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Abstract:

In just over a decade since its discovery, research on graphene has exploded due to a number of
potential applications in electronics, materials, and medicine. In its water-soluble form of
graphene oxide, the material has shown promise as a biosensor due to its preferential absorption
of single-stranded polynucleotides and fluorescence quenching properties. The rational design of
these biosensors, however, requires an improved understanding of the binding thermodynamics
and ultimately a predictive model of sequence-specific binding. Towards these goals, here we
directly measured the binding of nucleosides and oligonucleotides to graphene oxide
nanoparticles using Isothermal Titration Calorimetry (ITC), and used the results to develop
molecular models of graphene-nucleic acid interactions. We found individual nucleosides
binding with Kp values in sub-millimolar range with binding order of rG<rA<rC<dT<rU, while
Smer and 15mer oligonucleotides had markedly higher binding affinities in the range of
micromolar and sub-micromolar Kp values, respectively. The molecular models developed here
are calibrated to quantitatively reproduce the above-mentioned experimental results. For
oligonucleotides, our model predicts complex binding features such as double stacked bases, and
a decrease in the fraction of graphene stacked bases with increasing oligonucleotide length until
plateauing beyond ~ 10-15 nucleotides. These experimental and computational results set the
platform for informed design of graphene-based biosensors, further increasing their potential and

application.
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Introduction

Since its discovery just over a decade ago, the two-dimensional carbon lattice known as
graphene has sparked significant interest due to its unique features.'” Due to its extraordinary
electrical, thermal, and mechanical properties it has been used for a variety of applications
ranging from constructing radar-absorbing surfaces for airplanes’® to designing drug delivery or
imaging vectors for in vivo animal studies.* The graphene itself has been primarily investigated
for device engineering’”’ while its water-soluble form, graphene oxide, has been utilized
particularly for biosensor development.*'’ The nanoscale graphene oxide (nGO) is highly
dispersed and stable in aqueous solution. It has been used for a wide array of biological studies

L2 1t5 interaction with

due to its highly useful and unique properties at the bio-nano interface.
single stranded nucleic acids has attracted significant attention for RNA and DNA detection,"
biomedical and biological imaging, aptasensor designs and environmental monitoring.'*'> nGO
has a remarkable single stranded oligonucleotide adsorption capacity due to specific
intermolecular interactions (aromatic stacking, van der Waals forces, hydrophobic interactions,
and hydrogen bonding) between its planer honeycomb surface and nucleobases of the
oligonucleotides.'® nGO can bind reversibly to single stranded oligonucleotides, which can be
released from the surface in the presence of complementary strands or oligo-binding target

strzmds,13 A7-19

an extremely attractive feature for biosensing applications. However, an effective
biosensor must avoid both false-positive and false-negative signals that would arise from probes
that bind too weakly or strongly to the nGO surface prior to hybridizing with a target sequence.
Therefore, we must first understand how the thermodynamics of ssDNA adsorption to nGO
change as a function of both probe length and sequence composition before we can rationally

engineer efficient nGO-based biosensors.

Prior computational work on this topic has primarily focused on nucleobase interaction with
graphene in vacuum.?® Although these studies have yielded valuable insights on the strength and
nature of interactions in vacuum, a quantitative understanding of how these interactions are
affected by aqueous solvent has remained poorly understood. While explicit-solvent simulations

are ideally suited for characterizing interactions in the relevant aqueous environment, they
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require the development of a force-field that accurately depicts graphene-nucleobase
interactions. Lacking an accurate model, solvent is typically represented only implicitly*'** or
excluded altogether in prior studies. In this work, we have systematically studied the interactions
of single nucleosides and DNA molecules of differing lengths and sequences, adsorbing to a
nGO surface in an aqueous environment, using complementary computational and experimental
approaches. Using isothermal titration calorimetry (ITC), we measured dissociation constants for
individual nucleosides as well as short oligonucleotides. This experimental binding data,
combined with measurements from DFT calculations, were used to calibrate a molecular
mechanics force-field for nucleic acid/nGO interactions, enabling detailed in-silico studies to
probe ssDNA structure and interaction at graphene surfaces. Using our newly developed,
experimentally calibrated molecular model, we uncover complex binding patterns for
oligonucleotides to graphene that paves the way for improved design of graphene-based

biosensors.

