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Q
uantum dots (QDs) are promis-
ing fluorescent tools for many ap-
plications in the life sciences.
They are bright, easily tunable in

color, and extremely stable against photo-
bleaching. However, each of the established
approaches reported for water solubiliza-
tion of QDs affects one or more essential
properties required for optimal fluorescent
biological labels, including small size,
chemical stability, and fluorescence quan-
tum yield. For cellular applications, the use
of QDs coated with biocompatible ligands
can be complicated by undesirable nonspe-
cific interaction of the nanoparticles with
cells.1,2 Both the QD surface coating and
the cell type influence the degree of non-
specific binding of nanocrystals.3,4 Bare
CdSe and CdTe QDs were reported to be
acutely toxic for living cells since nanoparti-
cle oxidation in biological environments
leads to the release of Cd2� ions.1,5 How-
ever, adding a ZnS shell onto the fluores-
cent QD core, along with the increase in
photoluminescence efficiency,6,7 signifi-
cantly reduces cytotoxicity,1,5 as incubation
of cells with core�shell QDs dispersed in
culture medium showed no observable dif-
ference from untreated cells over a period
of more than 2 weeks.1,8�10 Injection of
phospholipid-coated core�shell QDs into
Xenopus embryos at a concentration of �2
� 109 QDs/cell also revealed no toxicity as
judged by their effect on the phenotype;
the embryos developed normally up to late
tadpole stages.11 Interestingly, it was subse-
quently found that the effects of QDs on
cells seem to depend on the cell type and
the surface functionalization of the QDs.12

Specifically, Hoshino et al.13 reported that
the toxic effect of QDs on biological objects

may be significantly suppressed by a rela-
tively dense and chemically stable ligand
shell. More recently, QD functionalization
has been shown to be important in biodis-
tribution in animal models.14�16 Mercapto-
carboxylic acids are frequently used as
ligands to obtain water-soluble fluores-
cence markers for studies of biological sys-
tems including cells. However, these QDs
exhibit only limited solubility in buffers and
cell culture media at neutral and acidic
pH,12,17,18 so that aggregation of the nano-
particles is frequently observed in solution
or inside cells. This problem may be avoided
by using thiolated, zwitterionic ligands,
which contain both positively and nega-
tively charged functional groups. We ex-
pect their colloidal stability to be higher be-
cause the ligands carry charges over a wide
pH range, while the charge compensation
at neutral pH should provide weaker non-
specific binding of the nanoparticles to
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ABSTRACT Applications of water-soluble quantum dots (QDs) in the life sciences are limited by their poor

colloidal stability in physiological media and nonspecific interaction with biomatter, particularly cell membranes.

We have studied colloidal stability and nonspecific interactions with living cells for zwitterionic D-penicillamine-

coated QDs (DPA-QDs) and the traditionally used carboxylated 11-mercaptoundecanoic acid-coated QDs (MUA-QDs)

and found clear advantages of DPA-QDs. In single molecule fluorescence experiments, DPA-QDs showed no

aggregation over the physiologically relevant pH range of 5�9, whereas MUA-QDs showed significant aggregation

below pH 9. Upon exposure to living Mono Mac 6 cells, DPA-QDs, which possess overall charge-neutral surfaces,

exhibited weak interactions with the cell membrane and were easily removed by flushing with buffer. By contrast,

the highly charged MUA-QDs strongly associated with the cells and could not be removed even by extensive

rinsing with buffer solution. DPA-QDs exhibit a high chemical stability even in strongly oxidizing conditions, in

contrast to cysteine-coated QDs reported earlier. This beneficial property may arise from reduced interactions

between DPA ligands due to steric effects of the methyl groups on their �-carbon atoms.

KEYWORDS: quantum dots · CdSe/ZnS · biocompatibility · aggregation · colloidal
stability · cell imaging
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charged interfaces such as cell membranes. In a recent

in vivo study, efficient renal clearance was shown for

zwitterionic cysteine-coated QDs with hydrodynamic

diameters �5.5 nm.14 However, due to the spontane-

ous oxidation of the cysteine ligands, these nanoparti-

cles aggregated within just a few hours after prepara-

tion and were stable only in the presence of reducing

agents.19

D-Penicillamine (DPA, (2S)-2-amino-3-methyl-3-

sulfanylbutanoic acid), a metabolite of penicillin, is a

small trifunctional molecule used as a chelating agent.

