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Abstract

Graphene-based materials enable the sensing of diverse biomolecules using experimental
approaches based on electrochemistry, spectroscopy, or other methods. Although basic sensing was
achieved, it had until now not been possible to understand and control biomolecules’ structural
and morphological organization on graphene surfaces (i.e. their stacking, folding/unfolding, self-
assembly, and nano-patterning). Here we present the insight into structural and morphological
organization of biomolecules on graphene in water, using an RNA hairpin as a model system. We
show that the key parameters governing the RNA’s behavior on the graphene surface are the number
of graphene layers, RNA concentration, and temperature. At high concentrations, the RNA forms a
film on the graphene surface with entrapped nanobubbles. The density and the size of the bubbles
depend on the number of graphene layers. At lower concentrations, unfolded RNA stacks on the
graphene and forms molecular clusters on the surface. Such a control over the conformational
behavior of interacting biomolecules at graphene/water interfaces would facilitate new applications
of graphene derivatives in biotechnology and biomedicine.

1. Introduction

Graphene is an amazing 2D material with
extraordinary properties such as high sensitivity and
low electrical noise, which both have been successfully
exploited in sensing and biosensing applications
[1-7]. Applications based on the interactions of
graphene with biomolecules are especially interesting
and potentially useful in drug delivery, detection, DNA
sequencing and analysis [6, 8—11], cell-bionic systems,
neural signal imaging, and neural prostheses, among
other things [12-14]. However, the development of
such applications requires a deeper understanding of
the interactions of graphene with biomolecules and
their building blocks. This will enable the rational
design of advanced techniques for, e.g. constructing
more effective and sensitive (bio)sensors or optimized
connections between graphene and living cells. It is

relevant for biotechnological or medical applications
that the analysis of any biomacromolecule’s
conformational behavior (e.g. proteins and nucleic
acids) and their interactions with graphene are based
on studies conducted under physiological or near-
physiological conditions. At least, such systems must
be studied in water at ambient temperature. This
requirement regarding the conditions significantly
restricts the range of experimental techniques, which
can be used to characterize the interaction behavior.
Among the available experimental techniques, liquid
mode atomic force microscopy (AFM) stands out
because of its ability to provide direct nanoscopic
insight [15, 16]. The topological information
acquired from liquid mode AFM can be further
interpreted with the aid of i silico molecular dynamics
(MD) simulations. Methods for the atomistic MD
simulation of biomacromolecules have become
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sufficiently mature to provide very useful structural
information about the conformational behavior of
biomacromolecules [17-19].

Calorimetric experiments show that nucleobases
adsorb on graphene and graphite in water environ-
ment, with binding affinities decreasing from guanine
to thymine (G >A > C ~ T) [20, 21]. Theoretical
calculations indicate that the main source of stabiliza-
tion comes from dispersion interaction (7— stacking)
[22,23].Itis worth noting that MD simulations suggest
that graphene-base interaction is stronger than base-
base stacking [24], which implies that nucleic acids
may undergo conformational changes upon binding
to graphene surface. AFM experiments with single
stranded DNA containing thousands of nucleotides
show that the DNA molecules adsorb to the graphene
surface [25,26]. However, these experiments were car-
ried out using dried samples and cannot fully reflect
behavior of DNA in its native water environment,
where solvation/desolvation processes play important
role due to the polyanionic nature of DNA. Theoretical
calculations explicitly including water environment
suggest that DNA can adsorb on the carbonaceous
surface [27-30]. AFM experiments with dry single
stranded DNA samples confirm that intramolecular
stacking in the single strand competes with the 77
stacking to graphene [31]. On the other hand, dou-
ble stranded DNA does not unfold on graphene [26],
however, MD simulations suggest that DNA duplexes
may stack on graphene by stem-ending base pairs
[32].Itis worth noting that also inorganic polyanionic
phosphonic acids form highly oriented domains on
graphitic surfaces that are parallel aligned with the sur-
face [33]. Interaction of RNA with graphene surface is
unexplored with respect to DNA, despite the fact that
short RNAs are gaining more and more attention due
to their important biological role in gene expression
regulation [34]. In addition, despite all the progress in
this field any direct experiment addressing conforma-
tional behavior of nucleic acids on graphene in native
water environment has not been presented yet.

