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D
uring recent years, with their flexible
processability and unique size-
dependent properties, semiconductor

quantum dots (QDs) have attracted wide-
spread attentions in the fields of chemo-
sensing and biomedical imaging.1,2

Although the robust fluorescence signal of
QDs provides a highly sensitive response,
the selectivity, and reproducibility of QDs-
based bioassays can be limited by the ten-
dency of the nanoparticles to agglomerate
and nonspecific binding. Therefore, nano-
particle stabilization against detrimental ag-
gregation is a critical parameter that needs
to be well controlled,3 and aggregation-
resistant, water-soluble nanoparticles with-
out nonspecific adsorption are desirable,
especially in the application of cell imaging
and single nanoparticle tracking.4

In general, the aggregation usually arose
from noncovalent interaction, for example,
hydrogen-bonding interaction,5,6 van der
Waals forces,7 and electrostatic forces8,9

between the nanoparticles. Thus, the shield-
ing of noncovalent interactions between
nanoparticles is one of the approaches to
minimize nanoparticle aggregation. The tra-
ditional strategies for passivating and stabi-
lizing the surface of nanoparticles are
mainly limited to two distinct colloidal pro-
cessing cases, surface chemical modifica-
tion10 and adsorptionmethod.11 The former
strategy usually relied on various zwitterionic
molecules,12,13 or steric hindered macro-
molecule polymers14,15 that anchored on
the surface of nanoparticles via ligand ex-
change or surface encapsulation. Breus et al.
has reported the stabilization of fluorescent
QDs with zwitterionic d-penicillamine and
the resulting QDs exhibited outstanding pH
stability and weak nonspecific binding to
cells.16 Polyethylene glycol modified QDs
possess nearly neutral surface charges and
retain high colloidal stability under various

experimental conditions.17�19 At present, a
great deal of amphiphilic polymers,20�22

phospholipids,23 dendrimers,24 and oligo-
meric ligands25 have been developed to
encapsulate the hydrophobic QDs. How-
ever, this approach usually requires the
QDs to be chemically tailored and probably
modulates the intrinsic composition and
structures26 or surface functional properties
of the nanoparticles.27 Physical adsorp-
tion is another commonly used strategy
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ABSTRACT

Nanoparticle stabilization against detrimental aggregation is a critical parameter that needs

to be well controlled. Herein, we present a facile and rapid ion-mediated dispersing technique

that leads to hydrophilic aggregate-free quantum dots (QDs). Because of the shielding of the

hydrogen bonds between cysteamine-capped QDs, the presence of F� ions disassembled the

aggregates of QDs and afforded their high colloidal stability. The F� ions also greatly

eliminated the nonspecific adsorption of the QDs on glass slides and cells. Unlike the

conventional colloidal stabilized method that requires the use of any organic ligand and/or

polymer for the passivation of the nanoparticle surface, the proposed approach adopts the

small size and large diffusion coefficient of inorganic ions as dispersant, which offers the

disaggregation a fast reaction dynamics and negligible influence on their intrinsic surface

functional properties. Therefore, the ion-mediated dispersing strategy showed great potential

in chemosensing and biomedical applications.
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for stabilizing nanoparticles. Surfactant28 and poly-
mers29 are routinely utilized to passivate on the nano-
particles surface. For instance, the additive bovine
serum albumin30 or Tween31 in buffer can eliminate
the noncovalent interaction between the nanoparti-
cles and efficiently improve the colloidal stability.
Obviously, this approach is of simple practice.32 How-
ever, the additive components mostly involve large
molecules and probably passivate the active sites of
the nanoparticles.28,33

It is well-known that the inorganic ions are relatively
small matters in the world. We reason the ions as
dispersants would exhibit minimal steric exclusion. If
the noncovalent interaction between interparticles is
modulated by inorganic ions, an ions-mediated dis-
persing could be established. To demonstrate the
feasibility of this design, herein, we present the realiza-
tion of the concept by F� ions mediated hydrogen-
bonding shielding for disaggregation of fluores-
cent QDs. Ions-triggered reversible disassembly that
resulted in fluorescence recovery of QDs for analytical
detection has been performed in our previous work.34

