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ABSTRACT
Investigation of many cellular processes using fluorescent quantum dots (QDs) is hindered by the nontrivial requirements for QD surface
functionalization and targeting. To address these challenges, we designed, characterized and applied QD-trisNTA, which integrates trisnitrilotriacetic acid, a small and high-affinity recognition unit for the ubiquitous polyhistidine protein tag. Using QD-trisNTA, we demonstrate
two-color QD tracking of the type-1 interferon receptor subunits in live cells, potentially enabling direct visualization of protein-protein interactions
at the single molecule level.

The study of protein function and interactions in living cells
at the individual level demands bright fluorescent probes that
can target proteins of interest (PIs) with high affinity and
selectivity. Organic dyes conjugated to biomolecules (antibodies, proteins, peptides, small ligands) have been extensively used for this purpose,1 but their performance is
significantly limited by rapid (few seconds) photobleaching
under high-power excitation as required for the detection of
individual fluorophores. Semiconductor quantum dot (QD)
nanoparticles combine high brightness and photostability,
which allows for their long-term observation (tens of
minutes)2,3 and enables the tracking of individual QDs
targeted to PIs in living cells. Single QD tracking has already
been employed in a variety of biological investigations.
Among others, it has allowed for deciphering the diffusion
dynamics of membrane proteins such as neurotransmitter
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receptors4,5 and aquaporin channels,6 measuring the velocity
and processivity of single molecular motors in the cytoplasm7
and visualizing the dynamics of nerve growth factor transport
in neuronal cells.8 Since the wide absorbance and narrow
emission spectra of QDs facilitate signal multiplexing, the
simultaneous study of multiple colors of QDs is now possible
even at the single particle level.9-11 In cells, multicolor QD
tracking of several PIs in live cells is in fact highly desirable
as it would significantly increase the complexity of the
information extracted from a biological sample and enable
the direct visualization of interactions between molecular
partners.
The main challenge for multiplexed targeting of QDs to
PIs is that an orthogonal conjugation strategy is required for
each PI. Selective targeting of QDs to endogenous cellular
proteins is mostly obtained by the chemical conjugation of
antibodies4,5 to the QD surface. However, antibodies are large
and divalent biomolecules, they often bind the PI with poor
affinity, and may interfere with the normal function of the
PI. Targeting fluorophores to cellular proteins can be also
be achieved by the integration of a small fusion peptide/
protein (tag) into arbitrary sites on recombinant PIs and
labeling with a fluorophore derivitized with a recognition

Figure 1. Chemical synthesis and QD functionalization scheme. (a) Structures of gallate-PEG-OH (compound 1) and gallate-PEG-trisNTA
(compound 5). (b) Hydrophobic (black), hydrophilic (blue), and trisNTA (orange) regions are color coded for clarity. Gallate-PEG-OH and
gallate-PEG-trisNTA are mixed at the desired ratio along with hydrophobic QDs. Hydration of the sample with buffer leads to encapsulation
of the QD by an amphiphilic micelle. (c) Electrophoretic mobility of QD-trisNTA in a 1% agarose gel. Lane 1 is a control where gallatePEG-NH2 was substituted for gallate-PEG-trisNTA at a 10% density. Lanes 2-5 correspond to different gallate-PEG-trisNTA ratios (2.5%,
5%, 10%, and 15%, respectively). White bars indicate the loading wells.

