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T
he design and engineering of nano-
scale devices for biomedical applica-
tions require a more thorough under-

standing of principles governing physical
phenomena at this scale. Due to their extra-
ordinary mechanical, chemical, optical and
thermal properties, carbon nanotube (CNT)-
based devices have attracted major atten-
tion in a variety of applications ranging from
scaffolds for neural tissue growth to gene
delivery.1�5 More recently, studies have
shown that CNT insertion in various cell
types is possible, making them a promising
tool for intracellular transport.6�10 Due to
their biocompatibility11 and unique ability
to translocate through the plasma mem-
brane and the nuclear envelope, via the
nuclear pore complex,12 without harming
cell viability,6 CNTs have been used for the
intracellular and nuclear delivery of various
biological cargos such as proteins, peptides
DNA, and nucleic acids.7�10,13�17

CNTs can be synthesized as single- or
multiple-layer tubular structureswith awide

range of different properties. Single-wall
carbon nanotubes (SWCNTs) are preferred
for biomedical applications for reasons such
as their high length to diameter aspect ratio,
high axial stiffness, inactivity in chemical
reactions and negligible fluctuations at
body temperature. While several studies
have examined the thermal, chemical and
mechanical properties of CNTs,18�21 for
biological applications, where the introduc-
tion of external agents can disrupt natural
functionalities of cells and thus organs, the
specific effects of CNTs on the system beha-
vior must be further explored. Moreover, in
some cases the strength of CNT interaction
might be of interest. For example, site spe-
cific drug deliveries require modifications of
CNTs by attaching other molecules and/or
ions that increase binding affinities for tar-
get molecules.22 Such processes, usually
referred to as functionalization, necessitate
a detailed understanding of CNT interac-
tions with both target and newly attached
molecules.
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ABSTRACT Single-wall carbon nanotubes (SWCNTs) have been

widely used for biological applications in recent years, and thus, it is

critical to understand how these inert nanomaterials influence cell

behavior. Recently, it has been observed that cellular phenotypes such

as proliferation, force generation and growth change upon SWCNT

treatment, and SWCNTs directly affect the organization and redis-

tribution of the actin cytoskeleton. However, the interactions between

SWCNTs and actin at the molecular level or how this interaction changes actin structure remain largely unknown. Here, we investigated direct interaction of

actin with SWCNT using all-atommolecular dynamics simulations and NIR spectroscopy of actin-dispersed SWCNTs. Actin can stably bind to the SWCNT surfaces

via hydrophobic interactions but still allows nanotubes to slide and rotate on the actin surface. Our results establish several nanoscale conformational changes

for the actin�SWCNT complexes, and we suggest these changes likely induce reorganization of actin filaments observed at larger scales.
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Many biological functions of the cell depend highly
on filamentous actin (F-actin). For example, cell migra-
tion requires continuous reorganization of actin fila-
ments, a dynamic process that is directly influenced by
G-actin interaction. Other important cellular processes
directly related to F-actin distribution are cell prolifera-
tion, differentiation and growth.23 Any external agent
with even a slight affinity for F-actin may affect the
intermonomer interaction and thereby influence the
force generation machinery within cells that in turn
may affect cell adhesion.24

Recently, we observed changes in F-actin structures
inside the cell upon the uptake of SWCNTs.24�26 In
these previous works, SWCNTs were dispersed using
Pluronic F127 (PF127), which is a biocompatible poly-
mer. Our work revealed that the cytoskeletal structure,
force generation and proliferation of SWCNT-treated
fibroblasts aremodified.26 Actin filaments were shorter
and redistributed in the SWCNT-treated cells com-
pared to the control assay. In the same study, the main
SWCNT binding sites on actin were investigated. Herein,
we present a detailed study on SWCNT interaction
with F-actin using both computational and experi-
mental techniques. Specifically, all-atom molecular
dynamics simulations were used to characterize the
SWCNT�actin interaction,while near-infrared (NIR)fluo-
rescence and Raman spectroscopies confirmed direct
interactions between actin and SWCNT (without PF127
polymer) ex vivo. In our model, we explored the SWCNT
interactionwith actin trimer that is an intermediate state
before polymerization and contains the primary fila-
mentous interactions.27 In this study, we investigated
the effect of SWCNT on the monomer�monomer inter-
action, which may potentially influence actin reorgani-
zation in the cytoskeleton.

