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Nanoparticle- and quantum-dot (QD)-based bioprobes are emerging as alternatives to small-molecule
probes for invitro and invivoapplications.However, their cellular interactionand cell uptakemechanism
are significantly different from those of small-molecule probes and are extremely sensitive to surface
ligands. These present a barrier in the development of nanoparticles and QDs as cellular probes. This
work focused on the synthesis of various functionalized QDs with tunable surface charge, hydropho-
bicity, and functionalization with poly(ethylene glycol) (PEGylation) and their cellular interaction. We
found that the surface functional groups of nanometer-sized probes significantly dictated their cellular
interaction, subcellular localization, and cytotoxicity. A dose-dependent interaction was observed for all
types of QDs, but the cationic surface charge or hydrophobicity would increase the cellular interaction as
compared to the anionic surface charge. Cationic QDs rapidly entered cells and induced cytotoxicity, but
hydrophobic QDs were stuck to the cell membrane and did not enter the cells. PEGylation of cationic
QDs reduced their nonspecific binding and cytotoxicity, and a higher concentration ofQDswas required
for cellular entry. On the basis of these results, we were able to design different functionalized QD
nanoprobeswith balanced hydrophobicity and surface charge for cellmembrane labeling and subcellular
targeting.Mechanistic studies indicated a clathrin-mediated interaction and uptake for all types of QDs.
The cellular interaction and uptake of 20-50 nm particles were primarily determined by their surface
charges and ability to penetrate the cellular membrane, and the final destinations of the nanoparticles in
the cell could be controlled by the appropriate design of surface ligands.

Introduction

Nanoparticle- and quantum-dot (QD)-based probes have
gained increasing interest in medical diagnostics and cellular
imaging applications.1-7 The bright, tunable, and photo-
stable optical properties of QDs4,5 and noble-metal nanopar-
ticles,1-3 and the interestingmagnetic properties of iron oxide
nanoparticles7 offered advantages in optical and magnetic
resonance imaging and detection. Functionalized nanoparti-
cles1-7 couldbedesigned for specific targeting. Theymight be
tailored with single or multiple surface functional groups to
increase the labeling specificity or to induce cooperative bind-
ing.8 In cell labeling applications, the controllable fluore-

scence of QDs has attracted great attention. Recent studies
showed thatQDs functionalizedwithbioaffinity probes such
as antibodies, peptides, and other small molecules could
achieve cell-specific targeting and labeling.9-38 For exam-
ple, antibody-functionalized QDs were used to target cell
surface receptors15,16,26 and studyprotein trafficking.15,28,35
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Peptide-functionalized QDs were employed to increase
the cellular uptake17-22,27 and subcellular labeling of the
nucleus19 and mitochondria.17 These studies indicated that
targeting cell surface receptors and labeling a specific cell
type were more easily attained than subcellular targeting.
Microinjection of peptide-functionalized QDs has led to
good subcellular specificity, which is typically lost when
QDs are taken up through the common endocytotic path-
ways.17 Thus, a clear understanding of the cellular uptake
mechanism of nanoparticles and QDs and its influence on
subcellular localizationwould be key in the development of
cellular and subcellular probes.
Macromolecules, nanoparticles, and microparticles

enter into cells via four main endocytotic pathways, i.e.,
macropinocytosis, clathrin-mediated endocytosis, caveolin-
mediated endocytosis, and clathrin- and caveolin-
independent endocytosis.39-41 Although different types of
receptors are involved in the different endocytotic mechan-
isms, clathrin-mediated endocytosis is the most common
and well-studied one. There are three general and conse-
cutive steps for cellular internalization: (i) interaction of the
particle with the cell membrane, followed by its transloca-
tion through the membrane; (ii) incorporation into an
endosome; and (iii) sorting via endosomal compartments
to subcellular targets such as the Golgi complex, the
endoplasmic reticulumor lysosomes.39-41 The nanoparticle
uptake efficiency is determined by the particle-membrane
interaction, while the final destination of the nanoparticle is
governed by the endocytotic pathway, the nanoparticle’s
ability for endosomal escape, and the type(s) of ligands on
the nanoparticle surface.42,43

The first step involves the interaction between the
particle and the heparan sulfate proteoglycans and mem-
brane lipids at the cell surface. Because the proteoglycans
are negatively charged, the cell surface tends to have
stronger electrostatic interactions with cationic particles
or polymers. On the other hand, the lipophilic property of
membrane lipids allows for stronger interaction with a
particle with long-chain hydrocarbons, such as fatty acids
and fatty amines. As a result, common cell-penetrating
peptides and cell transfection reagents (e.g., lipofect-
amine) typically possess a positive charge, long-chain
hydrocarbons, and/or lipophilicity.42,43

