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ABSTRACT: MicroRNAs (miRNAs) are small noncoding RNA molecules
associated with the regulation of gene expression in organisms. MiRNAs are focused
on as potential cancer biomarkers due to their involvement in cancer development.
New potential techniques for miRNA detection are rapidly developed, while there is
a lack of effective extraction approaches, especially for miRNAs. Recently, graphene
quantum dots (GQDs) have been involved in many disease biosensor platforms
including miRNA detection, but no application in miRNA extraction is studied. To
extract miRNAs, miRNA adsorption and desorption on GQDs are the key. Thus, in
this work, the adsorption mechanism of miRNA on GQDs in solution is revealed
using molecular dynamics simulations. The aim is to explore the possibility of using
GQDs for miRNA extraction. The folded miR-29a molecule, one of the key cancer
biomarkers, is used as a miRNA model. Two systems with one (1miR) and four
(4miR) chains of miR-29a were set. MiR-29a molecules in all systems are
simultaneously adsorbed on the GQD surface. Our finding highlights the ability of the GQD in collecting miRNAs in solution. In
1miR, the whole miR-29a chain sits on the GQD face, whereas all miR-29a molecules in 4miR show the “clamping” conformation.
No “lying flat” orientation of miR-29a is observed due to the existence of the preserved hairpin region. Interestingly, the 5′ end
shows tighter binding than the 3′ terminus. A design of complementary DNA with the recognition segment involving the sequences
close to the 3′ end can promote effective miR-29a desorption.

■ INTRODUCTION
MicroRNAs (miRNAs) are small noncoding RNA molecules
(∼22 nucleotides) that are known as potent regulators of gene
expression in eukaryotes. They can be classified as oncogenic
and tumor suppressor factors. They were found to play an
important role in regulating carcinogenesis.1 Thus, miRNAs
are excellent candidates for next-generation cancer biomarkers
because they are stable and abundant in circulation.2

Moreover, each miRNA shows pathology specificity; therefore,
it can be used for the early detection and diagnosis of serious
diseases such as cancer.3,4 Thus, many studies shed light on
developing the analytic methods for miRNA determination.4,5

One of the key factors for improving the sensitivity of miRNA
detection is the effective miRNA extraction and purification
from biological matrices. Poorly controlled sample preparation
and extraction can lead to many errors during the detection.
The most common miRNA extraction technique is to either
use organic solvents or columns packed with solid sorbents,
but they yield low recovery for short nucleic acids,6 which
seems to be incompatible for miRNAs. New methods are thus
developed using various nanomaterials including graphene
oxide (GO), carbon nanotubes, and metal nanoparticles6−10

for isolating DNAs from interfering molecules in a biological
sample, and some are directly coupled with detection
assays.11−13 The adsorption of DNA onto nanomaterials and
desorption by complementary DNA/RNA probes are one of

the key steps for effective DNA extraction. Such techniques are
mostly applied to DNA. The applications of nanomaterials in
extraction of small RNAs, especially miRNAs remain limited.
The recovery of miRNAs depends on the efficiency of the
extraction method;14,15 therefore, new extraction techniques
that provide high quality and quantity of miRNAs recovered
are required.
A graphene quantum dot (GQD) is a zero-dimensional

material consisting of one or more graphene sheets with sizes
ranging from 3 to 20 nm.16−18 It has promising applications in
biomedical research due to its high biocompatibility and
tunable photoluminescence.19−21 Furthermore, compared to
other colloidal semiconductors, metal quantum dots, and
graphene oxide (GO), GQDs show more biocompatibility and
nontoxicity.21−23 GQDs serve as an ideal substrate for
biomolecules and a universal quenching agent at the same
time;11 therefore, they are involved in many disease biosensor
platforms including miRNA detection.22,24,25 In contrast, no
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data for the use of GQDs in miRNA extraction are available.
Thus, it is interesting to explore the feasibility of GQDs in
extracting miRNAs to pave a way for new extraction
techniques. Although graphene oxide has recently been
reported to show a good performance in extracting short
RNAs from biological samples,26−28 the lower toxicity and
more biological inert properties of GQDs are attractive enough
to investigate their performances for miRNA extraction. To
determine the capacity of GQDs for extracting miRNAs, the
understanding of how miRNAs adsorb and desorb on GQDs at
the microscopic level is crucial.
In this work, the adsorption mechanism of miRNA on a