Materials and Methods

Materials. All DNA sequences (poly A, poly T, poly G, and poly C) were purchased from
Integrated DNA Technologies (IDT), (Coralville, IA 52241, USA). All reagents were purchased
from Sigma-Aldrich (St. Louis, MO 63103, USA) and used without further purification. RNAse-

free water was used in preparation of all oligonucleotide solutions.

A carboxyl graphene oxide water dispersion was purchased from ACS Material (Medford, MA,
USA) and sonicated 12 h before use to obtain a water-soluble nanosized graphene oxide (nGO)
solution. The average particle size and zeta potential were determined to be 283.3 + 15 nm and -
23.7 £ 2.9 mV, respectively, using a Malvern Instruments Zetasizer Nano ZS. RNase-free water

was used for the preparation of all solutions

Methods.

Preparation of oligonucleotide and nucleoside suspension:

Powder nucleosides were dissolved in deionized (DI) water and diluted to their working
concentrations before use. Concentrations were measured by absorbance at 260nm on a
Nanodrop spectrophotometer, using their extinction coefficients.”> Adenosine, guanosine, and

cytidine were all brought to within 1% of 1mM as determined by the mean of three replicate
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measurements. Uridine and thymidine were brought to within 1% of 10mM. All nucleoside
solutions were stored at 4°C, with the exception of guanosine and deoxyguanosine, which were
stored at room temperature due to their low solubility. Each of the five nucleosides was stored in
the low binding tubes (Eppendorf) and all experiments were performed using these stocks.

Oligonucleotides were purchased from IDT and diluted to 1mM in DI water.
Isothermal titration calorimetry (ITC) studies:

All ITC experiments were performed using the low volume Nano ITC (TA Instruments) at 25 C.
The instrument was factory calibrated using KHCO3-HCl titrations to determine the effective cell

volume. The injection syringe was calibrated by mass of water.”**

Experiments consisted of
titrating the relevant nucleoside or oligonucleotide into the nGO solution, typically with 2.5uL
injections spaced 200 s apart with 350 rpm stirring. For uridine and thymidine, SuL injection
volumes were used due to the lower heat of injection. All experiments were performed using
single “parent” stocks of nGO and reduced nano-graphene oxide particles. The OD value at 230

nm was used to normalize the amount of graphene for each experiment.

Integration of the heat curves was performed using the NanoAnalyze software (TA Instruments),
with automated baseline construction, integrating from the injection start to 150-200 s post
injection. The curves were individually fit with two state binding models with a constant baseline
adjustment to account for the mixing enthalpy contribution. The first data point was excluded
from analysis as is the convention, as was the last data point due to typically anomalous lower
heat. For individual nucleosides, curve fitting was performed on the mean data from replicated
experiments. For oligonucleotides with full binding curves, we performed unconstrained fitting
to determine binding constants, enthalpies, and stoichiometries with errors determined using a
bootstrapping statistical analysis built in to the NanoAnalyze software. Uncertainty in extinction
coefficients of the polynucleotides™ (which proportionately affect enthalpy and stoichiometry

measurements with only minor effects on free energy) are not included in the error bars.

