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Abstract

Semiconductor nanocrystal quantum dots (qdots) are now being explored in applications requiring active cellular interfaces, such as
biosensing and therapeutics in which information is passed from the qdot to the biological system, or vice versa, to perform a function. These
applications may require surface coating chemistry that is different from what is commonly employed for passive interface applications like
labeling (i.e., thick polymer coatings such as poly(ethylene glycol) (PEG)), in which the only concern is nonspecific sticking to cells and
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iocompatibility. The thick insulating coatings that are generally needed for labeling are generally not suitable for active qdot-cel
pplications. There is currently little data regarding the interactions between viable cells and qdots under physiological conditions.l

nvestigations using mercaptoacetic acid-coated CdS and CdTe qdots as a simple model to interface with neuron cell surface rec
hysiological conditions uncovered two significant technological hurdles: nonspecific binding and endocytosis. Nonspecific bind
xtensive and in general there appears to be greater nonspecific binding for larger particle sizes, but this also depends sensitively o
urface characteristics and the type of neuron, possibly indicating a detailed relationship between particle-cell affinity and cell
hemistry. More importantly, qdot endocytosis occurs rapidly at physiological temperature for the different nerve cell types studi
he first five minutes of exposure to both CdS and CdTe qdots, regardless of whether the molecular coatings specifically recognize
eceptors or not. As a consequence, new strategies for tagging cell surface recognition groups for long-term active interfacing with
hysiological conditions are needed, which requires more sophisticated ligands than MAA but also the absence of thick insulatin
2005 Elsevier B.V. All rights reserved.
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. Introduction

Semiconductor nanocrystal quantum dots (qdots) have
een used for biological imaging in both in vitro[1–4] and

n vivo conditions[5–8]. For imaging, the main materials
equirements for the qdots are water dispersibility, biocom-
atibility, chemical stability and robust optical properties.
hemical coatings are essential for meeting these require-
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ments and numerous modifications of the qdot surface c
istry have been explored, including the attachment of org
layers of poly(ethylene glycol) (PEG)[6–10] and bovine
serum albumin[11–13], and biocompatible and chemica
functionalizable inorganic shells such as silica[1,4,14,15]
These layers can help prevent leaching of the toxic c
improve cytocompatibility, prevent nonspecific binding,
in some cases enhance the optical properties and pr
chemical degradation[12,15].

The majority of the interfaces between qdots and c
remain largely passive (i.e., not for stimulation or activa
of cellular responses) and have been used to identify
lular components and track metabolic processes[16,27,35]
However, unique qdot properties, including heat produc

039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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creation of a dipole moment and the capacity to drive oxida-
tion/reduction chemistry[17,18]could be exploited to manip-
ulate cell function. Some investigators have begun using
nanoparticles for these purposes. For example, gold–silica
nanoshells irradiated with near-infrared light have been used
to target and destroy cancer cells. CdSe nanoparticles with
the capacity of recognizing and sensitizing leukemia cells
have been synthesized for photodynamic therapy; and CdS
qdots have been incorporated and released from chaperonins
with ATP [19–21].

As in biolabeling, these efforts to direct cell function
require cytocompatibility along with the capacity to target
and bind specific proteins and receptor sites, and adequate
chemical and photo-stability. However, in the case of active
interfaces, thick coatings on the qdots may be detrimental,
preventing efficient transfer of electrons, holes or heat to the
cells or decreasing local electric fields associated with the
qdot. Furthermore, the increase in nanocrystal diameter due
to the thick surface coating could be detrimental to biomolec-
ular machinery in the cell nucleus, as the small nuclear
membrane pore size excludes objects larger than∼20 nm
[4]. Additionally, tracking of qdot-labeled proteins and their
interaction with membrane receptors could be also affected
since binding sites are sometimes located in pores as small as
∼2 nm[27]. Thus, “uncoated” nanocrystals will most likely
be required for active interfacing applications.

