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Targeted drug and gene delivery with functional nanomate-
rials has received considerable attention in cancer therapies
and stem cell studies. Gold nanomaterials (especially gold
nanorods (GNRs)) are widely utilized for the efficient and
smart intracellular delivery of drugs and genes because of
their high-loading and high-internalization efficiency, bio-
compatibility, and controllable release.[1] Understanding the
translocation dynamics of these nanocargos in living cells at
the single particle level would provide valuable information
to rationally design their functionality and further modulate
their intracellular delivery efficiency. To this end, several non-
invasive optical imaging techniques have been developed, for
example, conventional darkfield microscopy, photothermal
imaging, and interferometric scattering detection.[2] Never-
theless, these center-of-mass lateral localization methods
cannot provide access to the orientational dynamics of
nanocargos that would be a key parameter for revealing the
fundamental mechanisms of vital biological processes, such as
the interactions between the nanocargo and nearby biomol-
ecules.[3]

The plasma membrane is a two-dimensional (2D) fluid
system. The spatial organization and the diffusion dynamics
of lipids, carbohydrates, and receptor proteins anchored on
cell membranes play important roles in regulating signal
transduction and cellular activities such as exocytosis and
endocytosis.[4] The binding and translocation dynamics of
nanocargos on the living cell membrane are usually the rate-
determining step for the intracellular internalization pro-
cess.[5] Although numerous advances have been made on
elucidating the lateral mobility of membrane proteins, less is
known about the interactions between the ligand-modified

nanocargo and the receptor proteins prior to the endocytosis
process.

In this study, with GNRs used as the smart contrast
reagent, we demonstrate a new approach with not only
nanometer localization precision in translational tracking but
also three-dimensional (3D) angular resolvability in nano-
particle/membrane studies in living cell systems with a tem-
poral resolution of 100 Hz, which cannot be simultaneously
achieved by using single dye molecules. We took advantage of
the inherent morphological anisotropy of GNRs which splits
the surface plasmon resonance into transverse and longitudi-
nal modes. The latter provides a higher light scattering
efficiency because of reduced plasmon damping and is
polarized parallel to the long axis of the nanorod. Through
monitoring the polarized scattering or absorption signal, it has
previously been confirmed that GNRs could be used as a local
order orientational sensor.[6] However, polarization aniso-
tropy cannot reveal the polar angle.[6a,b] Furthermore, schemes
based on differential interference contrast or defocused
darkfield result in a loss of spatial resolution as a result of
the degenerated point-spread-function.[6c,d]

Herein, 25 nm diameter and 70 nm long GNRs were used
as the probe. A dual-wavelength upright darkfield microscope
was used to distinguish the longitudinal and transverse
oscillation modes from individual GNRs spectrally. The
inherent chromatic aberration of the microscope objective
produced two images, as shown in Figure 1a. The well-
focused transverse mode from the GNRs was used for
translational localization, while the orientational information
was simultaneously deciphered through the defocused longi-
tudinal mode. In conjunction with a high-speed camera, we
uncovered unprecedented details about the interactions
between transferrin-modified GNRs and the living cell
membrane before internalization.

To achieve nanometer precision for center-of-mass lateral
localization, we applied the feature point tracking algorithm
to the 540 nm image.[7] This efficient algorithm does not
require complicated prior knowledge about the physics of the
process. When the sampling frequency of the CCD camera
was 100 Hz (signal-to-noise ratio (S/N) of the transverse
mode from a single GNR was around 10:1), the theoretical
lateral localization precision of this tracking method is
estimated to be better than 3 nm (see Figure S1 in the
Supporting Information). However, as a consequence of the
mechanical drift of the optical stage, the actual accuracy of
the position determination is around 10 nm, which can be
further improved by using an internal immobilized marker to
correct for the mechanical drift (see the Supporting Informa-
tion).
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The polar and azimuthal angles of the GNRs were
determined through matching the 700 nm image with the
maximum likelihood image in a presimulated defocused
image library with the criteria of the Pearson correlation
coefficient (see the Supporting Information). By interrogat-
ing a fixed GNR from hundreds of consecutive images, the
accuracy of the angular determination was estimated to be
better than 108 at 100 Hz (see Figure S2 in the Supporting
Information). A typical defocused longitudinal oscillation
scattering image from a single GNR and the corresponding
best-match defocused image are shown in Figure 1b and c.
The polar and azimuthal angles were determined to be 10 and
2108, respectively, which agreed well with the independent
polarization measurement results (Figure 1 f). The good
linear relationship in the stage-rotation experiments further
validates the reliability of this method (see Figures S3 and S4
in the Supporting Information).