Cellular endocytosis, cellular delivery, and subcellular tar-
geting of a nanoparticle-based probe can be influenced in
several ways. First, a nanoparticle has a high surface-
to-volume ratio, and thus any small change in the particle
size, shape and/or surface functional groupmay lead to signi-
ficant alteration in cellular interaction.44-54 Consequently,
the cellular uptake, cytotoxicity,44,45,47,48 and subcellular
localization of nanoparticles and QDs are highly sensitive
to the particle size,46,52,53 shape,52,54 surface charge,27,44,48,50

hydrophobicity,36,49 and nature of the surface ligands.32

Second, a larger probe size (10-100 times that of molecular
probes) might lead to adifferent endocytotic uptakemechan-
ism compared to that of molecular probes.53 Third, a larger
particle size and a higher surface charge would often induce
high nonspecific cellular uptake of nanoparticle-based
probes,3,47-50 which further complicated the uptake activity
of affinity ligands by reducing the specificity of nanoparticle-
based probes. Fourth, nanoparticle-based probes often end
up at lysosomes and prevent subcellular targeting.17 Thus,
specially functionalized nanoparticles need to be engineered
with endosomal escape and disruption capabilities.32

Designing an ideal nanoparticle probe requires a rig-
orous understanding of the influence of its surface pro-
perties on cellular interaction and uptake processes. QD-
based probes are ideal for such studies because of their
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small size and unique fluorescence properties.4,5 However,
the synthesis of QD-based probes with a wide variety of sur-
face chemistry is highly challenging.4,5 Conventional thiol-
based ligand-exchange,17,33,44,51 polymer coating,31,32 lipid
coating,11,49 and self-assembly methods13,22 cannot provide
a very broad scope because of the poor colloidal stability of
QDs during conjugation chemistry. Alternatively, shell-
cross-linked QDs, derived via silica coating9,19,24,36 or poly-
mer coating,12,15,16 have been derived with greater promise,
but are limited due to a lack of functionalization options as
well as issues with nonspecific binding.47,48,50 We have
recently developed polyacrylate/polyacrylamide coating
chemistry, which is very powerful in generating awide range
of functionalized nanoparticles with high colloidal stabi-
lity.55 The high colloidal stability was attained through the
cross-linked shell structure, and a variety of acrylate mono-
mers were employed to introduce different chemical
functionalities on the polymer backbone.55a

Herein, polyacrylate/polyacrylamide coating chemis-
try was used to prepare 20-50-nm QDs with different

tunable surface charges, hydrophobicity, and functiona-
lization with poly(ethylene glycol) (PEGylation; see
Scheme 1). We first tested the cellular interaction and
uptake mechanism of these coated QDs in order to
understand the role of surface ligands in the interaction
and uptake processes. Next, we identified appropriate
ligands to develop effective cellular probes for cell mem-
brane labeling and subcellular targeting. We found that
interaction with the cell membrane increased for cationic
and hydrophobic QDs, as compared to anionic QDs, and
in all cases, dose-dependent interaction and clathrin-
mediated endocytosis were observed. Confocal micro-
scopy illustrated that hydrophobic particles were loca-
lized in cell membranes with very limited intracellular
delivery. However, PEGylated hydrophobic particles
showed increased intracellular uptake, and PEGylated
cationic particles displayed complete intracellular uptake
and endosomal localization. This study demonstrated
that the initial interaction with the cell membrane was
determined by the surface charge and hydrophobicity of
nanoparticles but that cellular entry was governed by a
balance between hydrophobicity and the surface charge.
Our study also illustrated that nonspecific binding, cyto-
toxicity, cell uptake, and subcellular trafficking were

Scheme 1. Structures of Different Types of Functionalized QDs: (I)Anionic, (II)Hydrophobic Anionic, (III)Cationic, (IV)Hydrophobic

Cationic, (V) PEGylated Cationic, and (VI) Hydrophobic PEGylated Cationic

(55) (a) Jana, N. R.; Ying, J. Y. U.S. Patent Appl. 935644, 2007, p 60.
(b) Jie, Z.; Ting, B. P.; Jana, N. R.; Gao, Z.; Ying, J. Y. Small 2009, 5,
1414. (c)Wei, Y.; Jana,N. R.; Tan, S. J.; Ying, J. Y.BioconjugateChem.
2009, 20, 1752.
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significantly dictated by the surface properties of the
nanoprobes, such as the surface charge, surface func-
tional group, and nature of the surface ligands.