ch as
n e
n ped
C cell
t con-
d een
p ing.
E hem-
i es).
W ccur
f e
k me-
t

2

2

ere
s as
d ,
H us
C ere
v ots,
a s
r ed
b a
fi of
N ion

Table 1
Experimental synthesis conditions examined

Parameter Ligand [CdCl2]
(mM)

[Ligand]
(mM)

[Na2S]
(mM)

pH

Control MAA 5 55 2 7a

8.2b

Ratio MAA 5 55 0.8–5 7a

8.2b

Ligand MAA 5 10–500 2 7a

8.2b

pH MAA 5 55 2 5–11a

a pH before Na2S addition.
b pH after Na2S addition held constant with addition of HCl or NaOH

(1 M).

with rapid stirring. The solution was stirred for 4 h prior
to analysis. Particles with various sizes and ligand surface
coverage were obtained by varying either the pH before
adding the Na2S·9H2O solution, the MAA concentration or
the [CdCl2]:[Na2S] molar ratio.

In some cases, CdS qdots were synthesized as described
previously [23] with a mixture of MAA and the peptide
sequence RGD (Arg-Gly-Asp), which binds specifically to
integrin receptors. Acetyl-CGGGRGDS (The University of
Texas Protein Microanalysis facility) was added at 0.6 mM
to 10 mL of CdCl2 solution (5 mM) in addition to 220 mM
MAA. The pH was increased to 12 before adding 10 mL of
Na2S·9H2O solution. Otherwise, the synthesis proceeded as
described for the MAA particles.

2.2. CdTe nanocrystal synthesis

Cadmium oxide (CdO, Aldrich) precursor (0.056 g)
was mixed with 0.230 g of tetradecylphosphonic acid
(TDPA, Alfa Aesar) and 3.7 g of trioctylphosphine oxide
(TOPO, Aldrich). In addition, a separate flask containing
0.066 g of tellurium powder (Te, Aldrich) and 2.5 mL of
trioctylphosphine (TOP, Fluka) was prepared. The CdO-
containing flask was degassed on a Schlenk line at 60◦C for
2 h under 300–500 mTorr of vacuum. Then, it was placed
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Eliminating these surface layers incurs challenges su
onspecific binding and cytotoxicity[12]. Here, we examin
onspecific binding of “bare” mercaptoacetic acid-cap
dS and CdTe qdots exposed to three different nerve

ypes and report rapid endocytosis under physiological
itions. There appears to be a direct relationship betw
article synthesis conditions and cellular nonspecific bind
ndocytosis occurred regardless of the surface ligand c

stry (i.e., specific or nonspecific recognition molecul
hile much is known about endocytotic processes that o

or particles larger than∼50 nm, there is currently littl
nown about the endocytosis of nanoparticles with dia
ers less than 10 nm[38].

. Materials and methods

.1. CdS nanocrystal synthesis

Mercaptoacetic acid (MAA)-stabilized CdS qdots w
ynthesized via arrested precipitation in water
escribed previously[22]. Mercaptoacetic acid (MAA
OOCHCH2SH) (Fluka) was added to 10 mL of aqueo
dCl2 (Sigma) solution. The reactant concentrations w
aried systematically to modify the properties of the qd
s summarized inTable 1. After adding MAA, the pH wa
aised to 4.5 by drop wise addition of 10 M NaOH, follow
y further drop wise addition of 1 M NaOH to obtain
nal desired pH between 5 and 11 (Table 1). 10 mL
a2S·9H2O (Sigma) solution were added to this solut
nder nitrogen and heated to 340C. Additionally, the Te
olution was attached to the Schlenk line, placed unde2,
nd heated to 150◦C. When both solutions had comple
eating, the temperatures were lowered to 300◦C (CdO)
nd 120◦C (Te), and the 10 mL of the Te solution w

njected into the CdO solution, producing a black disper
f TOPO-capped particles. The temperature was red

o 60◦C and stirred for 30–45 min before adding 5
f chloroform. To create water-soluble particles, 16
f 0.5 M mercaptopropionic acid (MPA, Fluka) in ba
ethanol (pH 12) were added to 5.2 mL of the TOPO-cap
articles. The temperature was reduced to 37◦C, and par
icles were left to stir under nitrogen overnight. Follow
ncubation, particles were precipitated and extracted wi
ropanol. For peptide-conjugated nanocrystals an addit
artial ligand exchange was performed. After drying,
PA-capped nanocrystals were redispersed with 6 m
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CGGGRGDS peptide dissolved in 2 mL of PBS (to 4 mM),
and stirred in a N2 atmosphere overnight to produce ligand
exchange.