However, until now, we are unaware of any studies
which have examined the inorganic ions as dispersants
for nanoparticle aggregation controlling. The aim of
this work was to propose an ions-mediated colloidal
dispersing methodology for biomedical imaging. F�

ions, with their strong electronegativity, show strong
H-binding capability,35 and thus can act as hydrogen-
bonding acceptors to mediate the self-assembly of
various inorganic and organic nanomaterials.34,36,37

Here, the conditions of our proposed approach com-
prise F� ions triggered hydrogen-bonding shielding
for QD aggregates. As illustrated in Figure 1, the
simultaneous addition of F� ions into cysteamine-
capped QD aggregates suspension and the substitu-
tion of hydrogen bonds between interparticles re-
sulted in monodisperse individual QDs that formed
extremely stable colloidal water dispersions. Mean-
while, the presence of F� ions also greatly eliminated
the nonspecific adsorption of the QDs on glass
slides and cell. The most remarkable fact concerning
the nanoparticle aggregation control is that this
approach involves neither any surface modification

of charged/steric hindered ligands nor any physically
adsorption of surfactants or polymers. Taking advan-
tage of small size and strong electronegativity of F�

ion, this method provides a fast disassemble dynamics
andminimal effect on the intrinsic surface properties of
the nanoparticles.

RESULTS AND DISCUSSION

Characterization of the Disaggregation. Here, F� ions
mediated disaggregation of cysteamine-capped QDs
was demonstrated. The reason cysteamine was chosen
as the ligand of QDs for this design was that cyste-
amine is one of themost important chelating ligands in
coordination chemistry and binds preferentially to soft
metal ions.38 Besides, the terminal amino group on the
surface of nanoparticles can be conjugated with nearly
all protein or peptide molecules as well as a host of
other macromolecules through coupling chemical re-
actions because the modification of amines proceeds
by acylation or alkylation. Therefore, cysteamine is
being intensively studied as a coating material for the
molecular imaging of nanoparticles, and cysteamine-
capped QDs show promising biological applications.39

The fluorescent cysteamine-capped CdTe QDs were
fabricated via a modified aqueous synthetic proce-
dure.40 The freshly produced H2Te gas was introduced
into the cysteamine-stabilized Cd precursor solution,
which resulted in the nucleation of CdTe QDs. The QDs
gradually grew up under reflux conditions. During
the growth process or storage, aggregation usually
occurred for the QDs around neutral pH. Cysteamine-
capped QDs are colloidally unstable. This was because
the terminal amino groups on the surface of cysteamine-
capped QDs appeared to be deprotonated and inter-
particle NH�N hydrogen bonds between neighboring
QDs formed.34,38,41 In general, for the QDs application
in biomedical fields, the QD surface should meet
the following criteria: (i) good colloidal stability with-
out aggregation; (ii) minimal hydrodynamic size;42

(iii) minimal nonspecific binding for specific targeting;
and (iv) flexibility for allowing simple conjugations.41

Thus, good colloidal stability without aggregation is
the precondition of further bioconjugation and bio-
medical application.

F� ions, widely existing in nature, play great impor-
tant roles in environmental, industrial, and biological
processes.43,44 Because of their strong electronegati-
vity, F� ions can act as hydrogen-bonding acceptors to
mediate the reversible self-assembly of nanoparti-
cles.34,45,46 Here, the ion-mediated dispersion of QD
aggregates was performed at neutral pH. Cysteamine-
capped CdTe QDs with a fluorescence peak at 597 nm
were utilized (Supporting Information, Figure S1). At
room temperature, F� ions solution with identical pH
value was gradually added into the suspension of QDs
aggregates under gentle stirring. It was observed that

Figure 1. F� ionsmediatedhydrogen-bonding shielding for
QDs aggregation controlling and significant reduction of
nonspecific binding.
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the QD suspension quickly became disperse, even
without any ultrasonic process. The obtained aqueous
QD solutions demonstrated extremely high colloidal
stability and no precipitations were observed for
more than two years of storage. To demonstrate the
ions-triggered-disaggregation behavior, a TEM imag-
ing experiment was performed. As illustrated in Figure 2,
TEM results revealed that the initial cysteamine-
capped CdTe QDs were highly aggregated. The EDS
result validated the composition of cysteamine-
capped CdTe QDs, and HRTEM further disclosed
that the QD aggregates were closely compacted
(Supporting Information, Figure S2). In contrast, finely
monodisperse QDs were formed after introduction of
F� ions. The hydrodynamic diameters were further
determined by dynamic light scattering (DLS). In agree-
ment with the TEM results, the hydrodynamic dia-
meters of the particles decreased from 242.6 (
71.7 nm to 6.7 ( 1.6 nm after the addition of F� ions,
providing a strong indication of the disintegration.
A convenient criteria for aggregation-free QDs is that

