the addition of HTe™ to Cd** solutions
in the presence of the designed RGD peptides, colorless or
slightly yellowish solutions formed immediately, depending on
the peptides used, suggesting the crucial role of these peptides
for stabilizing CdTe nanocrystals. When the resulting mixture
solution was heated to 98 °C, CdTe QDs began to grow
immediately. These different peptides exerted a distinct
influence on the optical and chemical properties of the
synthesized nanocrystals. A brief overview of the emission
wavelength ranges, QYs, and stabilities of the CdTe QDs
prepared is given in Table 1.

As indicated in Table 1 and Figure 1, CRGDS was the
optimal ligand, providing the CdTe QDs with well-defined
wavelength ranges, relatively high QYs, and good stability in
aqueous solution. In contrast, other RGD peptides produced
particles with weak luminescence and poor stability (Figures
S1—S4 in the Supporting Information). Parts A and B of Figure
1 present the temporal evolution of the absorption spectra and
corresponding photoluminescence (PL) spectra of the CdTe
QDs prepared with CRGDS peptides, respectively. The inset
shows a photograph of the corresponding CdTe QD solutions
irradiated under a UV lamp. With prolonged growth time, the
absorption and PL peak positions shifted to longer wavelengths.
The emission peaks could be tuned from 500 to 650 nm, with
fwhm increasing from 40 to 60 nm. The best QY of CdTe QDs
produced by CRGDS was 15%. Note that the optical spectra
and QYs shown in Figure 1 were measured from the crude
solution of QD samples without purification. Under the same
experimental conditions, the CdTe QDs as prepared from
MPA, one of the most typical aqueous ligands, had the best QY
of 36% (Figure SS in the Supporting Information). In spite of
higher QYs, the MPA-capped QDs must need further treatment
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Table 1. Overview of the Optical Properties and Solution
Stability of CdTe QDs Synthesized Using Different RGD
Peptides as Stabilizers

wavelength range  typical Qy* stability of CdTe
RGD sequence” (nm) (%) QDs*
RGDS
CRGDS 500—650 15 stable
RGDSC
Ac-CRGDS 500—600 6 moderate
CRGDS-CONH, 500—-570 <1 unstable
Ac-CRGDS- 500—-550 <1 unstable
CONH,
CCRGDS
CCCRGDS

“Each peptide is identified by its amino acid sequence, using one-letter
amino acid abbreviations. All sequences are written from the N to C
terminus. Ac- N-terminal acetylation; -CONH, C-terminal
amidation. ®The data were collected at 2 h of growth time. Note
that the best QYs of CdTe QDs were typically achieved in the
wavelength range of 540—570 nm, corresponding to a growth time of
about 2—3 h. ““Stable” means that the colloidal dispersions of CdTe
QD:s were stable for months when stored in aqueous solution at 4 °C.
“Moderate” means that the colloidal dispersions were stable for about
2 weeks. “Unstable” means that the QD samples produced precipitates
during the growth process or after storage in aqueous solution for a
few days.

for specific biological applications as indicated above, and such
a process often greatly deteriorates their quality. TEM revealed
that the CRGDS-capped CdTe QDs were spherical or slightly
ellipsoidal with good monodispersity (Figure 1C). The
existence of lattice planes on the HRTEM image (the inset
in Figure 1C) is consistent with the crystallinity of these QDs.
The size-distribution histogram (Figure 1D) indicates that the
size of the particles emitted at 595 nm is 3.56 + 0.65 nm. The
representative TEM images of CdTe QDs emitted at 532 and
567 nm are also given, revealing their sizes as 2.73 + 0.60 and
322 + 043 nm, respectively (Figure S6 in the Supporting
Information).

3.3. Influence of the RGD Sequence on CdTe QDs. The
above results demonstrate that CdTe QDs could be successfully
synthesized in aqueous solution through a very simple synthetic
route. The key factor to this outcome arose from the surface
passivation of QDs by the peptides. As indicated in Table 1,
RGDS could not produce luminescent QDs because of the
absence of the Cys residue. The failure of RGDSC indicates
that the position of the Cys residue as the point of surface
anchoring is important, with Cys on the N-terminal end
offering far better QD stabilization. For CCRGDS and
CCCRGDS, the original expectation of improving the QD
quality by enhancing the surface coverage of peptides with
more Cys residues was not achieved. Because of an increasing
binding affinity for Cd atoms, the simultaneous presentation of
two or more Cys residues on a peptide molecule might
interfere with CdTe nanocrystal growth by competing with
HTe™ and thus inhibiting the formation of luminescent CdTe
QDs. In the synthesis of CdS nanocrystals also using Cys-
containing peptides, Spoerke and Voigt reported the formation
of rather small particles. These authors attributed the effect of
the size reduction to the excessive capping of thiol groups.® In
fact, the QD solution in the presence of CCCRGDS produced
an extremely weak luminescence with an emission wavelength
of about 450 nm in our experiments, irrespective of the
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Figure 1. Temporal evolution of the absorption (A) and PL spectra (B) of CRGDS-capped CdTe QDs prepared at different growth times,
respectively. The excitation wavelength for all PL spectra was 370 nm. In panels A and B, parts a—c correspond to the growth times of 1, 3, and 6 h,
respectively. The emission wavelengths are 532, 578, and 615 nm, with QYs of 15%, 14%, and 9%, respectively. The inset gives a photograph of the
corresponding solutions under irradiation with 365 nm of light from a UV lamp. (C) TEM and HRTEM (inset) images of CRGDS-capped CdTe
QDs emitted at 595 nm. (D) Size-distribution histogram of the corresponding QDs, which was determined by measuring more than 100 particles