unit for the tag. This strategy is more general, in that sitespecific labeling of many different PIs can be achieved using
the same probe. For this reason, it has been gaining in
popularity for studying PIs in live cell experiments using
both organic dyes12-14 and, more recently, QDs.15-20 Among
these, site-specific biotinylation via the acceptor peptide (AP)
tag15,21,22 and single chain antibody tags20 have proven
powerful for single QD tracking of PIs, but multiplexing
remains difficult without additional orthogonal schemes that
deliver high performance at the single particle level.
An important alternative tag is linear polyhistidine motifs,
such as hexahistidine (H6) or decahistidine (H10). As a result
of its extensive use in affinity chromatography,23 the polyhistidine tag has become ubiquitous in protein chemistry and
a large library of proteins carrying this tag already exist. Siteselective binding to polyhistidine occurs through transition
metal ions (often Ni2+, Zn2+, or Co2+) complexed by
chelators such as nitrilotriacetic acid (NTA). The interaction
is noncovalent and reversible under mild conditions, contributing to the popularity of this system. Fluorophores
conjugated to NTA-Ni2+/Zn2+ have been applied to live
cells12,13,24 for imaging. However, a significant disadvantage
for single molecule experiments is the poor affinity of
NTA-Ni2+/Zn2+ toward polyhistidine, which is reported in
the 1-40 µM range25-27 and results in a short binding halflife on the order of 1 s. Recently, recognition units based on
multiple metal-chelating groups have been developed that
selectively bind to polyhistidine with greatly improved
affinity and stability.14,26,27 These include tris-nitrilotriacetic
acid (trisNTA), which contains three NTA groups coupled
to a cyclic scaffold.27 TrisNTA binds to polyhistidine with
a subnanomolar affinity and has a binding half-life of several
hours, 4 orders of magnitude better than monomeric NTA.27
With such attributes, trisNTA emerges as a very promising
recognition unit for single QD tracking, where specific and
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high affinity targeting of PIs are required together with small,
biocompatible and tunable QD surface coatings. Here, by
integrating trisNTA into an amphiphilic micelle QD surface
coating, we describe a simple and rapid method for sitespecific targeting of QDs to polyhistidine-tagged PIs in
solution, on functionalized surfaces, and on the membrane
of living cells. Moreover, we demonstrate that our method,
when combined with labeling via the AP tag, enables twocolor tracking of PIs and imaging of molecular interactions.
Design and Characterization of QD-TrisNTA. Micelle
encapsulation of CdSe/ZnS core-shell QDs was based on
the self-organized properties of pegylated gallate amphiphiles
in water.28,29 The building block of the micelle is amphiphilic
gallate-PEG-OH (Figure 1a, compound 1), which contains
an aromatic core substituted with three neighboring undecyl
chains and an opposing linear chain of poly(ethylene glycol)
(PEG, 1500 g/mol). We prepared gallate-PEG-trisNTA
(Figure 1a, compound 5), by conjugating trisNTA to gallatePEG-OH in a three-step, high-yield synthesis (Supporting
Methods and Figure S1 in Supporting Information). Encapsulation of hydrophobic, CdSe/ZnS QDs in the micelle was
accomplished by combining the QDs and a mixture of
gallate-PEG-OH/gallate-PEG-trisNTA in organic solvent
(Figure 1b). Following evaporation of the solvent and
hydration in aqueous buffer, stable and functionalized QDs
were obtained (QD-trisNTA). We confirmed the incorporation of trisNTA and the ability to tune its density within the
micelle using agarose gel electrophoresis (Figure 1c). When
the fraction of anionic gallate-PEG-trisNTA was increased
from 2.5% to 15% during encapsulation, so was the rate of
sample migration toward the positive electrode. As a control,
we replaced gallate-PEG-trisNTA with a 10% fraction of
gallate-PEG-NH2 (synthesis shown in ref 28) during the
encapsulation (QD-NH2) and observed sample migration
1229