GQD is studied. A small graphene (GRA) sheet with a
dimension of 4.2 × 4.9 nm2 is used as a GQD model, while
miR-29a serves as a miRNA model (Figure 1). MiR-29a is
involved in many cell processes.29,30 Recently, miR-29a has
been reported to be a potent biomarker for various cancer
types31−36 and correlated with kinds of nonmalignant diseases
such as Alzheimer’s disease,37 tuberculosis,38 diabetes,39 and
liver diseases.40 Thus, the study of miR-29a adhesion onto the
GQD can be beneficial for cancer screening. To explore the
adsorption of miR-29a in a microscopic view, molecular
dynamics (MD) simulations were employed here. MD
simulations have been successfully used to understand the
binding mechanism of many nucleic acids and graphene and its
derivatives.10,41−43 Two miR-29a−GRA systems containing
one (1miR) and four (4miR) chains of miR-29a were set to
explore the effect of multiple miR-29a on their GRA-binding
affinities (Figure 1). Even though many previous computa-
tional studies on the adsorption of single-stranded nucleic
acids onto graphene and its related materials are avail-
able,42,44−47 the non-native single-stranded DNA/RNA
structures were used. These experiments cannot fully reflect
such RNA/DNA behavior in their native condition. Therefore,
the folded miR-29a model is used in this work to understand
the behavior of native miR-29a in a GQD solution. Only the
miR-29a adhesion mechanism is revealed here because the
spontaneous desorption process requires a long time scale,
which is not practical for conventional MD simulations.
Nonetheless, an insight into the adsorption mechanism here
can be useful for the future development and design of miRNA
extraction strategies.

■ MATERIALS AND METHODS

Preparation of the miR-29a Structure. The starting
structure of miR-29a (5′UAG CAC CAU CUG AAA UCG
GUU A 3′) was constructed using the RNAcomposer server.48

MiR-29a contains 22 nucleotides, including seven adenines
(A), five cytosines (C), four guanines (G), and six uracils (U;
Figure 1A). MiR-29a was placed in a cubic box (9 × 9 × 9

nm3) and solvated by TIP3P waters with counterions. In total,
50 000 steps of energy minimization were run to remove bad
contacts with the steepest descent algorithm. (The details of
the condition used are presented in the MD Simulation
Protocols section). The equilibration run was performed for 10
ns followed by the 100 ns production run. The final snapshot
at 100 ns was employed for further adsorption studies. MiR-
29a shows the hairpin structure at the 3′ side with the freely
moving 5′ end (Figure 1A).

Preparation of the miR-29a - GRA System. GRA with a
dimension of 4.2 × 4.9 nm2 used was constructed using the
VMD nanostructure builder plug-in.49 Two GRA systems
containing one (1miR) and four (4miR) chains of miR-29a
molecules were set (Figure 1B,D). For 4miR, each miR-29a
chain was put at each side of GRA (2 sides, 1 bottom, and 1
top), while in 1miR, miR-29a was placed on top of the GRA
surface. Both 1miR and 4miR were placed into 10 × 10 × 10
and 15 × 15 × 8 nm3 cubic boxes, respectively. All miR-29a
were placed at least 2 nm away from a GRA sheet. Then, all
systems were neutralized by counterions and soaked in a 1 M
NaCl electrolyte solution. The 50 000 steps of energy
minimization were performed with the steepest descent
algorithm. The MD productions of 1miR and 4miR were
performed for 500 and 1000 ns. Two replicas of 1miR were run
with different random seeds. The suffixes of “_1” and “_2”
were used to represent first and second repeats. Both GRA and
miR-29a were set to freely move to mimic the extraction
environment in a sample solution.

