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Abstract: We have observed the rotational dynamics of single
protein-coated gold nanorods (AuNRs) on C18-modified silica
surfaces in real time by dual-channel polarization dark-field
microscopy. Four different rotational states were identified,
depending on the apparent strength of interactions between the
AuNRs and the surface. The distributions of the states could be
regulated by adjusting the salt concentration, and the state
transitions were verified by monitoring the entire desorption
process of a single AuNR. Our study provides insight into the
interfacial orientation and dynamics of nanoparticles and
could be useful for in vitro biophysics and the separation of
proteins.

Characterization of the dynamics of individual molecules or
nanoparticles (NPs) at liquid/solid interfaces is highly impor-
tant in diverse areas, including chemical, biomedical, materi-
als, and separation science.[1] Toward this goal, optical-
imaging-based single-molecule tracking (SPT) techniques
have been developed to monitor interactions between
individual molecules and functionalized surfaces.[2] From
spatial and temporal distributions of physical properties,
such as the intensity, spectrum, residence time, trajectory, and
diffusion coefficient, new knowledge on interfacial mecha-
nisms can be revealed.[3] However, previous SPT studies on
chemically modified solid surfaces have focused mostly on
translational diffusion of the probes. In reality, interfacial
dynamics involve not only translational but also rotational
motions of the molecules. It was reported that the reorienta-
tion and rotation of dye molecules were restricted on C18-
modified silica surfaces.[4] To enable deeper understanding
and better control of liquid/solid interfacial events, it is
desirable to monitor the rotational behavior of individual
probes at interfaces in real time.

One essential interfacial problem is the interaction
between proteins and solid surfaces, which is a fundamental
issue in biophysics and the separation of proteins. For
example, in hydrophobic interaction chromatography
(HIC), a widely used protein-purification method, it is

generally recognized that the hydrophobic patches on the
protein-molecule surface interact nonspecifically and rever-
sibly with the hydrophobic ligands on the stationary-phase
surface in the presence of kosmotropic salts, such as
ammonium sulfate. Protein unfolding and adsorption are
induced by a high salt concentration, and protein refolding
and desorption are promoted at a low salt concentration.[5]

These conformational changes are usually accompanied by
variations in the orientation and rotational state of the
proteins,[6] but their time scales are too short for existing 2D
image detectors.

Owing to their anisotropic shape-induced optical proper-
ties, large scattering/absorption cross-section, and high photo-
stability, single gold nanorods (AuNRs) have become popular
probes for rotational and orientation sensing.[7] By exploita-
tion of their polarization-sensitive longitudinal localized
surface plasmon resonance (LSPR), dark-field microscopy,
differential interference contrast microscopy, and photother-
mal imaging have been developed to determine the 2D or 3D
orientation angles of single AuNRs.[8] In this study, by dual-
channel polarization dark-field microscopy (DPDFM), we
monitored the orientation dynamics of AuNRs coated with
bovine serum albumin (BSA) on C18-modified silica surfaces.
It was found that protein-coated AuNRs behave like large
artificial molecules and undergo slow reorientation and
rotation during adsorption/desorption on C18 surfaces, thus
allowing different AuNR orientation states and transitions to
be observed in situ on a millisecond time scale under typical
HIC separation conditions. The concepts derived from HIC
were used to interpret the surface interactions with the
AuNRs. Our results could provide new insight into NP
orientation and dynamics at surfaces, such as the self-
assembly of nanoparticles into organized arrays.