The upper and lower limits of the enthalpy for the constrained curve fitting were determined as
follows. The lower limit of the enthalpy range for the nucleosides was conservatively chosen to
be -27 kcal/mol based on in silico results of the most enthalpically favorable nucleobase-
graphene interaction in vacuum®’. The upper limit for the enthalpy was determined by

experimental data of the largest normalized heat (in kcal/mol) from the first injection of each of

ACS Paragon PFus Environment



©CoO~NOUTA,WNPE

Langmuir

the nucleosides. Much of this data came from preliminary experiments in which various
concentrations of nGO and nucleoside were tested before settling on final experimental
parameters. For a few experiments, our upper limit from this experimental data was too high, and

for those cases we reduced the upper limit enthalpy until the fit was acceptable.
Quantum Chemical Calculations:

All quantum calculations were performed at the B3LYP-D3 level of theory using the Q-Chem
software package™. The system consisted of the nucleobase molecule in a plane parallel to a
fragment of the graphene sheet (70 atoms) in vacuum. The nucleobase was geometry optimized
in isolation, and then the distance between the base and the graphene plane was varied to
measure interactions energies as a function of distance. Dunning’s correlation consistent cc-
pVTZ basis set was used and the counterpoise correction was employed to minimize basis set
superposition error (BSSE). Prior work has demonstrated the effectiveness of Grimme’s DFT-D3
dispersion-correction combined with the commonly employed B3LYP density functional to
accurately describe the energetics of non-covalent stacking interactions between aromatic

complexes including nucleobases *°~°

Molecular Dynamics (MD) simulations:

System: Our MD simulation systems consisted of a graphene sheet and a nucleic acid species (a
nucleoside or an oligonucleotide) in the presence of water. The graphene sheet was constructed
by placing carbon atoms in a hexagonal honeycomb lattice with a lattice spacing of 0.142 nm,
and was not allowed to move during the course of the simulations. The XY dimensions of the
box were chosen such that the graphene sheet is infinitely periodic in those dimensions. For the
single nucleoside system, the XY dimensions are 4.175 x 4.254 nm®, and for the largest system
studied (20mer) 15.227 x 15.314 nm® box was used. The thickness of the water layer on
graphene, ~ 4 nm (containing about 2500 to 30,000 molecules depending on the system size).
Other than single nucleosides (rA, rG, rC & rU) and homo-pentanucleotides (As, Cs and Ts), we
also studied longer homo- and mixed sequence oligomers. We studied a poly-A sequence of 15

bases, and repeats of (ATGCA),, where n = 1, 2, 3 and 4.

Methodology: All MD simulations were performed using the Gromacs-4.6.3 package.’’

Leapfrog algorithm with a 2 fs time-step was used to integrate the equations of motion and
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propagate the trajectory. All systems were studied in an NVT ensemble using V-rescale
thermostat to maintain the temperature constant through the course of the simulation.>* The long-
ranged electrostatic interactions were calculated using particle mesh Ewald (PME)™ algorithm
with a real space cut-off of 1.2 nm. LJ interactions were also truncated at 1.2 nm. TIP3P model**
was used represent the water molecules, and LINCS®® algorithm was used to constrain the
motion of hydrogen atoms bonded to heavy atoms. The oligos (Smers, 10mer, 15mer and 20mer)
were simulated for 1 microsecond each, which consisted of 10 independent runs started from
different initial conformations. The different initial conformations were obtained from a high
temperature (1000K) simulation of the oligo in vacuum. In addition to conventional equilibrium
MD simulations, we also performed umbrella sampling (US) and non-equilibrium pulling
simulations to calculate binding free-energies of single nucleosides and off-rates of single
nucleosides and short oligos, respectively. For the US simulations, we used 7 equally spaced
windows in the short-range (between ro = 0.3 and 1.0 nm), and 5 equally spaced windows in the
longer range (between rp = 1.0 and 1.6 nm), where 1 is the graphene-nucleoside separation. A
harmonic potential of 0.5k(r-ro)* was used to constrain the nucleoside-graphene distance in the
vicinity of ry. The force-constant (k) was varied systematically to get good overlap in the PMF,
and are listed in Table S5. WHAM?® method was used to unbias the distributions from US
simulations to get underlying free-energy curves. Pulling simulations of single nucleosides and
Smers were done at constant force (40, 80 and 160 pN) and the reported off-rates are averages