Unlike the mercaptoalkyl acids conventionally

used for water solubilization of QDs, such as 11-

mercaptoundecanoic acid (MUA), DPA is nontoxic and,

in fact, even has pharmaceutical applications based on

its ability to form chelates with heavy-metal ions, which

enables their rapid renal excretion from the human

body. D-Penicillamine has been applied in the treat-

ment of copper metabolism disorders, cystinuria and

mercury poisoning.20 By exchanging the surfactants

used during QD synthesis with DPA, its advantageous

properties may be conferred to the resulting water-

soluble QDs, yielding nanoparticles for life science ap-

plications, especially for in vivo experiments. In addition,

DPA offers the opportunity for selective bioconjuga-

tion via its carboxylate group or its primary amino

group. Once DPA is coordinated to the QD via its thiol

group, DPA should maintain the overall charge neutral-

ity of the particle. However, by simply blocking one of

its functional groups, it should be possible to obtain

negatively or positively charged (and monofunctional)

nanoparticles as required.

The use of penicillamine enantiomers and its race-

mic mixture was recently reported by Moloney et al.21

for the synthesis of chiral CdS QDs. However, the colloi-

dal stability and cellular biocompatibility of DPA-coated

QDs was not yet studied. Here we have investigated

nonspecific interactions of different preparations of

water-soluble QDs with Mono Mac 6 (MM6) cells. MM6

is a human monocytic cell line, isolated from the periph-

eral blood of a patient with monoblastic leukemia.22

MM6 is the only established cell line that almost com-

pletely retains the phenotypic and functional features

of mature monocytes, which are responsible for the in-

gestion of pathogens and foreign substances into the

human body.22 Therefore, we expected that QDs may

be more efficiently internalized by MM6 cells than by

other cell lines, but that zwitterionic QDs should display

a higher resistance to interaction with the cells than

those with highly charged and less stable coatings such

as MUA-coated QDs. To test this hypothesis, we took a

series of scanning confocal fluorescence microscopy

images of MM6 cells which had been mixed with DPA-

coated QDs (DPA-QDs) and MUA-coated QDs (MUA-

QDs) at various concentrations.

RESULTS AND DISCUSSION
In order to prepare water-soluble QDs, initial surfac-

tants such as oleylamine (OLA) were substituted by DPA
or MUA by refluxing the nanoparticles in 2-propanol
and dioxane/methanol cosolvent system,23 respectively.
Due to the low pKa of the carboxylic acid group (1.8)
and the relatively high pKa of the amino group (7.9) in
aqueous solution, DPA was only soluble in 2-propanol
at pH � 10 when the amino group is deprotonated.
Typically, a refluxing time of 10 min was sufficient for
both ligands to replace the alkylamine surfactants of
QDs, which is consistent with the results from Berret-
tini et al.24 The absorption spectra of the resulting aque-
ous solutions of nanocrystals after exchange for 10, 25,
40, or 60 min were identical. Aqueous solutions of QDs
that were reacted with DPA for 10�15 min demon-
strated extremely high colloidal stability and showed
no precipitation for at least 2�3 months. However,
DPA-QDs exchanged for longer than 25�30 min usu-
ally precipitated within 2�3 weeks of storage in the
dark. Alternatively, ligand substitution with DPA was
performed by using a biphasic exchange method,19 in
which QDs dissolved in chloroform were mixed with
DPA solution in PBS at pH 7.4 upon vigorous stirring at
room temperature for 18 h. The resulting DPA-QDs
showed identical behavior to the ones obtained by
10�15 min of refluxing in 2-propanol and did not pre-
cipitate from aqueous solution for at least several
months. Therefore, flocculation of DPA-QDs exchanged
for �30 min seems to result from too long exposure
to refluxing conditions, resulting in possible side reac-
tions involving amino and carboxylic groups of DPA
ligands from different nanoparticles, with subsequent
ligand dissociation from the QDs over a 2�3 week stor-
age period. The resulting functionalized QDs retained
about 40�60% of their initial photoluminescence
efficiency.

In Figure 1, we compare the absorption spectra of
aqueous DPA- and MUA-functionalized CdSe/ZnS QDs
prepared from the same OLA-capped CdSe/ZnS stock
with an overall quantum yield of 0.41. The absorption
spectrum of MUA-QDs showed significant scattering

Figure 1. Absorption spectra of CdSe/ZnS QDs exchanged
with DPA (red line), exchanged with MUA (blue line), and as-
prepared in OLA (dotted black line). Solid black line repre-
sents the emission spectrum of the initial OLA-capped QDs.
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due to partial aggregation of the QDs at near-neutral

pH, which produces a sloping baseline underneath the

spectrum, while the absorption spectrum of DPA-QDs

showed no apparent aggregation.

