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We describe the synthesis of water-soluble PEGylated semi-
conductor nanocrystals and the characterization of their optical
properties and colloidal stability by fluorescence and UV spec-
trometers. The fluorescence intensity of PEGylated CdSe/ZnS
in PBS buffer was observed to be 75% of the initial values of
conventional CdSe/ZnS in chloroform. The PEGylated CdSe/
ZnS exhibited higher fluorescence intensity than PEGylated
CdSe and CdSe/CdS in PBS buffer. The colloidal stability of
PEGylated QDs in PBS buffer was estimated by transmittance
as a function of time at 37 �C. The PEGylated CdSe/ZnS showed
a colloidal stable dispersion in PBS buffer during 24 h.

During the past decade, many scientists have studied syn-
thetic methods for and applications of semiconductor nanocrys-
tals (quantum dots, QDs) because of their unique size-dependent
chemical and physical properties.1–7 Generally, the band gap of
semiconductor nanocrystals increases with decreasing particle
size owing to quantum size effects. In high-quality CdSe nano-
crystals, for example, the emission colors of the band-edge pho-
toluminescence (PL) shift from red (650 nm) to blue (450 nm)
with decreasing particle size. Because the emission colors of
semiconductor nanocrystals are strongly dependent on the size
and shape distribution of the nanocrystals, these semiconductor
nanocrystals can be used for many purposes, such as light-emit-
ting diodes (LED),8 lasers,9 biological labels,4,5 and so forth. Es-
pecially, for use in biological labels, the preparation of stable
aqueous dispersions of semiconductor nanocrystals with a high
PL yield and the reduction of nonspecific interaction with pro-
teins and cells are highly desirable. In this paper, we report a
new approach to achieve these purposes, which involve making
water-soluble CdSe/CdS and CdSe/ZnS nanocrystals by over-
coating with higher band gap semiconductor materials and PE-
Gylation. Overcoating the CdSe core with a higher band gap
semiconductor materials such as ZnS, CdS, and ZnSe reduces
the leakage of excitons outside the core and hence increases
the PL quantum yield without affecting the location or spectral
bandwidth of emission.3 PEGylation has become a major ap-
proach to reduce the nonspecific interaction of proteins and cells
with biomedical devices.10

A CdSe QD of red emission color was synthesized following
a method developed by Weller et al.6 and Peng et al.,7 with a
high-temperature reaction in a trioctylphosphine oxide (TOPO)
/hexadecylamine (HDA) mixture. The emission maximum and
the full width at half maximum (fwhm) of the PL peak of the
CdSe QD were 620 and 27 nm in chloroform, respectively.11

The synthesis of a CdSe/ZnS Core/Shell QD was performed
by the following method: At first, the excess Se and the coordi-

nating solvent in CdSe QD were removed by centrifugation with
chloroform/methanol. The CdSe/ZnS QD was synthesized with
purified CdSe, zinc stearate/TOPO, and bis(trimethylsilyl) sul-
fide ((TMS)2S)/ tributylphosphine (TBP) at 100

�C under argon
atmosphere. The fluorescence spectrum of CdSe/ZnS QD re-
tained the sharp peak with a small red shift (�3 nm) as the ratio
of Zn/Cd, but that fluorescence efficiency was enhanced about
4.5 times (Figures 1 and 2A). The CdSe/CdS QD was prepared
using a method similar to that for CdSe/ZnS QD preparation.
The fluorescence efficiency of CdSe/CdS QD was enhanced
about 2.5 times that of CdSe QD (Figure 1). When these three
QDs, CdSe, CdSe/CdS, and CdSe/ZnS, were dissolved in pyri-
dine, the fluorescence intensities dramatically decreased. The
fluorescence intensities of CdSe, CdSe/CdS, and CdSe/ZnS
QDs in pyridine were observed to be 5, 20, and 26% of the initial
values of each QD in chloroform, respectively. Pyridine displa-
ces TOPO molecules on the QD surface and forms a weak bond
to surface Cd or Zn atoms of CdSe, CdSe/CdS, and CdSe/ZnS
QDs.3 Consequently, the fluorescence intensities of QDs in pyr-
idine largely decreased with an increase in the leakage of exci-
tons outside the core.