We analyzed the behavior of 10-nucleotides-long
RNA oligonucleotides on graphene surfaces in water.
We chose this oligonucleotide because of its struc-
tural features: it is an autonomous RNA hairpin that
folds in a context-independent manner, has a hydro-
phobic patch at the bottom of the A-RNA duplex, and
contains a GNRA tetraloop tip (figure 1) that serves
as a recognition spot in RNA-RNA and RNA-protein
interactions [35, 36]. Moreover, hairpins including the
GNRA tetraloop sequence exhibit high thermal stabil-
ity [37,38].

Our liquid AFM experiments revealed that the
behavior of this RNA on graphene is complex and
dependent on the RNA concentration, the temper-
ature, and the number of graphene layers. In water,
graphene caused the oligonucleotide to unfold; MD
simulations indicated that the RNA nucleobases pref-
erentially stacked with the graphene surface. That is,

P Letters

stacking interactions between the graphene surface
and nucleobases appeared to outcompete internal
interactions within the folded RNA. At higher con-
centrations, the RNA formed a homogenous uniform
film on the graphene surface, entrapping nanobubbles
in a self-assembled pattern. The pattern’s properties
depended on the number of graphene layers. As the
number of layers increased, the nanobubbles became
larger and more sparsely distributed. These observa-
tions clearly demonstrate that a prototypical RNA
molecule exhibits complex behavior on graphene
surfaces. Such behavior could influence signal har-
vesting from graphene-based biosensors because the
observed unfolding might complicate processes such
as the construction of graphene-RNA aptamer-based
sensors. Besides the number of graphene layers, addi-
tional experiments identified several variables—the
biomolecule concentration, temperature, and surface
hydrophobicity—through which the behavior of bio-
molecules on graphene could be manipulated. Systems
designed for applications in fields such as drug deliv-
ery, gene therapy, or ultrasound imaging would benefit
from this degree of control.

2. Methods

2.1. Experimental details

Graphene flakes were prepared by mechanical
exfoliation of natural graphite (Alfa Aesar, USA)
and deposited on top of a Si substrate with a 300nm
thick SiO, layer under normal ambient conditions.
The flakes were located by optical microscopy and
their identity was confirmed by Raman spectroscopy.
The RNA oligo 5-CGC(GAGA)GCG-3’ (DNA
Technology, Denmark) was dissolved in DNA/RNA
base-free water (Life Technologies, Denmark) to a
concentration of 100 pmol xl™! and stored at —20 °C
as 10 plaliquots. Ina typical measurement, 5 l of RNA
solution (100 pmol p1~!) was deposited directly onto
the graphene surface on the SiO, substrate without
further treatment.

All AFM images were recorded using a commer-
cial MultiMode VIII AFM instrument (Bruker, Santa
Barbara, USA) operated in tapping mode unless stated
otherwise. For AFM imaging in aqueous suspension,
5 ul of RNA solution (100 pmol ul~!) was deposited
directly onto the graphene surface on the SiO, sub-
strate and incubated for 5min at room temperature.
Then, 40 ]l DNA/RNA base-free water was deposited
on the surface and liquid AFM was performed using
silicon nitride cantilevers (OMCL-TR400PSA-1;
Olympus). Immediately before ambient AFM
imaging, the sample was dried with nitrogen. AFM
imaging in air was performed using ultrasharp silicon
cantilevers (OMCL-AC160TS-R3; Olympus) with
a nominal spring constant of 26N m~!. For thermal
control, the AFM scanner was equipped with a heating
element that served as a suitable platform for the ther-
mal response experiments. The resistive heating stage
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Figure 1. (a)Secondary structure of the studied 10-nucleotides long RNA oligonucleotide, which forms an RNA hairpin in water.
(b) The hairpin consists of an A-RNA double-helical stem comprising three Watson-Crick GC pairs (represented by the blue
surface),and a GNRA tetraloop that creates a reverse bend in the RNA backbone (red surface). The folded RNA hairpin is 2 nmin
height and has (c) a hydrophobic spot (highlighted in black) that can interact with a hydrophobic graphene surface.

provides a temperature range from room temperature
(RT) to 100 °C with a resolution of 0.1 °C. All the AFM
images and size distributions were analyzed using the
commercial Scanning Probe Image Processor software
package (SPIP,Image Metrology, Denmark).

For electron microscopy, the samples were dis-
persed in water, sonicated for 5min and one drop put
on copper grid with Holey carbon film. After drying
in the air at room temperature were samples measured
by high-resolution (HR) transmission electron micro-
scope (TEM) Titan G2 (FEI) with Image corrector on
accelerating voltage 80 kV. Images were taken with BM
UltraScan CCD camera (Gatan). Energy dispersive
spectrometry (EDS) was performed in scanning TEM
(STEM) mode by Super-X system with four silicon
drift detectors (Bruker). STEM images were taken with
HAADF detector 3000 (Fishione).