in the opposite direction of QD-trisNTA, due to the cationic
NH2functionality.
The optical properties of QD-trisNTA remained similar
to those of the hydrophobic QDs. There was a reduction in
the quantum yield of the samples from 49% in organic
solvent to 28-37%, depending of the density of trisNTA
(from 1% to 15%). The absorbance and emission spectra of
QD-trisNTA were virtually indistinguishable from the
hydrophobic QDs, with the emission peak at 595 nm and a
full width half-maximum of ∼30 nm (Figure S2a in
Supporting Information). We measured a hydrodynamic
diameter of 18.4 nm using dynamic light scattering (DLS)
(Figure S2b in Supporting Information), which is consistent
with our previous size characterization of QDs encapsulated
by a gallate-PEG-OH28,29 and is similar or smaller in size to
commercial biocompatible QDs (typically 20-30 nm in
diameter). While we cannot fully exclude that multiple QDs
are contained within a single micelle,28 fluorescence measurements (data not shown) on dilute concentrations of
QD-trisNTA revealed significant on-off intermittency
(blinking), which is a characteristic feature of individually
dispersed QDs.30
QD-TrisNTA Binds to Polyhistidine Surfaces. Following synthesis and characterization of QD-trisNTA, we
performed in vitro assays to establish specific binding toward
the polyhistidine tag. First, we prepared a hexahistidinefunctionalized surface and monitored binding of QD-trisNTA
in real time by simultaneous reflectometric interference (RIf)
and total internal reflection fluorescence spectroscopy (TIRFS)
detection.31,32 For preparation of the surface, a short cysteinecontaining hexahistidine peptide was covalently coupled to
a PEG polymer brush33 after activation of the surface with
a maleimide cross-linker. Samples of QD-trisNTA (5%)
were loaded with Ni2+ and injected at nanomolar concentrations on the hexahistidine surface. Association of the QDs
was observed as an increase in the mass signal by RIf
detection (Figure 2a). No dissociation was detected over
150 s of washing with buffer, indicating the stability of the
binding over this time window. We then injected imidazole,
which selectively competes with polyhistidine for the
coordination sites of QD-trisNTA complexed Ni2+ ions.27,34
Dissociation of QD-trisNTA was observed as nearly
complete removal of the mass signal over the course of
several hundred seconds (Figure 2a), confirming the specificity and reversibility of the interaction. As a further control,
we removed complexed Ni2+ ions from QD-trisNTA by
preincubating the sample with an excess of ethylenediaminetetraacetic acid (EDTA). No binding was observed on the
hexahistidine surface, confirming the Ni2+ dependency of
the interaction. Simultaneous RIf (Figure 2b) and TIRFS
(Figure S3 in Supporting Information) measurements revealed that the binding kinetics were influenced by the
density of trisNTA in QD-trisNTA (from 1% to 15%)
because the rate and extent of binding during association
increased along with the density. We further analyzed the
kinetics of imidazole-induced dissociation of QD-trisNTA
during RIf detection by fitting the data to a double exponential decay (Figure 2c). While the smaller dissociation rate
1230

