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Quantum dots (QDs) as luminescence probes play an important role in the field of life sciences and medicine in recent
decades. However, hydrophobic QDs have many limitations in applications for biological imaging such as insolubility in
aqueous solutions and nonspecific binding to cellular membranes and so on. This article describes the design and synthesis
of D-a-tocopheryl polyethylene glycol 3350 succinate (TPGS3350)-conjugated QDs (TPGS3350-QDs) nanoparticles (NPs) for
effective reduction of nonspecific cellular binding of QDs for biological imaging. TPGS3350 with n-poly(ethylene glycol)
(PEG)3350 group was used in order to enhance the stabilization and water solubility of QDs, and reduce nonspecific
cellular binding of NPs with the function of long-chain PEG3350. We have demonstrated that TPGS3350-QDs NPs show
good stability and dispersion in aqueous solutions and that small amount of TPGS3350-QDs NPs were nonspecific bound
with Michigan Cancer Foundation-7 (MCF-7) cells in comparison of mercaptoacetic acid-coated QDs NPs, which con-
firmed TPGS3350 can efficiently reduce nonspecific cellular binding due to the effect of PEG3350 in TPGS3350. The nonspe-
cific binding of TPGS3350-QDs NPs was also found to be much lower than that of TPGS-QDs NPs. The developed
TPGS3350-QDs NPs in this study could be a promising tool for molecular imaging such as in vivo cell trafficking studies.
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Introduction

Fluorescence techniques are important tools in the field of
life sciences. Many biological applications including cellular
and molecular imaging, cell labeling and tracking, multi-
plexed analyses, and DNA detection make use of fluores-
cence techniques. The biocompatible, reliable fluorescent
marker with good photophysical properties will be an ideal
fluorescent reporter for the broad applicability of fluores-
cence techniques.1–6 Fluorescent proteins7 and organic dyes8

have small size and good biocompatibility, which is helpful
for their applications for labeling cells and subcellular tar-
gets. But their poor photostability limits their applicability.
Quantum dots (QDs) as luminescence probes received exten-
sive attentions in various fields such as life and medicine in
recent decades. Compared with the conventional dyes, QDs
have many improved optical qualities desirable for biological
applications such as tunable emission from visible to infrared
wavelengths by changing their size and composition, broader

excitation spectra due to high absorption coefficients, high
quantum yield of fluorescence, strong brightness, photostabil-
ity, and high resistance to photobleaching, which are advan-
tageous for QDs widely used in biomedical labeling,
molecule tracking, and imaging.9–15 But QDs are utilized
successfully in biological applications to face various critical
challenges such as their water solubility, colloidal stability,
and nonspecific cellular binding.16,17

Two ways including surface ligand exchange and amphi-
philic polymer coatings have been developed to render QDs
soluble in aqueous solutions in recent years.11,14,18 For
ligand exchange, the ligand of QDs’ surface can be
exchanged with thiol-containing molecules with a hydro-
philic end. For example, mercaptoacetic acid (MAA) was
exchanged to QDs, in which mercapto group binds to Zn
atom, and the carboxylic group enabled the QDs soluble in
aqueous solutions.15 For amphiphilic polymer coatings, QDs
were coated with a layer of amphiphilic molecules, which
contain hydrophilic and hydrophobic moieties. Gao et al.
developed QDs coated with ABC triblock copolymer linking
with tumor-targeting ligands for in vivo cancer imaging.19

Additionally, Sukhanova et al. fabricated biocompatible QDs
with high bright (photoluminescence (PL) quantum yield
>60%) through formulating a double-layered solubilizing
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shell on the surface of QDs.20 Moreover, QDs can be formu-
lated in an amphiphilic polymer shell by nonspecific hydro-
phobic interaction between the alkyl chains of poly (maleic
anhydride alt-1-tetradecene) and the QDs surfactant mole-
cules.21 Furthermore, QDs can also be encapsulated in phos-
pholipid micelles of a mixture of n-poly(ethylene glycol)
phosphatidylethanolamine (PEG)and phosphatidylcholine.22

