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ABSTRACT: Engineered nanoparticles have emerged as
potentially revolutionary drug and gene delivery vectors.
Using rod-shaped gold nanoparticles as a model, we studied
for the first time the rotational dynamics of nanoparticle
vectors on live cell membranes and its impact on the fate of
these nanoparticle vectors. The rotational motions of gold
nanorods with various surface modifiers were tracked con-
tinuously at 200 frames/s under a differential interference
contrast microscope. We found that the rotational behaviors
of gold nanorod vectors are strongly related to their surface
charges. Specific surface functional groups and the avail-
ability of receptors on cell membranes also contribute to the
rotational dynamics. The study of rotational Brownian
motion of nanoparticles on cell membranes will lead to a
better understanding of the mechanisms of drug delivery
and provide guidance in designing surface modification
strategies for drug delivery vectors under various
circumstances.

mong the numerous drug delivery strategies that have been
Adeveloped to overcome the physiological barrier of the cell
and nuclear membranes,' engineered nanoparticles have
emerged as potentially revolutionary drug carriers for diagnosis
and treatment of many diseases” because of their advantages
including enhanced drug solubility, improved internalization
efficiency, targeted delivery to the diseased organ, controlled
drug release, and reduced side effects. For example, gold nano-
particles have been used to deliver drugs® > and biological
molecules.® '

In order to rationally design nanoparticle carriers, it is
imperative to understand the influences of the nanoparticles’
physical and chemical properties, including particle size, shape,
and surface characteristics, on nanoparticle-based drug
delivery."" Most of the reported research efforts in this area
have been focused on identifying these effects from static
fluorescence and electron micrographs taken at different
stziges;12717 however, the characteristic translational and rota-
tional dynamics of functionalized nanoparticle carriers resulting
from their interactions with the cellular environment has not
been fully elucidated.

Conventional single particle tracking (SPT)"® techniques are
useful for probing the structure and biological functions of cell
membranes at the molecular level, but their usefulness is limited
to the study of translational motions. To overcome this limita-
tion, plasmonic gold nanorods with anisotropic absorption and
scattering properties have been utilized as orientation probes
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under dark-field microscopy,'*?*° photothermal imaging,*' and

Nomarski-type ~ differential ~interference contrast (DIC)
microscopy.”> These methods have been successfully employed
in characterizing well-defined rotational motions such as the
rotational motion of the center domain of F1-ATPase immobi-
lized on a glass substrate®® by resolution of the nanorod orienta-
tion in each image frame of a recorded rotation sequence. On the
other hand, the characterization of the rotational Brownian
motion requires statistical analysis on a large number of con-
secutive images taken at high frame rates. Pierrat et al.>* demon-
strated that the two-dimensional rotational dynamics of laterally
frozen nanoparticles on synthetic membranes is controlled in
part by dragging forces introduced by the surface viscosity of the
membrane; however, the rotational Brownian motion of func-
tionalized nanoparticles on live cell membranes has never been
elucidated.

In the present study, the integrated imaging platform based on
DIC microscopy for single particle orientation and rotation
tracking (SPORT)?** was employed for direct visualization of
the distinctive rotational dynamics of gold nanorods functiona-
lized with different surface modifiers on live cell membranes.
Images of both the cell and the nanoparticle vectors were
acquired at 200 frames per second (fps) under a DIC micro-
scope, which provides a unique advantage of visualizing fast
rotational and translational motions of nanoparticle probes and
the cellular environment simultaneously with sufficient angular
resolution,”>**?

Gold nanorods with an average size of 25 nm X 73 nm were
surface-modified with polyethylene glycol (PEG), carboxyl-ter-
minated PEG (PEG—CO,>"), transferrin®® through PEG lin-
kers, trans-activating transcriptional (TAT) activator (a cell-
penetrating peptide from human immunodeficiency virus
1'7%72%) through PEG linkers, and two forms of polyether imide
(PEI): linear 22 kDa and branched 25 kDa (see Supplementary
Figure 1 in the Supporting Information for illustrations of the
functionalized nanorods). All of these modifiers except
PEG—COZF have been used as either gene/drug delivery
agents or agents that promote the delivery efliciencies of
nanoparticle carriers.

