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ABSTRACT: Wrinkles have been frequently observed in a graphene nanosheet. Such
structural corrugations can influence graphene’s characteristics and have received
considerable attention recently. However, the impact of these wrinkles on the critical
graphene interactions with biomolecules remains unclear. Here, we investigate the interaction
of a double-stranded DNA (dsDNA) segment with a wrinkled graphene nanosheet using
molecular dynamics simulations. We find that dsDNA experiences severe structural
deformation upon binding to a wrinkled graphene surface, whereas it tends to maintain its
native structure upon binding to an idealized graphene nanosheet. Further analysis reveals
that it is energetically advantageous for the terminal bases to bind to the wrinkled area,
serving as anchors on the nanosheet. Consequently, movement of the remaining part of the
dsDNA generates a “centripetal stretching” force to the anchoring bases, causing the breakage
of the interbase hydrogen bonds and local unfolding. Like a slider opening up a zipper, the
local unfolding proceeds sequentially from the first base pair to the next until the end. This
zipper-like unfolding subsequently exposes more DNA bases to contact with the wrinkled area, thus accelerating the dsDNA
deformation. These findings highlight the importance of wrinkles in the interaction of graphene with biomolecules and deepen our
understanding of graphene nanotoxicity in general.

■ INTRODUCTION

Graphene, a two-dimensional material made of a honeycomb
carbon lattice, has a number of extraordinary electrical, optical,
thermal, and mechanical properties.1−6 It has been widely
adopted for various applications, including transparent
conductors, energy-storage batteries, and nanoelectronic
devices.7−11 Graphene-based nanomaterials are especially
promising for biomedical applications, with potential for use
in drug and gene delivery, cell and tumor imaging, as well as
cancer photothermal therapy.12−17 Additionally, it has been
reported that graphene can be used as a biosensor to detect
various biomolecules and as a substrate to control the growth,
differentiation, and functions of specific types of cells.7−11,18−21

Despite these promising progresses, there have been
increasing concerns on the potential nanotoxicity of
graphene-based nanomaterials when coming into contact
with biological organisms. For instance, nanomaterials can be
inhaled and accumulate in the cytoplasm, which may lead to
lung injury, immunologic impairment, and adverse cardiovas-
cular effects.22−26 A recent study indicates that nanomaterials
can compromise the structural integrity of cell membranes by
extracting large amounts of phospholipids, which in turn
results in cell death.27 Moreover, a number of studies have
found that nanomaterials can induce severe distortions of
biomolecules due to their strong hydrophobic interac-
tions.28−30 The interactions of nucleic acids with ideal two-
dimensional nanomaterial surfaces (e.g., hexagonal boron
nitride, palladium, nitrogenized graphene (C2N), graphene,
carbon nanotubes (CNTs), molybdenum disulfide (MoS2),

and tungsten disulfide (WS2)) have been widely studied.31−35

In addition, several studies have been conducted using both
theoretical and experimental methods to investigate how a
force induces changes in the structure of nucleic acids at the
atomic level.36−40 We have also previously studied DNA
interactions with nanomaterials using both experimental and
theoretical approaches. For instance, we characterized the
binding patterns and dynamics of a small double-stranded
DNA (dsDNA) segment on the recently synthesized C2N and
found that the dsDNA repeatedly exhibits a strong preference
in its binding mode on the C2N substrate, displaying an
upright orientation that is independent of its initial
configurations.32 When compared to graphene, C2N was also
found to show a milder attraction to dsDNA, which was
confirmed by experiments.32 In another recent study,41 we
used both surface-enhanced Raman scattering spectra and
molecular dynamics (MD) simulations to study single-
stranded DNA (ssDNA)-anchored gold nanoparticles
(AuNPs), which revealed that single-nanoparticle-layer plas-
monic films made of these ssDNA−AuNPs display a rapid and
reversible red−blue color change upon the wetting−dewetting
transition, suggesting a hydration-induced microscopic plas-
monic coupling between ssDNA and AuNPs.41 We have also
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combined MD simulations with electrochemical experiments
to explore the dynamics of ssDNA immobilized on high-
curvature versus flat surfaces of gold nanostructures and found
that high-curvature structures suppress DNA probe aggrega-
tion among adjacent probes, resulting in conformations that
are more freely accessed by target molecules.42 The effect was
further amplified in the presence of highly charged cations
commonly used in electrochemical biosensing.42