Experimental Section

Synthesis of QD Probes. The details of polyacrylate and

polyacrylamide coatings were reported earlier.55a First, CdSe

QDs were prepared by high-temperature pyrolysis of the car-

boxylate precursors of Cd in an octadecene solvent.56-58 Next,

they were capped by ZnS at 200 �C in octadecene via the

alternate injection of zinc stearate in octadecene and elemental

S dissolved in octadecene. Next, they were converted into water-

soluble, polymer-coated particles via the in situ polymerization

of acrylate/acrylamide monomers as follows. Hydrophobic

QDs were purified of free surfactants and then dissolved in

reverse micelles. Next, the solution was transferred to a three-

necked flask, mixed with the monomers, and purged with

nitrogen before persulfate was added to initiate the polymeri-

zation. Two types of polymer-forming acryl monomers were

used for polymer coating, i.e., acrylic acid and N-(3-aminopro-

pyl)methacrylamide hydrochloride. The acrylic acid monomer

produced polymer-coated particles with surface carboxylic acid

groups (I in Scheme 1). TheN-(3-)methacrylamidemonomer led

to polymer-coated QDs with primary amine surface groups (III

in Scheme 1). The molecular weight of the polymer coating was

found by MALDI mass spectroscopy to range from 40 000 to

70 000.55 Thermal gravimetric analysis indicated that the poly-

mer coating represented ∼70 wt % of the coated QDs, which

could be accounted by approximately seven polymer units on

each particle surface.55 The primary amine functional groups in

the amine-functionalized particles have been quantified via

fluorescamine titration to vary from several hundreds to several

thousands, depending on the amount of amine monomer em-

ployed in the synthesis. These results were similar to those

reported earlier for the silica-coated nanoparticles.58b

Polymer-coated particles I and III were further functionalized

to prepareother types ofQDs.HydrophobicQDs (II and IV)were

prepared from I and III, respectively, using 1-ethyl-3-[3-(di-

methylamino)propyl]carbodiimidehydrochloride (EDC) coupling

chemistry. To prepare II, 2.0 mL of an aqueous solution of I

(absorbance of∼0.5 at the first absorption maximum) was mixed

with 0.02mLof an ethanolic solution of oleylamine (0.1M), and

the pH was adjusted to 5.5 using an N-(2-hydroxyethyl)pipe-

razine-N0-2-ethanesulfonic acid (HEPES) buffer solution. To

prepare IV, 2.0 mL of solution III was mixed with 0.02 mL of an

ethanolic solution of oleic acid (0.1M), and the pHwas adjusted

with a HEPES buffer solution. Next, aqueous EDC (0.1M) and

N-hydroxysuccinimide (0.1 M) were freshly prepared sepa-

rately; 0.2 mL of each solution was added to solutions I and

III and incubated overnight. The resulting solutions were then

dialyzed overnight to remove excess reagents.

V was prepared by reacting III with methoxypoly(ethylene

glycol) butylaldehyde (aldehyde-PEG; MW 3400, SunBio).

Typically, solution III (absorbance of ∼0.5 at the first absorp-

tion maximum) was prepared in a borate buffer of pH 9.5 and

mixed with aldehyde-PEG (10mg dissolved in 0.2 mL of water).

After 1 h, a freshly prepared aqueous borohydride solution

(0.1 M) was added to reduce the unstable imine bond. After 30

min, this solution was dialyzed overnight to remove any un-

reacted reagents.

VIwaspreparedby reacting IIIwithaldehyde-PEGoleylamide.

The aldehyde-PEG oleylamide was prepared by mixing poly-

(ethylene glycol) dibutylaldehyde (MW 3500, SunBio) with an

equivalent amount of oleylamine. Typically, 1 mL of a borate

buffer (pH 9.5) solution of poly(ethylene glycol) dibutylaldehyde

(0.01 M) was mixed with 0.1 mL of an ethanolic solution of

oleylamine (0.1 M). After 30 min, 0.5 mL of this solution was

mixed with a sample III solution (absorbance of ∼0.5 at the first

absorption maximum) in a borate buffer of pH 9.5. Next, the

borohydride reduction of imine and dialysis were performed. A

similar reaction was conducted to control the number of oleyl

groups on the QD surface. A mixture of aldehyde-PEG and

aldehyde-PEGoleylamidewith a differentmolar ratiowas reacted

with III, followed by borohydride reduction and dialysis.

ForNMRsample preparation, the dialyzedQD samples were

vacuum-dried and dissolved in D2O.

Cell Labeling Study.HepG2 andNIH3T3 cells grown in a cell

culture flask [using Dulbecco’s modified Eagle’s medium

(DMEM) as the medium] were subcultured in 24-well plates

(with 0.5mLof the culturemedium for each plate). For confocal

microscopy studies, cells were cultured on a circular coverslip

placed under the cell culture plate. The cells were attached to the

culture plate or coverslip overnight. They were next incubated

with 10-100 μL of a QD solution (∼0.1 mg/mL) for 1-2 h. The

cells were then washed with phosphate-buffered saline (PBS)

twice and used for imaging. For imaging experiments, the same

excitation wavelength and exposure time were employed for

comparative study. The entire quantitative study of uptake was

performed by flow cytometry (FACS).

Colocalization Study. Each experiment was conducted for the

following four sets: (i) QD sample; (ii) lysotracker red; (iii) a QD

and lysotracker red mixture; and (iv) no QD and no lysotracker

red. The cells were first washed with PBS (1�) and replaced with

serum-free media. Next, QDs, lysotracker red (∼5 nM), or the

QD-lysotracker red mixture was introduced and incubated

with the cells for 1 h, 15 min, or 1 h, respectively. The cells were

then washed two or three times with PBS (1�) and used for

imaging.