from 50 independent unbinding events.
Results and Discussion

The goal of this study is to develop a detailed thermodynamic model for nucleobase adsorption
to nGO surfaces based on experimentally determined binding affinities. To this end, we first
performed isothermal titration calorimetry (ITC) experiments to measure the energetics of
graphene-nucleoside interactions (Figure 1a, 1b, and Figure S1). An ideal ITC experiment of a
two state binding interaction will produce a sigmoidal curve with the midpoint indicating
stoichiometry, the slope of the transition indicating Kp, and the height of the transition indicating
enthalpy. Achieving these ideal conditions, however, requires use of titrant and titrand
concentrations that are significantly higher than Kp, which cannot always be achieved due to

solubility limits. Consistent with previous work®', titration curves for individual nucleosides did
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not show an inflection point, suggesting that nucleosides are in molar excess of the “binding
sites” on the nGO. However, these incomplete curves can still yield important information about
the binding constants. To determine binding constants, we fit the results with a two state binding
model while constraining the enthalpy parameter to realistic values for each nucleoside to avoid
degeneracy between enthalpy and stoichiometry in the fitting (see Methods). From this analysis,
we determined upper and lower limits of the association constant and AG for each nucleoside
(Figure 1C). It is worth noting that the association constant determined from the fit is only
weakly dependent on the set enthalpy (Figure 1C, inset), which allows good estimates of
binding free-energies even without complete knowledge of the binding enthalpy and the molar
concentration of graphene binding sites. The association constants are in the order of
rG>rA>rC>dT>rU, with slight overlap between rA and rC ranges and rU and dT ranges,
indicating some uncertainty. Comparing the heat of the first injections (Figure S1) suggests that
binding enthalpies follow the trend rC<rA<rG<dT<rU. Prior work, including both isothermal
titration calorimetry (ITC)*' and in-silico studies’’, have qualitatively demonstrated that the
adsorption affinity of nucleobases to nGO follow the trend: G>A>C>T Although the prior ITC
experiments”’ measured the nucleoside-graphene interactions in an aqueous environment, the
free energies or binding constants were not ascertained due to experimental uncertainties, which
were addressed in this work. Additional experiments suggest that ribonucleosides and
deoxyribonucleosides interact similarly with nGO particles (Figure S1 and Table S1), and that
reduced graphene oxide (r-nGO) particles and nGO particles bind nucleosides with the same
qualitative behavior and only minor quantitative differences (Figures S1, S2; Tables S1, S2),
indicating that the oxidation state of graphene plays a minor role in nucleoside binding. This
observation is consistent with the binding mode known to be dominated by pi-pi aromatic
stacking interactions.

Next we measured the binding of DNA oligonucleotides with nGO particles. Here we
obtained several complete binding curves (for AAAAA (As), Cs, and AGCTA) due to the
increased binding affinities (Figures 2a, 2b, and S3), and a partial binding curve for Ts. We
were not able to obtain binding data for Gs, which was anticipated due to the strong noncovalent
interaction of G-bases with each other in G-rich sequences. We find that association constants
for As and Cs that were ~40 to ~60 times higher than those of the individual nucleosides, with

enthalpies in the range of -30 to -37 kcal/mol, suggesting that some but not all bases have
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stacking interactions with the surface. Of the oligonucleotides for which data was obtained, the
order in association constants is Cs~As>AGCTA>Ts, and the order in enthalpies is
AGCTA~Cs<As using incomplete data for Ts due to the partial binding curve (Figure 2c).
However, the enthalpy for Ts can be inferred to be between -4 and -11 kcal/mol, if we assume
that the stoichiometry for Ts binding is similar to other oligonucleotides. The binding affinity of
a longer poly-A oligomer with 15 bases showed another order of magnitude increase in binding
affinity compared to its Smer counterpart. The breakdown of the free-energy of binding of the
oligos reveals huge enthalpy-entropy compensation with favorable enthalpic and unfavorable
entropic contributions. In comparing the enthalpies of oligonucleotides with nucleosides, it can
be seen that the enthalpy is sub-additive as multiple nucleosides are added together into
oligonucleotides. Based on the approximate stoichiometry determined from these experiments
(~0.1 for our assigned nGO concentrations), we can deduce that there are ~10 uM of binding
sites in a ~100 pg/mL solution. Given a specific surface area of graphene on the order of ~ 10™
m?/ug’’, we obtain on the order of 1 nucleoside binding site per square nanometer, which

suggests almost complete surface coverage.