Meanwhile, wrinkles are ubiquitous in graphene sheets and
are hard to avoid for graphene prepared either by chemical
vapor deposition or by micromechanical exfoliation.43−45 Such
structural corrugations can significantly alter graphene’s
material properties. For example, the local strain redistribution
and π-cloud rehybridization caused by these wrinkles can
modify the electrical properties of graphene, with potential
applications in graphene-based electronics, bioelectronics, and
self-assembly of complex structures.46−49 Moreover, wrinkles
of a certain size can induce a magnetic field and lead to the
formation of a zero-energy Landau level.50 On the other hand,
when applied as a scaffold to attach nanoparticles, wrinkled
graphene can also be used to store energy.51 However, to the
best of our knowledge, the effect of wrinkles on the interaction
of graphene with biomolecules is still unknown. Many previous
studies have indicated that the morphology of nanomaterials
can influence their biological performances such as cellular
uptake, biodistribution, blood circulation duration, and
excretion.52−54 With the increasing adoption of graphene-
based nanomaterials in biomedical applications, it has become
even more urgent to understand how wrinkles affect
graphene−biomolecule interactions, especially given the
recently discovered potential toxicity of graphene.27,29,30,55

In this work, using molecular dynamics (MD) simulations,
we investigate the interaction between a wrinkled graphene
(W-Gra) nanosheet and a model double-stranded DNA
(dsDNA) segment (5′ → 3′ single-strand sequence:
ATCGATCGATCGATCG). For comparison, we also simu-
late the interaction of the dsDNA segment with an idealized
graphene (I-Gra) nanosheet. Our results show that the dsDNA
can be attracted to and bound on both W-Gra and I-Gra.
However, behaviors of dsDNA on the two graphene surfaces
are different: upon binding to I-Gra, the dsDNA’s native
structure is well preserved apart from minimal denaturation at
the terminal. In contrast, the dsDNA experiences severe
structural deformation after binding to the W-Gra surface.
Further analysis of the free energy profile suggests a stronger
binding affinity between nucleobases and the wrinkled area
than that between nucleobases and the planar area. Upon
binding to the W-Gra nanosheet, it is energetically favorable
for the contacting bases to bind to the wrinkled area, which
highly restrains the mobility of these bases and causes them to
act like “anchors”. The large motions of other parts of dsDNA
create a “centripetal stretching” force to those anchoring bases,
causing the breakage of hydrogen bonds between the base
pairs. Then, the zipper-like unfolding process exposes more
DNA base pairs to be in contact with the W-Gra surface via a
strong π−π stacking interaction, which in turn leads to more
severe structural deformation. These findings not only
elucidate the important role of wrinkles at the nano−bio
interface but also provide deeper insight into graphene
nanotoxicity in general.

■ SIMULATION METHODS
All-Atom MD Simulations. The W-Gra nanosheet used in

our simulations consists of 3600 carbon atoms with a
dimension of 9.89 nm × 8.80 nm, while the I-Gra nanosheet
consists of 2800 carbon atoms with a dimension of 8.60 nm ×
8.51 nm. The carbon atoms in both W-Gra and I-Gra
nanosheets were modeled as uncharged Lennard−Jones
particles with a cross section of σcc = 0.34 nm and a potential
well depth of εcc = 0.36 kJ/mol.56,57 The B-form dsDNA model
(5′ → 3′ single-strand sequence: ATCGATCGATCGATCG)
was generated from the http://structure.usc.edu/make-na/
server.html server and modeled with the CHARMM27 force
field.58 To further improve the reliability of our simulations,
the adsorption of dsDNA on W-Gra was also simulated using
the CHARMM3659 and AMBER03 force field,60 respectively.
As shown in Figure 1, the dsDNA was initially placed above

each of the graphene sheets with a minimum distance of 1.63
nm. Following similar protocols used in our previous
studies,61−64 the combined systems were then solvated in a
cubic water box with periodic boundary conditions in all three
dimensions, with atoms in W-Gra and I-Gra nanosheets fixed
during all simulations. The TIP3P water model65 was used for
water molecules. K+ and Cl− ions were added to neutralize the
entire system, yielding a 1 M KCl electrolyte. The detailed
information of the two systems is summarized in Table 1.