The functionalized gold nanorods were tracked continuously
to reveal their rotational dynamics until they were internalized by
the cells or stayed on the membrane sufficiently long (>2 h) in
noninternalization cases. Movie 1 in the Supporting Information
shows an example in which a PEG—CO,”* -modified gold
nanorod exhibited both translational and rotational motions on
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Figure 1. (A) DIC image of an A549 cell with a PEG—CO,> -modified
gold nanorod highlighted in the red square. (B) Composite of 100
consecutive images of the gold nanorod. (C, D) Typical DIC intensity
traces as functions of time for (C) fast and (D) slow rotations. The
rectangle in (C) distinguishes the intensities of the 100 DIC images
shown in (B). The fast-rotation trace was recorded right after the
nanorod landed on the cell membrane, and the slow-rotation trace was
recorded 7 min later for the same nanorod.

the membrane of an AS49 human lung cancer cell. Unlike
spherical probes, the gold nanorods displayed flickering bright/
dark images for active rotational motions under the DIC micro-
scope. Figure 1 shows the DIC intensities of the gold nanorod in
4000 consecutive images acquired at 200 fps. The two DIC
intensity traces present typical fast (Figure 1C) and slow
(Figure 1D) rotations of the gold nanorod as revealed by the
frequencies of the DIC intensity variations of both the bright and
dark parts.

To semiquantify the rotational dynamics of gold nanorods, we
analyzed the stochastic DIC intensity fluctuations using the
autocorrelation function.”? ' The DIC contrast, which is de-
fined as the difference between the bright intensity and the dark
intensity divided by the background intensity, was used as the
signal in computing an autocorrelation function for 4000 con-
secutive images in each movie. The autocorrelation curve could
be satisfactorily fitted with a stretched exponential function® '
(see the Supporting Information for details). The mean relaxa-
tion time (7) for the decay of the autocorrelation function reflects
the rotational speed of the gold nanorod, with a smaller () value
corresponding to faster rotation. Mean relaxation times of 0.02 s
for the fast rotation in Figure 1C and 0.48 s for the slow rotation
in Figure 1D were obtained through nonlinear least-squares
fitting (Supplementary Figure 2).

Using the autocorrelation analysis, we found that the time
evolution of the rotational dynamics of gold nanorods was tightly
related to their surface charges. The functionalized nanoprobes
can be categorized according to their surface charges: positively
charged (TAT, linear or branched PEI), neutral (PEG), and
negatively charged (PEG—CO,”, transferrin). The positively
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Figure 2. Representative evolutions (at a time interval of 0.5 min) of the
mean relaxation times (7) of (A) TAT-, (B) PEG-, (C) PEG—CO,* -,
and (D) transferrin-modified gold nanorods on live cell membranes.
Each data point was calculated from 4000 frames in a 20 s movie. The
dotted vertical lines indicate the pauses of rotation, for which no mean
relaxation times were calculated. The arrows point out the movie
segments that are included in the corresponding movies in the Support-
ing Information.

charged particles were adsorbed quickly by the negatively
charged cell membrane through electrostatic interactions, while
the neutral or negatively charged particles were captured at much
lower rates and usually had much longer durations of active
rotation on the cell membrane. For each type of functionalized
nanoparticle vector, multiple examples were recorded, and all of
them demonstrated similar characteristic rotational dynamics.

We begin our detailed discussion with the simplest case: the
linear or branched PEI-modified gold nanorods. These nanorods
were strongly positively charged, and they lost their rotation
almost immediately after appearing on the cell membrane
because of strong electrostatic interactions. In Movie 2, a
nanorod modified with branched 25 kDa PEI showed little
rotation for the entire 20 s recording time. Some slight changes
in the DIC intensity were likely caused by the fluidity of the
membranes.

TAT peptide is among the most widely used cell-penetrating
reagents. Although the mechanism by which TAT peptide enters
cell membranes is still under debate, it is generally believed that a
multiplicity of pathways are involved in the internalization
process.”* The TAT-modified gold nanorods with a & potential
of +22.3 mV had much weaker positive charges than the PEI-
modified nanorods, resulting in longer periods of active rotation
on the membrane. Movie 3 presents six movie segments,
displayed side-by-side, showing the same TAT-modified nano-
rod at different times after its appearance on the cell membrane.
The corresponding DIC intensity traces are displayed in Supple-
mentary Figure 3. The mean relaxation time increased gradually
within the first 4 min (Figure 2A), most likely because the TAT
peptides on the nanorod surface were incorporated more and
more effectively into the membrane. The nanorod rotation
became very slow and nearly came to a stop after ~4 min on
the membrane. This nanorod was eventually internalized by the
cell. Similar observations were recorded for other TAT-modified
gold nanorods.