Explicit-solvent molecular dynamics simulations are ideally suited to account for the detailed
role of the aqueous solvent in nucleobase-nGO adsorption. Although there are a variety of
molecular mechanics models for describing DNA and graphene separately, to our knowledge no
existing force-field has been calibrated to reproduce actual experimental measurements of
nucleobase-nGO interactions. Armed with the ITC data for validation, we developed parameters
to accurately capture nucleic acid-graphene interactions in water. By performing molecular
dynamics simulations of nucleosides at a graphene-water interface (Figure 3), we determined
distance dependent potentials of mean force (PMF) between the nucleosides and graphene in
water. The global minimum in all the curves is at ~0.4 nm, where the nucleosides are in contact
with the graphene surface, as seen in Figure 3b. We first tested the existing, unmodified
AMBER99 force-field parameters® to test its accuracy in representing nucleoside-graphene
interactions. The PMFs are qualitatively similar amongst all four nucleosides, with their binding
free-energies at the contact minima following the order rG<rA<rU<rC. Adsorption free energies
calculated using the unmodified AMBER99 parameters were in the range of -11 to -16 kcal/mol
(Figure 3¢ and Supplemental note 1). While the trend in binding free-energies is in agreement

with previous studies,”’ the magnitudes are significantly different compared to the results from
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ITC experiments (Figure 1). Specifically, the predicted binding free energies are roughly twice
the experimentally measured values, amounting to several orders of magnitude difference in
equilibrium constants. This discrepancy is not surprising in light of previous work showing that
AMBERY99 parameters over-stabilize stacking interactions, leading to artificially long-lived
compaction of dinucleotides in MD simulations.” Given that the graphene-based biosensors rely
upon the relative propensity of nucleic acids to hybridize compared to their binding affinities to
the nGO surface, it is important that the models quantitatively reproduce the binding free-

energies measured using ITC.

In addressing these discrepancies, we tested the Chen and Garcia parameters which were
specifically parameterized to reproduce experimentally measured dinucleotide stacking
propensities®. As shown in Figure 3¢, Chen-Garcia parameters came noticeably closer to
reproducing experimental values but still overestimated the stacking, which is not unexpected
given the substantially larger stacking surface presented by graphene compared to a nucleobase.
To improve the model, we performed a scaling of the Lennard-Jones (LJ) parameters based on
both theoretical and experimental constraints. Informed by quantum calculations employing
dispersion corrected DFT, we adjusted the atomic sizes (o) to reproduce the repulsive part of LJ
interactions (Figure S4). We then rescaled the interaction strength parameter (¢), to capture the
correct experimentally determined binding free-energies. These recalibrated parameters
(tabulated in Table S4) produced binding free-energies that are in close quantitative agreement
with experimental measurements. Furthermore, similar to experiments the calibrated model
predicts that binding is dominated by enthalpy (Figure S5). This enthalpy dominated binding is

largely expected due to the direct pi-pi stacking interactions between nucleosides and graphene.

To further validate the model, we made predictions on the behavior of oligonucleotides at the
graphene-water interface. Since direct evaluation of association constants or binding free-
energies of oligonucleotide-graphene interaction was not computationally feasible, we performed
pulling simulations to determine dissociation rates under applied force (Figures S6). These
dissociation rates serve as a good measure to compare relative binding affinities, and we found
good qualitative agreement with the experimental results. Specifically, we found the same trend
in binding affinities among the oligos (As ~ Cs > ATGCA > Us) as well as near-quantitative

agreement (in the same order of magnitude) among the predicted and measured change in
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binding free-energy (AAG) values between single nucleosides and 5-mer oligonucleotides
(Figure S6). The 1-2 order(s) of magnitude increase in the association constants for the Smer
oligos compared to the single nucleosides was reproduced in their respective dissociation rates

calculated using the pulling simulations.