constant (0.004-0.008 s-1) of this fit showed little variation
across samples, the larger rate decreased (from 0.4 to 0.04
s-1) with increasing trisNTA density (Table S1 in Supporting
Information). With 1% trisNTA, the larger rate was similar
to the one observed from trisNTA alone under the same
conditions, while for 15% trisNTA, a 10-fold difference was
observed. Combined, these data support multipoint attachment of QD-trisNTA to the polyhistidine surface, which
becomes more significant for high densities of trisNTA due
to the increase in the number of binding sites.
QD-TrisNTA Binds to Polyhistidine in Solution. Next,
we tested solution-based binding of QD-trisNTA (15%)
toward PIs with a polyhistidine tag. For this, we used
analytical size-exclusion chromatography (SEC) with triple
wavelength detection. Following Ni2+ loading, we incubated
QD-trisNTA with an excess of maltose binding protein
fused to a C-terminal decahistidine and site-specifically
labeled with the dye Cy5 through a single cysteine residue
(Cy5MBP-H10). When the absorbances of Cy5MBP-H10 (650
nm) and QD-trisNTA (350 nm) were monitored, binding
was unambiguously detected by the coelution of the two
species (Figure 2d). Incubation with EDTA abolished the
binding, confirming the Ni2+ dependency. By comparing the
normalized absorbance, we estimated a binding ratio of ∼11
Cy5
MBP-H10 proteins per QD-trisNTA. Moreover, we
employed this technique to test whether proteins captured
by QD-trisNTA maintain their function using PIs from the
type I interferon receptor.35 We probed the interaction of
Interferon-R2 ligand site-specifically labeled with the dye
Oregon Green 488 (OG488IFNR2) with the ectodomain of its
receptor subunit Ifnar2 fused to a decahistidine tag (Ifnar2H10) (Figure 2e). By simultaneously monitoring the absorbance of QD-trisNTA (350 nm) and OG488IFNR2 (488 nm),
we expected coelution only in the presence of Ifnar2-H10,
which binds to IFNR2 with nanomolar affinity.36 Indeed, no
binding of OG488IFNR2 to QD-trisNTA was observed in the
absence of Ifnar2-H10, confirming good shielding of the
QD-trisNTA surface against nonspecific binding. When
Ifnar2-H10 was present in the mixture of QD-trisNTA and
OG488
IFNR2, coelution of OG488IFNR2 with QD-trisNTA was
observed (Figure 2e). Elution of excess OG488IFNR2/Ifnar2H10 complex not bound to QD-trisNTA and free
OG488
IFNR2 were observed as separate peaks. From the
normalized absorbance of these samples, we estimated an
average of ∼8 OG488IFNR2 ligands bound to QD-trisNTA
through the specifically captured Ifnar2-H10. Assuming a
binding capacity for ∼11 Ifnar2-H10 proteins (as for
Cy5
MBP-H10), at least 70% of Ifnar2-H10 bound to
QD-trisNTA retained its activity toward recognition of the
OG488
IFNR2 ligand, which is very similar to the fraction of
functional Ifnar2-H10 observed on highly biocompatible
surfaces.37,38
QD-TrisNTA Binds to Polyhistidine on Cell Membranes. Given the positive results of the surface and solutionbased assays, we extended site-specific binding of QDTrisNTA to PIs on living cell membranes. As a model system
we used HeLa cells expressing cyan fluorescent protein
Nano Lett., Vol. 9, No. 3, 2009

Figure 2. Surface- and solution-based binding assays of QD-trisNTA
toward polyhistidine. (a) H6 functionalized surface binding assay by
RIf detection. The blue line is 10 nM QD-trisNTA (5%) and as a
control, the black line is the same sample, but preincubated with 1
mM EDTA. Injection of the samples occurs at the 0 s time point
followed by buffer washing at 220 s, washing with 250 mM imidazole
at 360 s, and washing with 100 mM HCl at 725 s. Association (stage
I), stable binding (stage II), imidazole-induced dissociation (stage III)
of QD-trisNTA and regeneration of the H6 surface (stage IV) are
indicated. (b) H6 surface association and (c) 250 mM imidazoleinduced dissociation of 10 nM QD-trisNTA containing 15% (red),
5% (blue), and 1% (green) density trisNTA. Dissociation data were
fit to a double exponential decay (black), and the residuals are shown.
(d) Solution-based QD-trisNTA(15%) binding assay using sizeexclusion chromatography (SEC, Superdex 200). Green line represents
a mixture of 10 nM QD-trisNTA and 1 µM Cy5MBP-H10. The blue
line (10 nM QD-trisNTA, 1 µM Cy5MBP-H10 and 10 mM EDTA)
and red line (10 nM QD-trisNTA) are controls. Peak I is assigned to
QD-trisNTA and peak II is assigned to Cy5MBP-H10. (e) Green line
represents a mixture of 10 nM QD-trisNTA, 1 µM Ifnar2-H10, and
1 µM OG488IFNR2. The blue line (10 nM QD-trisNTA and 1 µM Ifnar2H10) and red line (10 nM QD-trisNTA and 1 µM OG488IFNR2) are
controls. Peak I is assigned to QD-trisNTA, peak II is the complex
of OG488IFNR2/Ifnar2-H10, and peak III is assigned to OG488IFNR2.
Elution was monitored at an absorbance of 488 nm (OG488IFNR2) or
650 nm (Cy5MBP-H10) and the signals were normalized using the
QD-trisNTA absorbance at 350 nm (not shown). V0 is the exclusion
volume and Vb is the bed volume.
Nano Lett., Vol. 9, No. 3, 2009