Maintaining a basic pH during the exchange reac-

tion was essential to avoid binding of amino and car-

boxyl groups of DPA to the surface of QDs along with

or instead of the thiol group. Mercaptoamino acids are

known to form polynuclear complexes with transition

metal ions, for example, Zn(II)25 and Cd(II),26 involving

two or more of their functional groups. For the pH

range of 4�8, DPA-Cd polynuclear complexes of differ-

ent stoichiometries have been reported, whereas in

the basic pH region, mononuclear species prevail.26

Overall, compared to cysteine, DPA is less likely to form

polynuclear Zn(II) and Ni(II) complexes due to steric hin-

drance by the methyl groups of the �-carbon atom

tending toward the metal ion.25

Steric constraints created by the methyl groups of

DPA can also increase the resistance of DPA-QDs to ag-

gregation induced by oxidative dimerization of thiol

ligands reported for cysteine-coated QDs.19 In contrast

to our DPA-coated nanoparticles, cysteine-coated QDs

tend to aggregate within a few hours after preparation.

However, intense treatment of DPA-QD solutions, pre-

pared by using the biphasic method, with dioxygen for

1 h induced the formation of small (�100 �m) nonflu-

orescent fiber-like white flakes, accompanied by a slight

scattering background appearing in the absorbance

spectrum of the sample (Figure 2a). Filtration through

a 0.2 �m pore membrane resulted in virtually no reduc-

tion of the first absorption peak from its value before

oxygen treatment (Figure 2a), suggesting that aggre-

gated DPA rather than nanoparticles was present in the

flocculate. The corresponding absorption spectra of

the DPA-QDs prepared by using the refluxing approach
are shown in Figure 2b. Interestingly, for this sample,
changes in the absorption spectrum were absent be-
fore and after oxygen treatment, as well as after subse-
quent filtration (Figure 2b). Therefore, the slight oxida-
tion effect, observed only for DPA-QDs exchanged
using biphasic transfer at neutral pH, suggests that,
along with the primary binding via thiol group, other
functional groups of DPA bind to the QD surface at
these conditions. Thereby, ligands arrange in a more ir-
regular way, with methyl groups oriented away from
the surface, exposing thiol groups for oxidative dimer-
ization. However, even after treatment with oxygen,
DPA-QDs prepared by using the biphasic approach
were soluble for at least 2�3 weeks, in contrast to the
untreated cysteine-coated QDs, which aggregated
within a few hours after preparation.19

Figure 3 highlights the difference in colloidal stabil-
ity between DPA-QDs and MUA-QDs at the single par-
ticle level in aqueous solution at different pH. These
QDs were taken from the same stocks from which the
spectra in Figure 1 were measured. For these experi-
ments, we used a spinning disk confocal fluorescence
microscope with laser excitation at 532 nm and detec-
tion by a sensitive EMCCD camera. In Figure 3a�c, typi-
cal fluorescence microscopy images of DPA-QDs immo-
bilized on a poly-L-lysine-coated glass surface at pH
5.0, 7.0, and 9.2 are shown. Most of the spots were equal
in size to the point spread function of the microscope
for this wavelength (�0.3 �m) and were well-separated

Figure 2. Absorption spectra of CdSe/ZnS QDs exchanged
with DPA using (a) biphasic exchange and (b) refluxing
methods, taken at three stages: before and after oxygen
treatment for 1 h, and filtered through 0.2 �m membrane fil-
ter at the end of experiment.

Figure 3. Colloidal stability of (a�c) DPA- and (d�f) MUA-
functionalized quantum dots immobilized onto a poly-L-
lysine-coated glass surface at pH 5.0 (a,d), 7.0 (b,e), and 9.2
(c,f).
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and approximately equal in intensity, indicating that

the DPA-QDs did not aggregate over the entire pH

range studied. By contrast, images of MUA-QDs on the

same surfaces showed significant aggregation at pH

5�7 (Figure 3d,e). Only at pH 9.2 (Figure 3f), the major-

ity of MUA-QDs appeared nonaggregated and were

more spatially dispersed. However, even at high pH, some

small aggregates were still observed, probably as a result

of the lower solubility of MUA in water compared to DPA.