2.3. Cell culture and isolation

SK-N-SH neuroblastoma cells (American Type Culture
Collection #HTB-11) were cultured in DMEM cell cul-
ture medium (Sigma) with 10% fetal bovine serum (FBS,
Gibco) and 1% penicillin–streptomycin (Gibco) at 37◦C
and 5% CO2 in sterile conditions. PC12 pheochromocy-
toma cells (American Type Culture Collection #CRL-1721)
were cultured with Ham’s F12K medium (Sigma) supple-
mented with 15% horse serum, 2.5% fetal bovine serum
and 1% penicillin–streptomycin. PC12 cells were primed
with NGF (2.5S-NGF, Invitrogen) for 1 week before label-
ing experiments (50 ng/mL) and plated on substrates treated
with poly-d-lysine hydrochloride (0.1 mg/mL) (Sigma, Mol.
wt. >300,000).

Rat neonatal cortical (RNC) cells were obtained from
decapitated 1–2 day old Sprague–Dawley rat pups. The
cortex of the brain was transected, homogenized and incu-
bated in Pronase solution (Calbiochem), followed by three
cycles of centrifugation and trituration with meglumine
buffer (2�L of 0.5 M magnesium sulfate, 25 mg ofN-
methyl-glucamine, 0.6 mg of sodium chloride, 2.3 mg of
H de-
i eg-
l ap-
i at
c m
( M)
a usly
c )
a

2

ucts
b of
1 A-
c The
p in
a sus-
p as
i a-
t .
1 ma,
C and
P
A ey
w ine
s or
3 ells
w dot
s

washed two times with D-PBS, sealed in the imaging
chambers using coverslips, and evaluated with fluorescence
microscopy.

2.5. Characterization techniques

The nanocrystals were characterized by UV–vis
absorbance and photoluminescence spectroscopy, high
resolution transmission electron microscopy (HRTEM) and
elemental analysis. Room temperature UV–vis absorbance
spectra were obtained from aqueous dispersions using a
Beckman DU500 spectrophotometer (Beckman Coulter,
Fullerton, CA). HRTEM images of CdS qdots were obtained
using a JEOL 2010F microscope operated with an accel-
erating voltage of 200 kV. For imaging, a drop of a dilute
water dispersion of nanoparticles was dried on 200 mesh
carbon-coated copper TEM grids (Electron Microscopy
Sciences). Elemental analysis was carried out commercially
at Desert Analytics, Tucson, Arizona, to determine cadmium
and carbon content.

Fluorescence and phase contrast images of nerve cells
were obtained using an Olympus IX70 inverted microscope
with a mercury arc lamp and UV (λexc= 330–385) and
narrowband green (λexc= 530–550) filter sets. Images were
collected immediately after the incubation and washing of
the qdot solutions, employing a 100×objective with oil
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p CdS
EPES and 1.7 mg of dextrose per mL of distilled,
onized water). Cells were resuspended in 1.5 mL of m
umine buffer and further triturated with flame-pulled, c
llary pipettes. Cells were finally counted and plated
oncentrations of 2× 105 cells/cm in neurobasal mediu
Gibco) with B-27 supplement (Gibco), glutamine (200 m
nd 1% penicillin–streptomycin. Substrates were previo
oated with mouse laminin (3.03�g/mL) (BDBiosciences
nd poly-d-lysine hydrochloride (0.5 mg/mL).