The optical setup of DPDFM (Figure 1a) is similar to
previously reported setups.[7a, 8c] Briefly, by the use of a low
numerical aperture objective and a birefringent prism for
light collection, the LSPR scattering of each AuNR is split
into two channels with orthogonal polarization, that is, IX/
sin2qcos2f and IY/ sin2qcos2f, in which q is the polar angle
and f is the azimuth angle of the AuNR (Figure 1b). Hence
the f value can be readily calculated from the intensity
difference of the two channels, (IX�IY)/(IX+IY)� cos(2f),
and the q value can be obtained from the intensity sum of the
two, Isum = IX + IY/ sin2q. In the particular case of dark-field
microscopy with annular inclined illumination, the contribu-
tion of f to Isum is nullified owing to integration of the incident
light over 0 to 2p ; thus, Isum is a monotonic function of q (see
Figure S1 in the Supporting Information).[9] Hence, the
variation of Isum can be used to characterize the out-of-plane
angle of the AuNR relative to the surface.[9b]
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The preparation and characterization of the BSA-coated
70 � 32 nm2 AuNRs (see Figure S2) as well as the C18-silanized
silica surfaces (see Figure S3) are described in detail in the
Supporting Information. To verify the existence of hydro-
phobic interactions between the as-prepared AuNRs and the
substrate, we obtained DFM images of a-amylase-coated and
BSA-coated AuNRs at the same concentration in water and
in 1.7m (NH4)2SO4 aqueous solution on either the bare silica
surface or the C18 surface. a-Amylase is a protein much more
hydrophobic than BSA, and a very high concentration of salt
is known to make the protein molecules swiftly unfold so that
the interior hydrophobic pockets are fully exposed to the C18

ligands.[10] In all cases, a-amylase-coated AuNRs were more
readily adsorbed than BSA-coated AuNRs (see Figure S4),
thus indicating that the hydrophobicity of the modified
AuNRs is determined by the protein coat. Furthermore, for
both types of AuNRs, the amount of particles adsorbed on the
C18 surface was always higher than on the silica surface, thus

indicating that the AuNRs can differentiate the two surfaces
in terms of their hydrophobicity. Finally, upon an increase in
the salt concentration, both AuNRs were more readily
adsorbed, a phenomenon consistent with that observed for
pure proteins. It is known that (NH4)2SO4 binds water
strongly; raising the concentration of the salt decreases
charge shielding, promotes exposure of the hydrophobic
patches both in the molecules and on the stationary phase,
results in increased hydrophobic affinity between the mole-
cules and the stationary phase, and promotes the unfolding of
proteins from their native state.[11] A recent study on the
structure of BSA molecules absorbed on AuNRs with
synchrotron radiation X-ray absorption spectroscopy and
molecular dynamics simulations showed that the proteins
undergo only partial spreading after AuNR binding, and that
their structural flexibility is preserved, thus implying that they
can still respond to the local environment change.[12] Hence,
although the protein-coated AuNRs are quite large, their

Figure 1. Different dynamic states observed by dual-polarization dark-field microscopy. a) Schematic diagram of the optical setup. b) Coordinate
system. c) Typical image sequences of single AuNRs in different dynamic states. d) Time-dependent variations of IX and IY, the calculated azimuth
angle, and Isum, and the trajectories of the four dynamic states (from left to right).
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interfacial behavior is similar to that of proteins alone, so they
can be treated as large artificial semielastic molecules for the
purpose of protein–surface interaction studies.

Figure 1c shows typical DPDFM image sequences of
single AuNRs on the C18 surface when an aqueous (NH4)2SO4

solution at a constant concentration of 0.85–0.7m was applied
(see also Movie 1 in the Supporting Information). Four
different dynamic states, that is, fixation (S1), in-plane
rotation (S2), out-of-plane rotation (S3), and delocalized
Brownian rotation (S4), apparently corresponding to the
decreasing affinity of the BSA layer for the C18 surface, were
observed. The typical time-dependent variations in the IX, IY,
f, and Isum values, as well as the trajectories of the four states,
are exhibited in Figure 1D (see Movie 2 and Figure S5 for
more results).

S1 is the state in which the AuNR is completely
immobilized on the surface, and neither translational nor
rotational motion of the AuNRs can be detected. In this case,
there is little variation in IX, IY, and Isum, and thus in f and q,
but the magnitudes of IX and IY are generally not the same
owing to the random orientation of each dipole on the
surface. Such a state is attributed to strong binding of the
protein-coated AuNR to the C18 surface, presumably through
multiple anchoring points.