After validating the model, we performed extensive MD simulations of various length
oligonucleotides at the graphene water interface (Figure 4). These simulations elucidated several
structural complexities in oligonucleotide-graphene interactions. First, simulations of 5-mer
oligonucleotides shows that, on an average, only 3 to 3.5 bases are predicted to be stacked on the
graphene (Figure 4¢) (A distance cut-off of 0.4 nm from the center of the base is used to identify
the stacked configurations). This observation is consistent with the less than additive enthalpies
experimentally observed, and suggests that simultaneously stacking all bases along the graphene
surface is entropically unfavorable. Interestingly, both Smer and 15mer poly-A (As and Ajs)
oligos show significantly less stacking to graphene compared to the other oligos even though
adenine has the highest stacking enthalpy at the level of an isolated nucleobase. Poly-A is known
for its increased propensity for intra-strand stacking interactions, which effectively can sequester
bases from interacting with the graphene surface. The non-linearity in the percentage of bases
stacked with oligomer length is evident for the mixed sequences, as well as the poly-A oligomer.
It is interesting to note that the percentage of bases stacked decreased from roughly 60% to 50%
going from As to A;s. This decrease amounts to just over a two-fold increase in the number of
bases stacked (3.1 to 7.5), while there is a three-fold increase in oligomer length. The nearly two-
fold increase in the measured enthalpy of binding between As and A;s (Figure 2¢ & Table S3) is
in good agreement with the simulations, which predict a sub-additive increase in base stacking in
the poly-A sequences studied. For the mixed sequences, as the oligonucleotide length increases
from 5 to 20 nt, the model predicts a non-linear decrease in the fraction of stacked bases (Figure
4b), eventually plateauing around 60% between 10 and 15 nucleotides. This plateau suggests a
certain length scale (10 to 15 nt), above which the fraction bound to graphene becomes additive,
which is consistent with experimentally determined binding constants of oligos (5, 10 and
20mer) reported by He et al.** While the binding of nucleic acids to graphene in the short length
scale (from 1 to 5 nt) is non-additive and anti-cooperative, at the longer length scale (< 10 nt) it
becomes additive. The additivity in the longer length scale may result from formation of sub-

structures with stacks and loops which get repeated with increasing number of bases.
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This behavior raises the interesting question of what happens to the bases that are not
involved in direct graphene stacking. It can be seen (Figure 4a & 4d) that a significant fraction
of these are multiply stacked (i.e. stacked on top of a graphene-stacked base), while the
remainder are largely exposed to solution. Density profiles of the nucleobase atoms at the
graphene surface shown in Figure S7 clearly highlight the location of first and second layer
stacks. The molecular structure of the oligos at the graphene surface provide valuable insights
into the mechanism of desorption of nucleic acid oligos from graphene by complimentary DNA
(cDNA), which is crucial for the efficient design of graphene based biosensors. It has been
previously suggested that the hybridization of DNA-cDNA may occur either at the nGO surface
or in solution depending on the concentration of nGO, the relative binding affinities of the DNA
strands to nGO, and the extent of base complementarity between the DNA strands. In recent
work by Liu et al.*', it is suggested that probe strands, like poly-T DNA, are first displaced from
the nGO surface by the complementary strand (poly-A), and only then undergo hybridization in
solution. However, Park et al.¥* have shown that at high concentrations of nGO, where
desorption of probe DNA is specific to introduction of cDNA, hybridization likely occurs at the
nGO surface. In this context, the “super-stacked” (double- and triple-stacked) conformations
observed here potentially reconcile both observations, as they may act as nucleation sites that
enable rapid duplex formation and concomitant desorption of the duplex from the graphene
surface. In ongoing work, the model presented here is being utilized to simulate duplex
formation at nGO surface to gain a molecular understanding of the graphene desorption process
for natural and chemically modified nucleic acids. It is anticipated these advances will enable the

rational design of highly sensitive and robust graphene based biosensors.