Pan and Feng prepared QDs-loaded nanoparticles of biode-
gradable polymers with folate decoration for targeted cellular
imaging.23 These NPs improved imaging specificity and sen-
sitivity of QDs. Our group also synthesized PEGylated lipo-
some coated QDs/mesoporous silica core-shell NPs for
cellular imaging, which used low toxicity and immunogenic-
ity of liposome structure combined with the wide range of
photochemical characteristics of the QDs/mesoporous silica
core-shell NPs.24

Moreover, QDs must also be efficient fluorescence, colloi-

dal stability, and especially low nonspecific cellular binding

for efficient biological applications. Nonspecific cellular

binding is a major challenge in bioimaging.25,26 Generally,

QDs can nonspecifically bind onto the cell membranes, pro-

teins, which lead to high level of background fluorescence,

and reduce the sensitivity of imaging. To address the non-

specific binding of QDs, different approaches were exploited

in recent years. The developed hydroxyl-coated QDs by Nie

and coworkers significantly reduced nonspecific binding

compared to those functionalized with carboxylate and strep-

tavidin.26 Furthermore, PEG is hydrophilic and biocompati-

ble, and is often linked to the surfaces of nanoparticles for

improving water solubilization and reduction of nonspecific

binding, which helps the NPs escape from being recognized

and eliminated by the reticuloendothelial system.27 Many

studies indicated that PEG-modified QDs can significantly

reduce nonspecific cellular binding.25,28–32

D-a-Tocopheryl polyethylene glycol 1000 succinate

(TPGS) is a water-soluble derivative of natural vitamin E,

which has amphiphilic structure comprising lipophilic alkyl

tail and hydrophilic polar head portion. TPGS is an excellent

emulsifier, solubilizer, and bioavailability enhancer of hydro-

phobic agents due to its bulky structure and large surface

area. Furthermore, TPGS contains PEG1000 groups, which are

particularly effective steric stabilizers to protect nanoparticles

from opsonization and phagocytocis, and improve the aqueous

solubility of nanoparticles.23,33–36 Unfortunately, although

TPGS contains PEG1000 groups, Feng and coworkers reported

that the chain length of PEG1000 in TPGS is short for decreas-

ing nonspecific adsorption.37 Consequently, Feng and

coworkers prepared TPGS2000 using PEG2000 to improve suc-

cessfully the stability of NPs and reduce nonspecific binding of

NPs with the function of long-chain PEG2000 surfaces.37 Fur-

thermore, it was described by Bentzen et al. that the length of

PEG chain can effect on the nonspecific binding.25 They

pointed out that nonspecific binding of PEG-coated QDs to

Human Embryonic Kidney (HEK) cells increased with decreas-

ing PEG length. Here, TPGS3350 containing PEG3350 were

developed to be conjugated with QDs. Such TPGS3350 on the

surface of QDs should ensure aqueous solubilization, colloidal

stability, and weak nonspecific interaction of QDs with cells.
In this study, D-a-tocopheryl polyethylene glycol 3350

succinate (Vitamin E TPGS3350)-conjugated QDs NPs
(TPGS3350-QDs NPs) were developed. Hydrophobic QDs
were first treated with MAA to obtain MAA-coated QDs.
Next, MAA-coated QDs were reacted with amine-terminated

TPGS3350 (TPGS3350-NH2) via 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide (EDC)/N-hydroxysuccinimide (NHS)
method to prepare TPGS3350-QDs NPs. It was found in this
study that the developed TPGS3350-QDs NPs exhibit good
colloidal stability, high quantum yields, and pronounced
reduction of nonspecific cellular binding.