S2 is the state in which the AuNR is adsorbed at one
position on the surface but not very tightly. In this case, there
are clear time-dependent variations in IX or IY, but Isum

remains nearly constant, that is, f changes with time, but q

does not. Hence, S2 is the state in which the AuNR undergoes
in-plane rotation while remaining stationary. Depending on
the relative values of IX and IY, S2 can be further divided into
two regimes: one in which the intensity fluctuation is not too
large, so that the variation in f is small, and another in which
IX and IY both fluctuate widely, while Isum remains unchanged,
thus resulting in large variations in f but not q. In either
situation, the affinity of the BSA-coated AuNR for the
binding site cannot be very strong. At least two points on the
BSA layer are probably always in contact with the C18 surface,
even though that may involve desorption and readsorption,
thereby allowing twisting or rotation of the nanorod parallel
to the C18 surface.

S3 is the state in which the AuNR is able to rotate in three
dimensions but is still loosely confined to the surface.
Whereas the lateral position of the AuNR remains
unchanged, both scattering spots appear to flicker independ-
ently. The fluctuations of IX and IY are uncorrelated with time,
and Isum is not steady any longer, thus implying that the polar
angle is changing, and that the AuNR is flipping or rotating
out of the plane. In this case, the affinity between the BSA
layer and the C18 ligands is weak. It is barely strong enough to
hold the AuNR on site and reduce its rotational motion. As
a result, the nanorod continuously taps the adsorption site at
various orientations; that is, single-point adsorption to the
surface probably occurs.

S4 is the state in which the AuNR detaches from the C18

surface but still remains in the vicinity of the adsorption site.
The nanorod is observed to diffuse laterally near the surface
and could eventually go further into the bulk solution
(becoming out of focus). Because it is in solution, the

rotational diffusion constant of the AuNR (1.2 � 104 s�1 in
theory) is very fast as compared to the exposure time of the
camera. Therefore, the detected intensities IX and IY are
nearly identical, thus leading to an average f value of 458. In
this case, the AuNR is probably weakly held by the long-range
electrostatic and hydrophobic interactions with the surface.[13]

Overall, these four dynamic states can be readily differ-
entiated qualitatively according to the relative variations of
the azimuth angle, the summed intensity, and the lateral
positions of the AuNRs (Figure 2). An alternative semi-

quantitative approach based on correlation analysis of IX and
IY to identify different rotational modes of AuNRs on
membrane surfaces[14] was not applicable in our situations
(see Table S1 in the Supporting Information). From S1 to S4,
the apparent strength of the hydrophobic interaction between
the BSA-coated AuNRs and the C18 surface decreases. Since
the bulk solution environment is homogeneous, the emer-
gence of these various states at the same liquid/solid interface
must stem from the heterogeneity of the solid surface as
a result of defects, patterning, and roughness of the C18 layer.
The assembly of the protein coating and the topography of the
nanorod surface may also affect the behavior of individual
AuNRs as a function of their spatial location. Consequently,
heterogeneous interfacial molecular dynamics is inevitable.
As the three states S1, S2, and S3 differ only in the rotational
behavior of the AuNR, they would appear degenerate if only
the AuNR translational diffusion was monitored. Hence,
single-particle rotational tracking provides more detailed
information on the dynamics of adsorbate/interface interac-
tions.

To confirm that the four dynamic states are closely related
to the chromatographic separation of the solute molecules,
the distributions of the four states observed under HIC
elution conditions with different salt concentrations were
studied. Above a 0.9m concentration of (NH4)2SO4, 100 % of
the AuNRs were in the S1 state. We started to observe

Figure 2. Schematic diagrams of the four dynamic states of AuNRs
and their differentiation criteria (N = no, Y = yes). The f and Isum

values in S4 appear invariant owing to the extremely fast rotation of
AuNRs in solution.
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significant rotation of the AuNRs when the concentration was
reduced below 0.9m. Below 0.5m, more than 75 % of the
AuNRs were flushed away. Figure 3 shows the histograms
obtained by examining hundreds of the AuNRs (according to