The simulations were carried out with the GROMACS
software package.66 The VMD software67 was used to analyze
and visualize the trajectory data. The van der Waals (vdW)
interactions were handled with a smooth cutoff of 1.0 nm,
whereas the particle mesh Ewald method68,69 (using a fourth-
order interpolation and a maximum Fourier spacing of 0.1 nm)
was used to treat the long-range Coulomb interactions.
Covalent bond lengths involving hydrogen atoms were
constrained using the LINCS algorithm.70 After energy

Figure 1. (a) Top and side views of the W-Gra nanosheet. Carbon
atoms in the wrinkled area are shown as gray spheres, while others are
shown as silver spheres. The dimension of the wrinkle is labeled in the
side view. The dsDNA is placed directly above the W-Gra (b) and I-
Gra (c) nanosheets in the initial systems. The dsDNA is shown in the
ribbon representation with the backbone of each chain colored
differently (chain A, pink; chain B, purple). K+ and Cl− ions are
displayed as blue and yellow spheres, respectively. Water is not shown,
except at the boundaries.

Table 1. Information for the Two Systems Simulated in This
Work

dsDNAW-Gra dsDNAI-Gra

box size (nm3) 9.89 × 8.80 × 9.00 8.60 × 8.51 × 9.00
number of water molecules 23 150 19 440
number of ions 502 K+ and 472 Cl− 427 K+ and 397 Cl−

total number of atoms 75 038 62 958
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minimization, all simulations were equilibrated for 0.5 ns in the
NVT ensemble using the v-rescale thermostat71 at 300 K. After
that, the systems were further equilibrated in the NPT
ensemble for another 0.5 ns under a constant pressure of 1
bar and a temperature of 300 K, implemented through the
Berendsen coupling method.72 During the NVT and NPT
equilibrium processes, all heavy atoms in dsDNA were
harmonically constrained with a force constant of 1000 kJ/
mol/nm2. For each system, three independent trajectories of
1.5 μs in duration were generated, yielding a total simulation
time of 9 μs. The integration time step was 2 fs, and data were
collected every 2 ps for analysis.
Potential of Mean Force (PMF) Profile. The potential of

mean force (PMF) of a representative base (Adenine) along
the z-direction of the wrinkled and planar graphene was
calculated using the umbrella sampling method.73−75 The
distance (d) to its binding site was restrained at a reference
distance (d0) with a harmonic force F = k × (d − d0), where k
= 2000 kJ mol−1 nm−2 is the force constant. The spacing of the
sampling windows was set to 0.05 nm. For each d0, the systems
were equilibrated for 2 ns before a 10 ns production run. The
free energy profiles were obtained by the g_wham tool that
implements the Weighted Histogram Analysis Method.76

■ RESULTS AND DISCUSSION
In our simulations, we found that both W-Gra and I-Gra can
attract and adsorb dsDNA to form stable binding config-
urations. Notably, the final binding configurations of dsDNA
on the W-Gra and I-Gra surfaces were remarkably distinct. As
shown in Figure 2a−c, after binding to W-Gra, dsDNA

experienced severe structural deformation and lost its helical
structure, accompanied by the exposure of its nucleobases to
the W-Gra surface. In contrast, after binding to I-Gra, the
dsDNA managed to maintain its native structure (only in
trajectory 3 did it show slight local unwinding at the contacting
terminal). Moreover, it adopted similar binding modes in all
three independent trajectories. As shown in Figure 2d−f,
dsDNA ended up standing upright on the I-Gra surface, with
its backbone nearly perpendicular to the nanosheet, which is
similar to a previous study of the adsorption of dsDNA on
C2N.