RESULTS

The purpose of this study is to explore the molecular
level interactions between actin and SWCNT in order to

shed light on the alterations of cell shape and mor-
phology observed in the experimental studies done by
Holt et al.24�26 Here, we investigate SWCNT�actin
association using both all-atom molecular dynamics
(MD) simulations and NIR spectroscopy. For the com-
putational portion of our purpose, we used (5,5)-
SWCNT, which has a diameter within the experimental
range and a size appropriate for modeling. Three actin
monomers arranged in the filamentous order (trimer
nucleus) in complex with SWCNT were monitored
throughout the simulation. To highlight the effect of
SWCNT on the conformation of F-actin and the dy-
namics of their internal interaction more rigorously, a
separate control MD simulation was conducted con-
taining the actin trimer only andwas later compared to
the SWCNT�actin binding simulations. The control
simulation ran for the same time interval and with
the same equilibrated structure of the actin trimer as
that in the SWCNT binding simulation. (Most of the
results are presented in the presence and absence of
SWCNT in the same plot and thus referred to as W-CNT
andW/O-CNT, respectively, in order to avoid repetition
of terms.) In the initial configuration of the trimer, all
three monomers were in close contact, two being in
the axial direction of the actin filament (referred to as
proximal monomers 1 and 2 or 'P1' and 'P2' throughout
the text). The third monomer is referred to as the distal
monomer or 'D' (Figure 1).

Molecular Dynamics Simulations. Distinct orientations of
SWCNT relative to actin were generated in order to
account for a broad range of binding possibilities
between the two inside the cell (Figure 1). First, we
used Hex docking server28 to find the top 10 candi-
dates according to geometry matching. After categor-
izing similar docked structures, we found two distinct
complexes out of which the one with highest geome-
trical compatibility was selected as a representative for
further MD studies. Although results from all three
initial configurations showed consistency in some

Figure 1. Three distinct initial configurations of SWCNT relative to actin. Orientation (A) of SWCNTwas previously found to be
favorable26 for actin binding. Orientations (B) and (C) were generated using docking of SWCNT on the actin trimer in the
filamentous order (bold along the actin polymer shown in transparent representation). The two actin monomers proximal to
SWCNT are labeled P1 and P2, while the third monomer in the neighboring strand that is more distal is labeled D.
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aspects, each suggest interesting case-specific inter-
actions that are reported separately in the Results
section.

In the initial configuration of binding mode A, the
SWCNT axis was aligned along the actin filament and
positioned proximal to the groove formed between
the two actin strands. Previously we found this region
to effectively bind to SWCNT.26 The minimum distance
between the nearest carbon atom of the SWCNT struc-
ture to actin residueswas adjusted to be approximately
0.7 nm. That was within the range of both electrostatic
and van der Waals (vdW) forces; however, it allowed
water layers to form at the interface in the initial setting
prior to any stable binding. It was observed that after
less than 3 ns, the SWCNT/actin binding was estab-
lished. The binding location of SWCNT tends to remain
close to the actin groove and further stabilize its
position during the simulation confirming our previous
results.26

Interaction energies;sum of van der Waals and
electrostatic terms;were monitored for all three
binding modes. The interaction energy of mode A
continued to stabilize in the first 10 ns, and it dropped
to �140 kcal/mol (Figure 2A). The average energy of
binding mode A (�134.23 kcal/mol) was higher than
that of mode B (�92.11 kcal/mol) that itself is larger, by
approximately the same amount, than mode C energy
(�45.93 kcal/mol), implying the stronger SWCNT�
actin interaction in mode A (Figure 2B,C). The energies
follow the similar trend as the docking analysis.