MD Simulation Protocols. The GROMACS 5.1.5 pack-
age (www.gromacs.org)50 was used to carry out all MD
simulations with the AMBER99SB-ILDN force field.51 A
harmonic potential with a spring constant of 1000 kJ mol−1

nm−2 was used. The particle mesh Ewald (PME) method52,53

with a short-range cutoff of 1 nm, a Fourier spacing of 0.12 nm,
and fourth-order spline interpolation were employed for long-
range electrostatic interactions. Bond lengths in each system
were constrained by the LINCS method.54 Periodic boundary
conditions were applied in xyz directions. All simulations were
performed with the number of particles, pressure, and
temperature held constant (NPT). A DNA aptamer, GRA,
solvent, and ions were coupled individually using a v-scale
thermostat55 at 300 K with a coupling constant of τt = 0.1 ps.
The pressure was coupled using the Parrinello−Rahman
algorithm at 1 bar with a coupling constant of τp = 1 ps.
The time step for integration was 2 fs. Coordinates were saved
every 2 ps.
GROMACS tools and locally written code were used for

data analysis. Graphical figures were generated by VMD.49

Root-mean-square deviation (RMSD) and fluctuation (RMSF)
calculations were computed using an initial structure from each

Figure 1. (A) Cartoon view of miR-29a and its sequences. (B, C) Initial orientations of the two systems (1miR and 4miR) in this work.
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production as a reference. The hydrogen bonds were
computed using g_hbond with default parameters (the
hydrogen−donor−acceptor cutoff angle was 30° and the
cutoff radius (X-acceptor) was 0.35 nm). The percentages of
contacts were computed using a cutoff of 0.35 nm.

■ RESULTS AND DISCUSSION

The 3D structure of miR-29a is modeled via 100 ns MD
simulations. MiR-29a forms a hairpin structure with the freely
moving 5′ end in an aqueous solution (Figure 1A). U16 is
observed to be located at the tip of the hairpin structure. This
conformation appears to be stable throughout the course of
simulations (Figure S1 in the Supporting Information).
In the presence of GRA, all miR-29a are deposited on GRA

within 150 ns (Figure 2). These miR-29a−GRA complexes are
formed and last until the end of all simulations. This highlights
the ability of GRA to adsorb miR-29a. Nonetheless, different
miRNA-GRA distances found in each system indicate various
binding poses of bound miR-29a molecules (Figure 2). By
comparing between 1miR_1 and 1miR_2, 1miR_2 seems to
bind tighter to GRA (Figure 2A). This is because the whole
1miR_2 chain lies on the GRA surface. Only the top region of
the hairpin structure at the 3′ end stands upright and stays
unbound (Figure 2B). On the other hand, 1miR_1 uses both
3′ and 5′ ends to stand and points the whole hairpin loop to
the bulk (Figure 2B). In the case of 4miR, it appears that a
GRA sheet is fully covered by all four miR-29a molecules