32 Compared with I-Gra, the drastic dsDNA denaturation

observed on W-Gra indicates a potential destructive effect on
the graphene−biomolecule interactions caused by the surface
wrinkles of the nanomaterial.
Figure 3 displays the representative snapshots from

trajectory 1 of the W-Gra system, showing the adsorption
kinetics of dsDNA to the W-Gra surface. The dsDNA diffused
freely in bulk water for several nanoseconds before it
established initial contact with W-Gra through the terminal
nucleobases at t = 11 ns (Figure 3a). The initial contact was
formed between terminal base A1 and the planar area of the
graphene through a strong π−π stacking interaction, which is
common between biomolecules and carbon-based nanoma-
terials.55,77,78 For t = 11−14 ns, A1 quickly slid toward the
graphene wrinkle, breaking the hydrogen bonds between bases
A1 and T32 (Figure 3b). Note that the movement of base A1
was highly restrained after binding to the wrinkled area, acting
as an “anchor” for dsDNA (more below). The thermal motion
of the other parts of dsDNA generates a centripetal stretching
force to the anchoring bases A1 and T32, which caused the
breakage of the neighboring hydrogen bonds between bases T2
and A31. The released bases then formed a stable π−π stacking
interaction with the W-Gra surface, as shown in Figure 3c,d.
After that, T2 and A31 moved to the wrinkled area and were
restrained there, serving as a new anchor. This process then
repeats; essentially, the strong interaction from the wrinkles
exposed previously distant and untouching dsDNA bases to be
in contact with the W-Gra nanosheet one by one. Like a slider
opening up a zipper, the local unfolding precedes sequentially
from the first base pair to the next until the end. This zipper-
like unfolding process continued until the dsDNA completely
unfolded at around t = ∼800 ns, as depicted in Figure 3g. The
representative snapshots of the adsorption process of dsDNA
to W-Gra from the other two trajectories are displayed in
Figures S1 and S2, which show similar unfolding processes
(just Traj-3 displaying an incomplete denatured structure at
the end of the current simulation length).
To further characterize the adsorption process of dsDNA on

graphene nanosheets, we calculate the contact number Ncont
between the heavy atoms of dsDNA and W-Gra/I-Gra. The
results are summarized in Figure 4a. Here, a heavy atom is
considered to be in contact with the nanosheet if its distance to
any of the carbon atoms in the nanosheet is less than 0.5 nm.
We found that the Ncont values in the W-Gra system are much
higher than those in the I-Gra system. This is consistent with
the fact that the dsDNA in the W-Gra system lost its structural
integrity and bound tightly onto the wrinkled surface, while the
dsDNA in the I-Gra system remained largely folded and stood
upright on the surface. For the three trajectories from the W-
Gra system, Ncont reached 100 within tens of nanoseconds and
eventually grew to ∼400, ∼250, and ∼180, respectively. The
jump of Ncont in trajectory 1 at t = 790 ns was caused by the
separation of the two chains in dsDNA (see Figure 3f−h). For
the I-Gra system, the Ncont values plateaued around 30 within
tens of nanoseconds and remained there (except for a slight
increase at t = 315 ns in trajectory 3 due to the breakage of the
terminal base pair), indicating that dsDNA can largely
maintain its native structure upon binding to the I-Gra
nanosheet.
To understand the energetics of the above binding

processes, we calculated the interaction energy between
dsDNA and the two graphene nanosheets. The results are
summarized in Figure 4b. The interaction energies of dsDNA
with W-Gra are much lower than those with I-Gra, suggesting a

Figure 2. Final binding configurations of dsDNA when adsorbed onto
W-Gra (a−c) and I-Gra (d−f) surfaces, obtained from six
independent 1.5 μs trajectories. The graphene nanosheets are rotated
for a better view of the dsDNA with (a), (b) parallel to the page and
the rest perpendicular to the page. The color scheme is the same as in
Figure 1.
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stronger interaction between dsDNA and W-Gra. This is
consistent with the values reflected in the contact number Ncont

since more contacts usually lead to stronger interactions.
Another important indicator of the structural integrity of a

biomolecule is the root-mean-squared deviation (RMSD) with
respect to its native structure based on the heavy atoms. As
shown in Figure 4c, for the three trajectories of the I-Gra
system, the RMSDs plateaued within tens of nanoseconds and
remained well below 0.4 nm. In contrast, the RMSD values for
the W-Gra system kept increasing for hundreds of nano-
seconds after the initial contact and all stabilized well above 1
nm.
It is well known that the internal hydrogen bonds are crucial