(CFP) anchored to the plasma membrane through the
transmembrane domain of platelet-derived growth factor
receptor (Figure 3a).15 Here, a decahistidine tag was fused
to the free N-terminus of CFP (H10-CFP-TM). Following
transient transfection (24-48 h), CFP was detected in
50-60% of the cell population (Figure 3b-d). To confirm
that the decahistidine tag was accessible on the cell membrane, we incubated the cells with the dye FEW646 (an
analogue of Cy5) conjugated to trisNTA and loaded with
Ni2+ (FEW646trisNTA). The suitability of FEW646trisNTA for
site-specific targeting of decahistidine tags on membrane
proteins has been previously established.34 Here, the
FEW646
trisNTA signal was detected only on cells expressing
CFP and could be removed by washing with imidazole,
indicating the presence of the polyhistidine target (Figure
3b). We used similar conditions to evaluate QD-trisNTA
for site-specific binding to H10-CFP-TM on the cell surface.
First, as a control, we found that without Ni2+ loading, no
binding of QD-trisNTA was observed on cell membranes
(Figure 3c). Following Ni2+ loading of QD-trisNTA(15%)
and 60 s of incubation with cells, specific labeling of H10CFP-TM was observed and restricted to cells with CFP
expression (Figure 3d). The labeling was reversible since
washing with imidazole resulted in nearly quantitative
removal of QD-trisNTA. Similar binding was also observed
with varying densities of trisNTA (2.5%, 5%, and 10%, data
not shown). No binding could be detected for QD-NH2
following the Ni2+ loading procedure (Figure S4 in Supporting Information), confirming that the Ni2+ complexation
was mediated by trisNTA, and not by nonspecific absorption
of Ni2+ to the QD surface or micelle coating. Direct
competition of QD-trisNTA by a large excess of
FEW646
trisNTA was also sufficient to inhibit the labeling of
H10-CFP-TM by QD-trisNTA (Figure S4 in Supporting
Information). For short incubation times (<60 s) and low
concentrations (∼1 nM), low-density labeling of H10-CFPTM with QD-trisNTA was achieved. Individual QD-trisNTA
could be identified as diffraction-limited fluorescent spots
with occasional blinking. Motion of individual QD-trisNTA
on the membrane was diffusive (Figure S5 and Movie S1 in
Supporting Information) and could be observed over the
duration of the entire experiment, typically 10-20 min,
indicating its suitability for long-term observation of the PI.
QD-TrisNTA Enables Multicolor Tracking of Proteins. We demonstrated multiplexing with QD-trisNTA in
a two-color, live-cell experiment by utilizing an orthogonal
labeling strategy based on the 15 amino acid AP tag.15 In
this protocol, biotinylation of the AP tag is achieved
enzymatically by treatment with biotin ligase (BirA) and
biotin, enabling reactivity toward streptavidin-coated QDs
(QD-sav). To implement this system along with QD-trisNTA,
we selected the two subunits of the type I interferon receptor,
Ifnar1 and Ifnar2, as our PIs. Ifnar1 fused to an N-terminal
decahistidine tag (H10-Ifnar1) and Ifnar2 fused to an
N-terminal AP tag (AP-Ifnar2) were cloned for coexpression
without their cytosolic domains in a pVITRO vector. After
transient transfection of COS7 cells, we performed orthogonal QD targeting to the two PIs using QD-trisNTA and
1231