2.2. Computational details

MD simulations were performed using the Gromacs
4.5.5 package [39] with the Plumed 2.1.1 extension
[40]. The initial structure of the folded RNA hairpin
tetraloop (TL) was derived from the x-ray structure of
the sarcin/ricin loop with PDB ID 1Q9A [41], and was
terminated by two and three GC pairs, respectively, to
increase the fragment’s stability, yielding the sequence
5-GC(GAGA)GC-3' and 5-CGC(GAGA)GCG-3'.
The structure of the unfolded state was taken from a
high temperature MD simulation [42]. Graphene was

treated as a periodic sheet (resulting in box dimensions
of ca. 8.5x85nm) consisting of uncharged
Lennard—Jones (LJ) spheres with Cheng and Steele
interaction parameters [43]. RNA was modeled using
the ff99bsc0y 13 force field [44] with revised van der
Waals (vdW) parameters for phosphate oxygens [45]
and an additional potential (HBfix) to improve the
description of native hydrogen bonding [46]. Both
corrections are crucial for a correct description of RNA
and have been shown to provide the correct balance of
folded/unfolded states in TL folding [46]. All systems
were solvated using the OPC water model [47] and
neutralized with Na™ ions [48]. Periodic boundary
conditions were applied in the xyz dimensions. The
particle mesh Ewald (PME) method (with a real
space cutoff of 1nm) was used to model long-range
interactions. VAW interactions were truncated at
1 nm. The LINCS algorithm [49] was used to constrain
bonds to hydrogen atoms. All MD simulations were
performed in the NpT ensemble, using the velocity
rescale thermostat [50] and the anisotropic Berendsen
barostat for pressure regulation. We considered both
folded and unfolded states of the RNA sequence to
calculate enthalpy differences corresponding to the
folding/unfolding process in water and on graphene
(see figure SI10 (stacks.iop.org/TDM/5/031006/
mmedia) for an overview of the simulation setup). The
initial structures used for enthalpy calculations were
minimized and thermalized at 300K and 1 bar with a
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Figure2. (a)Liquid mode AFM images of single and double layer graphene and graphite immersed in RNA solution. (b) The
corresponding height distributions of nanoparticles on single and double layer graphene and graphite. The nanoparticles’ heights
varied between 2.0 and 3.5 nm on single layer graphene and 5.0-6.5 nm on double layer graphene. On thicker graphite, two classes of
nanoparticles were observed: the heights of the smaller ones ranged from 2.5 to 4.0 nm and those of the larger ones ranged from 16.5
to 19.0 nm. (c) The number of graphene layers was determined by considering the systems’ Raman characteristics.
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time step of 2 fs, followed by a 400 ns production run,
of which the first 100 ns were treated as an equilibration
stage and thus excluded from the final analysis. Average
enthalpies were obtained using Gromacs’ g energy
tool. Energy differences were recorded between
independent simulations corresponding to different
RNA conformations (folded and unfolded) with
and without the presence of graphene. A necessary
precondition for comparing the results of any two
simulations was that they involve the same numbers
of atoms of each type. This approach was successfully
used by Peréz-Villa et al to study RNA/protein
complexes [51]. To model RNA association, 9 unfolded
10-mer RNA molecules were placed in the vicinity of a
graphene surface (their total net charge was neutralized
by adding sodium counter ions) and simulated for
100 ns under the conditions described above.

3. Results
3.1. Self-organized pattern of RNA on the graphene

At the higher concentration of 100 pmol ul™', the
studied RNA oligonucleotide formed a self-organized

pattern of nano-objects on the graphene surface
(figure 2). Liquid mode AFM was employed for the
topographical measurement and the visualization of
the mechanically exfoliated single and double layer
graphene and graphite while being immersed in the
RNA solution. Further, AFM aided in the identification
of the different patterns formed by nano-objects on
the graphene/graphite surface (supporting figure S1).
The self-organized pattern was rather homogeneously
distributed over the graphene surface independent of
the layer underneath. The number of layers, however,
influenced both size and density of the nanoparticles
(figure 2(a)). The height histograms of the particles’
dimensions were evaluated for all three substrates,
single and double layer graphene and graphite. The
average particle height on single layer graphene was
2.6 £ 0.4nm, while the nanoparticles on graphene
bilayers were twice as large on average, 5.6 £ 0.3nm
(figure 2(b)). On graphite, two sizes of objects
were observed with average heights of 3.3 £0.5
and 17.6 £ 1.1nm arranged in a sparse network
(figure 2(b) and supporting figure S2). Besides the
dimension, the densities of the observed particles
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reveal an approximate vacancy depth of 1.5 nm.