In a previous report by Reiss et al.,27 ammonium hydrox-

ide was added for the transfer of MUA-QDs into water af-

ter ligand exchange. Likewise, in the ligand exchange

with dihydrolipoic acid, deprotonation of the resulting

nanoparticles with potassium-tert-butoxide was reported

to be a crucial step to achieve solubility in aqueous solu-

tion.28 Thus, as Figure 3 shows, unlike MUA-QDs, DPA-

coated nanoparticles did not aggregate over the impor-

tant physiological pH range of 5�9.2.

Figure 4 demonstrates the nonspecific adsorption

of 1 nM solutions of DPA-QD and MUA-QD samples to

plasma-cleaned glass surfaces. Again, these samples

were taken from the same stock as those characterized

in Figure 1. DPA-QDs exposed to clean glass surfaces

initially adhered to the glass as single, isolated particles

but were easily removed upon flushing the surface

with buffer solution (Figure 4a,b). In contrast, MUA-

QDs (carrying a net charge and being partially aggre-

gated) were strongly attracted to glass surfaces and

were not washed away even after extensive flushing

with buffer solution (Figure 4c,d). These results high-

light the diversity in the adsorption forces of the differ-

ently functionalized QDs to charged surfaces.

Confocal fluorescence microscopy images illustrat-

ing the exposure of MM6 cells to 1 and 10 nM DPA-

and MUA-QD solutions are shown in Figure 5. Those

QDs were also prepared from the same OLA-coated

CdSe/ZnS stock as those on which the data in Figure 1

were taken and had the same size (d 	 6.2 nm) and

emission maximum at 606 nm. In each experiment,

MM6 cells, adhered to the surface of the glass slide of

a sample chamber, were exposed to 1 nM QD solution

for 60 min. Then, the samples were rinsed several times

with fresh buffer. Subsequently, a 10 nM QD solution

was introduced for a further 60 min of exposure. Follow-

ing this step, the samples were rinsed with buffer and,

finally, propidium iodide (PI) solution was added at the

end of the experiment in order to test cell viability.29 At

1 nM concentration, a very slight, nonspecific interac-

tion between the DPA-QDs and the cell membrane was

observed (Figure 5b). Upon flushing with buffer, practi-

cally all DPA-QDs were removed from the cell mem-

brane (Figure 5c). At 10 nM concentration, significant

nonspecific interaction of the DPA-QDs with the cell

Figure 4. Water-soluble quantum dots deposited on
plasma-cleaned glass surfaces: (a) 1 nM DPA-coated quan-
tum dot solution added and (b) flushed with buffer, (c) 1 nM
MUA-coated quantum dot solution added and (d) flushed
with buffer. Each image is an average of 64 spinning disk
fluorescence microscopy images.

Figure 5. (a�e) Sequential images of MM6 cells at pH 7.4 with DPA-QDs: (a) before addition of DPA-QDs (showing cellular au-
tofluorescence), (b) after 60 min of exposure to 1 nM DPA-QD solution, (c) after thorough rinsing with buffer, (d) after 60 min of
interaction with 10 nM DPA-QD solution, and (e) rinsing at the end of the experiment. (f�j) Sequential images of MM6 cells
at pH 7.4 with MUA-QDs: (f) before addition of MUA-QDs (showing cellular autofluorescence), (g) after 60 min of exposure to
1 nM MUA-QD solution, (h) after thorough rinsing with buffer, (i) after 60 min of interaction with 10 nM MUA-QD solution, and
(j) rinsing at the end of the experiment.
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membrane appeared as a homogeneous fluorescence
ring (Figure 5d). Again, after rinsing with buffer, the QDs
were almost completely washed away from the cell,
leaving only a small fraction still attached to the mem-
brane (Figure 5e). Nuclear staining was absent after ad-
dition of PI at the end of the experiment, indicating
that the cells were still alive and well and, specifically,
had intact membranes. Consequently, the QDs were
not harmful to the cells at these concentrations, at
which they are commonly used for fluorescence
labeling.

The corresponding images of MM6 cells upon expo-
sure to MUA-QD solutions are shown in Figure 5f�j.
For MUA-QDs, a very different behavior is observed. At
1 nM concentration, the QDs did not attach to the cells
during 1 h of exposure (Figure 5g), while at 10 nM, the
MUA-QDs attached to the cellular membrane as aggre-
gates, staining them inhomogeneously (Figure 5i).
Flushing the cells with clean buffer did not remove the
QD aggregates from the cell membranes (Figure 5j).
Such a strong nonspecific binding is disadvantageous
when using MUA-QDs for cellular labeling.