spontaneously. Even though GRA can carry all four miR-29a
molecules, different GRA-binding distances demonstrate
different orientations of miR-29a (Figure 2B). Each miR-29a
seems to adhere to GRA consecutively. The distances in Figure
2A suggest that chains A and D clip on GRA first with a
comparable speed of adsorption followed by chains C and B.
Chain B seems to loosely adhere on GRA, while chain D shows
the tightest packing (Figure 2A). Overall, two zones on a miR-
29a molecule are identified to initiate the miRNA-GRA
binding. Either the free 5′ terminus (U1) or the tip of the
hairpin loop (U16) are found to trigger the adhesion by
latching onto the GRA surface before complete miR-29a
adsorption is achieved (Figure 2C). Both 1miR_1 and 1miR_2
employ the 5′ terminus to land on the surface of GRA. For
4miR, the 5′ end is also employed for the adhesion of chains A
and B, whereas U16 is first landed on chains C and D (Figures
2C and S2 in the Supporting Information). Both U1 and U16
lack intramolecular interactions, so this makes them more
flexible to hunt for the GRA surface (Figure S3 in the
Supporting Information). In addition, the adsorption on GRA
does not significantly disrupt the hairpin structure. The average
nucleobase−nucleobase hydrogen bonds in all miR-29a−GRA
systems are computed in comparison to those of the folded
miR-29a in solution (Figure 2D). Compared to GRA-free miR-
29a, all adsorbed miR-29a molecules show a slightly lower
number of hydrogen bonds (∼6.25 to 7.93 hydrogen bonds),
except 1miR_1. 1miR_1 displays a high number of hydrogen
bonds because its hairpin loop is left GRA-unbound in the bulk

Figure 2. (A) Distances between miR-29a and GRA in 1miR and 4miR systems. The final orientations of miR-29a on the GRA surface for all
systems are shown in (B). The 3′ and 5′ ends are displayed in magenta and green VDW beads. The two binding zones of miR-29a to GRA are
shown in (C). (D) Number of average hydrogen bonds between nucleobases in a hairpin structure (orange area) in all systems compared to folded
miR-29a in solution, where standard deviations are also included. Hydrogen bonds are calculated from 50−100 ns in miR-29a in solution, 250−500
ns in 1miR, and 500−1000 ns in 4miR.
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(Figure 2B). Nevertheless, the reduction of base−base
interactions here can reflect the denaturation of the hairpin
region, even though they seem to be trivial. These minor
changes also indicate the preservation of the secondary
structure of bound miR-29a.

The structural flexibilities of each component in a system are
also investigated via the root-mean-square deviations
(RMSDs) and fluctuations (RMSFs; Figure 3). GRA in
1miR_1 and 1miR_2 becomes stable after 250 ns, while the
presence of multiple miR-29a chains (4miR) causes less GRA

Figure 3. RMSDs of GRAs with their final conformations (A) and miR-29a in 1miR (B) and 4miR (C). The inset in (C) shows the conformation
of chain B after 500 ns.

Figure 4. (A−D) MiR-29a contacts with water and GRA in all systems. The conformations of all chains in 4miR at 100, 400, and 1000 ns are
shown in (E). Chains (A−D) are colored in black, red, green, and blue, respectively.
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flexibility (∼0.05 nm; Figure 3A). Nonetheless, the GRA
curvature is observed in all systems (Figure 3A). This GRA
curvature is also seen in previous work.41,56,57 Considering
miRNA chains, it appears that the degree of structural
flexibility depends on how well miR-29a binds GRA. 1miR_1
shows higher flexibility because the whole hairpin structure is
left in the bulk (Figure 2C,B). So does chain B in 4miR. The
high fluctuation of chain B after 500 ns is caused by the
unbound hairpin loop (Figure 3C).
Furthermore, the analysis of miR-29a contacts with water

and GRA is calculated (Figure 4). As reported earlier, all miR-
29a chains bind GRA spontaneously with different miRNA
conformations. For a single nucleic acid system, 1miR_2
makes high GRA contacts (∼450 contacts) corresponding to
its tight binding, whereas the highly water-exposed hairpin
loop in 1miR_1 leads to less GRA contacts (Figure 4A,C).
This water-exposed loop also permits high structural flexibility,
as shown in Figure 3B. For the 4miR system, the GRA sheet is
wrapped by all four miR-29a molecules with different binding
affinities (Figure 4). The “clamping” conformations, where
miR-29a employs one end to pin on one side of GRA and the
other end to clasp the other side, are captured in all miR-29a
chains (Figure 4E). In Figure 4D,E, it is noticeable that three
chains of miR-29a can simultaneously adhere to the GRA
surface within 100 ns. A comparable degree of GRA contacts
(∼200 contacts) is observed among the three before chain D
fully clips on a GRA sheet and shifts the GRA contacts to
∼450 contacts (Figure 4D). An increase in GRA contacts also
reduces water contacts, as shown in Figure 4B. Chains A and C
seem to show similar degrees of binding affinities. In contrast,
chain B spends ∼200 ns in the bulk before landing on the GRA

