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ABSTRACT: Single molecule tracking in live cells is the
ultimate tool to study subcellular protein dynamics, but it is
often limited by the probe size and photostability. Because of
these issues, long-term tracking of proteins in conﬁned and
crowded environments, such as intracellular spaces, remains
challenging. We have developed a novel optical probe
consisting of 5 nm gold nanoparticles functionalized with a
small fragment of camelid antibodies that recognize widely
used green ﬂuorescent proteins (GFPs) with a very high
aﬃnity, which we call GFP-nanobodies. These small gold
nanoparticles can be detected and tracked using photothermal imaging for arbitrarily long periods of time. Surface and
intracellular GFP-proteins were eﬀectively labeled even in very crowded environments such as adhesion sites and cytoskeletal
structures both in vitro and in live cell cultures. These nanobody-coated gold nanoparticles are probes with unparalleled
capabilities; small size, perfect photostability, high speciﬁcity, and versatility aﬀorded by combination with the vast existing library
of GFP-tagged proteins.
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environments such as adhesion sites and synapses.2 An
alternative to luminescence relies on the probe absorption
properties. Gold nanoparticles of 5 nm diameter are appealing
because they present large absorption cross sections and deliver
intense, stable optical signals in photothermal microscopy, even
in cellular environments.6
To fully beneﬁt from the reduced size of these nanoparticles,
the ligand used to bind the particle to the target biomolecule
should also be small. Commonly used antibodies have typical
sizes of 12 nm and thus signiﬁcantly increase the overall probe
size. Moreover, highly speciﬁc primary antibodies are not
always available, and when they are, particle coupling must be
performed for each protein of interest. To avoid multiple
couplings a secondary antibody could be used at the expense of
an increase in ﬁnal probe size. Common antibodies are also
divalent and their use raises issues about the probe’s valence
state. In this context, the elaboration of general strategies to
obtain small, highly speciﬁc, monovalent probes that allow for
the study of the largest number of proteins is an intense ﬁeld of
research.5,7−9

ver the past decade, it has become essential to work at
the individual molecule scale in order to better
understand complex cellular processes. Numerous and
increasingly sophisticated optical techniques have been
developed to explore the dynamics of biomolecules either in
vitro or in living systems. Because of its high sensitivity and
noninvasiveness, ﬂuorescence microscopy is widely used to
detect molecules evolving in biological environments. Single
molecule detection requires optimized probes and much eﬀort
has been made to improve their properties.1 In general, the
ideal probe should be (i) very speciﬁc, (ii) as small as possible
(so not to interfere with the dynamics and functions of the
target biomolecules), (iii) monovalent, (iv) optically stable for
long observation times, (iv) able to deliver intense optical
signals for precise localization. As this ideal probe has not yet
been designed, long-term single-molecule tracking of proteins
in conﬁned and crowded environments remains challenging.
Fluorescent molecules have been extensively used for their
small size but suﬀer from poor photostability, especially in
physiological environments.2 Semiconducting nanocrystals
(quantum dots), however, display superior photostability and
can be imaged for minutes in live cells.3−5 Nevertheless, due to
their relatively large diameter, functionalized quantum dots are
not suitable for tracking biomolecules in conﬁned cellular
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Figure 1. Synthesis and characterization of nanobodies-coated gold nanoparticles (NB-Au-NPs). (A) Schematics of the two-steps production,
synthesis and functionalization. (B) Transmission electron microscopy (TEM) image of stabilized Au-NPs. (C) Distribution of stabilized Au-NP
diameters, extracted from the TEM images. (D) Photothermal image of individual NB-Au-NPs embedded in thin polyvinyl alcohol (PVA) ﬁlm. (E)
Agarose gel of NB-Au-NP samples with varying proportions of MUA in the nanoparticles shelf and of nanobodies used for the functionalization in
step 2: (a) 20% MUA, no nanobodies, (b) 1% MUA, no nanobodies, (c) 0.4% MUA, no nanobodies, (d) 0.4% MUA, equimolar nanobodies, (e) 1%
MUA, equimolar nanobodies, (f) 20% MUA, equimolar nanobodies, (g) 20% MUA, 2 fold excess nanobodies, and (h) 20% MUA + 10-fold excess
nanobodies.