The concentrations of both MUA-QDs and DPA-QDs
quoted here for our experiments were derived from the
absorption spectra of bulk solutions, using an empiri-
cal formula that relates the QD size to the molar absorp-
tivity, 
.30 However, since MUA-QDs were partially ag-
gregated at neutral pH, the number of individual
MUA-QD entities present at pH 7.4 was much reduced
compared to DPA-QDs. Additionally, the molar extinc-
tion coefficient determination is likely affected by ag-
gregation, further complicating the accurate determi-
nation of the MUA-QD concentration. In order to more
accurately estimate the effective concentration of dis-
persed MUA-QDs in the solution, we positioned the fo-
cus of the scanning confocal microscope into the solu-
tion above the cells and collected fluorescence time
traces (Figure 6a). From these traces, photon counting
histograms (PCH)31,32 were assembled to determine
the aggregation state of the QDs (Figure 6b). If com-
pletely dispersed, a 1 nM concentration will give only
one QD on average within the �1 fl confocal volume of
the microscope at any given time, each with an inten-
sity of about 8�10 counts/ms at the laser power (1 �W)
used, which is also the typical intensity observed for in-
dividual, surface-immobilized QDs.33 Consequently, an
average intensity of about 80�100 counts/ms is ex-
pected for 10 nM QD concentration. However, PCH
analysis yielded a most probable intensity of 20�30
counts/ms for 10 nM MUA-QD solutions in PBS at pH
7.4, which is much smaller than expected (Figure 6b).
The elongated tail at higher count rates in the PCH as
well as the presence of sharp, intense spikes in the fluo-
rescence traces indicated the presence of aggregates
in 10 nM MUA-QD solution. In contrast, DPA-QDs
showed a constant intensity even at 50 nM, with no
spikes visible over the whole 60 s trace (Figure 6a,b).

For DPA-QDs at 50 nM concentration, the most prob-

able intensity was approximately 450�500 counts/ms

(Figure 6b). This intensity is 50-fold that expected for a

1 nM solution, suggesting the presence of nonaggre-

gated QDs. Aggregation also explains the lower fluores-

cence intensity of MUA-QDs relative to the DPA-QDs

on the surfaces of MM6 cells (Figure 5b). At both 1 and

10 nM MUA-QD concentrations, a considerable fraction

of aggregated MUA-QDs is present, which effectively re-

duces the number of MUA-QD species in solution that

are capable of interacting with the cell membrane. In

any case, the ease with which DPA-QDs can be washed

away from the cell membrane relative to MUA-QDs sug-

gests that DPA-QDs rather than MUA-QDs should be

highly preferable for specific labeling in cellular

imaging.

To determine the fate of QDs that did interact with

the cells, we analyzed the confocal images shown in

Figure 5 as follows. For each cell, the fluorescence inten-

sity was integrated over the entire cell (circular area

with diameter d1) and also over the interior region (cir-

cular area with diameter 0.75 � d1) to estimate QD up-

take by the cell. Figure 7 shows the average fluores-

cence intensity of a cell, separated into contributions

from the membrane and the cellular interior. For both

DPA- and MUA-QD, the data in Figure 7a,b represent

the analysis of the confocal images that were shown in

Figure 5a�e and f�j, respectively.

For 1 nM DPA-QDs, the slight increase in the overall

intensity of the cell upon addition of QDs appears to

arise primarily from membrane�QD interactions and

was effectively removed by rinsing (Figure 7a). No sig-

nificant increase in the fluorescence from the cell inte-

rior was found following 60 min of exposure or after

rinsing with buffer (Figure 7a). The addition of 1 nM

MUA-QD solution to MM6 cells did not cause any de-

Figure 6. (a) Fluorescence traces of solutions of DPA-coated
QDs (50 nM) and MUA-coated QDs (10 nM) and (b) the cor-
responding photon counting histograms.
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tectable fluorescence increase either inside the cell or

on the cellular membrane (Figure 7b). This result is

probably due to the reduced effective concentration

of interacting species in solution caused by aggrega-

tion, as discussed above. The decrease in the intracellu-

lar fluorescence over time (Figure 7b) likely arises from

photobleaching of naturally occurring fluorophores in

the cell that produce the autofluorescence observed in

nontreated cells (Figure 5a,f).