their hydrodynamic diameter should be less than twice
of their primary size.4 Here, their primary size was
ca. 3.8 nm determined by HRTEM (Supporting Informa-
tion, Figure S1), thus it implied that the dispersed QDs
turned out to be individual monomeric state. The
disaggregation was accompanied by the fluorescence
recovery of the QDs (Supporting Information, Figure S3),
which was consistent with that reported in our pre-
vious work.34 Fluorescence self-quenching occurred as
the aggregation of fluorescent QDs.47�49 In a reversible
process, the disaggregation resulted in the recovery of
the quenched fluorescence.

The disassembly of QDs aggregates depended on
the concentration of F� ion. As shown in Supporting
Information, Figure S4(A1), hydrodynamic diameters of
the QD aggregates (∼10 μM) gradually decreased as
the F� ions solution was gradually added. Further
experiments revealed that the extent of aggregation
could vary with the concentration of QDs and F� ions.
As shown in Supporting Information, Figure S4(A1�A5),
the changes of QD aggregates sizes at different initial

Figure 2. TEM images (A1 and B1), hydrodynamic diameters (A2 and B2), and photographs of cysteamine-capped QDs
(A3 and B3) before (A) and after (B) addition of F� ions. Bar: 50 nm. The concentrations of QDs and F� ions were ∼10 μM
and 100 mM, respectively. The experiment was performed in pH 7.0 aqueous solution at room temperature.
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concentrations upon the introduction of F� ions were
investigated. Their sizes all gradually decreased as
F� ions solution was gradually added. The larger the
concentration of QD aggregate was, the more F� ions
should have been added. The quantitative concentra-
tion dependent relationship of QD aggregates with
F� ions that completely disassemble the aggregates is
plotted in Supporting Information, Figure 4(B). The
results showed that the amount of F� ions added to
completely disassemble the aggregates was linearly
correlated to that of the QD aggregates. However,
excessive F� ions addition may also lead to aggrega-
tion again because of the screening of the electrostatic
repulsion between particles at high salt concentration.

Single Nanoparticle Imaging. The fluorescence emis-
sion of the single fluorophore is usually characteristi-
cally intermittent.50 It means that for individual QDs, its
emitter behaves as being intermittent and the bright/
dim intervals randomly follow each other. In contrast,
for ensemble aggregates, this intermittent behavior is
always hidden because the fluctuations of an indivi-
dual object are not synchronized.51,52 Thus their inter-
mittent property is generally considered as a clue to
distinguish a single QD from an aggregate. To further
validate the different dispersion states of the QDs,
single nanoparticle fluorescence imaging was per-
formed. The experiment was conducted on a total
internal reflection fluorescence (TIRF) microscope.
The QDs were diluted and then spin-coated on the
glass surface. Figure 3 shows the fluorescence imaging
of different QD suspensions. It was demonstrated that

fluorescent spots exhibited uneven fluorescence in-
tensity for cysteamine-capped QD aggregates. How-
ever, after addition of F� ions, their fluorescence
intensity became evenly distributed. Time trajectories
inserted in Figure 3 were obtained for a single fluores-
cence spot. It displayed a continuum of intensity level
for QDs in absence of F� ions. In contrast, after the
introduction of F� ions, a discrete intensity level can be
observed for QDs. Thus, the intermittent imaging
results further confirmed that after the addition of
F� ions, the QDs are primarily well-dispersed at
single-particle level.