the ﬁrst step, functionalized gold nanoparticles were synthesized using borohydride reduction in the presence of a linker
agent, 11-mercaptoundecanoic acid, (MUA) and two blocking
agents in equimolar amounts: CVVVT-ol peptide (T-ol =
threoninol) and alkyl PEG (PEGylated alkanethiol HS(CH2)11-EG4-OH) (protocol adapted from refs 7 and 14).
These peptide-capped gold nanoparticles are extremely stable,
water-soluble, and display some chemical properties analogous
to proteins, which is responsible for their biocompatibility.7,15
The average diameter of the nanoparticles was estimated to be
4.6 ± 1 nm (SD) from transmission electron microscopy
pictures (Figure 1B,C). Because the molecules of the capping
shell are very short, the hydrodynamic radius of the capped
nanoparticles is less than 1 nm larger16 than the radius obtained
from electron microscopy. A photothermal image of isolated
particles embedded in a polyvinyl alcohol ﬁlm is also displayed
in Figure 1D. In the second step, the carboxylic function of
MUA was activated using EDC/NHS (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride/N-hydroxysuccini-

In this paper, we designed and characterized a system that
most closely approaches the aspects of an ideal probe. We
synthesized 5 nm gold nanoparticles functionalized with
nanobodies (NB), a small fragment of camelid antibody (2
nm × 4 nm) which recognizes widely used green ﬂuorescent
proteins (GFPs) (3 nm × 4 nm) with a very high aﬃnity (Kd ∼
0.23 nM).10,11 Our approach allows the production of puriﬁed,
monovalent nanoparticles. These small, functional gold nanoparticles (NB-Au-NPs) can be detected and tracked for
unlimited periods of time in living cells using photothermal
heterodyne imaging.12,6,13 We demonstrate the versatility and
targeting eﬃciency of our NB-Au-NPs by labeling several types
of GFP-tagged proteins, both in in vitro and cellular systems.
We also show that NB-Au-NPs can be used to study proteins in
conﬁned structures and intracellular compartments by tracking
adhesive proteins and microtubule associated proteins in living
cells, respectively.
NB-Au-NPs were produced in two steps, synthesis, and
functionalization (Figure 1A, see Supporting Information). In
1490
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Figure 2. NB-Au-NPs target kinesin-GFPs in vitro. (A) Schematics of the assay: GFP-tagged kinesin motors, attached to stabilized microtubules
ﬁxed on a glass coverslip, are labeled with NB-Au-NPs (20% MUA in the shelf, 4× excess of Au-NP with respect to the nanobodies). (B)
Photothermal image showing the distribution of NB-Au-NPs on the assay. The photothermal signal exactly matches the distribution of the kinesinGFP epi-ﬂuorescence signals (inset). White arrows point the overlapping of two microtubules. (C) Average photothermal intensity proﬁle along the
blue and green boxes in (B) corresponding to one and two microtubules respectively.

Figure 3. NB-Au-NPs label all sorts of GFP-tagged proteins on ﬁxed cells with a very high speciﬁcity (NB-Au-NPs used: 20% MUA in the shelf, 4×
excess of Au-NP with respect to the nanobodies, see text). Top: epi-ﬂuorescence images of a COS-7 cell expressing α-actinin-GFP of a MEF
expressing VASP-GFP and of a COS-7 expressing EB3-GFP. Bottom: corresponding photothermal images.