The solvent accessible surface area (SASA) of
SWCNT reached a stable value of 0.5 nm2 within the
first 3 ns (Figure 3). For binding mode B, although the
interaction energy was relatively stable, SASA in-
creased in time within the last 20 ns. The SASA plot
for mode C fluctuated sharply after 18 ns, showing
unstable surface association with actin, which is con-
sistent with the interaction energy. Therefore, SASA
alone is not indicative of stable binding per se, and it
should be interpreted along with energies. All SASA
and energy graphs were averaged over three trials for
each binding mode.

Among all the actin residues on the surface in-
volved in SWCNT interactions, 50% were hydrophobic,
which is relatively high on an overall hydrophilic sur-
face, including ALA143, VAL29 and TYR336 on P1, and
ALA275, ILE327 and PRO329 on P2, which were energe-
tically most favorable. SWCNT atoms were assumed to
be neutral, thereby, electrostatic interactionswere auto-
matically eliminated.

Our results showed that residues capable of form-
ing multiple vdW interactions are crucial for SWCNT
association. For instance, residues with aromatic side
chains, such as tyrosine, made a number of interactions
with carbon rings on the SWCNT surface, which is very
similar in appearance to the π 3 3 3π bond; however, it
should be noted that quantummechanical effects such

as overlap in atomic orbitals are not accounted for in
MD simulations. In addition, residues with extended
side chains, such as lysine and aspartic acid, also
associated strongly to the surface of SWCNT compos-
ing a sequence of interactions. Therefore, all polar,
charged and nonpolar residues contributed to SWCNT
binding.

In all trials, we observed two interesting types of
SWCNTmotions relative to the actin surface: (1) sliding
or translocation along the SWCNT axis and (2) rota-
tional motion around the axis of SWCNT. However,
each trial showed some unique characteristics that are
worth mentioning individually. Figure 4A shows a long
slidingmotion for the first trial starting from 5 ns to the

Figure 2. Interaction energy between SWCNT and actin: (A)
mode A; (B) mode B; and (C) mode C. All modes show an
increase in interaction energy, and the highest and lowest
interaction energies were observed in modes A and C,
respectively. Mode C was also scored lower than mode B
based on docking results. A higher engagement of SWCNT
with actin is seen in mode A while the interfacial areas are
smaller in all other modes.
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end of the 40 ns simulation. However, during the
sliding period, there are short intervals, for example
between 10 and 15 ns, at which SWCNT is approxi-
mately stationary relative to actin. Moreover, the
SWCNT sliding motion changed direction at three
instances: 18, 20, and 23 ns. One significant rotational
motion for the same trial occurred in the first 2.5 ns
(Figure 4B). There are two sudden changes in the
rotational angle around 10 and 24 ns. Also, the average
angle changed from 80� to 60� at 19 ns. In the second
trial, the sliding motion changed direction several
times, mainly at 5, 25, and 35 ns, while SWCNT was

sliding mostly in one direction in the first trial
(Figure 4C). However, SWCNT was rotating mostly in
one direction throughout the second trial (Figure 4D).
The trend of the rotational motion in the third trial is
similar to that in the second one (Figure 4F). The sliding
motion in the third trial was less significant than that in
the other two (Figure 4E).

One trial of both modes B and C (Figures S1A, S1E,
S2A and S2C) showed a long directional motion of
SWCNT along its axis (∼3 nm), while no significant
sliding occurred in the other two trials of these modes.
However, the rotational motion was notably increased
in modes B and C, which is likely to be due to reduced
association of SWCNT to actin compared to A.

All carbon atoms, except those at the edges of
SWCNT, identically form equi-energy interactions with
a certain type of atom. Therefore, although actin
residues in the SWCNT/actin interface remained fixed,
SWCNT slid along the actin surface, while simulta-
neously rotating around its own axis. The energy of
interaction between P1 and P2 shows more stability
compared to the control simulation. Despite the rela-
tive motion of SWCNT and actin, SASA did not change
after the first 8 ns implying that rotation and sliding did
not involve any local dissociation of residues (Figure 3).