Mechanism of Aggregation Controlling. As mentioned
above, we believe the occurrence of aggregation was
originated from interparticle hydrogen bonding, thus
the disassembly of QD aggregates may involve the
hydrogen-bonding shielding. Our data revealed that
the surface potentials of nanoparticles had no obvious
change before and after the addition of F� ions
(Supporting Information, Figure S5). The results also
suggested the disaggregationwas not a result from the
repulsion of an electrostatic force between interparti-
cles. It is well-known that F� ions with the strongest
electronegativity could establish strong hydrogen
bonding. Therefore, it was reasoned that the disas-
sembly of QD aggregates was attributed to the NH�F
formation substituting for NH�N hydrogen bonding
(Figure 1).34 Thiswas confirmed by the 1HNMR titration
experiments (Figure 4A). The chemical shift of the
R-methylene protons of cysteamine was moved
to a high field upon gradual addition of F� to the

Figure 3. Fluorescence imaging of QDs in the absence of (A) and in the presence of F� ions (B); bar, 5 μm. Bottom:
representative time trajectories of single fluorescent spot. The initial concentrations of QDs and F� ions were ∼10 μM and
100 mM, respectively. The experiment was performed in pH 7.0 aqueous solution at room temperature.
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cysteamine-capped QDs solution of D2O. The addition
of F� ions to QDs caused the progressive chemical shift
tomove from δ 2.96 ppm toδ 2.93 ppm. This is because
F� ions cause a deshielding of NH protons due to
NH�F hydrogen-bonding formation. Upon formation
of the hydrogen bonding, the N�H bonds become
more polarized, which increases the electron density
on the nitrogen atom. Consequently, the electron
density of the adjacent methylene group is increased
because of an inductive effect. Thus, the protons on the
methylene group are deshielded and their chemical
shifts move to high field.53 As further evident in FTIR
spectra (Figure 4B), the stretching peak broadening
and shift from 3452 to 3345 cm�1 (νs NH2) of the QDs
upon addition of F� ions indicated strong hydrogen-
bonding formation.34 Therefore, it is believed that the
cysteamine-capped QD aggregates disassemble due
to F� ions mediated hydrogen-bonding shielding. This
was consistent with the results reported in literature
for a supramolecular gel, where the NH bond in the
amide group interacted with F� ions via hydro-
gen bonding resulting in a disruption of the gel state.37

The hydrogen-bonding-prompted disaggregation should
be a pH dependent process. As pH decreased, a
gradual decrease in the hydrodynamic diameter of
the QDs aggregates was observed (Supporting Infor-
mation, Figure S6), suggesting the occurrence of dis-
aggregation. In addition, hydrogen-bonds formation is
thermodynamically favored, and the disaggregation
process could be temperature dependent. As the
temperature increased from 0 to 60 �C, the hydro-
dynamic diameter of the QDs aggregates gradually
decreased (Figure S6). Generally, NH�N hydrogen
bonding with weak bonding energy was more sensi-
tive to pH value and environment temperature than
strong NH�F hydrogen bonding. Thus, the disaggre-
gation occurrence as pH decreased or temperature
increased resulted from NH�N hydrogen-bond break-
ing. However, the QD aggregate sizes always became
small after the addition of F� ions. Thus, it was con-
cluded that F� ions still showeddispersion ability toQD
aggregates at different pH and temperature.

As compared with the conventional dispersion
method, the F� ion-mediated dispersion shows some

Figure 4. (A) 1H NMR spectra of cysteamine-capped QDs aggregates (10 μM) on the addition of F� ions in D2O. The
concentrations of F� ionswere a (0), b (20mM), c (60mM), d (100mM), respectively. Primary aminegroups of cysteamine have
not been observed in 1H NMR spectra, because of fast proton transformation. (B) FTIR spectra of QDs aggregates (10 μM)
powders in the (1) absence and (2) presence of F� ions (100 mM). Samples of QDs were dehydrated by vacuum freeze-drying
before analysis.
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novel features. First, the ions possess relatively small
angstrom-level size, which allows them to penetrate
into an even narrow space to disassemble severe
aggregates. Here, cysteaminewas chosen as the ligand
of QDs for this design because cysteamine can provide
a short interparticle distance between neighboring
QDs. To examine whether the F� ions can penetrate
into the pores of the QD aggregates or not, we
calculated the interparticle distance between neigh-
boring QDs using a 3D chemical structure model
(Figure 5). The spatial distance is estimated to be
ca. 8.61 Å and perhaps, only small ions, for example,
F� ions (ion diameter at 2.6 Å)54 can enter into the
rigorous aggregates. All halide ions were employed to
dispersing the QD aggregates. It was demonstrated
that the cysteamine-capped QD aggregates cannot be
disassembled by the anions tested other than F� ions
(Supporting Information, Figure S7). Even a 1.0 M high

concentration of chloride ion did not exert similar
results to the QDs as that of the F� ions. Meanwhile,
our experiments also showed that the aggregates
cannot be disassembled by any surfactants, such as
EDTA and CTAB (Figure S7).