To obtain insight into the complex interactions between
the nanocargo and receptors prior to endocytosis (see Fig-
ure S5 in the Supporting Information), we simultaneously
explored the translational and rotational diffusion dynamics
of transferrin-modified GNRs on a HeLa cell membrane.
Transferrin is a glycoprotein that binds iron very tightly with
many receptors on the cell membrane. The ligand/receptor
interaction can assist the nanocargo to enter the cell
membrane through the endocytosis pathway. Two lateral

diffusion trajectories of GNR on the 2D fluid surface are
depicted in Figure 2. Nanorod A showed a higher mobility
and had six times the area coverage than that of B within the
same period of time (13 s). Interestingly, an abrupt transition
from the free-diffusion state to a relatively restricted state
appeared after 7 s. These anomalous lateral diffusion patterns
on the cell membrane clearly indicate a heterogeneous
environment at the nanometer scale and an anisotropic
distribution of interaction forces in space and in time between
the GNRs and cell membrane proteins. Therefore, it is
inappropriate to evaluate the motions of the GNRs in this
complex system simply on the basis of the 2D diffusion
coefficient D2. To quantify the heterogeneity of such diffusion
behavior, we utilized the moment scaling spectrum approach
developed by Ferrari et al. to analyze the lateral motions of
GNRs.[8] For strongly self-similar processes, the moment
scaling spectrum shows a straight line through the origin. The
free-diffusion mode has a slope of moment scaling spectrum
(SMSS) of 0.5. When the motion is confined (subdiffusion), SMSS

will be between 0 and 0.5. An immobilized spot will have
a SMSS value of zero. A slope of 1 characterizes a unidirectional
ballistic motion. For superdiffusion, the value of SMSS falls into
the region between 0.5 and 1.

Classifying the diffusion modes of GNRs on the cell
membrane with SMSS is much more robust than comparing
D2 values or using the diffusion coefficient ratiometric
approach because of the perfect linearity of SMSS for self-
similar processes (Figure 2 c,d).[9] In addition, for complex
hybrid diffusion on the cell membrane, one will be able to
characterize the transitions among different diffusion modes
throughout the trajectory from the time-dependent SMSS

curve. A typical diffusion trajectory of a single GNR C on
the cell membrane is shown in Figure 3a. The measured SMSS

value along this track is 0.5, thus indicating a semirandom
diffusion mode. However, compared with tracks A and B in

Figure 1. a) Dual-view optics for single particle translational and rota-
tional tracking, which provide a well-focused image at 540 nm and
a defocused image at 700 nm. b) Typical defocused darkfield image
from a single GNR and c) the corresponding best-fit. d) The exper-
imental contour plot and blue dots match well the simulated 3D
intensity distribution. e) The scattering spectrum. f) The blue curve
represents the fitted in-plane angles by pattern recognition and the
green circles are the experimental data from separate polarization
measurements. g) Coordinate system.

Figure 2. a) and b) Translational diffusion trajectories of GNRs A and
B on the HeLa cell membrane. c) and d) The corresponding moment
scaling spectra.
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Figure 2, several abrupt transitions between different diffu-
sion modes are observed along this track. To quantitatively
evaluate the temporally and spatially dependent diffusion
behavior of GNR C, we calculated the SMSS and D2 values
throughout the trajectory by using a moving window of 1.2 s.
Notably, the value of SMSS fluctuates as a function of time. At
the beginning (the first six windows), the GNR was confined
to small regions with D2 less than 0.0025 mm2 s�1. The values of
SMSS were much smaller than 0.5, thereby indicating confined
diffusion (subdiffusion) in these subdomains. A clear tran-
sition to the superdiffusion regime was found at the 7th
window (with SMSS of 0.53), accompanied by a rapid growth in
the value of D2 (to 0.01 mm2 s�1). After that (the 8th and 9th
windows), the value of SMSS fell into the confined diffusion
zone again but with a slightly larger D2 value (around 2 �)
than in the windows before 7 s. An increased SMSS value
appeared again at the 10th window, followed by a rapidly
decreasing region. These observations indicate that, for most
of the time, the GNR was restricted to confined lateral
diffusion on the membrane even though occasionally it could
escape from those potential wells. The well-correlated
fluctuation trend (R2 = 0.92) between the D2 and SMSS curves
demonstrates a high confidence level in classifying the
diffusion modes. Meanwhile, the fluctuations in the D2 and
SMSS curves also reflect a heterogeneous cell membrane
environment.

Since the D2 and SMSS curves only reflect the lateral
motion of the GNRs on the cell membrane, detailed
information on the interactions between the GNRs and
receptors on the cell membrane during lateral diffusion is still
missing. For example, can a single GNR simultaneously bind
to several receptors on the membrane? Does the GNR
experience dynamic receptor exchange during lateral diffu-
sion? If so, will the receptor exchange process affect the
lateral mobility of the nanocargo on the cell membrane?
Knowledge of these at the single particle level is critically

important to understanding the detailed
interaction mechanism between the nano-
cargos and cell membranes.