Figure 3. (a) Optical image of single/double layer graphene on an SiO2/Si substrate. (b) AFM topography image of graphene
immersed in an RNA solution observed by liquid mode AFM. The graphene surface is covered by a self-organized pattern of
nanoparticles whose size and density depends on the underlying surface’s number of graphene layers. (c) After drying, the
nanoparticles disappear, leaving vacancies in the RNA film. (d) The measured line profiles along the red and black lines shown in (c)
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Figure4. (a) AFM image of RNA solution on a graphene surface at RT, (b) at 75 °C, and (¢) after cooling back down to RT (c). The
nanobubbles on the graphene surface dissipated upon heating and then reformed upon cooling, indicating that their formation is
reversible. The scheme below illustrates entrapping of nanobubbles in nanoholes within RNA film on graphene.

were estimated from the same AFM pictures. As the
number of graphene layers increased, the density
of nanoparticles on the carbon flakes fell from 187
particles per um? (ppsmi) for single layer graphene to
142 ppsmi for double layer graphene and ended with
104 ppsmi for the smaller particles on graphite. The

largest nanoparticles had a density of only 4 ppsmi. In
an intermediate conclusion, the nanoparticles’ height
and average distance to their nearest neighbor seemed
both to increase along with the number of graphene
layers. The size and density variation of the nano-
objects could not have been caused by experimental
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conditions since the AFM pictures were taken at the
same conditions at separate experiments and it was
even observed in a single measurement on different
layers (figure 3).

3.2. Nanobubbles entrapped by RNA film

on top of graphene

In order to decipher the nature of the observed nano-
objects we carried out additional experiments; liquid
mode AFM experiments at elevated temperature,
AFM experiments under ambient conditions and
high-angle annular dark field (HAADF) of scanning
transmission electron microscopy (STEM) followed
by the elemental mapping by the corresponding
energy dispersive x-ray spectroscopy (EDS) on dried
samples. In the performed liquid AFM experiments
at an elevated temperature, the nanoparticles
disappeared upon heating to 75 °C (figure 4) and then
reformed upon cooling back to room temperature
(RT), indicating a reversible process of formation/
disintegration of nano-objects. The well depth of the
vacancies observed at 75 °C was 1.5nm (supporting
figure S3). This suggested that the observed nano-
objects are not composed of biomolecules, but rather
of gasresiding at the interface. The higher temperature
would cause the disintegration of these bubbles that
could originally prevent access of the probe to the
graphene surface in the liquid mode AFM. It is worth
noting that the self-assembled pattern remained intact
at the elevated temperature (figure 4), indicating that
the graphene surface was covered with a rather well-
packed network of RNA molecules.

Prior to the ambient AFM and STEM measure-
ments, the RNA-graphene samples were dried with a
dry nitrogen stream. During the drying process, the
nanoparticles disappeared, leaving vacancies at the
positions they had occupied, similarly to elevated
temperature experiment, and thereby seeming to pro-
duce a negative of the previous pattern (figures 3(b)
and (c)). The pattern was not a true negative since
the remaining holes were 1.5 + 0.2nm deep match-
ing the results from the AFM at an elevated temper-
ature regardless of the number of graphene layers
(figure 3(d) and supporting figure S4). This led us to
the conclusion that the nanoparticles were nanobub-
bles made up from trapped gas adsorbed at the solid/
liquid interface of water and graphene. During the dry-
ing process, this interface would disappear and nano-
bubbles would disintegrate. Similar nanobubbles had
been observed in other AFM experiments [52], and
their stability was attributed to the encapsulation of a
Knudsen gas [53]. With the nanobubbles on one hand
and a hole depth of 1.5nm on the other, we further
deduced that the observed pattern was incorporated in
a layer of RNA molecules. This would mean, that the
RNA molecules cover the entire accessible graphene/
graphite surface forming a film on top of the surface.
With the exception, where the formation of nanobub-
bles acts as a mask preventing parts of the graphene to
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be covered. Therefore, the holes would already exist in
the liquid phase, but not be visible in the AFM pictures
because the probe would not penetrate the bubble
surface due to a low loading force. And thus, the holes
would be first visible in normal ambient conditions
after the disintegration of the nanobubbles due to
the drying. Such holes had been observed in previous
experiments with dry samples of single stranded DNA
on graphene [26], however, the mechanism of their
appearance was unclear.