for dsDNA to maintain its native structure. We thus calculated
the fraction of interacting hydrogen bonds associated with the
bases in dsDNA (defined as the number of the remaining
hydrogen bonds in dsDNA divided by the number of hydrogen
bonds in dsDNA at t = 0 ns) as a function of time. Here, a

hydrogen bond is considered intact if the distance between the
proton donor and acceptor atoms is less than 0.35 nm and the
H-donor−acceptor angle is less than 30°. As shown in Figure
4d, dsDNA in the I-Gra system maintained over 90% of its
hydrogen bonds for all time t, while it lost ∼70, ∼40, and
∼30% of its hydrogen bonds in the W-Gra system. This again
confirms that W-Gra can cause much more severe damage to
dsDNA than I-Gra.
As shown in the previous studies,79,80 the interlayer water

can play a significant role in regulating the interactions
between biomolecules and nanomaterials due to some strong
effects such as nanoscale dewetting.81 We studied the water
distribution around DNA bases to show the effect of the
interlayer water in regulating the interactions with graphene,
and the results are shown in Figure S3. We highlighted the
representative base A1 for illustration. The water population in
the first solvation shell of base A1 was noticeably affected once
in contact with the graphene. For base A1 in bulk, there were

Figure 3. Representative snapshots from trajectory 1 of the W-Gra system showing the adsorption process of dsDNA onto the W-Gra surface. The
bases bound to W-Gra are highlighted in red. The color codes are the same as those in Figure 1.

Figure 4. (a) Time-resolved contact number between dsDNA heavy atoms and W-Gra/I-Gra for six different trajectories (three for each system).
(b) Interaction energies between dsDNA and W-Gra/I-Gra as a function of simulation time for the same trajectories. (c) Time evolution of the
root-mean-squared deviation (RMSD) of dsDNA heavy atoms relative to the crystal structure upon binding to the W-Gra and I-Gra surfaces. (d)
Ratio of the hydrogen bonds in dsDNA that remains intact upon binding to W-Gra or I-Gra as a function of simulation time.
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38 water molecules around it, as shown in Figure S3a. When
base A1 adsorbed onto the graphene planar area, it formed the
π−π stacking with graphene and resulted in a loss of ∼17
interfacial water molecules (Figure S3b,d). While for base A1
contacted the graphene wrinkled area, as shown in Figure
S3c,d, it lost ∼11 interfacial water molecules. This nanoscale
dewetting can provide a strong hydrophobic driving force for
the binding of bases in dsDNA.
The morphology of the wrinkles in W-Gra has some

similarity in spirit to a carbon nanotube (CNT). It is thus
intuitive to expect a similar denaturation capability to dsDNA
from a CNT. Following the same protocols, we conducted
three independent simulations to investigate the interaction of
dsDNA with a CNT (with a diameter of ∼2.0 nm) and our
results are summarized in Figure S4. Panels a−c display the
final configurations of dsDNA bound onto the CNT. One can
see that the dsDNA consistently exhibits a strong preference of
an upright orientation relative to the CNT, which is similar to
the binding patterns of dsDNA on the I-Gra. A similar analysis
of the contact number, RMSD, and the hydrogen bonds ratio
was performed (Figure S4d−f), all of which indicate a stable
dsDNA upon binding to a CNT. Essentially, we observed
detrimental dsDNA unfolding only when the dsDNA bound to
wrinkled graphene but not idealized graphene or CNT,

suggesting that it is the curvature heterogeneity in wrinkled
graphene that causes the denaturation of dsDNA.
To further elucidate the unfolding mechanism of dsDNA on