mide) allowing coupling to recombinant nanobodies. We used
nanobodies bearing a his-tag puriﬁed from bacteria with NiNTA columns. We then employed two methods to obtain
monovalent probes. In method one, the proportion of MUA
was reduced with respect to that of the blocking agents (down
to 0.4%, Supporting Information Figure 1) to achieve at most
one MUA per particle when an excess of nanobodies was
introduced for the coupling. In method two, a low
concentration of nanobodies was introduced into an excess of
particles bearing multiple MUA linkers. We favored the second
method, which requires a smaller amount of nanobodies,
because nonfunctionalized Au-NPs could be separated from the
NB-Au-NPs by using Co-NTA resin able to reversibly bind histag nanobodies. This is demonstrated in Figure 1E by the shift
of nanobody-coated Au-NP band as compared to the control
Au-NP in agarose gel electrophoresis. It is also seen that a
coating with 20% MUA produces negatively charged particles
(line (a) and (f) to (h)), while with 1 and 0.4% MUA,
positively charged NB-Au-NPs are obtained and cannot be used
for cell electroporation (see below). Of note, NB-Au-NPs
bands were relatively broad due to the size dispersion of the

nanoparticles (Figure 1C) leading to a relatively large
heterogeneity in the number of MUA per particle.
NB-Au-NPs were ﬁrst tested on a well-characterized in vitro
assay consisting of puriﬁed molecular motors and microtubules
in a reconstituted system.17,18 GFP-tagged kinesin-1 were
incubated with an excess of NB-Au-NPs for 5 min before
injection in a ﬂow chamber where taxol-stabilized microtubules
were previously ﬁxed (Supporting Information Figure 2).19
Without ATP in solution, kinesin motors labeled with NB-AuNPs strongly bound microtubules without any directional
motion or unbinding (Figure 2A). We used a high
concentration of motors in solution (15 nM, 5 min incubation)
to saturate microtubules with motors and then rinsed
extensively in the ﬂow chamber to remove unbound motors
and probes. A homemade microscopy setup was used to record
photothermal and ﬂuorescence images of the sample (see
Supporting Information). Figure 2B shows a photothermal
image of microtubules covered by kinesin-GFP motors labeled
with NB-Au-NPs and the corresponding ﬂuorescence image.
The GFP ﬂuorescence signal and NB-Au-NPs photothermal
signal colocalize within a camera pixel size (∼250 nm at the
1491
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Figure 4. NB-Au-NPs target β3-integrins in focal adhesion sites whereas quantum dots do not. (A) Live MEF expressing β3-integrins tagged with an
extracellular GFP and labeled with NB-Au-NPs. An epi-ﬂuorescence image from GFP-β3-integrins (left) and the corresponding photothermal image
(middle) are merged (right) showing eﬃcient NB-Au-NP labeling of GFP-β3-integrins concentrated in FAs (delimited by the red-dashed lines). (B)
Live MEF coexpressing VASP-GFP and β3-integrins tagged with an extracellular his-tag and labeled with streptavidin-coated quantum dots QD-655
via biotinylated TrisNTA. An epi-ﬂuorescence image of VASP-GFP, used as a FAs reporter, allows the delimitation of FAs contours (left).
Corresponding TIRF (total internal reﬂection ﬂuorescence) image of the quantum dots (middle) and merged image (right) are shown. Quantum
dot labeling does not reach β3-integrins located in FAs. NB-Au-NPs were prepared with 20% MUA in the shelf and a 4-fold excess of Au-NP with
respect to the nanobodies.