Dose-Dependent Study. Most studies were performed with

final QD concentrations of 5, 25, and 50 nM. The QD concen-

tration was determined based on the absorbance value at the

first absorption maximum, using the molar extinction coeffi-

cient determined earlier.59 Cells were washed with PBS (1�) and

replacedwith serum-freemedia.Next,QDsof different amounts

were introduced and incubated for 1 h. The cells were then

washed with PBS (1�) and trypsinized to detach from the well

plate. They were transferred into 15 mL centrifuge tubes con-

taining∼2mL of complete media for trypsin inactivation. Next,

the cells were separated by centrifugation at 1000 rpm for 5 min.

The precipitated cells were collected after removal of the super-

natant, resuspended in 2 mL of PBS (1�) for washing, and

centrifuged again at 1000 rpm for 5 min. The resulting cell

precipitate was collected, resuspended in 1mL of PBS (1�), and

used for flow cytometry analysis. Approximately 10 000-20 000

cells were used for each sample analysis, and the raw flow

cytometry data were obtained as a frequency histogram of the

relative fluorescence plotted against the number of events. The

quantitative cellular interaction and uptake were determined

from the raw flow cytometry data after subtraction of the

(56) Li, J. J.; Wang, Y. A.; Guo, W.; Keay, J. C.; Mishima, T. D.;
Johnson, M. B.; Peng, X. J. Am. Chem. Soc. 2003, 125, 12567.

(57) Selvan, S. T.; Tan, T. T.; Ying, J. Y. Adv. Mater. 2005, 17, 1620.
(58) (a) Jana, N. R.; Earhart, C.; Ying, J. Y. Chem. Mater. 2007, 19,

5074. (b) Jana, N. R.; Yu, H.-h.;MohamedAli, E.; Zheng, Y.; Ying, J. Y.
Chem. Commun. 2007, 1406. (59) Yu,W.W.;Qu, L.;Guo,W.; Peng,X.Chem.Mater. 2003, 15, 2854.
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contribution from the control cells without QDs. The control

sample showed some signal due to cellular autofluorescence [see

Figure S1 in the Supporting Information (SI)].

Endocytotic Inhibition Study. Each study included a negative

control (i.e., no QDs and no inhibitors), a positive control (with

QDs only and no inhibitors), and the QD sample with a specific

inhibitor. The experiments generally required two or three

confluent wells (in a 24-well plate) for each sample tested. The

inhibitors used are summarized below. For the inhibition study,

cells were washed with PBS (1�) buffer and replaced with

serum-free media. Next, the inhibitor solution was added and

incubated for 30 min. The QD solution was then added and

incubated for 15-60 min. The cells were then washed and used

for FACS analysis, as described for the dose-dependent study.
Table

inhibitor
concentration

(μg/mL) process inhibited

CHP 15 clathrin-mediated endocytosis
MBCD 15 non-clathrin-mediated endocytosis
nystatin 30 clathrin-mediated endocytosis
amiloride 1.5 macropinocytosis
genistein 50 caveolae-mediated endocytosis
cytochalasin D 2.5 macropinocytosis, caveolae uptake

Cell Viability Study by 1-Methyltetrazole-5-thiol (MTT) As-

say.HepG2andNIH3T3 cells were trypsinized and resuspended

in DMEM with 10% fetal bovine serum and 1% penicillin/

streptomycin. The cells were seeded on a 96-well flat-bottomed

microplate in 100-200 μL of a full DMEM culture medium

and kept overnight at 37 �C and 5% CO2. QDs of different

concentrations were loaded into each well, with six duplicates

for each QD concentration. Each system was incubated for 24,

48, and 72 h; 20 μL of a MTT solution (5 mg/mL) was added

to each well 4 h before the end of the incubation period.

The medium was discarded by aspiration, and formazan was

dissolved with 200 μL of dimethyl sulfoxide. The plates were

read for absorbance at 550 nm. The optical density was directly

correlated with the cell quantity, and the cell viability was

calculated by setting the cell viability of the control set

(without any QDs) as 100%. To examine the toxic effects of

different ligands, 5 nm iron oxide nanoparticles with similar

polymer coating were also prepared for the cytotoxicity study.

The hydrophobic iron oxide nanoparticles were synthesized

using our published protocol60 and then coated with poly-

acrylate like that for the QDs.55a

Instrumentation.Ultraviolet-visible absorption spectra were

recorded using an Agilent 8453 spectrophotometer in a 1 cm

quartz cell. Fluorescence spectra were obtained with a Jobin

Yvon Horiba Fluorolog fluorescence spectrometer. The quan-

tum yield (QY) was measured using the integrated fluorescence

intensity of the QD and reference (fluorescein, QY = 97%)

under 470 nm excitation. A concentrated solution (5-10 mg/

mL) was used to acquire NMR spectra (Bruker AV-400 instru-

ment, 400 MHz). Solid samples were characterized by photo-

acoustic Fourier transform infrared (FTIR) spectroscopy. For

dynamic light scattering (DLS) studies, samples were first

filtered through a PALL syringe filter (0.1 μm pores) and then

characterized with a Brookhaven Instrument Corp. model BI-

200SM instrument. Cell imaging was performed using an

Olympus microscope IX71 with a DP70 digital camera. Con-

focal fluorescence imaging was conducted using an Olympus

Fluoview 300 confocal laser scanning system with 488 nm laser

excitation. ABDFACSCalibur flow cytometer (with four-color

basic modular flow) was employed for quantification of the

cellular uptake.