Figure 3. Live-cell labeling of polyhistidine-tagged proteins in HeLa cells. (a) Proposed scheme for the interaction of QD-trisNTA toward
a transmembrane protein fused with cyan fluorescent protein (CFP) and decahistidine (H10) in the extracellular region (H10-CFP-TM). (b)
Confirmation of H10-CFP-TM expression by detection of CFP and by specific labeling with 100 nM FEW646trisNTA. Washing with 200 mM
imidazole removes bound FEW646trisNTA. (c) Incubation of cells with 7.5 nM QD-trisNTA (15%) before and (d) after loading with Ni2+.
Washing with 200 mM imidazole removes bound QD-trisNTA. Scale bar ) 25 µm and applies to all panels.

Figure 4. Two-color, single-QD tracking of proteins in COS7 cells. (a) Proposed scheme for orthogonal QD labeling of Ifnar1, carrying
a decahistidine (H10) tag and Ifnar2, carrying a biotinylated acceptor peptide (AP) tag. (b) Merged brightfield and fluorescent images of
a COS7 cell where Ifnar1 is labeled with QD-trisNTA(15%) (green) and Ifnar2 is labeled with QD-sav (red). Scale bar ) 25 µm. (c)
Region of interest (ROI) showing the temporal position of Ifnar2 (red) and Ifnar1 (green) subunits on the cell membrane. Scale bar ) 4 µm
and the white circles denote subunits of interest at the given time points. (d) Trajectories of the QDs highlighted in (c) over a 75 s acquisition;
arrows indicate the position at time ) 0 s. The black circle is an expanded view of the ROI. Inset: relative distance between the subunits
during the acquisition. The gray region indicates the period of apparent colocalization. (e) Instantaneous diffusion coefficients (D) for
Ifnar1 (green) and Ifnar2 (red). The gray area indicates the period of slow diffusion.

commercially available QD-sav with fluorescent emission
maximum at 595 and 655 nm, respectively (Figure 4a).
Following biotinylation of AP-Ifnar2 by BirA, labeling of
both the subunits was accomplished by combining QDtrisNTA and QD-sav at nanomolar concentrations and
incubation with cells for 2-5 min. A dual-view optical
system was used to simultaneously acquire signals from both
QD-trisNTA and QD-sav by spectral separation on two
1232

sides of the same CCD camera. In control experiments, a
green fluorescence protein (GFP) expression vector was
cotransfected with pVITRO and QD labeling was found
restricted to GFP expressing cells, thus confirming specific
targeting of the subunits (data not shown). As with the
H10-CFP-TM PI, individual QDs could easily be identified
on the cell membrane (Figure 4b). We determined the
diffusion values of these two populations to be 2.3 × 10-2
Nano Lett., Vol. 9, No. 3, 2009