.4. Cell labeling

CdS qdots were separated from reaction subprod
y precipitation with the addition of 1-propanol (3 mL
-propanol/mL of nanocrystal solution). Similarly, MP
oated CdTe qdots were precipitated with 2-propanol.
recipitate was isolated by centrifugation and dried

vacuum oven for 1 h. The nanocrystals were re
ended in Dulbecco’s PBS (D-PBS) (same volume

n the original solution) and sterile-filtered for conjug
ion with cells. Cells were placed on 22 mm× 22 mm no

thickness coverslips using imaging chambers (Sig
at. No. Z36,585-4) to retain fluid. Neuroblastoma
C12 cells were cultured at densities of 1× 104 cells/mL.
fter the cells reached∼70% confluency (∼2 days), th
ere washed with D-PBS and blocked with 5% bov
erum albumin in D-PBS (BSA–DPBS,) for 1 h at 4
7◦C (endocytosis experiments). Following blocking, c
ere washed with D-PBS and incubated with the q
olution for 30 min at 4 or 37◦C. Finally, cells were
mmersion.
Fluorescence area quantitation was obtained using A

hotoshop to identify bright pixels and delineate sele
reas of interest. The areas of qdot binding on the sub
nd to the cells were both normalized by the total subs
rea.

. Results and discussion

.1. Nonspecific binding

In a previous study, we created qdot bioconjugates
ntibodies and specific peptide recognition sequence
ind to nerve cell integrin receptors[23]. Under certain con
itions, nonspecific sticking of the nanocrystals to the c
educed the ability to target effectively specific molec
n the cell surface. We found the nonspecific bindin
e extremely sensitive to the nanocrystal synthesis c

ions. For example, a difference in synthesis pH by a un
wo could lead toextremedifferences in nonspecific bin
ng, even when the cell labeling was performed under
ame buffer conditions and nanocrystal concentrations
he particles themselves were capped with the same l
hemistry. To understand (and control) the effects of the
hetic conditions on nonspecific binding, cells were expo
ystematically to nanocrystals produced at different rea
H, capping ligand concentration and reactant molar ra

In reference[22], we studied the effect of the reacti
arameters on the size and optical properties of the
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Fig. 1. UV–vis absorbance spectra and HRTEM of CdS quantum dots. Absorbance spectra of qdots synthesized with variation in (A) solution pH prior to Na2S
addition. (B) [CdCl2]:[Na2S] molar ratio. (C) Concentration of MAA. (D) HRTEM images of CdS qdots synthesized at pH 7 (top panel) and pH 11 (bottom
panel). The particle size can be tailored by adjusting any of these synthesis parameters, rendering larger particles with higher pH, lower [CdCl2]:[Na2S] ratio
and higher MAA concentration. Scale bar: 2 nm.

Fig. 2. Representative fluorescence and phase-contrast images of neuroblastoma cells nonspecifically labeled with CdS qdots synthesized at (A) pH 6, (B) pH
8, and (C) pH 11. The qdots were cleaned and resuspended in D-PBS (pH 7.4) prior to incubation with neuroblastoma cells at 4◦C for 30 min. The blue color
corresponds to cellular autofluorescence. Scale bar: 25�m. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of the article.)
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Table 2
Summary of CdS nanocrystal properties

Synthesis parametersb Exciton peak absorbance
wavelength (nm)

Diameterc

(nm)

pH 5a 329 1.8
pH 7a (control) 357 2.3
pH 11a 388 3
[CdCl2]:[Na2S] = 6:1 331 1.8
[CdCl2]:[Na2S] = 1:1 378 2.8
[MAA] = 10 mM 338 1.9
[MAA] = 500 mM 370 2.6

a pH before Na2S addition.
b All other parameters are the same as in the control synthesis.
c Determined from exciton peak absorbance[24].