from HRTEM images.

peptide/Cd** ratios (Figure S4 in the Supporting Information).
This blue-shifted wavelength suggests the formation of very
small particles, consistent with the observation by Spoerke and
Voigt.

The C-terminal carboxyl and N-terminal amino groups of the
peptides also exerted a marked influence on CdTe QDs. These
can be seen from the optical properties of CdTe QDs produced
by terminal capping peptides such as Ac-CRGDS, CRGDS-
CONH,, and Ac-CRGDS-CONH, (Table 1 and Figures S1—
S3 in the Supporting Information). The absence of a terminal
carboxyl or amino group or both significantly reduced the
optical performances of CdTe QDs. Among the three peptides,
Ac-CRGDS produced CdTe QDs with relatively strong
luminescence with narrow and symmetric PL spectra, while
CdTe QDs derived from Ac-CRGDS-CONH, were more
prone to aggregation with the weakest luminescence. This
observation implies that the terminal carboxyl and amino
groups might form additional coordination with surface Cd
atoms and thus enhance the emission intensity and colloidal
stability of QDs, consistent with the previous observations
reported.®”*°

3.4. Influence of the pH and Molar Ratio of RGD/Cd*".
The influence of key synthesis parameters such as the pH value
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of the Cd**-RGD precursors and the molar ratio of RGD/Cd**
on the optical properties of QDs was assessed. In our
experiments, the optimal pH was found to be around 8.5. At
a low pH of 6.5, a slightly turbid suspension of particles was
produced during the heating process because of the formation
of QD aggregates at the pH close to the peptide’s isoelectric
points of ~6.1. This led to obvious nonzero baseline
absorption, along with a dramatic decrease in the luminescence
(Figure S7A in the Supporting Information). In contrast, at a
high pH of 11.5, the growth rate increased dramatically,
resulting in less clearly resolved excitonic absorption peak and
wider PL fwhm values, indicating broader size distribution. For
example, the CdTe QDs prepared at pH 8.5 by 40 min and 3 h
of heating showed PL emission peaks at 505 and 552 nm, with
fwhm values of 34 and 43 nm, respectively, while the CdTe
QDs prepared at pH 11.5 by 40 min and 3 h of heating showed
PL emission peaks at 527 and 632 nm with fwhm values of 50
and 74 nm, respectively. In addition, the optimal ratio of RGD/
Cd** was found to be 2.5 with 1 mM RGD peptide, in broad
agreement with the synthesis conditions of CdTe QDs using
MPA or glutathione as the stabilizer.'>*! At the low RGD/Cd**
ratio of 1.25, a white precipitate appeared. When the molar
ratio was increased to 5, the excitonic absorption peak of the
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Figure 2. Temporal evolution of the absorption (A) and PL spectra (B) of (CRGDS + Cys)-capped CdZnTe QDs, respectively. Note that the ratio
of CRGDS and Cys was 1:1. (C) Photograph of the corresponding QD aqueous solutions under irradiation with a UV lamp. (D) QY versus
emission peak position of CdTe or CdZnTe QDs synthesized using different stabilizers.

404 d=3.50 nm

35

30

25

204

Number

3.8

32 34

Diameter (nm)

3.6 4.0

CdTe/CRGDS Cu

Cu

Zn CdZnTe/(CRGDS+Cys)

Cu

9 cd Cu

Zn
Te
2 8 10

4 6
Energy (KeV)

Figure 3. TEM (A) and HRTEM (B) images of (CRGDS + Cys)-capped CdZnTe QDs emitted at 590 nm. (C) Size-distribution histogram of QD
determined by measuring more than 100 particles in HRTEM images. (D) EDS spectra of both CdTe QDs and CdZnTe QDs. The copper peaks
were from the TEM copper grid. Note that in this case the ratio of CRGDS and Cys was 1:1.