the criteria in Figure 2) in the presence of 0.8, 0.7, and 0.6m
(NH4)2SO4. Besides the distribution of the four states, the
AuNRs that were flushed away from the adsorption site and
disappeared from the images were also counted. At 0.8m
(NH4)2SO4, 69 % of the AuNRs remained in the S1 state,
24% were in the S2 state, and just 5% were released from the
surface. However, at 0.6m (NH4)2SO4, only 12 % of the
AuNRs were in the S1 state, 47% were in the S2 state, and
31% went away (see Movie 3). The population of the S2, S3,
and S4 states all increased relative to that of S1 as the
(NH4)2SO4 concentration decreased. The number of AuNRs
that remained in the in-plane rotation mode was quite large;
hence, S2 was a metastable state that even became the
primary state at a 0.6m concentration of the salt. The states S3
and S4 are stochastic rare events that were observed only
intermittently. Similar results were obtained when the AuNR
protein coating was replaced with trypsin or histone, although
the critical (NH4)2SO4 concentrations that caused the AuNRs
to start to rotate were not the same. These results indicated
that the desorption of the protein-coated AuNRs from the C18

surface is sensitive to variations in the salt concentration, and
their counts and residence times at different intermediate
states may be applied to evaluate chemically modified
surfaces.

Besides identifying different interfacial behaviors in
spatially distinct AuNRs under equilibrium conditions, we
also observed unsynchronized dynamic state transitions of the
same AuNRs from S1 to S4 under typical chromatographic
conditions. Figure 4 depicts the entire desorption process of
a single BSA-coated AuNR under continuous elution with
0.6m (NH4)2SO4 (see also Movie 4). Before 1.14 s after the
eluent was applied, the surface-adsorbed AuNR was motion-
less in state S1. The AuNR then made a sudden in-plane twist
and came back immediately. After approximately 0.8 s, it
made another two consecutive in-plane twists for 0.08 and
0.05 s, respectively. After pausing for approximately 0.3 s,
with a slight increase in angular fluctuation, the AuNR made
a one-way in-plane rotation, and its dynamic state changed
from S1 to S2, whereby both IX and IY started to fluctuate

considerably, and Isum remained about the same. At 3.32 s, the
AuNR started to detach from the surface site with increasing
fluctuation of the Isum value and a f value close to 458, thus
indicating that it entered the S4 state. Finally, after 3.4 s, the
AuNR moved away from the surface, whereupon its image
became defocused. The S3 state was not observed in this case,
probably because the shear force of the flow did not allow on-
site out-of-plane rotation of the nanorod. Nevertheless, it can
be seen that the AuNR delocalization or detachment from the
surface is not an instantaneous process and is preceded by
a series of orientation adjustments as well as in-plane or out-
of-plane rotations, as may be the case for most macro-
molecules. More studies are under way to determine whether
this behavior is a general rule. The added temporal informa-
tion for individual AuNRs, on the time scale of their actual
reorientation “steps”, provides new details about the inter-
actions between the adsorbate and the C18 surface.

In summary, we successfully monitored the orientation
dynamics of protein-coated single AuNRs on C18-modified
silica surfaces by using DPDFM. Four different states
corresponding to decreasing affinity of the nanorods for the
hydrophobic surface were identified. The distribution of these
states varied with the (NH4)2SO4 concentration. A real-time
study of dynamic state transitions implies that the dislocation
of elastic adsorbates is preceded by in-plane rotation and
orientation adjustment. Although these AuNRs are much
larger and rotate much more slowly than a protein molecule,
their interfacial dynamics comprise the collective structural
changes of all the adsorbed but still flexible proteins and
involve variations of the surface contact points as well as
affinity strengths as a function of the solution conditions. As
proteins comprise hydrophobic domains and charged moi-
eties, and will also experience in-plane versus out-of-plane
rotations and multipoint versus single-point adsorption/
desorption during interaction with surfaces, our findings are
valuable, especially since the rotational dynamics of pure
proteins are still too fast to be imaged in real time and could
only be studied by simulations thus far. Similar experiments

Figure 3. Distributions of the dynamic states in the presence of
(NH4)2SO4 at concentrations of 0.8, 0.7, and 0.6m.

Figure 4. Time-dependent variation of a) the IX and IY value, b) the Isum

value, c) the azimuth angle, and d) the lateral displacement of a single
BSA-coated AuNR in 0.6m aqueous (NH4)2SO4 during its entire
desorption process under flow.

.Angewandte
Zuschriften

7074 www.angewandte.de � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2014, 126, 7071 –7075

http://www.angewandte.de


with different protein coatings, molecular-attachment strat-
egies, solution conditions, and surface chemistries can be
performed in the future to address important interfacial issues
in various fields.
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