Materials and Methods

Materials

TOPO coated CdSe/ZnS core/shell QDs were synthesized
according to literature procedures.38 The calculation of QDs
concentration was described by Ballou et al.39 QD concen-
tration was determined by absorbance using appropriate
extinction coefficients. MAA, D-a-tocopherol succinate (a-
TOS), D-a-tocopheryl polyethylene glycol 1000 succinate
(TPGS), polyoxyethylene bis(amine) (MW 3350), N,N0-dicy-
clohexylcarbodiimide (DCC), 4-dimethylaminopyridine
(DMAP), NHS, dichloromethane (DCM), phosphate buffered
saline (PBS), Dulbecco’s Modified Eagle’s Medium
(DMEM) medium, antibiotics (penicillin–streptomycin solu-
tion) were from Sigma–Aldrich (St. Louis, MO). Fetal
bovine serum (FBS) was purchased from Gibco (Life Tech-
nologies, AG, Switzerland). MCF-7 breast cancer cells were
provided by American Type Culture Collection. Millipore
water was produced by the Milli-Q Plus System (Millipore
Corporation, Bedford).

Preparation of TPGS3350-QDs NPs

MAA-coated QDs were made by the protocol described in
the literature.40 This procedure renders QDs aqueous solubili-
zation with carboxyl-terminated surface functional groups,
which is used to facilitate TPGS3350-NH2 conjugation on the
NPs surface. Briefly, QDs were dissolved in chloroform. Fur-
thermore, excess MAA was reacted with colloidal QDs in
chloroform for about 2 h. Next, PBS solution was added into
this reaction mixture. Finally, MAA-coated QDs in an aqueous
solution can be obtained after vigorous shaking and extracting.

D-a-Tocopheryl amino polyethylene glycol 3350 succinate
(TPGS3350-NH2) was fabricated following the method
reported by Feng and coworkers.37 In brief, a-TOS was
reacted with PEG3350 bis-amine through DCC/NHS over-
night in nitrogen environment at dark. The stoichiometric
ratio a-TOS, PEG3350 bis-amine, DCC, and NHS is
1:1.2:2:2. Next, amine-terminated TPGS3350 powder can be
obtained though filtering, precipitated in cold diethyl ether
and freeze drying.

MAA-coated QDs (2 mL of 1 mM QDs) was dissolved in
borate buffer at pH 8.4 and then activated with EDC and
NHS (with a molar ratio of MAA-coated QDs /EDC/NHS
equivalent to 1:1:2.5) at room temperature for 1 h.
TPGS3350-NH2 dissolved in 10 mL DMSO were added to
the activated MAA-coated QDs solution, and the mixture
was stirred gently for 2 h at room temperature in dark. The
TPGS3350-QDs NPs were purified by centrifugation at
10,000 rpm for 15 min and washed 3–4 times with 0.01 M
PBS (pH 7.4).

For evaluation the effect of chain length of PEG in TPGS
on nonspecific binding QDs to cells, TPGS-QDs NPs were
also synthesized in this study. The approach of TPGS-QDs
NPs was similar to the procedure of preparing TPGS3350-
QDs NPs excepting to use TPGS-NH2, which can be fabri-
cated as following: 0.5 mM TPGS was activated at 100�C

1592 DOI 10.1002/aic Published on behalf of the AIChE May 2014 Vol. 60, No. 5 AIChE Journal



under nitrogen atmosphere for 24 h by 1 mM succinic anhy-
dride in the presence of 1 mM DMAP. Next, the product
was dissolved in DCM and then precipitated in cold metha-
nol. Furthermore, the activated 0.12 mM TPGS was reacted
with 0.12 mM ethylene diamine in the presence of 0.36 mM
DCC and 0.36 mM NHS in DMSO at room temperature
under nitrogen atmosphere for 24 h. The product was filtered
to remove N,N-dicyclohexylurea and then dialyzed using
MWCO 1000 membrane in DMSO for 24 h to remove
excess reagents, and further dialyzed against Millipore water
for 24 h to remove DMSO.