synthesized QDs disappeared, and the emission intensity
decreased significantly with a broad and asymmetric PL
spectrum (Figure S7B in the Supporting Information). The
reason is that an excessive number of stabilizers might distort
the QD surface and result in deterioration of the nanocrystal
quality.**

3.5. Synthesis and Characterization of CdZnTe QDs.
The excellent optical properties of QDs always favor their
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practical applications. In order to further improve the optical
properties of the RGD-capped QDs, zinc was introduced by the
simultaneous reaction of Cd** and Zn** with NaHTe, and in
this case, a mixture of CRGDS and Cys rather than only
CRGDS was used as the stabilizer. Parts A and B of Figure 2
present the temporal evolution of the absorption and PL
spectra of as-prepared CdZnTe QDs, respectively. The
corresponding photograph of CdZnTe QD solutions irradiated
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under a UV lamp is shown in Figure 2C. The strong PL
emission covering the visible range is clearly visible. Compared
with the above CdTe QDs (Figure 1), these CdZnTe QDs
possess obviously narrower and sharper absorption peaks and
more symmetrical PL emission peaks, indicating that the optical
performances of the alloyed QDs are significantly improved.
Specifically, when the heating time is controlled, the PL
emission wavelength of CdZnTe QDs could be tuned from 500
to 620 nm, and QYs of CdZnTe QDs above 50% were reached
(Figure 2D). Note that, in addition to the alloy effect of zinc in
CdTe nanocrystals, the dramatic increase in QYs was ascribed
to the use of a mixture of CRGDS and Cys as the stabilizer, and
such brightness could not be achieved using CRGDS or Cys
alone, as shown in Figure 2D. TEM images confirmed that the
RGD-functionalized CdZnTe QDs were spherical particles with
excellent monodispersity, as shown in Figure 3AB. The
existence of well-resolved lattice planes in the HRTEM image
confirms the crystalline structure of QDs. The size distribution
determined by measuring more than 100 particles revealed that
the diameter of the particles emitting at 590 nm is 3.50 + 0.50
nm (Figure 3C). The sizes of CdZnTe QDs emitting at 534
and 570 nm are 2.96 + 0.50 and 3.37 + 0.40 nm, respectively
(Figure S8 in the Supporting Information). Further, EDS
analysis shown in Figure 3D clearly shows the presence of
cadmium, zinc, tellurium, and sulfur in the sample (the sulfur
was mainly from the sulthydryl in the stabilizer).

3.6. Influence of the Ratios of Zn** to Cd** and RGD to
Cys. Figure 4 presents the temporal evolution of the PL spectra
of CdZnTe (or CdTe) QDs at different molar ratios of zinc-to-
cadmium precursors using a mixture of CRGDS and Cys as the
stabilizer. The QYs of CdZnTe QDs were significantly affected
by the ratio of zinc-to-cadmium precursors. Here, a molar ratio
of 1:1 for the zinc-to-cadmium precursors gave better QDs. In
the absence of Zn>*, the QYs of CdTe QDs were slightly
improved (from 15% to 20% for the best) by only using a
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mixture of CRGDS and Cys as the stabilizer, as shown in
Figures 4A and 1. After the incorporation of zinc into CdTe
nanocrysals, the shorter bond length and stronger bond of Zn—
Te can stabilize the weaker Cd—Te bond and improve the
lattice structure of the nanocrystals, thus inhibiting plastic
deformation and the creation of surface defects.*>** As a result,
the as-prepared CdZnTe QDs show significantly higher QYs
than CdTe QDs. A higher ratio of zinc-to-cadmium precursors,
however, would decrease the QYs of the resultant QD because
an excess addition of ZnTe into the CdTe lattice increases zinc-
related intrinsic defects in nanocrystals.** In addition, because
of the intermixing of the wider-band-gap Zn—Te with the
narrower-band-gap Cd—Te, we can also prepare QDs that emit
at different wavelengths by controlling the ratio of zinc-to-
cadmium precursors. For example, when the molar ratios of
zinc-to-cadmium precursors were 0, 1, and 2 (after heating for 2
h), the emission wavelengths of the as-prepared CdZnTe QDs
were 575, 547, and 528 nm, respectively (Figure 4).