Recently, the adsorption on porous materials is
one of the most promising processes for F� ions
removal.55,56 Novel adsorbents for F� ions removal
include China clay, calcite, hydroxyapatite, amorphous
alumina, and so on.57,58 Similar with that of the adsor-
bents, the QD aggregates also possess porous struc-
ture that allows small size F� ions to enter. The F� ions
exhibit a large diffusion coefficient of 14.75 cm2 s�1,59

which provides a fast reaction dynamics. Therefore, the
QDs aggregates can be disassembled immediately
upon the addition of F� ions. This is a great benefit
for heterogeneous surface analysis, including biochip
and cell imaging, because of the low reaction dynamics
for solid�liquid interface.

The most appealing feature of the ion-mediated
dispersion method is that this approach does not
change the surface functional properties of the nano-
particles and the cysteamine-capped QDs retained
their intrinsic function for their applications in bio-
logical/chemical fields. To demonstrate their efficient
bioconjugation, the binding of QDs to agarose micro-
beads through a biotin�streptavidin system was
conducted (Supporting Information, Figure S8). The
fluorescence of QDs that modified on the agarose
microbeads was characterized by fluorescent micro-
scopy. As displayed in Figure 6, the agarose microbe-
ads modified with the F� ions-triggeredmonodisperse
QDs showed bright fluorescence. However, the mi-
crobeads modified with aggregated QDs showed dim
fluorescence. It was possible that two factors resulted
in the distinguished fluorescence intensity. On the one
hand, as discussed above, the fluorescence recovery of
QDs was accompanied by the disaggregation process,

Figure 5. Mechanism diagraph of F� ions-triggered disper-
sion of cysteamine-capped QD aggregates; estimation cal-
culation of the interparticle distance for QD aggregates
using 3D chemical structure model.

Figure 6. Fluorescent imaging of agarose microbeads modified with QDs through the biotin�streptavidin system. The QDs
were biotinylated and then cultured with streptavidin�agarose microbeads. QDs suspension (A) in the absence of and (B) in
the presence of F� ions. Scale bar: 100 μm.
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which would offer the QDs functionalized microbeads
fluorescence enhancement. On the other hand, a
higher efficient bioconjugation for disaggregated
QDs happened. The amount of QDs modified with
microbeads was quantified by the potentiometric
stripping voltammetry of Cd(II) after the dissolution
of the CdTe tags with HNO3 (Supporting Information,
Figure S9). It was observed that the amount of Cd(II) for
monodisperse QDs modified microbeads was about
4.3 times than that of QD aggregates modified micro-
beads. We inferred that after disaggregation of QDs
in the presence of F� ions, the steric hindrance was
greatly eliminated, which thus greatly improved the
bioconjugation efficiency. Thus, taking advantage of
the small size of F� ions, the ion-mediated dispersing
method showed negligible influence on their intrinsic
surface functional properties, which showed great
promise for biological assay and fluorescent imaging.

Nonspecific Binding Experiments. The fluorescent QDs
are widely used in the field of biochips, cell imaging,
and bioassay. One major problem is that QD probes
tend to be sticky and often bind nonspecifically to glass
slides, cellular membranes, and extracellular matrix
materials.41,60 This nonspecific binding problem causes
a high level of background fluorescence that decreases
the signal-to-noise ratio and limits tagging specificity
and detection sensitivity. Hence, preventing non-
specific adsorption has attracted great attention.
Ions-mediated hydrogen-bonding shielding may be
utilized to reduce nonspecific adsorption. Here, non-
specific binding of cysteamine-capped QDs on glass
slides before and after the addition of F� ions was