Upon exposure of MM6 cells to 10 nM DPA-QDs,

the overall fluorescence intensity increased by 5�6-

fold, mostly from an increase in the membrane-

associated fluorescence, along with a slight increase in

the cell interior, which was found in several cells (Figure

6a). After flushing, about 80�85% of the DPA-QDs

were washed off of the membrane, whereas for 10 nM

MUA-QDs, the amount of QDs both bound to the mem-

brane and penetrated inside the cell continuously in-

creased over the 1 h period of exposure. The fluores-

cence could not be reduced by flushing (Figure 6b) due

to the fact that MUA-QDs were more strongly associ-

ated with the cell membrane. This increased attraction

relative to DPA-QDs may result from strong electrostatic

interactions between the highly negatively charged

MUA-QDs and the charged phospholipid headgroups

of the membrane lipids, similar to the way that MUA-

QDs interact strongly with bare glass surfaces (Figure 4)

and/or hydrophobic interactions between the long hy-

drocarbon MUA chains on the MUA-QDs (which is ab-

sent in DPA-QDs) and the hydrophobic domains of the

lipids within the membrane.

SUMMARY AND CONCLUSIONS
Compared with cysteine-coated nanoparticles re-

ported earlier,14,19 DPA-QDs showed higher chemical

stability and resistance to oxidation. The presence of

both positively and negatively charged functional

groups on the DPA-QD surface results in a high solubil-

ity in water over a wide pH range compared to the

more commonly used carboxylic acid-functionalized

QDs. For MUA-QDs at pH close to neutral, the carboxy-

lic acid groups on the surface were only partially depro-

tonated. Even at high pH, the deprotonated MUA-QDs

showed some aggregation tendency. However, due to

the large negative surface charge of MUA-QDs, strong

attraction of MUA-QDs to both plasma-cleaned glass

slides and MM6 cells was observed. DPA-QDs also inter-

acted with MM6 cells but were easily removed by flush-

ing with buffer, so we can conclude that this interac-

tion is rather weak compared to MUA-QDs. Long

exposure of the cells to high concentrations of DPA-

QDs (�10 nM) allowed some of the nanoparticles to

penetrate the plasma membrane and enter the inte-

rior of the cell. However, even when this small amount

of DPA-QDs penetrated into the cellular interior, the

vast majority of cells were viable, suggesting no toxic

effects of the nanoparticles upon interaction with cells

at up to 10 nM concentration on the 2 h time scale. This

result indicates that intracellular labeling with DPA-

QDs appears very promising.

Labeling of cells with functionalized, bioconjugated

QDs has certain limitations, such as nonspecific bind-

ing of the particles to the cells. At low concentrations

(e.g., those used for single particle tracking experi-

ments), one must be certain that the label is specifi-

cally bound to the biomolecule of interest, while at high

concentrations, nonspecific binding will increase the

overall fluorescence background. The lack of aggrega-

tion, confirmed by PCH, and low nonspecific binding of

DPA-QDs, observed by confocal microscopy, suggests

that they will be excellent for use in cell-based assays.

Resistance to oxidation and colloidal stability of DPA-

QDs over a wide pH range are useful for specific label-

ing inside the cell, where the pH may vary from neutral

Figure 7. Nonspecific interaction of MM6 cells with (a) DPA-
QDs and (b) MUA-QDs. Columns represent integrated fluo-
rescence intensity from corresponding confocal scans shown
in Figure 5, averaged over several cells with contributions
from the edges (plasma membrane) and the interior (cyto-
plasm and organelles) of the cell in light and dark green, re-
spectively. The intensity was calculated for the autofluores-
cence of MM6 cells before the addition of QDs, after 60 min
of interaction with 1 nM QD solution, after thorough rinsing
of the channel with buffer, after 60 min of interaction with
10 nM QD solution, and after final rinsing at the end of the
experiment. Significant difference, p � 0.05: * treatment
with 10 nM QD solution vs first rinsing; ** second rinsing vs
treatment with 10 nM QD solution.
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to acidic, depending on the cellular compartment of in-
terest. Therefore, strategies of bioconjugation of DPA-

QDs to proteins and antibodies should be further
developed.

METHODS
Materials: All chemicals were purchased from Sigma Aldrich

(Taufkirchen, Germany), and the highest purity grade available was
used.