Figure S presents the absorption and PL spectra of CRGDS-
capped CdZnTe QDs prepared at different molar ratios of
RGD/Cys. When only CRGDS is used as the stabilizer, the
best QYs of CRGDS-capped CdTe QDs or CdZnTe QDs were
below 30%, suggesting that the surface of the QDs still had
some defects. Compared with CRGDS, Cys is more flexible
because of its short length and can further cap the surface
defects. Thus, the combination of CRGDS and Cys improved
the QYs of QDs. As shown in Figure S, better QYs could be
achieved over the ratios of CRGDS and Cys from 2:1 to 1:2.
The highest QY of CdZnTe QDs reached was as high as 60%.
Our (CRGDS + Cys)-incorporated CdZnTe-alloyed QDs
exhibited excellent colloidal stability in a saturated NaCl
solution and aqueous solutions with different pH values. They
were also stable in water over 3 months without appreciable
aggregation or a decrease in the fluorescence intensity (Figure
S9 in the Supporting Information). These properties are of
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Figure 5. Absorption (A) and PL spectra (B) of CdZnTe QDs
prepared using a mixture of RGD peptide and Cys with different ratios
as the stabilizer after heating for 2 h.: (a) RGD:Cys = 1:0; (b)
RGD:Cys = 2:1; (c) RGD:Cys = 1:1; (d) RGD:Cys = 1:2. The
corresponding PL QYs are also indicated. Note that the total
concentration of stabilizers was fixed at 1 mM, irrespective of the ratio
variation.

significance for biological studies and applications as explained
below.

3.7. Cell Imaging. The biospecificity of the as-synthesized
RGD-capped QDs and their potential as luminescent probes
for biological imaging were demonstrated using human cervical
cancer HeLa cells (typically with overexpressing integrins®>*).
The adherent HeLa cells were incubated with the CRGDS-
capped CdTe or (CRGDS + Cys)-capped CdZnTe QDs for
~30 min at room temperature. As shown in Figure 6, the cell
surface was selectively stained in both cases, as a result of the

specific recognition between RGDS and cell surface integrins.
On the other hand, if the cells were incubated with free RGDS
first and then treated with RGD-capped QDs, no surface
staining was observed because of blockage of the cell surface
integrin sites by free RGDS.

Another demonstration was also conducted by incubating the
suspended human leukemia cells, HL60, which also overex-
pressed integrins.*® The fluorescence images of cells were taken
with a digital color camera under fluorescence microscopy. In
near-UV excitation, as shown in Figure 7, the luminescence
(red color) of QDs was clearly distinguished from the native
autofluorescence (blue color) of the cells. From these images, it
was observed that the cell surface was homogeneously and
specifically stained with QDs. Note that no significant cell death
was observe when the two kinds of cells were incubated with
QDs under the above experimental conditions. In addition, to
directly assess the toxicity of QDs, we monitored the viability of
HEK293, which were incubated by our RGD-peptide-capped
QDs at 37 °C for 4 h. No significant cell death was observed
(Figure S10 in the Supporting Information), suggesting little
cytotoxicity associated with our RGD-capped QDs under the
given experimental conditions.

4. CONCLUSIONS

We have demonstrated the convenient one-pot aqueous
synthesis of integrin-binding QDs by using designed short
RGD peptides as stabilizers. The effects of different RGD
peptides on the synthesis of CdTe QDs were examined. By
optimizing short peptide primary structures and reaction
conditions, the best QY of CdTe QDs was 15%, with narrow
fwhm values of 40—60 nm. In order to further improve the
optical properties of QDs, we prepared successfully RGD-
functionalized alloyed CdZnTe QDs by the simultaneous
reaction of Cd** and Zn** with NaHTe using a mixture of

50 ym

Figure 6. Bright-field (upper panel) and confocal fluorescence images (lower panel) of HeLa cells incubated with (A and D) CRGDS-capped CdTe
QDs emitted at 575 nm, (B and E) (CRGDS + Cys)-capped CdZnTe QDs emitted at 575 nm, and (C and F) the same CRGDS-capped CdTe QDs
following prior incubation with free RGDS. All fluorescence images were displayed under the same scale.
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Figure 7. Fluorescence images of HL60 cells incubated with (A) CRGDS-capped CdTe QDs emitted at S75 nm, (B) (CRGDS + Cys)-capped
CdZnTe QDs emitted at 575 nm, and (C) the same CRGDS-capped CdTe QDs after the prior incubation with free RGDS. Note that the images
were taken with a digital color camera under fluorescence microscopy. The blue color is the native autofluorescence of the cells in near-UV

excitation, and the red color is the luminescence of QDs.

CRGDS and Cys as the stabilizer. Under optimum conditions,
the PL QY of CdZnTe alloy QDs reached as high as 60%.
Furthermore, these QDs were found to be biocompatible and
stable under physiological conditions. More importantly, they
also showed a high eflicacy for attachment to the cell surface
due to the specific recognition between RGDS and the cell
surface integrin receptors. Besides the advantage of avoiding
complicated synthetic steps, the newly developed strategy has
opened up a new and facile avenue to directly synthesizing
biospecific QDs in aqueous solution using designed short
peptides, enabling easy surface attachment of more specific and
elaborate sequences or motifs to QD surfaces for targeting
certain cells or cellular organelles.
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