investigated. As illustrated in Figure 7, the QD aggre-
gates largely adhered to glass surfaces and exhibited
intensive fluorescence signal. However, in the pre-
sence of F� ions, the nonspecific adsorption was
greatly inhibited. The nonspecific adsorption was
mostly originated from the noncovalent interactions,
for example, NH�O hydrogen bonding between ami-
no groups of the QDs and hydroxyl groups of glass. We
inferred that the strong hydrogen bonding between
F� ions and amino groups blocked the hydrogen-
bonding interaction, which thus greatly inhibited
the nonspecific adsorption (Supporting Information,
Figure S10). In addition, the nonspecific adsorption of
the QDs on the cell was further investigated. As pre-
sented in Figure 8, a significant nonspecific interaction
of the QD aggregates with the cell membrane ap-
peared as remarkable fluorescent spots. Z-axis scan-
ning imaging by fluorescent confocal microscopy
indicated that the QDs were mostly adsorbed sur-
rounding the cell and part of themmay be internalized
(Supporting Information, Figure S11). In contrast, after
the addition of F� ions, a very slight, nonspecific
interaction between the QDs and the cell membrane
was observed. As explained in the case of glass slides,
we assumed F� ions-mediated hydrogen-bonding
shielding blocked the hydrogen-bonding interaction
between amino groups of the QDs and the surface
functional groups of the cell. Here, the adoptedQD and
maximal F� ion concentrations were 0.10 μM and
1.0 mM, respectively, and F� ions showed good cap-
ability to disassemble the aggregates in this con-
centration region (Supporting Information, Figure S4).

Figure 7. Fluorescence imaging of QDs (0.1 μM) with different concentrations of F� ions deposited on plasma-cleaned glass
surfaces. F� ions concentrations: (A) 0, (B) 0.2, (C) 0.4, (D) 0.6, (E) 0.8, (F) 1.0 mM. Scale bar: 20 μm.
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The reason that the low concentration was adopted is
because a high dose of inorganic fluoride (>10 mM)
usually results in statistically significant cell death.61

Fortunately, the dose adopted in our cell experiment
was less than the lethal concentration, and no mor-
phologic change of cells was observed. Thereby, the F�

stimulated dispersing QDs with a weak nonspecific
binding is of practical importance for cellular labeling
and fluorescence imaging applications.

CONCLUSION

In conclusion, we proposed a facile ion-mediated
aggregation control method for cysteamine-capped
QDs. Because of the shielding of the hydrogen bonds

between cysteamine-capped QDs, the presence of
F� ions disassembled the aggregates of the QDs and
afforded their highly colloidal stability. More specifi-
cally, nonspecific adsorption of QDs on glass and cell
was greatly eliminated. The approach provides a new
aggregation controlmechanism for nanoparticles. Tak-
ing advantage of the ions of small size, this method
provides a fast disassemble dynamics and minimal
effect on the surface functional properties of nanopar-
ticles. The results would benefit the further applica-
tions of QDs for analytical detection and fluorescence
imaging. We hope that the concept developed in this
study may be expanded for improving colloidal stabi-
lity of other nanoparticles.

MATERIALS AND METHODS

Materials. Cadmium perchlorate hexahydrate (Cd(ClO4)2 3
6H2O, 99%) was purchased from Acros Organics. Cysteamine
(95%) and biotin N-hydroxysuccinimide (Biotin-NHS) were pur-
chased from Sigma-Aldrich. Telluride power and sodium fluoride
(NaF, g98.0%) were purchased from Sinopharm. Streptavidin�
agarose hydrogel microbeads (Sepharose, agarose 6%, ∼34 μm)
were purchased fromGEHealthcare. Unless otherwise noted, all
reagent-grade chemicals were used as received. pH of the
solution was adjusted by 0.1 M NaOH or HCl.

Characterization. Steady-state fluorescence measurements
were performed on a Hitachi F-7000 fluorescence spectro-
photometer with excitation wavelength at 400 nm. Absorption
spectra were recorded on a UV�vis 1601 Shimadzu spectro-
photometer. FTIR spectra of KBr powder-pressed pellets were
recorded on a Bruker Tensor 27 spectrophotometer scanning
from4000 to 400 cm�1. Dynamic light scatter (DLS) experiments
were carried out in a Malvern Nano-ZS system equipped with a

He�Ne laser working at 633 nm to examine the hydrodynamic
diameter (number-weighted mean diameter) and zeta poten-
tials of QDs aggregates. Transmission electron microscopy
(TEM) and energy dispersive spectrograph (EDS) was performed
on JEOM 3010 microscopy (JEOL). TEM samples were prepared
by spin coating a thin layer of QDs resist onto a carbon-coated
copper grid substrate, which was then baked with an infrared
lamp. 1H NMR spectra were recorded on a 400 MHz spectro-
meter (Varian Inova-400). NMR titration experiments were
carried out in D2O at 298 K.