Results and Discussion

The chemical structures of our functionalized QDs are

shown in Scheme 1. Carboxylate QDs (I) and amine-

functionalized QDs (III) were synthesized with our poly-

mer coating scheme, using acrylic acid and N-(3-amino-

propyl)methacrylamide as polymer-forming precursors,

respectively. QDs I and III were further functionalized to

derive other functionalized QDs. Oleyl-functionalized

hydrophobic anionic QDs (II) were synthesized by react-

ing I with oleylamine, using EDC coupling chemistry.

Similarly, oleyl-functionalized hydrophobic cationic

QDs (IV) were prepared by reacting III with oleic acid,

using EDC coupling chemistry. PEGylated cationic QDs

(V) were derived by reacting III with aldehyde-PEG.

Hydrophobic PEGylated cationic QDs (VI) were synthe-

sized by reacting III with aldehyde-PEG oleylamide. The

chemical structures of the functionalized QDs were con-

firmed with NMR spectroscopy and FTIR spectroscopy

(see Figure S2 and Table S1 in the SI). NMR and FTIR

spectroscopies were also employed to verify that the

original ligands used in the QD synthesis (e.g., trioctyl-

phosphine, trioctylphosphine oxide, octadecylamine, and

stearic acid) were completely removed from the functio-

nalized QDs (see the SI). The surface charge of QDs was

characterized with ζ-potential measurements, and the

overall nanoparticle size in solution was determined by

DLS (Table 1). I and II were negatively charged, but the

other QD samples were positively charged at pH 7.0 in

PBS (1�). The surface charge of the QDs could be altered

depending on the solution pH and ionic strength,

although the influence of the pH was more dominant

than that of the ionic strength. We have employed PBS

(1�) buffer of pH 7.0 in most of our studies. All QD

solutionswere optically transparent and colloidally stable

in PBS buffer forg6 months. The colloidal stability of II

and IV was sensitive to the amount of oleyl groups on

their surfaces. Because excessive oleyl groups would lead

to water-insoluble QDs, partial oleyl functionalization

was adopted. The QYs of the QDs were determined to be

15-40%, depending on the QD core size and coating.
To examine the QDs’ cellular interaction, HepG2 and

NIH3T3 were used as model cell lines. Both cell lines
behaved similarly to ourQDs; thus, wewill discussmainly
the results obtained with the HepG2 cells. Figure 1 shows
the representative fluorescence labeling of HepG2 with
different QDs. The live cells were incubated with QDs at
37 �C in cell culture media for ∼1 h. The free QDs were
then washed away, and fresh media were added before
imaging. Imaging studies illustrated that the cellular
interactions of QDs were sensitive to their surface charge,
hydrophobicity, and PEGylation. Except for I, all of the
QDs were attached to the cells, but III and IV were very
toxic to the cells (see Table 1). These findings indicated
that the anionic QDs have weaker interactions with cells(60) Jana, N. R.; Chen, Y.; Peng, X. Chem. Mater. 2004, 16, 3931.
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than the hydrophobic and cationic QDs. Flow cytometry
was used to quantify the dose-dependent interactions bet-
ween the QDs and cells. Cells were incubated with different
concentrations of QDs, washed, and analyzed by flow
cytometry. The quantitative cellular interaction and uptake
weredeterminedafter subtractionof the signal contribution
from cellular autofluorescence. Figure 2 shows a dose-
dependent cellular interaction of QDs at nanomolar con-
centrations. Because of severe cytotoxicity, we did not
perform the flow cytometry study on IV and noted that

the dose-dependent studies were conducted above the
tolerance dosage of III (see Table 1). We note also that
cellular interactions increased drastically with the introduc-

tion of hydrophobic oleyl groups on the QD surface. For

example, a comparison of I and II illustrated that the

cellular interaction of anionic QDs could be increased by
5-20 times after oleyl functionalization. Another signi-

ficant observation was that PEGylation led to decreased

nonspecific binding and reduced the cellular interactions of

QDs, as observed earlier.48 PEGylation (V) of cationicQDs
(III) lowered their cellular interaction and thus decreased

their cytotoxicity. For example, the comparison of III and

V in Figure 2 showed that PEGylation reduced the cellular
labeling to 1/3 at 5 nM but allowed for efficient labeling at