Characterization of TPGS3350-QDs NPs

Average particle-size and size distribution of the NPs
were measured with laser light scattering (LLS, 90 Plus Par-
ticle Size, Brookhaven Instruments Co.) at a laser angle of
90� at 25�C. NPs were dropped into deionized water and
sonicated for 1 min in order to ensure homogenous disper-
sion of the particles. The surface charge of the TPGS3350-
QDs NPs in water was determined using ZetaPlus zeta
potential analyzer (Brookhaven Instruments Corporation) at
25�C. Transmission electron microscope (TEM, JEM-2010F,
JEOL, Japan) were exploited to investigate morphology of
NPs. NPs suspension was dropped on the surface of copper
grid with carbon film and dried at room temperature. Surface
chemistry of TPGS3350-QDs NPs was analyzed by x-ray pho-
toelectron spectroscopy (XPS) with an Al Ka x-ray source
(1486.6 eV photons) (XPS, AXIS His-165 Ultra, Kratos
Analytical, Shimadzu Corporation, Japan). A binding energy
(BE) ranged from 0 to 1100 eV was recorded in the survey
spectrum with pass energy of 80 eV under the fixed trans-
mission mode. The fluorescence quantum yield (QY) of the
QDs in deionized water were measured using Rhodamine 6G
as fluorescence standard.41 The fluorescent image of
TPGS3350-QDs NPs was recorded with a digital color camera
(EOS 400D, Canon, Japan). Briefly, 1 mL of the sample was
placed in quartz cuvettes. The fluorescent image of the NPs
suspension in water was recorded with a digital color camera
under the radiation of UV lamp with excitation wavelength
at 365 nm (Model UVGL-58, CA). The emission spectra of
the NPs aqueous suspension placed into a quartz cuvette was
measured using a spectroflurophotometer (RF-5301PC, SHI-
MADZU, Japan) at excitation 405 nm.

Study of nonspecific binding of NPs to cells

Cell Cultures. MCF-7 human breast adenocarcinoma
cells were used to carry out cell line experiments. Cells were
cultured in the DMEM supplemented with 10% FBS and 1%
penicillin–streptomycin as the antibiotics in humidified envi-
ronment of 5% CO2 at 37�C. Growth medium was replen-
ished every other day and subculture was performed when
cells reached 80% confluence.

Qualitative Study of Nonspecific Binding of NPs to Cells.
For qualitative study of nonspecific binding, MCF-7 cells
were cultured in chamber (LAB-TEK, Chambered Coverglass
System) at 37�C. After 80% confluence, the medium was
removed, and the adherent cells were washed twice with a 13

PBS buffer. Next, MAA-coated QDs NPs, TPGS-QDs NPs,
and TPGS3350-QDs NPs at 1-nM QDs concentration in the
medium were added into the chamber. After incubation for 4
h to allow the cells to internalize the NPs, the cells were rinsed
3 times with 13 PBS buffer. Furthermore, cells were fixed
with 75% ethanol about 20 min, and then the nuclei of the

cells were stained with 40,6-diamidino-2-phenylindole dihy-
drochloride (DAPI) about 30 min. The cells were washed
twice again with 13 PBS buffer and imaged with a confocal
laser scanning microscope (CLSM, Zeiss LSM 410, Germany)
with imaging software (Fluoview FV1000). The images of
NPs and the nuclei of the cells stained by DAPI were recorded
with following channels: blue channel (DAPI) with excitation
at 340 nm and red channel (QDs) with excitation at 405 nm.

Quantitative Study of Nonspecific Binding of NPs to Cells.
For quantitative analysis of nonspecific binding NPs to cells,
MCF-7 cells were seeded into 96-well black plates (Costar,
IL) at 1 3 104 cells/well. After the cells reached 80% con-
fluence, the medium was replaced with the suspension of
TPGS3350-QDs NPs, TPGS-QDs NPs, and MAA-coated QDs
NPs in DMEM medium at the concentration of 2-nM QDs.
Six wells for positive control and six wells for sampling
were seeded for each sample. After incubation for 2 or 4 h,
suspensions of the NPs were removed and the wells were
washed with 50 mL of 13 PBS for 3 times to remove traces
of NPs. Next, after 100 mL of fresh medium was then added
to each sample well, 50 mL of 0.5% Triton X-100 in 0.2 N
NaOH was added to lyse the cells. The fluorescence inten-
sities of each well at 650 nm were recorded with a micro-
plate reader (Genios, Tecan, M€annedorf, Switzerland) with
excitation wavelength at 405 nm. The nonspecific cellular
binding efficiency was calculated as the ratio of the fluores-
cence in the sample wells to that of the positive control.