Since the SiO, substrate was not covered by the
RNA film in any of our experiment, the thickness of
the RNA/graphene flake could be measured. The
obtained value 2.0 £ 0.2nm agrees fairly well with a
sum of RNA layer (1.2 & 0.2 nm, see below) and single
graphene layer (0.3 & 0.2nm), considering, moreover,
the eventual graphene and SiO, roughness. It should
be noted that the observed thickness of the RNA layer
on graphene in water and in air did not differ signifi-
cantly.

Additionally, the observed nano-objects were char-
acterized by HAADF in STEM mode of HR-TEM and
by the elemental mapping by EDS analysis (support-
ing figure S6). The elemental mapping identified the
presence of phosphorus, carbon and oxygen covering
the graphene surface and surrounding nano-objects.
Taking these pictures under UHV conditions under
an electron beam alters the behavior of RNA, but con-
firms presence of the RNA film on graphene surface.

3.3. RNA stacks unfolded to graphene surface
However, the formation of the well-packed RNA layer
is only possible when there is enough material to form
the homogenous film, i.e. if RNA concentration in
solution is high enough. We repeated the liquid mode
AFM experiment using the single layer graphene
and a 50-fold diluted RNA solution (c(RNA) =2
pmol pul™!). Under these conditions, we did not
observe the self-assembled pattern discussed above
(see figure 2(a)). The lower concentration was not
only insufficient to form the homogenous RNA
film but also unable to entrap gas nanobubbles on
the graphene surface. Even though, we observed
randomly and sparsely distributed nanoparticles,
we did not see any other alien nano-objects in the
system. The observed clusters were exclusively
attached to the graphene surface rather than the SiO,
support (supporting figure S1). We concluded that
the nanoparticles were individual RNA molecules
and small RNA clusters (remaining intact after
drying); whereby average experimental height was
1.2 £ 0.2nm. Regarding the experiments with higher
concentration, this confirmed homogenous RNA
layer and bubble hypothesis. Another indicator was
that the stiffness mapping revealed that the observed
features were softer than the substrate, although a
Young’s Modulus cannot be calculated due to the
small dimensions of the formed objects (supporting
figure S7).
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Figure5. (a) AFM topography image of a small area of the graphene monolayer in a dilute RNA solution, highlighting RNA
molecules and clusters in green (original AFM image without the highlighted areas is in figure S9), which were used for the grain
analysis resulting in the height histogram shown in panel (b). The mean height of RNA equals to 1.2 £ 0.2 nm, which corresponds
to unfolded RNA (see panel (d)) stacking on the graphene surface. (b) Height histogram of distinct RNA molecules or clusters
observed on the graphene monolayer by AFM. (c) RNA cluster formed in an MD simulation whose structural features are consistent
with the AFM results. The coloring was chosen as in the panel (a) to clearly distinguish between the RNA molecules (in green) and
the substrate. (d) Theoretically estimated height histograms of folded (red) and unfolded (blue) RNA molecules on graphene from
two independent MD simulations. The insets show representative structures of the unfolded and folded states.
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3.4. Theoretical insightinto the graphene induced
RNA unfolding

To better understand the behavior of RNA molecules
on graphene, we performed classical all-atom MD
simulations of two differently sized oligonucleotides
(10-nucleotides-long and shorter 8-nucleotides-
long) in water and computed average enthalpies
for its folded and unfolded states. Assuming that
hairpin folding is an enthalpy-driven process
[54], partly counterbalanced by an unfavorable
entropy contribution that is connected with loss
of conformational freedom upon hairpin folding
(however, in total, the enthalpic contribution exceeds
the entropic term), the enthalpy difference can serve
for direct comparison of stability of individual RNA
states. The simulated oligonucleotides preferentially
adopted the folded hairpin conformation in water; the
folded form was more thermodynamically stable than
the unfolded form by AH = 15 + 1 kcal mol™! for
the 10-nucleotides-long RNA and by AH =10 £ 2
kcal mol ™! for a shorter (8-nucleotides-long) hairpin.
Additional GCclosing pairin 10-mer hairpinincreased
the stability of the folded form by approximately
AH=5 kcal mol™! compared to 8-nucleotide
RNA. This observation is consistent with previous