µm2/s for Ifnar1 and 1.1 × 10-1 µm2/s for Ifnar2 (Figure S5
in Supporting Information). To illustrate the utility of
employing multicolor tracking, we directed our analysis
toward two individual Ifnar1 and Ifnar2 subunits that
appeared to transiently interact with each other in a way that
cannot be described by simple Brownian diffusion (Figure
4c and Movie S2 in Supporting Information). During our
observation, these Ifnar1 and Ifnar2 subunits were initially
diffusing independently and separated by a distance of ∼4
µm (Figure 4c,d). After 20 s, both subunits converge to a
separation distance within the resolution limit of our system
(pointing accuracy ∼10 nm and channel alignment ∼50 nm)
and their diffusion appears slowed down. Interestingly,
colocalization and slow diffusion of the subunits persist for
nearly 10 s before they separate and return to independent
and faster movement. To provide more insight into this
interaction, we quantified the diffusion coefficients of each
subunit. Plotting their instantaneous diffusion reveals slow
and fast diffusion regimes within the time of our observation
(Figure 4e). During the fast regime, the diffusion coefficients
of the two subunits are within a factor of 2 (2.0 × 10-2 µm2/s
for Ifnar1 and 3.3 × 10-2 µm2/s for Ifnar2). Within the slow
regime, the diffusion coefficients remain within a factor of
2, but are nearly 2 orders of magnitude lower than in the
fast regime (2.6 × 10-4 µm2/s for Ifnar1 and 1.1 × 10-4
µm2/s for Ifnar2). This analysis supports the notion that both
subunits might have entered and exited a common membrane
domain. Dimerization of the Ifnar1 and Ifnar2 and direct
interactions between the QDs can be excluded because of
their different diffusion within the domain and the fact that
Ifnar1 slows down in this area of the membrane a few
seconds before Ifnar2 (Figure 4e).
Discussion. We have shown the design, characterization,
and use of novel QDs, functionalized with a small trisNTA
recognition unit allowing high-affinity labeling of polyhistidine. Due to ubiquitous use of the polyhistidine tag,
QD-trisNTA is readily compatible with a large library of
proteins and expression systems and can be used for a variety
of applications (blotting, in vitro binding assays, cell imaging,...). To emphasize this, we demonstrated the highly
selective and reversible targeting of four different polyhistidine-tagged PIs using surface, solution, and live-cell assays.
In the past years, an alternate strategy for in vitro targeting
of polyhistidine-tagged proteins to QDs has been to employ
surface coatings that allow direct access of the histidine tag
to free Zn2+ ions on the ZnS shell material of QDs.22,39-41
Although the method is simple and efficient for in vitro
labeling, it suffers from an intrinsic limitation for cell
experiments since two opposing requirements must be
satisfied: the QD surface must be accessible to the PI but
also shielded from the environment to minimize nonspecific
interactions. In fact, when PEG is integrated on the QD
surface, the binding affinity of polyhistidine-tagged proteins
is largely diminished40 and the method becomes much less
practical for cellular protein labeling. Moreover, direct
attachment of PIs to the QD surface gives poor control over
the binding stoichiometry. To circumvent these issues, we
have separated the surface shielding from targeting by
Nano Lett., Vol. 9, No. 3, 2009

employing the high affinity recognition unit trisNTA. The
micelle encapsulation of the QDs provides PEG for biocompatibility28,39 with live cells and efficiently blocks direct
binding of polyhistidine to the QD surface. Furthermore, the
tunable nature of trisNTA within the micelle should allow
for further optimization toward monovalent QDs carrying a
single trisNTA, which can be highly desirable in many
applications. Already, we have shown by surface-based
measurements that QD-trisNTA containing 1% trisNTA
closely matches the dissociation kinetics expected from a
single trisNTA.
Tracking of membrane proteins was achieved in live cells
using both single and two-color QD labeling approaches, thus
allowing the study of diffusion dynamics for durations
normally not accessible with conventional organic dyes. In
this respect, the ability to simultaneously observe and
quantify the long-term diffusion of multiple membrane
proteins with nanometer positional accuracy greatly enhances
the capacity to identify transient protein-protein interactions
or membrane-domain-mediated interactions below the diffraction limit of light (∼250 nm). With regard to the
interferon receptor system presented here, two-color QD
tracking should be very useful to study changes in the lateral
diffusion of the Ifnar1 and Ifnar2 subunits upon addition of
IFNR2 ligand, which is postulated to modulate the dynamic
assembly and disassembly of the ternary IFN-receptor
complex.42 Our measurements also highlight the fact that
compared to a standard two-color static image, interactions
between two proteins are more clearly identified when
looking at correlated information on colocalization and
mobility.
Conceivably, extension of QD-trisNTA to targeting and
tracking intracellular proteins should now be possible with
the appropriate loading technique, such as the use of
pinocytosic vesicles to deliver the QDs across the membrane.7 For this application, the moderate size of QDtrisNTA may limit its accessibility to crowded cellular areas
and so this probe would benefit from the development of a
smaller biocompatible coating,39 possibly using engineered
peptides.18,43
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