Results and Discussion

Preparation of TPGS3350-QDs NPs

To reduce nonspecific binding in live cell assays,
TPGS3350 was conjugated to the surface of the QDs. The
schematic illustration of fabricating TPGS3350-QDs NPs is
shown in Figure 1. First, the phase transfer of QDs is accom-
plished through ligand exchange with MAA. Organic QDs in
chloroform were added into the MAA solution to stir about
2 h, followed by PBS solution added into this reaction mix-
ture under vigorous shaking and extracting. Thus, MAA-
coated QDs in an aqueous solution can be obtained. The
mercapto group of MAA binds to a Zn atom in QDs,
whereas the carboxylic acid group of MAA make the QDs
dissolve in aqueous buffers, and also the carboxyl group on
the MAA-coated QDs can be used to further surface modifi-
cation. TPGS3350-NH2 with amine group can be conjugated
to the surface of MAA-coated QDs via EDC/NHS at borate
buffer at pH 8.4. It was reported that etching of the surface
of QDs by HCl from EDC hydrolysis does not reduce fluo-
rescence from QDs as the borate buffer maintained a pH of
8.5–8.2 throughout reaction.25 In order to decrease nonspe-
cific binding of QDs, the surface of QDs could be modified
by TPGS3350 containing PEG3350, which can reduce the elec-
trostatic interactions of QDs with the surface of the cell or
proteins expressed in the extra cellular matrix. Further,
PEG3350 on the surface of QDs can change the electrical
double layer surrounding of QDs, which can be helpful to
further reduce nonspecific binding. The conjugation of
TPGS3350 on the surface of QDs could also render water
soluble and good colloidal stability of QDs.

Characterization of NPs

Dynamic light scattering (DLS) was utilized to determine
the size and size distribution of the TPGS3350-QDs NPs. The
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mean hydrodynamic size and polydispersity index of
TPGS3350-QDs NPs was measured to be 8.1 6 0.3 nm and
0.102 6 0.004, respectively. QDs with small sizes are prom-
ising tools for cell labeling applications, because the small
size reduces the possibility of the probe interfering with
receptor function, and renders more QDs to reach hindered
regions such as synapse. Furthermore, it was found that there
is no significant change in TPGS3350-QDs NPs size or size
distribution after storing the NPs at 4�C for 1 month. This
result confirms that the TPGS3350-QDs NPs have high stabil-
ity in aqueous solutions. The zeta potential of TPGS3350-
QDs NPs was found to be 221.6 6 0.2 mV, which is impor-
tant to maintain the stability of the NPs suspension due to
the strong repellent forces among particles. Moreover, the
value of zeta potential is an important parameter for nonspe-
cific cell binding, which is partly due to electrostatic interac-
tions of the cell surface with charged QD ligand coatings.
The zeta potential of TPGS3350-QDs NPs developed in this
study is beneficial to hinder this electrostatic interaction
between cells with QDs. The morphology of the NPs was
observed by TEM. As shown in Figure 2B, TPGS3350-QDs
NPs appeared spherical and well-dispersed on the copper
mesh after drying from water. But it could be found in Fig-
ure 2A that original hydrophobic QDs were aggregated. This

result illustrated that the modification of TPGS3350 can
enhance the dispersion of QDs in solution, which is impor-
tant for cell labeling and single-particle tracking applications.
Moreover, it can be noticed in Figure 2, the size of original
QDs is similar as that of TPGS3350-QDs NPs, which indi-
cated that the conjugation of TPGS3350 to QDs’ surface did
not effect on sizes of QDs. TPGS3350-QDs NPs observed
from TEM is about 8.0 nm in size, which coincides with the
hydrodynamic diameter of TPGS3350-QDs NPs from DLS
analysis.