experimental findings suggesting that the studied
oligonucleotide is an autonomously folding hairpin
motif that is thermally stable at ambient temperature
[55]. These results suggested that the chosen force
field and MD simulation setup adequately described
the studied system and could be used to help interpret
the experimental results. We, therefore, performed
additional simulations to study the RNA hairpin’s
behavior on graphene. The unfolded 10-nucleotides
long RNA stacked on the graphene surface was more
stable (by AH = 2 =+ 2 kcal mol™!) than the folded
hairpin interacting with graphene. In the case of the
shorter 8-mer hairpin, the enthalpy difference was
11 + 3 kcal mol ™! again in favor of the unfolded form.
Moreover, in our simulations practically all bases were
directly stacked to the graphene surface. Thus, the
unfolded state may be further stabilized by reducing
the hydrophobic surface of graphene exposed to water
upon base stacking to this surface, i.e. by hydrophobic
effect. All this suggests that the hairpin should be
expected to unfold in the presence of graphene and
bind to the graphene surface via 7— interactions [22].
The average height of the unfolded 10-nucleotide-
long RNA on graphene was 1.2 £ 0.1nm, which
is consistent with the height observed in the AFM
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experiments with dilute RNA (figures 5(b) and
(d)). In another MD simulation with more RNA
molecules, we observed the formation of contacts
between individual unfolded oligonucleotides on
the graphene surface, and the development of RNA
clusters (figure 5(c)), which again agreed with the
experimental observations. Approximately one half
of the bases of individual RNA molecules forming the
clusters stacked to the graphene surface and the other
half created intermolecular contacts via stacking and
hydrogen bonding interactions among RNA hairpins.
Each RNA molecule formed ~7 hydrogen bonds with
the neighboring RNA hairpins (for more details see
supporting figure S8). These noncovalent interactions
stabilized RNA clusters on the graphene surface.

Taken together, the experiments and simulations
discussed above provide enough evidence that RNA
forms stacking interactions with graphene surfaces
in water, leading to the development of homogene-
ous RNA films consisting of clusters of interacting
RNA oligonucleotides. These films entrap nanobub-
bles on the graphene confined by RNA film. Heights
and lateral distributions depend on the number of
underlying graphene layers. Both height and lateral
size of the bubbles might be rationalized by combi-
nation of the Young—Laplace and Young equations,
although, it is worth to note that the predictability
of such macroscopic description is rather limited in
case of nanobubbles containing Knudsen gas [53].In
addition, the nanobubbles observed in this study are
even one order of magnitude smaller than the nano-
bubbles stabilized by the Knudsen gas. We hypoth-
esize that the nanobubbles of such small size are sta-
bilized by pinning to the RNA film, which is in turn
sensitive to the number of graphene layers because of
different hydrophobicity of such surface. The experi-
ments were performed using graphene mounted on
a hydrophilic SiO, surface. Because graphene exhib-
its partial wetting transparency [56], the hydropho-
bicity of the multilayer surface should increase with
the number of graphene layers [57]. A corrugation
of graphene surface also decreases with number of
stacked graphene layers. However, the mechanism
governing formation of nanobubbles entrapped in
RNA film is not fully elucidated and deserves further
analysis.

4. Conclusions

We analyzed the behavior of a prototypical RNA
oligonucleotide on graphene in water by liquid mode
AFM and interpreted the results with the assistance
of all-atom MD simulations. The RNA molecules,
which form thermally stable native folded hairpin
structures in water, melt on the graphene surface. At
sufficiently high concentrations, the unfolded RNA
molecules form a film that entraps nanobubbles; at
lower concentrations, they assemble into clusters
of unfolded RNA oligonucleotides that are sparsely

P Letters

distributed over graphene surface. The calculations
suggested that the experimentally observed
unfolding occurs because stacking interactions
between RNA nucleobases and graphene outweigh
the intramolecular interactions that stabilize the
RNA hairpin in water. The height and distribution of
nanobubbles over the graphene surface depended on
the number of graphene layers, i.e. the hydrophobicity
of the graphene surface. On single layer graphene, the
bubbles were smaller and more densely distributed,
while on graphite they were large and sparsely
distributed over the surface. Biomacromolecules can
thus display very specific behaviors upon contact with
graphene surfaces in water, and their properties can
vary with the surface hydrophobicity, concentration
and temperature. These results and the implied
possibility of manipulating the properties of surface-
bound biomolecules should be borne in mind when
developing graphene-based sensors or graphene-
based nanocarriers for applications in areas such as

drugdelivery or gene therapy.
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