The effective way to explore these issues
is to correlate the 3D conformational varia-
tions of the nanocargo with the lateral
diffusion process. The measured first har-
monic rotational constants Dr of GNR C in
the moving windows are shown in Figure 3b.
Interestingly, the rotational and translational
diffusion were found to be unsynchronized
during the entire trajectory (R2 = 0.08
between Dr and D2). Within the period 0 to
11 s (the first 9 windows), the GNR rotated
slowly with an average Dr value of (0.43�
0.23) s�1, which reveals a strong interaction
between the ligand proteins on the GNR
surface and cell membrane receptor proteins.
In other words, most of the time, there would
be more than one receptor bound on the
GNR surface to greatly inhibit the rotational
motion of the GNR on the cell membrane.
Even though the GNR showed superdiffu-

sive motion at the 7th window, the rotational constant was still
very small (0.13 s�1). However, at the last window, the GNR
showed the fastest rotational motion, despite its restricted
lateral diffusion. These results indicate that lateral diffusion
of the GNR on the cell membrane is not controlled by the
interaction strength between the GNRs and the receptors, but
is mainly dependent on the fluidity of the attached receptors
on the cell membrane.

Further insights into the interaction between GNRs and
cell membrane receptors can be found in the time-dependent
orientation track (Figure 3b). At the beginning (the first three
windows, with confined lateral diffusion), the GNR showed
an in-plane rocking rotation, indicative of multiple-binding
sites on the nanorod surface that greatly inhibited the
rotational motion in the vertical direction. If there was only
one anchoring site, the nanorod would rotate in 3D with the
polar and azimuthal angles evenly dispersed in the half-
sphere space. After that period, the nanorod underwent
a large change in its polar angle, but only slight fluctuations in
the azimuthal angle. This unusual motion is most probably
caused by the dynamic adsorption/desorption process at the
binding sites on the nanorod surface. Surprisingly, during the
superdiffusive process, the nanorod was sliding in an in-plane
mode. The azimuthal angle showed preferred orientation in
the range of 200–3008. These results demonstrate that rota-
tional diffusion is independent of the state of the translational
motion. That is, the extent of rotational motion is determined
solely by the number of binding sites between the nanorod
and the cell membrane at that time. Furthermore, the
dynamic receptor adsorption/desorption process did not
directly affect the lateral mobility of the nanorod but strongly
influenced its rotational motion in that time window. The
angular distribution histograms of the whole process illustrate
that, most of the time, the nanorod preferred to rotate in an
in-plane mode with the azimuthal angle switching between or
staying in two subdomains (Figure 3c,d). This further implies

Figure 3. a) Translational diffusion trajectory of GNR C. b) Time-dependence of D2, SMSS,
Dr, as well as the polar and azimuthal angles. c) and d) Histograms of the polar and
azimuthal angles of GNR C inside the observation windows.
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that several anchoring points on the nanorod were involved
during the heterogeneous lateral diffusion process.

To statistically characterize the rotational and transla-
tional dynamics of GNRs just before the endocytosis process,
we randomly analyzed 60 trajectories from 10 cells. The plots
of SMSS as well as Dr as a function of D2 are shown in Figure 4.

More than 90% of the nanorods showed apparent confined
lateral diffusion on the cell membrane, with D2< 0.01 mm2 s�1.
This result agrees well with previously reported data, where
the receptors of transferrin experience subdiffusive motion on
the cell membrane because of the cytoskeleton fence effect.[9]

As a consequence of the random distribution of Dr, the
rotational motion of GNRs on the living cell membranes is
not coordinated with their lateral diffusion. This finding is
very interesting because the receptor-mediated endocytosis
pathway for the nanocargos usually involves a receptor
clustering process.[10] The anomalous rotational motion of
transferrin-modified GNRs on the cell membrane indicates
that the clustering process on the cell membrane is temporally
random. The uptake efficiency is thus mainly controlled by
the local density and fluidity of the receptor proteins. It is also
noteworthy that, in control experiments (employing GNRs
coated with PEG to shield nonspecific interactions with the
cell membrane), the GNRs moved and rotated in a random
manner at rates much faster than our detector can resolve,
thus demonstrating that the above findings can be reasonably
assigned to specific ligand/receptor interactions. Our single
particle statistical stability analysis also showed that there
were no nonspecific interactions between the transferrin-
modified GNRs and serum proteins (see Figure S8 in the
Supporting Information).

In summary, we have developed a convenient and robust
strategy for high-speed translational and rotational tracking
of single particles to visualize the dynamic interactions
between transferrin-modified GNRs and live cell membranes
at 100 Hz. This is to be compared to the 1–2 Hz sampling rate
reported in Ref. [3b]. We found that the translational motion
was primary controlled by the mobility of the anchoring
points (i.e., receptors) on the cell membrane. However,
rotational diffusion was related to the ligand/receptor cluster-
ing process commonly involved in the endocytosis pathway.
These two processes are spatially and temporally independent
at the single particle level in the early endocytosis process.
These unexpected discoveries should shed new light on the
delivery mechanism to achieve rational design of the new
generation of smart nanocargos. Meanwhile, the full-space
angular resolution and nanometer-accuracy localization of
our nanoparticle imaging approach can benefit the studies of
other vital biological processes, e.g., intracellular motor
protein tracking, protein conformation monitoring, protein/
protein communication, and signal transduction observations
in living systems.
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Figure 4. Distribution of the slope of the moment scaling spectrum
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a function of the D2.
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