extracellular matrix adhesion.21 β3-integrins bearing an
extracellular GFP tag were expressed in MEFs and found to
be concentrated in FAs (Figure 4A epi-ﬂuorescence). MEFs
were incubated with NB-Au-NPs for 10 min and then rinsed
extensively. Photothermal images of the same region as in
Figure 4A showed that the NB-Au-NPs were also mainly
localized in the FAs (delimited regions of the epi-ﬂuorescence
image), strong evidence that the probe can enter FAs with
minimal steric hindrance. In contrast, his-tagged β3-integrins
labeled with streptavidin-coated quantum dots via a biotinylated NTA22 could not enter FAs (Figure 4B). Since the space
between the membrane and the glass coverslip is close to 30
nm in FAs,21 this observation suggests that the size of the
quantum dot probe prevents its access to the FA interior.
In order to follow the movement of individual GFP-β3integrins we reduced the labeling density of NB-Au-NPs on
MEFs. Using the triangulation method introduced by Lasne et
al,6 long trajectories (>25 s) of single integrins were recorded at
video rate (Figure 5). In Figure 5A, we overlaid two typical
trajectories of individual integrins on the ﬂuorescence image of
GFP-β3-integrin. The two trajectories illustrate the diﬀusion
properties of integrins found inside and outside FAs. The
photothermal signals displayed a constant amplitude and were
similar to those shown in Figure 1D obtained from single gold
particle with size distribution of Figure 1C, conﬁrming that
these trajectories corresponded to individual integrins (Figure
5B,E inset). We also extracted the mean-square-displacements
and instantaneous diﬀusion coeﬃcients (with a moving window
of ∼1 s, see Supporting Information) of the probes. Inside FAs,
probes displayed either immobilization or slow diﬀusion,
whereas outside they displayed free diﬀusion (Figure 5B−E,
Supporting Information Figure 4). These behaviors are similar
to those observed using single molecule ﬂuorescence tracking
with smaller probes,23 which showed that immobilization
events observed inside FAs are the consequence of direct
integrin binding to the extracellular matrix (ﬁbronectin) and/or

sample plane), a signature of a speciﬁc labeling of the motors by
the new probe. Regions with higher photothermal signals
correspond to overlapping microtubules (arrow in Figure 2B).
More quantitatively, the signal in these regions is on average
twice the signal of isolated microtubules (Figure 2C). This
illustrates the possibility to perform stoichiometric measurements using NB-Au-NP probes detected by photothermal
methods.12,20 As a control, we veriﬁed that no photothermal
signal was observed when microtubules were incubated with
nonfunctionalized Au-NPs or with NB-Au-NPs without kinesin
motors (Supporting Information Figure 2).
To demonstrate that NB-Au-NPs binding speciﬁcity is
conserved in more complex environments, we tested the
particles in ﬁxed cells expressing GFP-tagged proteins in
various subcellular compartments. We used either COS-7 cells
or mouse embryonic ﬁbroblasts (MEFs) platted on ﬁbronectincoated glass coverslips. The cells were transfected with GFPtagged proteins enriched in cellular adhesion sites (VASP-GFP)
in the actin cytoskeleton (alpha-actinin-GFP) or on microtubules (EB3-GFP) (Figure 3). After ﬁxation and permeabilization, followed by incubation with a 10 nM solution of NB-AuNP and extensive rinsing steps, cells were studied by epiﬂuorescence and photothermal imaging. For all protein
constructs, photothermal images displayed perfect colocalization with the GFP ﬂuorescence images, demonstrating that the
probe speciﬁcity is maintained in complex biological environments. We veriﬁed that nontransfected cells displayed very few
nonspeciﬁc nanoparticle binding (Supporting Information
Figure 3). Notably, these results show that NB-Au-NP can
access GFP-proteins even in crowded regions of the cells such
as adhesion sites or actin rich structures like the lamellipodium.
Next, we showed that NB-Au-NPs could label membrane
proteins in live cells, allowing single molecule tracking even in
highly conﬁned structures. As a model, we focused on mature
adhesion sites (focal adhesions, FAs) which are crowded
macromolecular platforms where integrins mediate cell1492
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of protein interactions, which control membrane receptor
diﬀusion.
Finally, we addressed the possibility of targeting and tracking
intracellular proteins with NB-Au-NPs in living cells. Negatively
charged NB-Au-NPs and 5 μg DNA coding for EB3-GFP, a
microtubule end-binding protein, were eﬃciently internalized
in COS-7 cells by electroporation. Figure 6A shows
ﬂuorescence and photothermal images of a cell 24 h after
electroporation. Demonstrating speciﬁc intracellular targeting
(see Supporting Information Figure 5 for the control), NB-AuNPs appeared mainly located either along the microtubule
lattice or ends, where EB3-GFP proteins are accumulated24
(red arrows in Figure 6A). We further tracked the movement of
bound nanoparticles. The trajectory shown in Figure 6B−D
represents the movement of a single EB3-GFP protein: it is
clearly directional, points toward the cell periphery in the
prolongation of a microtubule, and shows an average velocity
(∼0.09 μm/s), similar to the microtubule growth rate (∼0.12
μm/s for COS-7 at room temperature). This demonstrates that
NB-Au-NPs are appropriate probes to target and track
individual intracellular proteins in living cells.
In this paper, we presented the development of a new
functional optical probe, which bears all the qualities to perform
noninvasive long-term single particle tracking in diﬀerent
biological environments. It consists of 5 nm gold nanoparticles
coated with GFP-nanobodies, the NB-Au-NPs. We showed that
their charge and valence can be tuned by varying the
composition of the peptide shelves, and that they can be
puriﬁed using the his-tag present on the nanobodies. These
NB-Au-NPs were successfully used in in vitro and live cell
experiments for both surface and intracellular labeling of
various GFP-proteins in very crowded environments (adhesion
sites, actin networks, etc.). They should allow high-density
labeling of many target proteins in live or ﬁxed cells, which will
provide more complete information about the distribution. We
believe that NB-Au-NPs are unparalleled probes owing to their
small size, perfect photostability, high speciﬁcity, and versatility.