Figure 5 shows the pairwise interactions within
the actin trimer for all binding modes. In the control
simulation, the interaction energies of P1�P2 and
P2�D slightly increased throughout the simulation,
while the distal monomer interaction with P1 was
negligible at all times. The slight repulsion within the
actin trimer is most likely an artifact of not having the
rest of the actin filament in the model (Figure 5A).
Interestingly, the presence of SWCNT stabilized P1�P2
and P2�D interaction regardless of the binding mode
(Figure 5B,C). However, P1�D interaction was en-
hanced upon SWCNT binding in mode C (Figure 5D).

Both hydrogen bonding and hydrophobic interac-
tions contributed to stabilizing the interface, e.g.,
ALA727 and GLU194 of P1 were in contact with ILE368
and ASN110 of D. The fluctuations in radius of gyration
(Rg) of none of actinmonomers within the trimer in any
of the binding modes showed significant variations
upon SWCNT binding implying that the overall confor-
mation of F-actin was maintained (Figure S3). The root-
mean-square fluctuation of SWCNT was maximized in
the middle and both ends, which is in agreement with
the previous studies (Figure S4).

SWCNTs�Actin Dispersions. Since our modeling results
demonstrated that there is an energetically favorable
interaction directly between SWCNTs and F-actin, we
experimentally examined the capability of G-actin
monomers and polymerized F-actin oligomers to form
stable suspensions of individually dispersed nanotubes
(seeMethods). Note,whennanotubes are added towater,
vdW interactions cause them to aggregate and bundle.
However, adheringsurfactantsandmacromolecules allow

Figure 3. Average solvent accessible surface area (SASA) for
SWCNT in three binding modes for (A) mode A, (B) mode B,
and (C) mode C. SWCNT in mode A showed the lowest and
most stable SASA which is in agreement with its strong
stable interactionwith actin. The exposed surface of SWCNT
decreased to 0.5 nm2 in less than 2.5 ns indicating a stable
interaction with actin throughout the simulation. In con-
trast to mode A, mode B steadily gains SASA or in other
words loses its contact with actin.
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SWCNTs to be individually dispersed, a widely used
approach to create stable nanotube suspensions. The
individualization of nanotubes and the stability of the
resultant suspensionsqualitatively suggest the interaction
strength between the macromolecules and nanotubes.
We characterized the SWCNT dispersions by F-actin and
G-actin with complementary techniques to determine
yield (by UV�vis�NIR absorbance spectroscopy), SWCNT
defects (by Raman spectroscopy) and dispersion quality
(by NIR fluorescence spectroscopy).

UV�vis�NIR absorbance spectroscopy of dis-
persed SWCNTs showed numerous peaks (Figure 6A),
which indicate that the nanotubes are dispersed in
water by both F-actin and G-actin.29 The yield from

G- and F-actin (Figure 6B), determined using a known
absorbance coefficient at 930 nm,25,30�33 is similar not
only to the yield fromother protein dispersions30,31 but
also to the yield of deoxycholate (DOC)-dispersed
SWCNTs: a surfactant that has shown excellent disper-
sion capability of SWCNTs.34

We used Raman spectroscopy to further verify the
yield and to quantify the quality of the SWCNTs after
the dispersion process (Figure 6C). The intensity of
the disorder-band (at ∼1300 cm�1), which represents
the number of defects in the SWCNT sp2 structure,
was ∼10% compared to the intensity of the G-band
(∼1590 cm�1), which represents the total amount of
nanotubes in the suspension.35 Therefore, we do not

Figure 4. SWCNT sliding and rotation for mode A: (A) Sliding in trial 1; (B) rotation in trial 1; (C) sliding in trial 2; (D) rotation in
trial 2; (E) sliding in trial 3; and (F) rotation in trial 3. SWCNT shows different kinematic behavior in each trial which can be
attributed to the highly dynamic nature of its interaction with actin. While in trial 1 SWCNT continues to travel in a certain
direction starting from the middle of simulation time, in other trials it returns to its original position. On the other hand,
SWCNT rotation is lowest in trial 1 in comparison to the other trials. Rotation shows stepwise changes while slidingmotion is
smoother. Sliding and rotational motions do not appear to be coupled.
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think that the dispersion process with F-actin and
G-actin introduced defects into the nanotubes.