nanocrystals.Fig. 1provides a summary of CdS optical data
with some representative HRTEM images of the nanocrys-
tals. The correlation between the exciton peak energy and the
particle size is well known for CdS and can be used to directly
determine the average nanocrystal diameter from the optical
measurements[24,25]. With increasing synthesis pH, the
particle size increases, as revealed in the absorbance spectra
in Fig. 1A with the exciton peak shifting to longer wavelength
with higher synthesis pH (synthetic data is summarized in
Table 2). To explore the effect of nanocrystal size on nonspe-
cific binding, CdS nanocrystals were synthesized at different
pH and then exposed to neuroblastoma cells at 4◦C. The
optical fluorescence images inFig. 2and the calculated fluo-
rescence areas (Fig. 6) reveal a strong correlation between the
synthesis pH (presumably due to differences in nanocrystal
size) and nonspecific binding (Fig. 2). Particles synthesized at
pH 10 and 11 were largest and exhibited the greatest affinity
for the cell membrane. Furthermore, these particles seemed

to be extraordinarily adherent, as they bound uniformly
not only to the cells, but also to the underlying substrate
(Fig. 6).

Another route to changing the CdS nanocrystal size is to
vary the [CdCl2]:[Na2S] molar ratio while keeping the reac-
tion pH the same. In these conditions, the nanocrystal diam-
eter decreases as the [CdCl2]:[Na2S] mole ratio decreases
from 6:1 to 1:1 (Table 2).Fig. 3shows fluorescence images
of neuroblastoma cells exposed to the CdS nanocrystals at
4◦C. Again, the larger qdots exhibit much more nonspecific
binding (quantitative data inFig. 6) suggesting that the affin-
ity for cell surfaces is greater for larger particles.However,
nanocrystals synthesized with varying capping ligand con-
centrations produced different results.

Neuroblastoma cells were exposed at 4◦C to CdS qdots
synthesized with varying MAA concentration, ranging from
10 to 500 mM. Higher ligand concentrations were found to
produce larger nanocrystals. As shown inFig. 4and quanti-
fied inFig. 6, all of the nanocrystals exhibited very little non-
specific binding (5–15% of cell or substrate area), regardless
of the MAA concentration and corresponding nanocrystal
diameter. Surprisingly, the qdots synthesized with 500 mM
MAA, which are comparable in size to the particles used
for labeling inFig. 2C synthesized at pH 10 and 11, did not
exhibit significant nonspecific binding.

The results inFig. 4 indicate that particle-cell nonspe-
c on
t h the
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t ences
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olor in this figure legend, the reader is referred to the web version of
ific binding depends not only on particle size, but also
he characteristics of the nanoparticle surface. Althoug
bsorbance spectra provide information about the nano

al size, these measurements reveal nothing about differ
n capping ligand surface coverage, which could be res
ible for the observed differences in nonspecific bind

roblastoma cells nonspecifically labeled with CdS qdots synthe
dots were cleaned and resuspended in D-PBS (pH 7.4) before incu
lar autofluorescence. Scale bar: 25�m. (For interpretation of the references

icle.)
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Fig. 4. Representative fluorescence and phase-contrast images of neuroblastoma cells nonspecifically labeled with CdS qdots synthesized with (A):
[MAA] = 10 mM, (B) [MAA] = 100 mM, and (C) [MAA] = 500 mM. Qdots were cleaned and resuspended in D-PBS (pH 7.4) before incubation with neu-
roblastoma cells at 4◦C for 30 min. Scale bar: 25�m.

Table 3
Elemental analysis and ligand coverage of representative CdS qdots

Synthesis parametersb Cd atoms/qdotc %Cd %C MAA molecules/qdot MAA molecules/nm2

pH 5a 62 38.72 8.90 66 6.50
pH 7a (control) 112 35.95 9.37 157 9.43
pH 11a 285 24.06 8.30 460 16.28d

[MAA] = 10 mM 72 38.51 8.76 77 6.80
[MAA] = 500 mM 165 34.34 8.23 208 9.80

a pH before Na2S addition.
b All other parameters equivalent to the control synthesis.
c Determined from particle core diameter estimated from exciton peak energy in the absorbance spectra (Table 1) assuming bulk CdS density in the core.
d This high value was confirmed with two different measurements.