W-Gra, we examined in detail the initial steps in the unfolding
process (14−21 ns) observed in one of the trajectories, during
which the second base pair T2−A31 broke (the first base pair
A1-T32 is unstable even in the I-Gra system). As shown in
Figure 5a, by t = 14 ns, bases A1 and T32 have been adsorbed
onto the wrinkled and the planar area of the nanosheet,
respectively. At this time, the base T2 kept interacting with the
base A31 through two hydrogen bonds. About 7 ns later, these
two hydrogen bonds broke, resulting in the exposure of T2 and
A31, which immediately formed stable contacts with W-Gra
(Figure 5b). Note that, during this process, base A1 only
moved along the edge of the wrinkle, while base T32 could
slide relatively freely on the planar area of the W-Gra surface,
as shown in Figure 5c. The free movement of the T32-chain
created a “centripetal force” relative to the restrained A1-chain,
tearing the second base pair apart.
This special movement pattern can be attributed to the

energy difference for binding to different parts of W-Gra with
curvature heterogeneity. We calculated the vdW interaction
energy of bases A1 and T32 with W-Gra. As displayed in
Figure 5d, the mean value of the vdW interaction energy

Figure 5. (a, b) Representative snapshots showing the unfolding process of dsDNA on W-Gra. The hydrogen bonds between the terminal base
pairs are shown as red lines. (c) Migration track map of bases A1 and T32 on the surface of W-Gra for t from 14 to 21 ns. (d) vdW interaction
energy of bases A1 and T32 with W-Gra for t from 14 to 21 ns. (e) Binding free energy of adenine to the wrinkled (black) and planar (red) areas of
graphene. (f) Time evolution of the distances between hydrogen-bonding atoms in the base pairs. Only distances for the first five base pairs are
shown here. Elongation of the distance indicates the disruption of a base pair and the time of the disruption is indicated by a colored dot. The
zoomed-in time series is shown as insets.
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between W-Gra and base A1 (−128 kJ/mol) is much stronger
than that between W-Gra and base T32 (−91.7kJ/mol). It is
clear that, energetically, the wrinkled area attracts deoxyribo-
nucleic acids more than the planar area. To further validate this
finding, we calculated the binding free energy of a single
adenine (as model system) adsorbing onto the wrinkled and
planar areas of graphene, respectively, using the umbrella
sampling method (Figure 5e). The results indicate that the
binding affinity of adenine with the wrinkled area is much
stronger than that with the planar area (−86.7 vs −53.5 kJ/
mol). The energy barrier for escaping from the wrinkled area
to the planar area (33.2 kJ/mol) is high and improbable to
cross at room temperature. Therefore, the movements of the
bases that came into contact with W-Gra are highly restrained
to the wrinkled area (especially along the edges of the wrinkle),
causing them to act like anchors.
The morphology of nanomaterials leading to different

adsorption capabilities was also found in our previous
studies,80,82 where the concave surface of graphene exhibited
a stronger dispersion interaction with phospholipids82 or
peptides80 than the convex surface due to a larger number of
contacts that can be established. Similarly, the intersection
between the wrinkled and planar areas resembles a local
“concave surface”, thus providing the strongest interaction with
dsDNA.
Lastly, we analyzed the evolution of the distance between

the atoms in base pairs that formed hydrogen bonds at the
initial state. The results are summarized in Figure 5f. At t = 21
ns, the distance between bases T2 and A31 increased to 0.61
nm, suggesting the loss of the hydrogen bond between this
base pair, as displayed in Figure 5b. The breakage of the
hydrogen bonds between the third, fourth, fifth, and sixth base
pairs (C3-G30, G4-C29, A5-T28, T6-A27) occurred at roughly
265, 267, 433, and 480 ns, respectively. The other two
trajectories also showed a similar unfolding process in which
the base pairs broke sequentially (Figures S5 and S6) and the
entire strand unfolds like a slider opening up a zipper (i.e.,
“zipper-like unfolding”).
Notably, the distance between bases T2 and A31 decreased

back to ∼0.28 nm occasionally (Figure 5f) during the rest of
the trajectory. This is due to the formation of stacking after the
breakage of the hydrogen bonds (Figure S7a) or reforming of
the broken hydrogen bond when it transferred to the planar
area due to the relatively free sliding on the planar area (Figure
S7b). However, the stacking or the reformed H-bond could
not stop the unfolding, and the T2−A31 base pair eventually
disappeared altogether with the unfolding of the entire dsDNA
molecule.
To examine the reliability of our simulations and to rule out