Synthesis of Cysteamine-Capped CdTe QDs. CdTe QDs stabilized by
cysteamine were prepared in water, as described previously.40

CdTe QDs with fluorescence peak at 597 nm (Φ ≈ 15%) were
used. Themole concentration of CdTe QDswas determined as a
procedure reported by Peng et al.62

Single Nanoparticle Imaging. Single nanoparticle fluorescence
measurements were performed on total internal reflection
fluorescence (TIRF) microscope (Nikon, TE-2000U inverted
microscope) with a 60� TIRF objective. The fluorescence image

Figure 8. Cell images of Hela cells cultured with QDs (0.1 μM) with different concentration of F� ions for 30 min. The F� ions
concentrations: (A) 0, (B) 0.2, (C) 0.4, (D) 0.6, (E) 0.8, (F) 1.0 mM. Scale bar:100 μm.
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was collected through Cy3 fluorescent channel (emission band-
pass 593( 40 nm, Semrock) and captured on C9100-13 EMCCD
(Hamamatsu). Integration times of 100 ms per frame were used
to obtain 256 � 256 pixels. The samples were excited with a
typical power density of ca. 2.5 W 3 cm

�2 from a 532 nm solid
state laser (Mellus Griot, Green Solid State). Intensity time
trajectories were obtained by a sequence of imaging movie.
The fluorescent imaging data were analyzed by SimplePCI 6.5
(Hamamatsu). Before observation, the QDs were diluted to a
certain concentration where the white spots are distributed
separately when projected to the EMCCD chip. TheQDs solution
of 5 μL was spin-coated onto the well-cleaned glass slide
(Fisher). All measurements were performed in a dark compart-
ment at room temperature.

Fluorescent Imaging of Microbeads. The biotinylation of cystea-
mine-capped QDs: 1 mg 3mL�1 solution of biotin-NHS was
prepared in DMSO. Biotin�NHS (5 mM) was mixed with
1.5 μM QDs and incubated on a rotator for 4 h at room
temperature. The biotinylated QDs were collected after centri-
fugation for 10 min at 10000 rpm. The biotinylated QDs were
then incubated with streptavidin�agarose hydrogel micro-
beads. After incubation for 30 min the microbeads were col-
lected after centrifugation for 30 s at 500 rpm. The QD�labeled
microbeads were washed and then analyzed on the confocal
laser scanning microscopy. To quantify the amount of QDs
modified with agarose microbeads, the microbeads were first
dissolved in nitric acid. Cd(II) concentration was then measured
with potentiometric stripping voltammetry on an electroche-
mical workstation (model CHI-660, Shanghai Chenhua Appara-
tus Company, China). The working electrode is a form of thin
mercury film on glassy carbon. A calomel electrode and a
platinum wire were used as the reference and counter elec-
trode, respectively. Electrodeposition potential and deposition
time were�1.2 V and 180 s, respectively. After a 30 s rest period
(without stirring), stripping was performed by scanning the
potential from �1.2 to �0.3 V.

Nonspecific Adsorption Experiments. The nonspecific adsoption
of the cysteamine-capped QDs after the addition of F� ions to
the glass slides was studied. An aliquot of 200 μL of QD
suspensions (0.1 μM) with different concentrations of F� ions
(0�1.0 mM) was deposited onto the glass slide and allowed to
react for 10 min. The slides were imaged using a TIRF micro-
scope with a 60� objective.

The nonspecific adsorption of QDs on the cells was per-
formed as following. Hela cells were cultured in RPMI 1640
medium supplemented with 10% FBS and 100 IU 3mL�1

penicillin�streptomycin. Cells were seeded on 35-mm glass
bottom dishes (MatTek, Ashland, MA) and cultured at 37 �C
under 5% humidified CO2 for 24 h. Hela cells were plated in
35-mm glass bottom culture dishes, grown to 80% confluency for
24hat 37 �C, andwashed three timeswithprewarmedphosphate-
buffered saline (PBS). The culturemediumwas then replaced with
PBS. A suspension of QDs (0.1 μM)with different concentrations of
F� ions (0�1.0 mM) was added into the dishes, respectively. After
incubation for 30 min at 37 �C, the cells were washed with PBS
buffer. The cell imaging was conducted with a confocal laser
scanning microscopy setup consisting of a heated specimen
holder and an Olympus IX-70 inverted microscopy with an
Olympus FluoView 500 confocal scanning system.
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