50 nM, whereas non-PEGylated QD was highly toxic. The

most interesting finding was associated with the hydropho-

bic PEGylated cationic QDs (VI). The oleyl groups in-
creased the cellular interactions, while the PEG coating

reduced the cytotoxicity. Thus, VI was a very effective label

evenwhen it was employed at a low concentration of 5 nM.
Because I was used to derive II and III was used to

derive IV-VI, we could compare the cellular interaction
characteristics of I with II and III with IV-VI (see
Table 1). In contrast, a comparison between I and II with
III-VI would not be straightforward because I and II
were anionic, while III-VI were cationic.
Cytotoxicity studies were performed by MTT assay

(Figure 3). The cell viability of QDs was found to be very
sensitive to the surface coating. Cationic QDs with pri-
mary amine groups (III) were very toxic even at 12.5 nM,

Table 1. Characteristics of Different Types of Functionalized QDs

QD
DLS size
(nm)

ζ potential
(mV) cellular uptake

subcellular
localization

cytotoxicity
(tolerance dosage)a

I, anionic 20( 5 -29 low low (100 nM)
II, hydrophobic anionic (derived from I) 20( 10 -25 medium cell membrane medium (10 nM)
III, cationic 30( 10 þ33 high cell membrane,

lysozome
high (2 nM)

IV, hydrophobic cationic (derived from III) 35 ( 10 þ26 high cell membrane high (2 nM)
V, PEGylated cationic (derived from III) 20( 5 þ8 medium lysozome low (50 nM)
VI, hydrophobic PEGylated cationic

(derived from III)
30( 10 þ10 high cell membrane,

lysozome
medium (10 nM)

aThe tolerance dosage corresponded to >90% viability of the HepG2 cells after 12 h of incubation.

Figure 1. Representative fluorescence micrographs of different types of functionalized QDs: (I) anionic, (II) hydrophobic anionic, (III) cationic, (IV)
hydrophobic cationic, (V) PEGylated cationic, and (VI) hydrophobic PEGylated cationic.

Figure 2. Dose-dependent interaction and uptake of different types of
functionalized QDs (from left to right): (I) anionic, (II) hydrophobic
anionic, (III) cationic, (V) PEGylated cationic, and (VI) hydrophobic
PEGylated cationic. Note that “100%” represents that all cells are
labeled.
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while anionic QDs with carboxylate groups (I) have al-
most no toxic effect at e100 nM. PEGylation of cationic
QDs improved the cell viability significantly, while oleyl
groups led to highly toxic QDs. Hydrophobic PEGylated
cationic QDs (VI) have intermediate cytotoxicity. The
tolerance dosages of different QDs were determined from
>90% viability of HepG2 cells after 12 h of incubation
(see Table 1). It was apparent that the cytotoxicity of QDs
was related to their cellular interactions and uptake. For
example, the reduced cytotoxicity of anionic QDs (I) and
PEGylated QDs (V) was due to their poor interactions
with cells. The higher cytotoxicity of hydrophobic QDs
(II, IV, andVI) and cationic QDs (III) could be attributed
to their stronger cellular interactions and internalization
by the cells. We have also tested the cytotoxicity of iron
oxide nanoparticles coated with different types of func-
tional ligands in order to determine whether the toxic
effect was due to the QDs or the ligands (Figure S3 in the
SI). This control experiment showed that the cytotoxicity
of the differently functionalized iron oxide nanoparticles
was similar in trend and quite similar inmagnitude to that
of the differently functionalized QDs. Because iron oxide
nanoparticles were well-known to be nontoxic, these
control studies suggested that the cytotoxicity could be

mainly attributed to the surface ligands rather than the
QDs themselves. The low toxicity of our QDs was ex-
pected given the low concentration ofQDs employed, and
the fact that CdSe was well-capped by ZnS to minimize
any toxic Cd release. However, other toxic effects such as
the reactivity of QDs would need to be examined in
further studies.61

Confocal microscopy was employed to examine the
subcellular localization of QDs. Figure 4 shows that cell
labeling was not achieved with I because of its poor
interaction with cells. The other functionalized QDs were
able to label the cells, although localization of the QDs
was different for the different types of functionalized
QDs. Oleylated QD labeled mainly the cell membrane,
without significant cell internalization. Control experi-
ments were also conducted, and it was found that mem-
brane-labeled QDs (II) did not enter cytoplasm even after
24 h. In contrast, cationic QD (III) labeled the cell
membrane first and then entered the cells within 15 min.
This study concluded that oleylated QDs were bound

Figure 3. Cytotoxicity on (a) NIH3T3 and (b) HepG2 after 24 h with different types of functionalized QDs: (I) anionic, (II) hydrophobic anionic, (III)
cationic, (IV) hydrophobic cationic, (V) PEGylated cationic, and (VI) hydrophobic PEGylated cationic.

Figure 4. Confocal micrographs showing the subcellular localization after 1 h with different types of functionalized QDs: (I) anionic, (II) hydrophobic
anionic, (III) cationic, (IV) hydrophobic cationic, (V) PEGylated cationic, and (VI) hydrophobic PEGylated cationic. The cationic QDs (III) were
incubated with the cells for a short time (∼10 min instead of 1 h) to ensure membrane labeling and low cytotoxicity.