the possibility that unsuitable force field parameters might have
caused the unfolding phenomenon, we have further simulated
the adsorption of dsDNA on W-Gra using two more force
fields, the CHARMM36 and AMBER03 force fields. The
results are despicted in Figures S8 and S9, respectively. For the
three independent simulation trajectories using the
CHARMM36 force field, similar unfolding events were
observed for the structure of dsDNA after adsorbing onto
the W-Gra surface, as shown in Figure S8a−c. The interaction
energies and contact numbers between the dsDNA and W-Gra
values with CHARMM36 are similar to those with
CHARMM27 (Figure S8d,e). The only slight differences are
in the kinetics, which should be expected. The large RMSD
values (Figure S8f) indicate that the structural integrity of

dsDNA was destroyed after binding to the W-Gra surface.
Figure S8g shows that ∼40 to ∼45% of the hydrogen bonds in
dsDNA were lost after binding to the W-Gra surface for the
CHARMM36 force field (30−70% loss in CHARMM27). The
simulations using the AMBER03 force field and the related
results are summarized in Figure S9. The AMBER03 force field
also shows similar unfolding of the structure of dsDNA after
adsorbing onto W-Gra. These results with two other force
fields suggest that the denaturation of dsDNA on W-Gra was
most likely not caused by the overall imbalance in the
simulation force field but by the wrinkles in graphene.
Finally, to illustrate the wrinkle size effect on the

denaturation process of dsDNA, we also conducted simu-
lations between dsDNA and the W-Gra with a larger wrinkle
size (abbreviated as LW-Gra). The data are summarized in the
Supporting Information as Figure S10. Similar denaturation
events were observed for the structure of dsDNA, with
expected slight differences in the kinetics (Figure S10b,c). As
shown in Figure S10d, the RMSD values of dsDNA heavy
atoms relative to the crystal structure are stabilized well above
2 nm (vs 1.2−2.0 nm in W-Gra). This indicates that the
structural integrity of dsDNA was destroyed after binding to
the LW-Gra surface and the denatured structure binds on the
surface well stably. Figure S10e shows that ∼ 80% of the
hydrogen bonds in dsDNA were lost after binding to the LW-
Gra surface (vs 30−70% loss in W-Gra). This is consistent
with the fact that the dsDNA in the LW-Gra system lost its
structural integrity, as shown in Figure S10a. As shown in
Figure S10f, the dsDNA shows a similar zipper-like unfolding
process in which the base pairs broke sequentially and the
entire strand unfolded like a slider opening up a zipper.

■ CONCLUSIONS
In summary, the interaction between a dsDNA segment and a
wrinkled graphene nanosheet was systematically investigated
using molecular dynamics simulations. The simulation results
demonstrate that dsDNA experiences severe structural
deformation upon binding to the wrinkled graphene surface.
In contrast, upon binding to an ideal planar graphene
nanosheet, it remains standing upright on the graphene surface
and maintains its native structure. The free energy profile
calculated from umbrella sampling suggests that the binding
affinity of dsDNA bases with the wrinkled area is stronger than
that with the planar area. This energy difference restrains the
motion of the bases in contact with W-Gra to the wrinkled
area, which serves as the seed to the unfolding of dsDNA. The
unfolding mechanism of dsDNA on W-Gra can be summarized
as follows: (1) the terminal bases are attracted to the wrinkled
area, where the strong attraction effectively restrains the
movements of these bases, causing them to act as anchors. (2)
The movements of other parts of the dsDNA create a
centripetal stretching force around the anchoring bases, tearing
apart the hydrogen bonds between the base pairs and leading
to local denaturation. Such local denaturation displays a zipper-
like unfolding, in which the disruption starts from the first base
pair and spreads sequentially to the neighboring pairs. This
zipper-like unfolding mechanism is consistently observed in
our simulations and is likely a common phenomenon for
wrinkle-assisted dsDNA denaturation. (3) The local unfolding
releases more initially distant and untouching dsDNA bases to
form contact with W-Gra, which in turn accelerates the
unfolding of dsDNA. Our current findings highlight the
importance of wrinkles in the interaction of nanomaterials with
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biomolecules at their nano−bio interface (with curvature
heterogeneity), which not only helps deepen our under-
standing of nanotoxicity in general but also offers new insight
for potential design of future bio−nano sensors.
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