Figure 5. GFP-β3-Integrins labeled with NB-Au-NPs display a freely
diﬀusive motion outside FAs and cycles of immobilization and slow
diﬀusion motions inside FAs. (A) Two NB-Au-NPs labeled GFP-β3integrin trajectories are overlaid on FAs localized by GFP-β3-integrin
ﬂuorescence. Immobilization sequences and slow movements are
displayed in red and free diﬀusion in blue. (B) x−y trajectory inside a
FA. Inset: photothermal signal amplitude versus time. (C)
Instantaneous diﬀusion coeﬃcient versus time. (D) x−y trajectory
outside a FA, and (E) corresponding instantaneous diﬀusion
coeﬃcient versus time.

to intracellular talins. This conﬁrms that NB-Au-NPs did not
alter integrin dynamics after labeling nor did they impede their
activation. In addition, combining photothermal imaging and
the perfect photostability of our probes, we now are able to
investigate the dynamics of single integrins on arbitrarily long
time scales. In the speciﬁc case of integrins, we can study cycles
between immobilizations and free diﬀusive movements even
during the same trajectory. This allows to probe the dynamics

Figure 6. Single molecule tracking of EB3-GFP inside living cells using internalized NB-Au-NPs. (A) COS-7 cell expressing EB3-GFP 24h after
electroporation. Right: zoom on the cell edge using epi-ﬂuorescence and photothermal imaging together with the merged image. Red arrows show
microtubule lattice and ends where NB-Au-NPs are colocalized. (B) EB3-GFP ﬂuorescence image in a COS-7 cell overlaid with the trajectory of an
internalized NB-Au-NP, color-coded by the elapsed time (t = 0 blue, t = 10 s red). (C) Zoom on the x−y trajectory. (D) Photothermal signal
amplitude and walked distance versus time of the trajectory displayed in (B) highlighting directed movement. The average velocity of the directed
track is ∼0.09 μm/s. NB-Au-NPs were prepared with 20% MUA in the shelf and a 4-fold excess of Au-NP with respect to the nanobodies.
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Possible applications could involve the targeting of nuclear
proteins or concern correlative studies between optical and
electron microscopy since small gold nanoparticles provide
high contrasts for both modalities.
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