NIR fluorescence spectroscopy is particularly sensi-
tive to the dispersion quality (i.e., whether nanotubes
are individually dispersed or in small bundles).29,36 NIR
fluorescence heatmaps demonstrate that both F-actin
(Figure 6D) and G-actin (Figure 6E) were able to
individually disperse SWCNTs. However, their fluores-
cence intensities (insets of Figure 6D,E) are only∼5%of
the fluorescence intensity obtained for DOC dispersed
SWCNTs (inset of Figure 6F) and ∼20% of the fluores-
cence intensities obtained for other protein dispersed
SWCNTs.31 We suspect that while actin structures can
interact with SWCNTs, as demonstrated by our model-
ing results and as observed experimentally both in cells
and ex vivo,25,26 actin likely also generates small bun-
dles of SWCNTs. As a result, actin can provide a high
yield of nanotube dispersion (at a similar yield to
SWCNTs�DOC) due to small bundles which allow
SWCNTs to remain dispersed but are nonfluorescing,
resulting in relatively weak fluorescence intensity.

DISCUSSION

It has recently been observed that the cytoskeletal
structure of cell is highly influenced by SWCNT inser-
tion at concentration levels more than 30 μg/mL using

confocal microscopy.25,26 In treated cells, actin fila-
ments are observed at the apical surface and are
shortened and branched, and stress fiber formation is
disturbed. Interestingly, imaging F-actin (with fluores-
cently labeled phalloidin) versus G-actin (with fluores-
cently labeled DNase) shows stronger interaction of
SWCNTs with F-actin, despite the entropic advantages
of the monomeric G-actin. Furthermore, the traction
forces on the substrate are reduced in SWCNT-treated
cells. However, these previous studies used a surfac-
tant polymer (PF127) to disperse SWCNTs in water. In
cells, it is unclear if the PF127 is lost due to numerous
membrane interactions and/or displacement by pro-
teins. Here, we investigate the direct interaction be-
tween actin and SWCNT (without PF127) using both all-
atom MD and NIR fluorescence spectroscopy in order
to investigate the correlation between the observations
mentioned above and the SWCNT�actin interaction
with high precision. The experimental evidence that
actin can directly disperse SWCNTs in water justifies our
initial simulation conditions that the SWCNT and actin
filament can stably and directly interact.
We observed a stable binding interaction forming

between SWCNT and actin, particularly in mode A and
somewhat in mode B. Interfacial residues of actin in
contact with SWCNT are mostly hydrophobic since

Figure 5. The averagepairwise interactionswithin the trimer. (A) The interaction energies of all possible pairs of actinmonomers
(see the legend) in the absenceof SWCNT. TheP1�P2 andP2�Denergies are increasing in time although theyare relatively stable
compared to P1�D interaction, which is negligible. The interaction energies of all possible pairs of actin monomers in the
presence of SWCNT are shown for different bindingmodes: (B)mode A, (C)mode B, and (D)mode C. Inmodes A and B the P1�P2
andP2�D interactionenergiesare stabilizeduponSWCNTassociation,while the thirdmonomer (P1�D) interaction remained the
same. In contrast, the P1�D interaction gets stronger in mode C. All pairwise energies are averaged over three trials.
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SWCNT was treated as an electrically neutral and
nonpolar molecule. Although the density of hydropho-
bic residues is not high on the actin surface, we ob-
served that 50% of all interactions in mode A, which
showed the largest interface of actinwith SWCNT, were
hydrophobic demonstrating that SWCNT preferred a
local hydrophobic region as its binding site. Moreover,
we observed that all residueswith planar and extended
side chains were able to form multiple vdW contacts
with carbon atoms of SWCNT. As a result, all polar,
charged and nonpolar residues can contribute to
stabilizing SWCNT binding.
An interesting phenomenon observed in the simula-