Fig. 5. Representative fluorescence and phase-contrast images of different cells types labeled with CdS qdots synthesized at pH 11 bound to (A) neuroblastoma
cells, (B) PC12 cells, and (C) RNC cells. Qdots were cleaned and resuspended in D-PBS (pH 7.4) before incubation at 4◦C for 30 min. Scale bar: 25�m.
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Therefore, elemental analysis was performed to determine the
capping ligand coverage of five different nanocrystal prepara-
tions, as summarized inTable 3. The ligand surface coverage
was calculated from the measured Cd:C ratio and the average

diameter determined from the exciton peak energy[25,26].
The number of Cd atoms per particle was estimated by assum-
ing a bulk CdS density in the particle core. The primary
difference between nanocrystals with a high degree of non-

F
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ig. 6. Quantification of nonspecific CdS qdot binding to the substrate and ce
n: (A) solution pH prior to Na2S addition, (B) [CdCl2]:[Na2S] molar ratio, (C) c
ell area with variation in (E) solution pH prior to Na2S addition, (F) [CdCl2]:[Na2
ll surfaces. (A–D) Qdot-labeled substrate area per total substrate area with variation
oncentration of MAA, (D) cell type. (E–H) Qdot-labeled cell area per total
S] molar ratio, (G) concentration of MAA, (H) cell type.
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specific binding and those without appears to be the ligand
surface coverage. The particles synthesized at pH 11 are
coated with a much higher density of ligands than the particles
of the same size synthesized with 500 mM MAA (but at pH
7). It is somewhat unexpected that the particles exhibiting the
most nonspecific binding would have the highest ligand sur-
face coverage since at physiological pH MAA is negatively
charged and should be repelled by the negatively charged
cell membrane. However, one should note that the ligand
surface coverage for the qdots synthesized at pH 11 is even
larger than the thiol ligand close-packed limit on the surface
[40], indicating that excess ligands are somehow associated
with the nanocrystal surface, which is perhaps the reason for
increased nonspecific binding. For example, excess ligands
on the nanocrystal surface could expose the sulfhydryl groups
that would participate in cell binding. An excess of MAA
might be caused by an incomplete purification and could be
potentially remedied by improved separation processes such
as electroelution[41].

Nonspecific binding of CdS nanocrystals was also exam-
ined on two other nerve cell types: rat PC12 and primary
rat neonatal cortical (RNC) cells. Nanocrystals synthesized

at pH 11 ([MAA] = 55 mM) were used as a model system
since they exhibited substantial nonspecific binding to the
neuroblastoma cells.Fig. 5 shows significant differences in
nonspecific binding to the different cell types. As shown
above, nonspecific binding to neuroblastoma cells is per-
vasive, exhibiting attachment to the substrate as well. Non-
specific binding was substantially less for PC12 cells and
somewhat less for RNC cells as quantified inFig. 6. In
both cases, nanocrystals were not found attached to the sub-
strate significantly. The differences in nonspecific binding
may be related to the medium used for culturing the cells:
the neuroblastoma cells are grown on glass coverslips with-
out a coating and the culture medium contains less serum in
comparison to the medium used for PC12 and RNC cells.
Serum proteins likely adsorb on the substrate, which could
potentially prevent nanocrystal adsorption. Another signif-
icant difference between cell types could relate to the cell
membrane composition and the excreted extracellular matrix
(ECM) components. The ratios of lipids, glycolipids, gan-
gliosides and membrane proteins often vary with factors such
as culture substratum, developmental stage, cell density and
differentiation[28–31]. In particular, lipid composition has
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ig. 7. Representative images (combined fluorescence and phase-contras
abeled at 37◦C with CdS qdots synthesized at pH 11. (B) Neuroblastoma cel
ells nonspecifically labeled at 37◦C with MPA-CdTe qdots. (D) RNC cells spec
esuspended in D-PBS (pH 7.4) before incubation with cells at 37◦C for 30 min. Q
he dotted lines delineate the cell nuclei. Scale bar: 10�m.
t images) showing endocytosis of qdots. (A) Neuroblastoma cells nonspecifically
ls with peptide-directed labeling at 37◦C using MAA-RGD CdS qdots. (C) RNC
ifically labeled at 37◦C with MPA-RGD CdTe qdots. Qdots were cleaned and
dots were exclusively present in the cytoplasm and the perinuclear region.
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been reported to play a fundamental role in binding to extra-
cellular compounds. For example, a significant increase in
binding to calcium oxalate crystals was observed when the
cellular lipid composition was selectively altered by increas-
ing negatively charged phosphatidylserine[32].