PEG is a neutral polymer that is well-known for resisting
nonspecific adsorption.”” The PEG-modified gold nanorods (¢ =
+1.5 mV) showed evident reluctance to bind firmly to the cell
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membrane. Desorption of the PEG-modified nanorods from the
membrane occurred frequently. During the whole time these
nanorods were adsorbed onto the membrane, they showed active
lateral movement while maintaining a high speed of rotation
(Figure 2B, Movie 4, and Supplementary Figure 4). No inter-
nalization events were observed before the cells lost their viability
on the microscope stage.

The PEG—CO,> -modified gold nanorods had negative sur-
face charges (§ = —20 mV); thus, it was difficult for them to be
adsorbed onto the negatively charged cell membrane because of
electrostatic repulsion. When they did land on the membrane
through nonspecific binding to the cationic sites, many of them
desorbed from the membrane within seconds to minutes, similar
to the PEG-modified nanorods. For those nanorods that stayed
on the membrane, the fluctuation in rotation speed was much
more significant than that for the PEG-modified nanorods. Their
rotation could slow down significantly or even come to full stop
for up to a few minutes and then become fast again, showing the
struggles between the weak binding interactions and thermal
activity of the nanorod and its surrounding environment.
Figure 2C, Movie 5, and Supplementary Figure 5 show an
example in which a nanorod rotated for a prolonged period
(with the rotation stopping occasionally) before finally becoming
anchored on the membrane.

Finally, transferrin is a naturally occurring plasma protein
involved in iron delivery. The internalization of transferrin
involves specific binding to the transferrin receptors on the cell
membrane.>* Similar to the PEG—CO,> ™ -modified gold nano-
rods, the transferrin-modified nanorods ( = —11.2 mV) also
showed reluctance to bind onto the cell membrane because of the
negative charges on their surfaces. However, once they were
bound to the cell surface, their active rotation lasted much less
time than that of the PEG—CO,> -modified ones. Figure 2D,
Movie 6, and Supplementary Figure 6 show such an event, during
which the transferrin-modified nanorod was endocytosed within
7 min after it was adsorbed onto the membrane. While the
nanorod stayed at the initial landing site on the membrane, its
rotation was initially fast, slowed down significantly, and then
quickly became fast again. This pattern of speed change hap-
pened twice before the nanorod moved laterally to a new site. At
this new location, the nanorod stopped rotating for ~25 s and
then was endocytosed by the cell. The lateral movement likely
involved a change of binding from a nonspecific site to transferrin
receptors, thus facilitating receptor-mediated endocytosis. As a
comparison, it usually took a much longer time (tens of minutes
to hours) for the PEG—CO,> -modified gold nanorods to be
anchored on the cell membrane because of the lack of specific
receptors. Thus, for the first time, the distinctive rotational
behaviors of the transferrin- and PEG-CO,> -modified nano-
rods have been revealed and convincingly attributed to the
availability of specific binding sites on the cell membrane.

In summary, we have studied the real-time rotational dy-
namics of variously functionalized gold nanoparticle vectors on
live cell membranes for the first time. The rotational behaviors of
the gold nanorods were strongly related to the surface charges.
Specific surface functional groups and the availability of receptors
on the cell membrane also contribute to the rotational dynamics
of the gold nanorods. Because the gold nanorods were nonblink-
ing and nonbleaching, they could be tracked continuously for a
much longer time than in the case of fluorophore-based techni-
ques. The study of rotational behaviors of gold nanoparticles on
live cells can be extended to other cellular processes, such as

endocytosis, exocytosis, intracellular transport, and cell—cell
communication, thus bringing us further on the exploration into
the cell kingdom. More significantly, studies of the rotational
Brownian motion of nanoparticles on cell membranes will lead to
a better understanding of nanoparticle-based drug delivery
mechanisms and provide guidance in designing modification
strategies for drug delivery vectors under various circumstances.
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