Conclusion

Understanding the interaction between nucleobases and graphene surface is essential for
developing efficient graphene-based biosensors, nanotools for delivery of anti-sense
oligonucleotides for cancer theranostics and graphene-based nanopores for DNA sequencing.
The work presented here enables molecular modeling of nucleic acid at graphene surfaces
through an experimentally calibrated set of force-field parameters. These parameters recapitulate
the observed non-additivity in the binding of oligonucleotides at the short lengthscale (1-5mer),
and were further employed to study oligonucleotide-graphene adsorption as a function of oligo

length. The simulations of oligonucleotides bound to graphene revealed that nearly 40% of bases
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end up multiply stacked or solvent-exposed configurations. Our results also predict additivity in
stacking of bases at the longer length scales, consistent with previously published experimental
results. However, the electrostatic interactions arising from the charged groups on the nGO
surface, which can become significant for longer oligomer (>10 bases) binding are not addressed
in the current model. Further, while we find that at the single nucleoside/nucleotide level salt
affects are minimal on graphene binding (Figure S8), the effects of salt have shown to be
important for binding of longer oligomers.”> The salt affects may arise through screening and
bridging of backbone-backbone and backbone-surface interactions, respectively, which is
currently being explored through experimental and simulation studies. Overall, this work lays a
platform for modeling and simulations of nucleic-acid species at graphene surfaces towards
design of graphene based biosensors, and also serves as a paradigm for developing

experimentally calibrated molecular models for simulation of biomolecules.
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Figure 1: Experimental determination of graphene-nucleoside interactions a) Baseline corrected heat
rate for a single Adenosine-nGO interaction experiment obtained with ITC, b) Normalized heat for each
injection (squares) fit with a two state binding model with greyed data excluded, c¢) Upper and lower
limits for the association constants based on enthalpy constrained fitting of mean ITC data from multiple
data sets. The inset shows variation of the fit-determined association constant for adenosine while
constraining enthalpy across the range of realistic values.
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Figure 2: Experimental determination of graphene-oligonucleotide
interactions. a) Baseline corrected heat rate for a Smer poly adenosine
oligonucleotide (As), b) Normalized heat for each injection (squares), fit with a
two state binding model that excludes greyed data points, c) Determined
interactions energies, with enthalpic and entropic decomposition for those with
full binding curves.
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Figure 3. An experimentally calibrated molecular model for graphene-nucleic
acid interactions: a) Schematic of the simulation box of the system. The graphene
(black) and nucleic acid atoms are shown in space fill and water molecules are shown
in a transparent gel representation. b) Potentials of mean force (PMFs) between single
nucleoside and graphene calculated using Amber99 and calibrated (this work)
parameters. c¢) Binding free energies of single nucleoside to graphene calculated from
the PMFs from two existing force-fields and the one developed here. The range of
experimental binding free energies of single nucleosides is shown using the dotted
lines.
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32 Figure 4. Structural characterization of oligos at the graphene interface: a) Simulation
snapshots of the oligos (blue ribbons) at the graphene interface (cyan lattice). The bases are also
35 shown in a licorice representation and colored according to their proximity to the graphene
36 interface (red to white to green). b) Normalized average number of bases directly stacked on
37 graphene for all the oligos. (open circles: Mixed sequence; closed circles: poly-A sequence) c)
38 Probability distribution of number of bases stacked on graphene for various Smer oligos (the
39 average is shown in parentheses). d) Likelihood of observing the bases in direct or secondary
stacked or non-stacked (other) conformations when bound to the graphene interface.
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