tionwas the 'surface rubbing' of SWCNT on actin in two
independent directions: (1) sliding along and (2) rotat-
ing about its own axis (see Figure 4). Although we
quantified the average behavior of all binding modes,
the unique characteristics of sliding and rotational mo-
tions in eachmode, such as directionality and duration,
were also independently studied. The results from
these studies indicated that the dynamics of sliding
and rotational motion was mainly due to thermal
fluctuation of residues on actin surface. Interestingly,
the rotational motion showed a stepwise behavior;
however, the frequency could not be specified since
it is most likely associated with the thermal motion of
actin residues, which is random in nature. Conversely,
slidingmotion was continuous and in some cases even

directional. We could not find any specific strong
coupling between sliding and rotation; however, there
were instances in which weak correlations were ob-
served. In these observations, rotation and sliding
occurred subsequently where rotation preceded slid-
ing (Figure 4). One possible reason for 'surface rubbing'
could be the hydrophobic forces pushing SWCNT
atoms toward the actin surface and thus hydrophobi-
city of the region around the bound interface may
determine the direction ofmotion. From our results we
infer that, statistically, actin atom is likely to associate
with all SWCNT carbons with equal interaction energy;
thus, the entropic forces promote maximizing sam-
pling of the phase space. Therefore, the combined
sliding and rotational motions could be interpreted as
the spatial sampling of the SWCNT surface. Potential
controllability of the sliding motion may have interest-
ing applications such as cytoskeletal remodeling and
drug release.
Therefore, both entropic and hydrophobic forces are

responsible for actin redistribution inside the cell;
however, our results showed that actin�SWCNT inter-
action is also energetically favorable. Moreover, direct
dispersion of SWCNTs by F-actin observed by NIR
fluorescence spectroscopy was in agreement with
the MD simulations. Since actin filaments tend to
associate with SWCNT, the intramonomer interaction
may bemodified in longer time-scales that may in turn

Figure 6. SWCNTs�actin dispersions characterization. (A) UV�vis�NIR absorbance spectroscopy of SWCNTs�actin disper-
sions. The peaks arise from the van Hove singularities of the density of states and qualitatively indicate dispersion quality. (B)
Using a known absorbance coefficient at 930 nm33 and known initial masses and final volumes, the proportion of SWCNTs
remaining in the supernatant after centrifugation was determined and indicated relatively efficient dispersion of SWCNTs,
especially for proteins.31 (C) Raman spectroscopy confirmed the presence of SWCNTs (G-band at ∼1591 cm�1 and radial
breathing modes (150�300 cm�1)).35 For comparison, the data is normalized to each sample's G-band. Note that the large,
board peak at∼2200�2900 cm�1 primarily arises from real space SWCNT fluorescence at∼950�1016 nm that is unfiltered in
our system. (D�F) NIR fluorescence spectroscopy heat maps of SWCNT fluorescence. Chiralities are indicated on the heat
maps for visual aid. The color scale bar inset indicates the dynamic range of the intensity range scaling (normalized to DOC).
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affect the intrinsic properties of actin filaments such as
mechanical stability. We also observed a reduced NIR
fluorescence of actin-dispersed SWCNTs compared
with the yield by UV�vis�NIR absorbance and Raman
spectroscopy experiments. This suggests that SWCNTs
are dispersed as small bundles, perhaps suggesting the
energetically favorable state of nanotubes with small
bundles of actin filaments. Sliding motion of SWCNT
may contribute to changing the dynamics of cytoske-
letal redistribution andbundling capability of F-actin as
well as force bearing properties such as persistence
length and bending stiffness. In addition, SWCNTs
change the affinity of F-actins for each other.
The pairwise interaction between proximal actin

monomers (P1�P2) uponSWCNTassociation is enhanced
since the attraction of actin toward SWCNT cancels out
the slight repulsion between the monomers (Figure 2A).
Interestingly, P1�D interactionwasnotably increased from
negligible values to �150 kcal/mol in mode C. Therefore,
intermonomer interactions are affected upon SWCNT
binding. One interesting observationwas the detachment
of the D monomer in one of the mode C trials due to the
twist of SWCNT normal to its own axis (Figure S5).
Actin bundling requires cross-linking of actin fila-