3.2. Nanocrystal endocytosis

Endocytosis, the natural recycling of the cell membrane,
occurs with relatively high rates and makes it generally neces-
sary to carry out in vitro cellular membrane labeling in living
cells with fluorescent probes at 4◦C to suppress the metabolic
processes in the cells and reduce endocytosis[11,33]. How-
ever, for active stimulation and also for in vivo experiments
of cells, it is essential to maintain cells at physiological
temperature to guaranty normal cell function and responses
to external stimuli. Although endocytosis has been widely
examined at larger length scales[39], there is almost no data
on the rates of endocytosis of nanocrystals smaller than 10 nm
attached to cell membranes at physiological temperatures. We
observed rapid nanocrystal endocytosis at 37◦C, regardless
of the surface chemistry, the cell type, or qdots employed
(Fig. 7). For example, we investigated CdS particles bound
to neuroblastoma cells with both nonspecific MAA coatings
and peptide-recognition fragments. Qdot endocytosis occurs
nearly instantaneously, and within∼5 min the nanocrystals
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alleviated with judiciously chosen synthetic conditions and
capping ligands. Endocytosis at physiological temperatures,
however, will be difficult to avoid. Targeting receptors on the
membrane surface that are not continuously recycled could
potentially alleviate this problem, but this approach limits
nanocrystal targeting to only a handful of receptors. Perhaps a
limited number of PEG molecules on the nanocrystal surface
would be sufficient to prevent endocytosis without disrupt-
ing the potential for communication between the qdot and
the cell surface. In fact, a controlled synthesis of particles
with only a few molecules of PEG on a nanocrystal surface
has been reported[7], and the adaptation of such a process
could potentially offer a viable strategy for active qdot-cell
interfacing without the problems of nonspecific binding and
endocytosis. Other potential solutions include the develop-
ment of hydrophilic organic dendrons as ligands, which could
produce a thin (1–2 nm) tightly-packed shell that protects the
nanocrystal core and allows surface modification as well[36].
Also, chelating ligands incorporating carbodithioates could
be designed to enhance photo-stability and include tailored
segments for cellular interactions[37]. In addition, these new
strategies could help overcome other challenges such as cyto-
toxicity [12], which we have also observed particularly with
RNC cells and CdTe qdots.
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re internalized, as shown inFig. 7A and B. RNC cell
xhibited the same rapid endocytosis of MAA-coated
eptide-tagged CdTe nanocrystals, as shown inFig. 6C and D

The observation of nanocrystal endocytosis is consi
ith previous observations of endocytosis of qdots atta

o cell surfaces at physiological temperature both nonsp
cally [11,14,33,34]and via specific cell surface recept
2,10,35]. However, in the vast majority of these stud
ndocytosis was desired, for example providing an endo
arker [34], allowing observation of phagokinetic trac

14], or enhancing the understanding of signal transdu
35]. Clearly, endocytosis is a major obstacle to crea
table long-term active qdot-cell interfaces with memb
eceptors.

. Conclusions

In conclusion, active interfacing between cells and q
um dots faces many challenges. We have highlighted
wo major challenges – nonspecific binding and endoc
is – found to occur using MAA-CdS nanoparticles, wh
epresent a simple model system for evaluating qdots
hin molecular coatings of the type needed for electro-a
timulation of cells. While applications involving pass
dot-cell interfaces, such as imaging, can use thick su
oatings of molecules like PEG to prevent nonspecific b
ng and endocytosis[6–10], this coating is too insulatin
o enableactive qdot-cell interfaces and alternative stra
ies are required. It appears that nonspecific binding ca
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