Synthesis of CdSe/ZnS Core/Shell QDs: The synthesis of CdSe nano-
particles was based on a combination of the methods from Mur-
ray and Bawendi,34 Talapin et al.,6 and Peng and Peng.35 Briefly, CdO
(0.80 mmol) and stearic acid (4.22 mmol) were heated to 200�250
°C under an argon atmosphere until a clear, colorless solution was
obtained. Trioctylphosphine oxide (TOPO) (8.66 mmol) and hexa-
decylamine (HDA) (6.83 mmol) were added to the reaction mixture,
and the temperature was further increased to 300 °C. At this tem-
perature, heating was removed and a solution of Se (0.80 mmol) in
4 mL of trioctylphosphine (TOP) was quickly injected into the reac-
tion mixture under vigorous stirring, which led to immediate nucle-
ation and growth of the nanoparticles. Aliquots were taken at 1�3
min time intervals and dispersed in cold toluene.

In a typical overcoating reaction, to the calculated amount
of CdSe QDs toluene solution, 6 mL of oleylamine (OLA) and 2
mL of oleic acid (OA) were added, and the mixture was degassed
at room temperature for 30 min to evaporate the toluene. There-
after, the system was switched to argon atmosphere and the
temperature was increased to 165 °C, at which the amounts of
0.2 M sulfur and zinc injection solutions, corresponding to one
monolayer of ZnS, were introduced in an alternating manner
(SILAR)36 with 15 min itervals by slow dripping. After the de-
sired amount of monolayers was achieved, the reaction was
stopped, the solution cooled to room temperature, and the
product separated from the unreacted precursors by precipita-
tion of the particles in a methanol�hexane solution and centrifu-
gation at 10416g for 1 h. The zinc injection solution was pre-
pared by dissolving zinc stearate in a 1:5 mixture of OA and OLA
at 100 °C. The sulfur injection solution was prepared separately
by dissolving elemental sulfur in OLA at room temperature.

Surface Ligand Exchange with MUA and DPA: The exchange reaction
was performed as reported earlier:23 120 mg of MUA (or 80 mg
of DPA) was dissolved in 30 mL of a 1:1 (v/v) methanol/dioxane
solvent (30 mL of 2-propanol for functionalization with DPA), and
the pH of the solution was adjusted to 12�13 with tetramethyl-
ammonium hydroxide pentahydrate (TMAHP). In case of ligand
exchange with DPA, the mixture was sonicated for 1�2 min to
obtain a clear solution. Then, 20 nmol of OLA-coated CdSe/ZnS
QDs was added, and the temperature was increased to 70�80 °C
while stirring under nitrogen atmosphere. After 15�20 min of re-
fluxing, the mixture was cooled to room temperature. The ex-
changed particles were precipitated with ethyl acetate. The solu-
tion was centrifuged at 10 416g for 45 min, and the resulting
pellet was redissolved in 18.2 M� · cm Millipore water.

The biphasic ligand exchange of DPA was performed accord-
ing to Liu et al.19 To a solution of DPA (50 mg) in 2.5 mL phos-
phate buffered saline (PBS, pH 7.4) was added 10 nmol of OLA-
coated CdSe/ZnS QDs dissolved in 2.5 mL of chloroform. After
vigorous stirring of these two phases for �18 h, the nearly color-
less chloroform phase was removed with a pipet, and the rest
of the organic content was evaporated under reduced pressure.
The QDs were then precipitated with ethanol, centrifuged, and
redispersed in PBS buffer.

Oxidation Resistance Test: The absorption spectra of PBS (pH
7.4) solutions of DPA-QDs, obtained using different ligand ex-
change methods, were measured before and after bubbling an
intense oxygen flow through the solutions at room temperature
for 1 h. The QD solutions were then purged through 0.2 �m
membrane filters, and the absorption spectra were remeasured.

Fluorescence Microscopy Experiments: We used a home-built scan-
ning confocal fluorescence microscope37,38 with Ar� ion laser ex-
citation at 514 nm (1 �W) and detection by an avalanche photo-
diode detector for the studies of nonspecific interaction of
water-soluble QDs to cells, and a spinning disk confocal fluores-

cence microscope, equipped with a Yokogawa CSU 10 spinning
disk unit, a 532-nm Nd:YAG excitation laser and an Andor iXon
DV887 ECS-BV EMCCD camera, for the investigation of colloidal
stability of water-soluble QD preparations. The emission from the
QDs was detected using a 582/50 nm band-pass for scanning
confocal and a 585/80 nm band-pass for spinning disk fluores-
cence microscopy experiments, respectively.