ments via certain molecules such as R-actinin and
filamin.37�39 The association of actin filaments with
SWCNT may hinder actin interaction with R-actinin
since its binding site overlaps with mode B, which is
located between P1 and P2.
Interaction of a single G-actin with SWCNT is energe-

tically less favorable than two actinmonomers together.
Therefore, it is expected that filament formation

precedes SWCNT association. This is indeed consistent
with experimental observations of the distribution of
fluorescently tagged G-actin and F-actin in normal and
SWCNT-treated cells.26 It can be concluded that
SWCNT affinity is a collective effect of actin monomers
in the filamentous arrangement.
The RMSF plot of SWCNT shows that fluctuations of

carbon atoms in SWCNT were higher in the midpoint
and both ends, showing that the most stationary
contact area was observed at approximately one-
quarter of length from both edges (see Figure S4).
The RMSF plot of SWCNT remains unchanged upon
actin binding independent of the binding mode in-
dicating that local fluctuations of the SWCNT atoms are
not affected by the global motions on actin such as
sliding and rotation.
It is noteworthy that the SWCNTs attached to cytos-

keletal actins are subject to acto-myosin force genera-
tion machinery; especially those closer to the cell edge
experience forces in the order of piconewtons. There-
fore, it is expected that force transmission machinery
would be affected upon SWCNT association prohibit-
ing natural protrusions.

CONCLUSIONS

In summary, our results revealed the dynamics of
direct actin�SWCNT interaction in three distinct bind-
ing modes. Intermonomer interactions of actin are
dependent on the SWCNT binding mode and may be
increased or decreased in strength. Therefore, cytos-
keletal reorganization is mainly due to the modified
pairwise interactions in actin upon SWCNT uptake.

MATERIALS AND METHODS
Docking. Hex interactive docking software was used to gen-

erate the initial configurations of the SWCNT�actin complex.28

Geometric compatibility was taken into account in obtaining
the optimized bound structures. The top 10 docking structures
were classified into two different classes, from each of which
one representative was selected (Figure 1).

Molecular Dynamics Simulations. All molecular dynamics simu-
lations were carried out using NAMD 2.9 molecular dynamics
software package40 and CHARMM27 force field.41 Periodic
boundary conditions were applied in all three directions. The
entire system was then minimized for 5000 steps, which was
followed by a 1 ns equilibration in constant pressure. The
equilibrated structure was then used for studying the binding
interaction between SWCNT and actin in a 40 ns-simulation,
which ran with 1 fs time-step. Particle mesh Ewald (PME) was
applied to model the electrostatic interactions, and the SWITCH
algorithm, with cutoff distance of 1.2 nm, was used for calculat-
ing van der Waals (vdW) forces. The NPT ensemble was used for
the production run to sample our system where pressure and
temperature remained constant at 1 bar and 310 K using
Langevin's piston and the Nose-Hoover thermostat,42 respec-
tively. All system preparation, visualization and postprocessing
analyses were performed using Visual Molecular Dynamics
(VMD) software.43

The structure of actin trimer positioned in the filamentous
arrangement was obtained from the Protein Data Bank (PDB:
3LUE). This structure was minimized and equilibrated in a water

box prior to final simulations in order to remove all bad contacts.
SWCNT geometry was generated with both (n,m) indices set
to 5. The length and diameter of SWCNT were chosen to be 11
and 0.67 nm, respectively. Three sets of distinct initial config-
urations found from docking calculations where SWCNT struc-
ture was placed approximate to the equilibrate actin groove
region where the closest atoms were more than 0.7 nm away.
The explicit water molecules were included to solvate the
SWCNT�actin complex (water model: TIP3P). In addition to
neutralizing the system, 0.15 mM of KCl ions were added to
the simulation box in order to resemble ionic concentrations in
cell. The number of atoms for the SWCNT�actin configurations
was approximately 300 000.