The surface chemistry of the NPs was observed by XPS.
Figure 3 shows the XPS C1s, N1s, and S2p core-level spec-
tra of TPGS3350-QDs NPs. The C1s peak components with
BEs at about 284.6, 285.6, 286.2, 287.6, and 288.3 eV is
attributable to CAC or CAH, CAN, CAO, O@CANH, and
O@CAO species, respectively. The N1s core-level spectra
with BE at about 399.4 eV are attributable to the amine
group, linking the MAA-coated QDs, and TPGS3350. The
S2p3/2 and S2p1/2 spin-orbit split doublet with BEs at about
162 and 163.2 eV are attributable to the bound sulfur of
MAA on the QDs surface, indicating chemical interaction
between the sulfur head groups in MAA and the QDs sur-
face. The XPS results indicate that TPGS3350 has been cova-
lently immobilized on the surface of MAA-coated QDs.

Figure 1. The scheme of preparation of TPGS3350-QDs NPs.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. TEM image of (A) original hydrophobic QDs and (B) TPGS3350-QDs NPs.
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The fluorescent image (shown in Figure 4) of TPGS3350-QDs
NPs dispersed in water was recorded with a digital color camera
under UV lamp with excitation wavelength of 365 nm. It could
be seen that NPs emitted red fluorescence with a pure color.
And also, no aggregation and precipitation of these NPs were
found in Figure 4. The emission spectrum of TPGS3350-QDs
NPs was illustrated in Figure 5. Dispersion of NPs in water
demonstrated a symmetrical fluorescence emission spectrum
with an emission maximum at 650 nm under excited at 405 nm.
These findings prove that TPGS3350-QDs NPs display outstand-
ing property of fluorescence. Moreover, the fluorescence QYs
were investigated. The findings also demonstrated that QYs of
the original hydrophobic QDs in chloroform and the TPGS3350-
QDs NPs in deionized water are 46 and 40%, respectively.

Nonspecific cellular binding of NPs

The issue of nonspecific cellular binding of NPs is compli-
cated. It was reported that nonspecific cellular binding is

associated with hydrophobic interactions between the ligands
of NPs and lipids on the cell membranes. Some literatures
also described that nonspecific cellular binding is attributed
to the electrostatic interactions between the cells and the
negatively charged groups on the surfaces of NPs.25,26 In
this study, the qualitative nonspecific cellular binding can be
visually verified by the CLSM images. Figure 6 shows
CLSM of MCF-7 cells treated with MAA-coated QDs,
TPGS-QDs NPs, and TPGS3350-QDs NPs at 1-nM QDs con-
centration at 37�C after 4 h incubation. The images were
obtained from (A) the combined red channel and blue chan-
nel; (B) the blue channel with excitation at 340 nm; and (C)
the red channel with excitation at 405 nm. From Figure 6, it
can be observed obviously that red fluorescence emitted
from QDs appeared in the cytoplasm around the nuclei
(blue, stained by DAPI), which indicated NPs were internal-
ized by MCF-7 cells. Moreover, red fluorescence from
MAA-coated QDs NPs in Row 1 is much brighter than that
of TPGS-QDs NPs and TPGS3350-QDs NPs in Rows 2 and
3. This result indicated nonspecific cellular binding of MAA-
coated QDs is obvious, whereas TPGS-QDs NPs or
TPGS3350-QDs NPs was found to show less nonspecific cel-
lular binding. The explanation for this finding may be due to
the effect of PEG group, which can reduce the nonspecific
cellular binding, resulting in decreased endocytosis of NPs
by cells. Interestingly, as shown in Figure 6, TPGS3350-QDs
NPs showing excellent reduction of nonspecific binding to
cells in comparison with TPGS-QDs NPs. It suggests that
TPGS3350-QDs NPs have superior performance on reduction
of nonspecific cellular binding. This result indicates the
chain length of PEG in TPGS is related with the degrees of
nonspecific binding of QDs to cells. The results in this study
indicated that TPGS3350 with long-chain length of PEG3350

can efficiently prohibit QDs to be adsorbed on the mem-
branes of cells.