(61) (a) Schneider, R.; Wolpert, C.; Guilloteau, H.; Balan, L.; Lambert,
J.; Merlin, C. Nanotechnology 2009, 20, 225101. (b) Dumas, E.-M.;
Ozenne, V.; Mielke, R. E.; Nadeau, J. L. IEEE Trans. Nanobiosci.
2009, 8, 58.
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strongly to the cell membrane. A completely different
type of localization was observed for PEGylated cationic
QDs (V). They entered the cells within 1 h and did not
label the cell membrane. Introduction of oleyl groups on
the PEGylated QDs (VI) led to the localization of QDs
both in the cell membrane and within the cells. Coloca-
lization studies with lysotracker red indicated that a
significant fraction of the QDs was localized in the
lysozome (see Figure S4 in the SI). Cationic QDs (III)
first localized at the cell membrane and then entered the
cytoplasm within 15 min; further studies were difficult
because of the high cytotoxicity of III.
To understand the endocytosis mechanism, we have

studied the quantitative cellular interaction and uptake
of QDs in the presence of different inhibitors, such as
chloropromazine (CHP), methyl-β-cyclodextrin (MBCD),
nystatin, amiloride, genistein, and cytochalasin D. It is
well-known that CHP and nystatin inhibit clathrin-medi-
ated endocytosis, amiloride inhibits macropinocytosis,
genistein inhibits caveolae-mediated endocytosis,MBCD
inhibits non-clathrin-mediated endocytosis, and cytocha-
lasin D inhibits macropinocytosis and caveolae uptake.40

Cells were incubated with QDs and inhibitors simulta-
neously in the cell culture medium for ∼1-2 h. Next, the
cells were washed with a buffer solution and analyzed by
flow cytometry. Hydrophobic anionic QDs (II), PEGy-
lated cationic QDs (V), and hydrophobic PEGylated
cationic QDs (VI) were examined. The other QD systems
were not tested because of their cytotoxicity (III and IV)
or poor cellular interactions (I). Figure 5 shows that,
among all inhibitors, CHP has the most significant effect,
reducing the cellular uptake significantly. The other in-
hibitors did not alter the cellular uptake process substan-
tially. Because CHP inhibited the clathrin-mediated
endocytosis processes,39-41 we deduced that the interac-
tion and uptake processes of hydrophobic anionic, PE-
Gylated cationic, and hydrophobic PEGylated cationic
QDs were clathrin-mediated.
Our studies provided insight into the origin of nano-

particles’ interactions with cells and the factors involved.
While small molecules and ions can traverse the plasma
membrane via protein pumps or channels, internalization
of macromolecules and particles occurs through endocy-
tosis. The complexity of endocytosis reflects the great
evolutionary effort toward control of the entry of foreign
materials into the cells in response to the environment.
Consequently, phagocytosis (uptake of larger particles)
occurs on specialized cells (e.g., macrophages), while
pinocytosis (uptake of smaller particles and macromole-
cules) takes place either on specialized cells (e.g., caveo-
lae-mediated endocytosis in endothelial cells) or through
the receptor-mediated uptake process. Among the differ-
ent types of pinocytosis, clathrin-mediated endocytosis is
the most common in mammalian cells and is responsible
for the continuous uptake of essential nutrients, inter-
cellular communications, and signal transduction. Thus,
it was not surprising that the interaction and uptake of
20-35 nm QDs was associated with clathrin-mediated
endocytosis processes. Lysosomal localization of QDs

indicates that the QDs are rooted in the endocytic vesi-
cles during the clathrin-mediated endocytosis, are un-
able to escape from there, and are finally trapped in
lysosomes.39-41 Similar types of endocytosis have also
been observed by others for both QDs and nanopar-
ticles.4,5,17,32,53 This study showed that cationic, anionic,
and hydrophobic nanoparticles of 20-35 nm were up-
taken through clathrin-mediated pathways and then
trapped in the lysosomes.
Our experimental findings offered a general insight into

nanoparticles’ interaction with cells. The immediate barrier
for particle entry is the cell membrane, which is a dynamic
self-assembled structure consisting of lipids. Earlier work on
the pathogen entry and drug/gene delivery shows that the
hydrophobicity and cationic nature of a protein, peptide, or
polymer can induce greater interaction with cell membrane,
such as that observed in the transfection agent for the
effective cellular delivery of drugs, DNA, and proteins.42,43

For example, cell-penetrating peptides have basic amino
acids (such as arginine and histidine), along with hydro-
phobic peptide sequences. Similarly, conventional cell