Experimental Methods. Preparation of G-actin. G-actin was
prepared using the Actin Filament Biochem Kit (Cytoskeleton,
Inc.; Denver, CO, USA) according to manufacturer's recommen-
dations. Briefly, muscle actin (250 μg) was resuspended at 4 �C
to 0.4 mg/mL in “General Actin Buffer” plus 0.2 mM ATP. The
mixture was left on ice for 3.5 h to completely disassemble small
oligomers; then it was centrifuged at 4 �C at 14 000g for 15 min.
The supernatant was immediately aspirated, diluted in ultra-
pure water at 4 �C to a final volume of 2 mL (for SWCNT
dispersion), and immediately added to SWCNTs for dispersion
as described below.

Preparation of F-actin. F-actin oligomers were prepared
using the Actin Filament Biochem Kit (Cytoskeleton, Inc.; Denver,
CO, USA) according to manufacturer's recommendations. Briefly,
muscle actin (250 μg) was resuspended to 1.25 mg/mL in
“General Actin Buffer” plus 0.2 mM ATP. The mixture was left on
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ice for 50 min to disassemble filaments that formed during
freeze/thaw. Concentrated “Actin Polymerization Buffer” was
added at 1:10 (v/v,) and themixture was incubated for 45min at
room temperature. These conditions yield filaments ∼0.2 to
3 μm long. The filaments were diluted in ultrapure water to a
final volume of 2 mL (for SWCNT dispersion) and immediately
added to SWCNTs for dispersion as described below.

SWCNT Dispersion. CoMoCAT single-wall carbon nanotubes
(SWCNTs) highly enriched (>∼40%) in (6,5) chirality with an
aggregate, average diameter of∼0.78 nmand amedian SWCNT
length of ∼1.5 μm (SWeNT SG65; SouthWest NanoTechnolo-
gies, Inc.; Norman, OK, USA) were dispersed using G-actin or
F-actin oligomers at 1:10 (w/w). Actin mixtures were added to
SWCNT powder, and the final sample dilution was 1.3� 10�3 wt
% SWCNTs for sonication. Samples were probe-tip sonicated in
a 3 mL glass vial for 2 h at 6 W; then they were centrifuged at
21 000g for 7 min. Supernatants were aspirated and character-
ized via optical methods as described below.

SWCNT s�Actin Dispersion Characterization. UV�Vis�NIR
Absorbance Spectroscopy: Sampleswere subjected toultraviolet�
visible�near-infrared (UV�vis�NIR) absorbance spectroscopy
(Varian Cary 5000 UV�vis�NIR spectrophotometer). A known
absorbance coefficient of 2.6 (absmL)/(mgmm) at 930 nm33was
used to calculate final SWCNT concentration. The peaks of
absorbance arise from the chirality-specific van Hove singula-
rities of the density of states andqualitatively indicate dispersion
quality.

Raman Spectroscopy: Raman spectroscopy (inVia confocal
Raman microscope with a 785 nm laser; Renishaw, Inc.) con-
firmed the presence of SWCNTs: strong G-band at∼1591 cm�1

indicating an sp2 hybridized structure and radial breathing
modes (RBMs) at ∼150�300 cm�1 indicating tube struc-
tures with ∼1 nm diameters.35 The presence of individual
SWCNTs was confirmed by the presence of RBMs < 250 cm�1,
and a generally pristine SWCNT structure (i.e., minimal
defects) was confirmed by a small disorder-band (D-band
at ∼1300 cm�1) to G-band ratio.35

NIR Fluorescence Spectroscopy: SWCNT dispersion quality
was further analyzed by NIR fluorescence spectroscopy
(Nanolog Spectrofluorometer with a liquid-nitrogen-cooled
Symphony InGaAs�1700 detector; Horiba Jobin Yvon). The
samples were diluted to <0.1 abs cm�1 in the NIR and were
interrogated with excitation and emission slit widths of 10 nm
and an integration time per excitation wavelength of 120 s. The
excitation grating was blazed at 500 nm (1200 grooves/mm),
and the emission grating was blazed at 1200 nm (150 grooves/
mm). Fluorescence heatmaps represent corrected fluorescence
intensity normalized by corrected excitation intensity. Nanosi-
zer software was used to identify and mathematically fit each
chirality's excitation/emission maxima using a Voigt 2D model.
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