The experiment of quantitative nonspecific cellular binding of
NPs by MCF-7 cells was carried out to further evaluate nonspe-
cific cellular binding of NPs. As shown in Figure 7, in contrast
for TPGS-QDs NPs and TPGS3350-QDs NPs, MAA-coated QDs
NPs were used as a control to evaluate the effect of TPGS3350

or TPGS on nonspecific cellular binding. After MCF-7 cells
incubated for 2 h in DMEM containing TPGS3350-QDs NPs and

Figure 3. XPS image of C1s, N1s, and S2p core-level
spectra of the TPGS3350-QDs NPs surface.

Figure 4. The fluorescent image of TPGS3350-QDs NPs
dispersed in water under UV lamp with exci-
tation wavelength of 365 nm.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 5. Emission spectrum of TPGS3350-QDs NPs in
water under 405 nm excitation.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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MAA-coated QDs NPs at 2-nM QDs, nonspecific cellular bind-
ing efficiency of TPGS3350-QDs NPs (10.1 6 2.36%) is much
lower than that of MAA-coated QDs NPs (22.8 6 2.65%).
Upon 4 h incubation, the nonspecific cellular binding efficiency

of TPGS3350-QDs NPs was measured to be 11.7 6 1.61%,
which is still low compared to that of MAA-coated QDs
(26.4 6 2.53%). This phenomenon thus illustrates TPGS3350 in
NPs can reduce efficiently nonspecific cellular binding of NPs
due to PEG3350 effect. Furthermore, it can be seen from Figure
7 that TPGS-QDs NPs expressed 1.6- and 1.7-fold higher non-
specific cellular binding than the TPGS3350-QDs NPs after 2
and 4 h culture with MCF-7 cells, respectively, which indicate
that TPGS3350-QDs NPs can achieve low nonspecific cellular
binding to cells compared to TPGS-QDs NPs. In this study, it
can be found that these results in the experiment of quantitative
nonspecific cellular binding consistent with findings measured
by CLSM. These results indicate that TPGS3350-QDs NPs with
minimal nonspecific binding to cells are suitable for cell label-
ing and single-particle imaging applications.

Conclusions

In this study, TPGS3350-QDs NPs were fabricated for the
reduction of nonspecific cellular binding for cellular imag-
ing. These NPs show excellent colloidal stability with fine
hydrodynamic size distribution in aqueous solutions. CLSM
imaging demonstrated NPs with red bright fluorescence were
localized in the cytoplasm around the nuclei. Additionally,
the nonspecific cellular binding of TPGS3350-QDs NPs was
examined. In contrast with MAA-coated QDs NPs, the
TPGS3350-QDs NPs showed the reduction of nonspecific cel-
lular binding for MCF-7 cells due to the effect of PEG3350

in TPGS3350, which indicate that PEG3350 in TPGS3350 can
reduce nonspecific cellular binding of QDs to cells. In

Figure 6. CLSM of MCF-7 cells treated with (Row 1) MAA-coated QDs NPs, (Row 2) TPGS-QDs NPs, and (Row 3)
TPGS3350-QDs NPs at 1-nM QDs concentration at 37�C after 4 h incubation.

The images were obtained from (A) the combined red channel and blue channel, (B) the blue channel with excitation at 340 nm,

and (C) the red channel with excitation at 405 nm. [Color figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]

Figure 7. MCF-7 nonspecific cellular binding efficiency
of MAA-coated QDs NPs, TPGS-QDs NPs,
and TPGS3350-QDs NPs in medium at the
QDs concentration of 2 nM for 2 and 4.0 h,
respectively (n 5 6).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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particular, TPGS3350-QDs NPs show lower nonspecific cellu-
lar binding for MCF-7 cells than TPGS-QDs NPs, which
suggest that TPGS3350 with long-chain PEG3350 in NPs can
achieve low nonspecific cellular binding to cells compared
with TPGS. The developed TPGS3350-QDs NPs with signifi-
cantly reduced nonspecific cellular binding have valuable
applications in bioimaging.
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