Figure 5. Cellular interaction and uptake of (II) hydrophobic anionic
QDs, (V) PEGylated cationic QDs, and (VI) hydrophobic PEGylated
cationic QDs in the presence of (1) no inhibitor, (2) CHP, (3) MBCD, (4)
nystatin, (5) amiloride, (6) genistein, and (7) cytochalasin D.
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transfection agents have secondary and tertiary amine
functional groups, along with long-chain hydrophobic
segments.42,43 Thus, it was not unexpected that the ca-
tionic oleyl-functionalized QDs have greater cellular
interactions and uptake. However, the type of cellular
interaction with our QD probes was significantly differ-
ent from that with the molecular probes. First, the
hydrophobic QDs were stuck permanently on the cell
membrane, whereas oleylatedmolecular probes were able
to enter the cells. Second, it was possible to tune the
interaction and cellular entry of QDs via the surface
ligands. For example, with increases in the percentage
of oleyl groups on the PEGylated QD surface, cellular
interaction could be modulated between complete cell
internalization and complete cell membrane labeling.
Oleyl-functionalized molecular probes and nanoparti-

cles have been widely employed because of their strong
interactions with lipidic cell membranes.36a,42,43 The role
of the cationic nature of peptides, transfection agents, and
polymers has also been well-studied. The strong interac-
tion of cationic amino groups with negatively charged cell
surface glycoprotein is considered to be the origin of the
high cellular interaction and uptake.42 However, the
cellular interaction of oleylated cationicmolecular probes
and of oleylated cationic QDs was different. Because
multiple oleylated cationic groups were present on the
QD surface, their interactions with the cell membrane
were polyvalent. This led to a much stronger interaction
of oleylated cationic QDs with cells, permanent immobi-
lization of oleylated QDs on the cell membrane, and high
QD cytotoxic effects. In contrast, molecular probes
usually consisted of one or two oleyl group(s) and/or a
few basic amino groups to provide optimum hydropho-
bicity and cationic charge that drive interaction with the
cell membrane, followed by cell internalization processes
without significant cytotoxicity. The advantage of QD-
based probes was that the cellular interaction, cytotoxi-
city, and cellular delivery could be systematically varied
via changes of the surface ligands (e.g., as in oleylated
PEGylated QDs) and/or by variation of the percentage of
surface ligands (e.g., percentage of oleyl groups on PE-
GylatedQDs). The benefit of such tunability has yet to be
fully explored.
Another significance of this work was the understand-

ing of nonspecific binding interaction between QDs and
cells and how to minimize it.3,47-50 The cellular interac-
tion of oleylated and cationic QDs was nonspecific due to
the lipidic cell membrane and generally anionic cell sur-
face. In fact, we observed a similar nature of interaction
with other cell lines, such as NIH3T3 and 4T1. We also
found that any electrostatically bound molecule that
could induce hydrophobicity or cationic charge could
also influence the cellular interaction processes drastically
(see Figure S5 in the SI). We performed control experi-
ments for such a purpose and synthesized hydrophobic or
cationic QDs via electrostatic interaction. The hydropho-
bic anionic QDs were prepared by the mixing of anionic

QDs (I) with oleylamine, whereby the protonated amine
group helped attach oleylamine to the anionic QDs via
electrostatic interaction. Similarly, cationic QDs were
prepared by the mixing of anionic QDs (I) with poly-
(ethyleneimine) (MW = 2000). These oleylated and
cationic QDs displayed a similarly high interaction with
cells, suggesting that simple electrostatic interaction
could influence the cellular interaction. Thus, it was
important to note that QDs and nanoparticles ought to
be extremely pure from electrostatically bound molecules
and ions, which would otherwise induce nonspecific
interactions in cell labeling. The commonly employed
synthesis of QDs and nanoparticles involves surfactants,
and any cell labeling materials developed thereof would
have to be washed free of such surfactants. Ideal nano-
particle probes should have low surface charge, low
hydrophobicity, and high colloidal stability at physiolo-
gical conditions. Thus, they should be coated in such a
manner so as to minimize any nonspecific binding to the
cell surface. PEGylation of nanoparticles has been the
most powerful and widely used approach for such a
purpose.48 This study demonstrated that PEGylation
reduced the nonspecific interaction of cationic QDs.
However, our functionalization scheme would need to
be further modified to obtain PEGylated QDs with an
even lower surface charge.

Conclusions

We have synthesized various chemically functionalized
20-35 nm QDs, whereby the surface charge and hydro-
phobicity have been tuned by introducing amine, carboxy-
late, oleyl, and PEG groups on the QD surface. These
surface functional groups significantly influenced the
QDs’ interaction with the cells. The cationic and hydro-
phobic QDs have stronger interactions with cells than the
anionic QDs. The cationic QDs were the most toxic, but
their toxicity could be reduced by introducing PEGon the
QD surface. Subcellular localization was also dictated by
the functional groups on the QD surface. Hydrophobic
QDs labeled the cell membrane and did not enter the cells,
but PEGylated cationic QDs entered the cells effectively.
QDs have been successfully derived with a balanced
hydrophobicity and surface charge to provide for high
cellular uptake and low cytotoxicity.
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