surface. After the adsorption by the 5′ end (before 500 ns), the
whole hairpin loop of chain B is left unbound in a solution,
resulting in a lower number of GRA contacts (Figure 4D,E).
After that, the hairpin falls onto the GRA surface resulting in
an increase in GRA contacts (Figure 4D,E). Seemingly, all
chains are stabilized on the GRA surface via the clamping
orientations.
In Figure 5A, the contacts between GRA and two major

parts (backbone and nucleobase) of miR-29a are investigated.
For the formation of the miR-29a−GRA complex, there are
two competing forces that are the base−base interactions
within the miR-29a structure and nucleobase−GRA π−π
stacking interactions. Figures 4D and 5A clearly indicate that
the nucleobase−GRA π−π stacking interactions are dominant
and serve as the major driving force for miR-29a adsorption.
The nucleobases of miR-29a serve as the π−π binding region
responsible for facilitating the interactions with GRA, while the
interactions with miR-29a’s backbone are minor (Figure 6A).
This finding follows a similar trend as obtained from previous
nucleic acid studies.41,58 The interactions between chains are
also studied. Some intermolecular interactions between chains
are found (Figure 5B). Each chain can interact with its
adjacent chain. For example, chain A can hydrogen bond with
its neighbors, chains B and C (Figures 5B and 6B for their
locations). No interaction between opposite chains is
identified. Only a few hydrogen bonds between interbase
pairs are found (Figure 6C). It highlights that miR-29a
adhesion is driven by the nucleobase−GRA stacking
interactions. Besides, the presence of multiple miR-29a
molecules does not induce or facilitate the miR-29a adsorption
onto GRA. Each miR-29a molecule aligns on the surface of

Figure 5. Number of contacts of base−GRA (A) and backbone−GRA (B) in the 4miR system. Hydrogen bonds between two chains (A) and
nucleobases (C) in 4miR.
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GRA separately. Also, no miR-29a clustering appears. This
separated packing suggests the easy access of their comple-
mentary probes. However, the effect of higher concentrations
of miR-29a on their clustering is further required.
In addition, the percentages of contacts between each base

and GRA are computed to illustrate the interaction network
(Figure 6A,B). It is clear that all miR-29a molecules in both
1miR and 4miR systems employ both termini to interact with a
GRA nanosheet despite different binding mechanisms. For
1miR systems, residues 14−18 (the top part of the hairpin
loop) in both 1miR_1 and 1miR_2 are left in an aqueous
solution. In contrast, residues 1, 5−9, 11, 12, and 22 in both
systems are completely trapped on a GRA surface (Figures 6A
and S4 in the Supporting Information). In the case of 4miR,
residues 1−6 at the 5′ terminus and 22A at the 3′ end mostly
play a role in anchoring the miR-29a structure on a GRA sheet.
Chains A and B share similar poses with highly water-exposed
hairpin regions, whereas chains C and D display the close
packing because of the additional contacts with residues 16, 17,
20, and 21 in chain C and residues 14−17 and 19−21 in chain
D (Figure 6B,C). Residues 9−13 in all miR-29a show no
contribution to GRA contacts (Figure 6B,C). It is interesting
that all adsorbed miR-29a molecules expose their midchain in
the bulk, although different degrees of wettability are captured
(Figure 6C). This mechanistic information is the key to design
the recognition segment for complementary DNA. Many
previous studies are devoted to the adsorption of non-native
single-stranded DNA/RNA on a GRA sheet.42,44−46 These
allow the “lying flat” conformation that destroys the secondary