We carried out the PEGylation of QDs for use in biological
labels. The PEGylated QDs were prepared by the following
method using �-methoxy-!-mercapto-PEG (MPEG-SH, Mn
5000): CdSe and MPEG-SH are dissolved in a small amount
of chloroform at room temperature for 1 h. Hexane and PBS buf-
fer (pH 7.4) were added to CdSe and the MPEG-SH mixture
chloroform solution, and the resulting mixture was stirred for
5min. After reaching equilibrium, 1.0mL of the sample solution
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Figure 1. Fluorescence intensities of CdSe, CdSe/CdS, and
CdSe/ZnS in chloroform, pyridine and PBS buffer (pH 7.4) be-
fore and after PEGylation.
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was pipetted from both the hexane top phase and the PBS bottom
phase, and the fluorescence intensity of each solution was meas-
ured to determine the partitioning of the CdSe QD. The conven-
tional CdSe QD without any PEGylation partitioned to the hex-
ane top phase. On the other hand, the PEGylated CdSe QD was
significantly partitioned to the PBS bottom phase. When the mo-
lar ratio of MPEG-SH to Cd of the CdSe QD was above 1.0, the
PEGylated CdSe QD partitioned mostly at the PBS bottom
phase. However, the fluorescence intensities of the PEGylated
CdSe and CdSe/CdS QDs were largely decreased in PBS buffer
compared to those of conventional CdSe and CdSe/CdS QDs in
chloroform. It is considered that the large decrease in fluores-
cence intensity of the PEGylated QDs in PBS buffer occurred
by a mechanism similar to those of conventional QDs in pyri-
dine. On the contrary, effective solubilization of CdSe/ZnS in
aqueous media was not observed by the same preparation meth-
od of PEGylated CdSe and CdSe/CdS QDs. The weaker interac-
tion between the Zn atom and S at the end of the PEG chain com-
pared to that between Cd and S may be the reason for the low
efficacy. In order to improve the solubilization efficacy of
CdSe/ZnS QD in aqueous media, the following new method
was developed. Prior to the addition of MPEG-SH to CdSe/
ZnS, MPEG-SH and CdCl2 were mixed in PBS buffer to prepare
a MPEG-S–Cd complex. After the obtained MPEG-S–Cd com-
plex and CdSe/ZnS QDwere mixed in a small amount of chloro-
form, PBS buffer and hexane added to extract the PEGylated
QD. The PEGylated CdSe/ZnS was successfully prepared under
these conditions. The fluorescence intensity of PEGylated CdSe/
ZnS in PBS buffer was observed to be 75% of the initial values
of conventional CdSe/ZnS in chloroform (Figures 1 and 2A).
The PEGylated CdSe/ZnS exhibited higher fluorescence intensi-
ty than PEGylated CdSe and CdSe/CdS in PBS buffer.

Figure 2B shows the dependence of fluorescence intensity
upon the PEGylated CdSe/ZnS concentration in PBS buffer.
When the PEGylated CdSe/ZnS with TOPO as a surface cap-

ping agent was diluted, the fluorescence intensity did not decease
proportionally, indicating that the TOPO molecule was liberated
from the surface of the PEGylated QD by dilution. In order to
improve the stability of the surface capping agent, surface TOPO
was exchanged with mercaptoundecane. The PEGylated CdSe/
ZnS with mercaptoundecane as a surface capping agent yields
a straight line on dilution as can be seen in the Figure.

The colloidal stability of the PEGylated QDs in PBS buffer
was estimated by transmittance at 700 nm as a function of time at
37 �C as shown in Figure 3. The PEGylated CdSe/ZnS showed
the colloidal stable dispersion in PBS buffer during 24 h. The
shape and intensity of the fluorescence spectrum of PEGylated
CdSe/ZnS after 24 h did not change at all.
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Figure 2. (A) Fluorescence intensities of (1) CdSe and (3)
CdSe/ZnS in chloroform and (2) PEGylated CdSe/ZnS in
PBS buffer (pH 7.4); (B) Relation between fluorescence intensi-
ty and concentration of PEGylated CdSe/ZnS with TOPO (open
triangle) and mercaptoundecane (filled circle) as surface capping
agents.
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Figure 3. Transmittance change in PEGylated CdSe/ZnS in
PBS buffer (pH 7.4) as a function of time at 37 �C.
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