Colloidal Stability of Water-Soluble CdSe/ZnS QDs: Solutions (10 nM)
of MUA-CdSe/ZnS and DPA-CdSe/ZnS QDs at different pH were
prepared from 1 �M stock solutions by dissolving 10 �L of QDs
in 990 �L of the corresponding buffer. They were kept in buffer
for about 24 h for equilibration prior to the measurements. The
following buffers were used: pH 5.0, 100 mM sodium citrate/so-
dium phosphate buffer; pH 7.0, 100 mM sodium phosphate
buffer; and pH 9.2, 100 mM sodium carbonate buffer. Water-
soluble QDs were immobilized on poly-L-lysine-coated plasma-
cleaned glass slides of a sandwich sample cell, which consisted
of a 20 � 20 mm2 glass slide (Menzel-Gläser, Braunschweig, Ger-
many) attached to a 24 � 32 mm2 glass slide (Menzel-Gläser,
Braunschweig, Germany) with two strips of �200 �m double-
sided adhesive tape, forming a �3�4 mm wide channel be-
tween the upper and lower glass slides. To coat the glass slides
was added 20 �L of 0.01% poly-L-lysine in 100 mM PBS (pH 7.4)
into a channel, formed by two glass coverslips and double-sided
adhesive tape, and left to react with the glass surface for 15�20
min. Then the channel was flushed with 18.2 M� · cm Millipore
water several times. Twenty microliters of QDs in buffer was
added to the channel and left for another 15�20 min. Subse-
quently, the channel was rinsed several times with the corre-
sponding buffer.

Nonspecific Interactions of QDs with Cells: Human monocytic cell
line Mono Mac 6 (MM6) was obtained from the German Collec-
tion of Microorganisms and Cell Cultures (DSMZ, Braunschweig,
Germany). The cells were cultured in suspension in advanced
RPMI 1640 medium (Invitrogen) supplemented with 10% fetal
calf serum (FCS) and 1% penicillin/streptomycin/L-glutamine
(PSG). The cells were sedimented prior to experiments, trans-
ferred to PBS (pH 7.4), and introduced into the channel of the
sandwich sample cell (omitting poly-L-lysine coating). After wait-
ing 20 min for the cells to adhere to the surface of the bottom
glass slide, the channel was rinsed with fresh portions of buffer
to remove non-adhering cells. Afterward, solutions containing
the appropriate concentrations of water-soluble QDs in PBS (pH
7.4) were filled into the channel of the sandwich. To ensure cell
viability during and after completion of confocal fluorescence
microscopy experiments, we added 75 nmol/L PI (Molecular
Probes, Eugene, OR), which cannot penetrate into the cells as
long as they are viable. As a positive control, subsequent perme-
abilization with 0.1% Triton X-100 (Sigma-Aldrich, Taufkirchen,
Germany) yielded bright nuclear staining due to the integration
of PI into nuclear DNA. All cell-based experiments were per-
formed at room temperature (�25 °C).

Statistical Analysis: Integrated fluorescence intensity data from
confocal scans of MM6 cells interacting with QDs are presented
as mean � standard deviation (SD). Statistical comparisons of
fluorescence intensity differences were performed using paired
Student’s t-test (Origin 6.1, OriginLab Corporation, Northampton,
MA), and p values of less than 0.05 were considered significant.
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G. U. An Integrated Instrumental Setup for the
Combination of Atomic Force Microscopy with Optical
Spectroscopy. Biopolymers 2006, 82, 410–414.

34. Murray, C. B.; Norris, D. J.; Bawendi, M. G. Synthesis and
Characterization of Nearly Monodisperse CdE (E 	 S and
Se and Te) Semiconductor Nanocrystallites. J. Am. Chem.
Soc. 1993, 115, 8706–8715.

35. Peng, Z. A.; Peng, X. Formation of High-Quality CdTe and
CdSe and CdS Nanocrystals Using CdO as Precursor. J. Am.
Chem. Soc. 2001, 123, 183–184.

36. Li, J. J.; Wang, Y. A.; Guo, W.; Keay, J. C.; Mishima, T. D.;
Johnson, M. B.; Peng, X. Large-Scale Synthesis of Nearly
Monodisperse CdSe/CdS Core/Shell Nanocrystals Using
Air-Stable Reagents via Successive Ion Layer Adsorption
and Reaction. J. Am. Chem. Soc. 2003, 125, 12567–12575.

37. Heyes, C. D.; Kobitski, A. Y.; Amirgoulova, E. V.; Nienhaus,
G. U. Biocompatible Surfaces for Specific Tethering of
Individual Protein Molecules. J. Phys. Chem. B 2004, 108,
13387–13394.

38. Schenk, A.; Ivanchenko, S.; Röcker, C.; Wiedenmann, J.;
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