structure by complete adsorption. So, it lacks molecular
information on how GRA affects the secondary structure of
nucleic acids. In this work, the native structure of miR-29a is
employed. The results show that the folded structure can
interfere with the complete adsorption of miR-29a.
To desorb miR-29a from GRA, the specificity of probe

molecules is the key. Using complementary DNA is one of the
common strategies for miRNA recognition and desorption. In
general, the theoretical interaction energies of the nucleobase−
GRA pair were reported to be in the range of ∼−10 to −20
kcal/mol,47,59,60 which is in a comparable degree of interbase
hydrogen bond and base-pairing π−π stacking energies (∼−5
to −27 kcal/mol).61,62 The corporation between interbase
hydrogen bonds and base-paring interactions between miRNA
and its complementary DNA becomes vital for miRNA
desorption. By comparing between the GRA-bound and
unbound regions, the hybridization of complementary DNA
at the GRA-unbound spot seems to have more impact on
driving the miRNA desorption than the GRA-bound region
because of more water exposure and no hindrance from the
GRA environment. Furthermore, as shown in Figure 6, the
GRA-unbound region is located close to the 3′ terminus. This
suggests that the recognition segment of the complementary
DNA probe should include sequences at the 3′ end for
effective miR-29a extraction. Nonetheless, further experimental
studies are needed.

Figure 6. Percentage of miR-29a−GRA contacts in 1miR (A) and 4miR (B) systems. Residues that are in close contact are shown on the right. (C)
Binding poses of each chain in 4miR with labeled key residues.
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■ CONCLUSIONS
Here, we study the structural and morphological organization
of miR-29a on the graphene (GRA) quantum dot in an
aqueous solution using the folded miR-29a model. It is clear
that miR-29a chains in all cases leave their hairpin loop
exposed to the bulk. No complete adsorption is observed. The
presence of the preserved secondary structure of miR-29a on
GRA is newly identified here. In multiple miR-29a systems,
independent clamping conformations observed for each miR-
29a chain can enhance the chance of probes to detect. As
shown in this work, our GQD model shows the speedy
adsorption of miR-29a onto its surface. This reflects the ability
of the GQD to collect miR-29a in solution. The use of GQDs
may benefit the easier and faster miR-29a desorption because
the small size of GQDs seems to confine the conformation of
nucleic acids to more solvent-accessible poses, which may be
easier for probes to approach. It was found that short DNAs
were adhered more rapidly and bound tighter to large pristine
graphene;63 thus, the graphene derivative, graphene oxide
(GO), was used to minimize hydrophobic π−π interactions
between nucleobases and GRA and solve the solubility
problem of pristine graphene.64 Based on the data in this
work, the strong adsorption of nucleic acids on a large pristine
graphene surface can be solved by the restricted orientations of
DNA/RNA on the GQD surface due to its nanosize. This
limited surface area also implies the ability of GQDs for short
RNA/DNA adsorption. However, this work is primary work
and further studies are needed.
To extract and identify miR-29a, a complementary DNA

probe is commonly used for extraction and determination. The
management of interactions between GRA−miR-29a and the
miR-29a−DNA probe is crucial. The DNA probe must show
more favorable interactions to attract the adsorbed miR-29a.
Moreover, it has to be ensured that no bare GRA surface is
available because a DNA probe is more likely to get adsorbed
on the free GRA surface rather than interacting with the target
miRNA. The other challenges are the specificity of DNA
probes and how they induce the miR-29a desorption. It is
found in this work that miR-29a molecules in all systems show
tighter GRA binding at the 5′ terminus than at other sides.
Thus, the use of complementary bases of DNA probes that
match the sequences at the 3′ terminus, especially the water-
exposed hairpin region, should facilitate more effective
desorption of miR-29a. The desorption of miR-29a by
complementary DNA will be our further work to prove this
hypothesis.
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