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ABSTRACT

Starch plays a fundamental role in plants, being an essen-
tial molecule to understand their energy transport and storage.
Therefore, continuous monitoring of the intracellular synthe-
sis of starch is critical for understanding energy pathways
and metabolic regulation in plants. This article highlights the
importance of real-time measurement of ultra-low concentra-
tion of this metabolite, to detect and manage stress-induced
events in plants. Thus, we present the in-silico design of an
all-armchair graphene nanoribbon field-effect transistor (GN-
RFET) device for the detection of ultra-low concentration
(pM-nM) amylose. Starch molecules are composed primarily
of two glucose polymers: amylopectin and amylose, the latter
presenting a linear structure desired for its simplicity and
smaller size. We use a self-assembled monolayer (SAM) of a
pyrene moiety, 3-[4-(pyren-1-yl)butanamido]phenylboronic
acid (PBPBA) adsorbed on the channel, to functionalize
the graphene surface. Then covalent binding of the target
molecule to the end with phenylboronic acid provides me-
chanical, chemical, and electronic signal sensing stability.
Furthermore, we screened GNRFET configurations with dif-
ferent widths, to control bandgap in the channel, lengths to
ensure tunneling transport across the semiconducting junc-
tion, and a back-gated channel to optimize electronic trans-
port and switching properties of the device. We demonstrate
the channel SAM of PBPBA functionalization improves the
signal-to-noise-ratio (SNR) of the device, and estimate its
limit of detection (LOD) to be 7.123/n x10~2mol/L (for
a symmetric 2D array configuration with n as the num-
ber of sensor units per array dimension). The devices of-
fers an output current sensitivity of 100 — 300nA, at low
gate voltages (Vg = 1.2V) and drain-to-source voltage
Vbs = 0.6V — 0.8V, for the detection of 1-2 amylose
trimers. Therefore we obtained a low-power all-armchair
GNR-FET sensor with SAM PBPBA ligands in the channel
that provides a real-time and high throughput solution for
sensing amylose (a component of starch)

1. INTRODUCTION

Sucrose and starch are primary metabolites in plants that
play a fundamental role in their growth and development

[1]. Therefore, continuous monitoring of their intra-cellular
synthesis is critical for understanding energy pathways and
metabolic regulation in plants. Changes in their levels, cor-
respond to the ultimate biological response to genetic differ-
ences or stresses (such as disease or environmental changes).
Thus, real-time measurement of these metabolites, capable
of relaying the state of these variables without compromising
the health of the living organism would be required. Highly
efficient and reliable devices able to detect ultra-low concen-
tration of target molecules within cells of a living organism
[2].

Accurate and remote sensing is a critical component of
precise phenotyping. Conventional tests involve sample tak-
ing to subject that sample to a chemical process in a labora-
tory or if remote, they use temporary labels (such as fluores-
cence, chemiluminescence, colors, etc) and specific chemical
processes. For instance, conventional tests to detect metabo-
lites such as starch comprise iodine tests [3] that use a blue-
colored result after a chemical reaction between a part of the
starch molecule with iodine molecules; other method consists
of solubilizing starch converting it quantitatively to glucose
and assaying the glucose enzymatically [4].

However, these methods could be invasive to the plant,
they do not necessarily allow to perform sensing on-site or
remotely and in some cases do not have low-concentration
accuracy, at least at a molecular level. To this end, remote
in-vivo and portable ex-vivo sensing of ultra-low concentra-
tions (pM-nM) of significant molecular substances (RNA,
DNA, proteins, primary and secondary metabolites, etc) are
required. Biomarker sensors offer a potential cost-effective
contribution to solve this problem.

To this end, we propose the design and characterization
of a label-free Graphene Nanoribbon Field Effect Transistor
(GNRFET) with a functionalized channel surface for indirect
detection of starch using amylose as analyte.

We use graphene for this application because it is an all-
carbon highly-biocompatible material and provides a high-
surface area exposed to the target molecules to be sensed.
Also it presents metallic or semiconducting behavior depend-
ing on the width of nanoribbons, allowing us to design a
FET device [5, 6, 7]. We functionalize the semiconducting
channel through non-covalent = — 7 interactions with pyrene



molecules as bifunctional ligands because of their affinity
and self-assembly capabilities on the graphene surface and
to reactive capabilities on the other end of the molecule, also
it has been extensively used on graphene-based FET sensing
devices [5, 8, 9, 10, 11, 12]. Therefore here we use specif-
ically (3-[4-(pyren-1-yl)butanamido]phenyl boronic acid),
or PBPBA, taking advantage of the boronic acid affinity to
cis-diols in simple sugars [13, 14, 15], obtaining covalent
binding and functionalization without affecting the electronic
properties of the device and stabilizing the analyte on the
channel.

The rest of this article is organized as follows: Section 2
summarizes the computational methods and procedures used
in Section 3 to predict the electronic transport properties of
the bare channel, the functionalization of it and the conse-
quent sensing capabilities of the device. Section 4 describes
the important findings and contributions of this work.

2. METHODS

Quantum mechanical calculations were carried out using
Density Functional Theory (DFT) [16] as implemented in
QuantumATK package [17][18]. Here, the Kohn-Sham
Hamiltonian is expanded into a numerical Linear Combina-
tion of Atomic Orbitals (LCAO), Quantum ATK comes with
pre-built basis sets of orbitals that represent each chemical
element for different pseudopotentials. For the exchange-
correlation parameters, we used Generalized Gradient Ap-
proximation (GGA) Perdew-Burkey-Ernzenhof (PBE)[19]
pseudopotentials Fritz-Haber Institute (FHI) [20] code with
Double Zeta Polarized (DZP) basis sets. All DFT calculations
included London dispersion corrections (Van der Waals cor-
rections important for the interaction between the graphene
and the pyrene base), at the Grimme D3 level[21].

Before any binding energy or transport calculation were
performed, all structures simulated were minimized using
LBFGS [22] method (with DFT) as implemented in Quan-
tumATK package to a convergence max forces criteria to
0.05eV/ A. Also, self-consistent iteration was enabled, using
the Pulay mixing scheme (PulayMixing Algorithm [23]) to
obtain the best guess for the next input (to a hamiltonian
variable). Energy convergence criteria for minimization was
le — 5 and a damping factor of 0.1. In the case of transport
calculations, energy tolerance was 5e — 5, and the damping
factor we varied (using 0.1 or 0.05) to reach convergence in
some voltages.

For device electronic transport calculations, we used
Density Functional based Tight Binding (DFTB)[24] Slater
Koster method with Magsil-1-1 [25] parameter set. These are
coupled to the non-equilibrium Green’s Functions (NEGF)
machinery [26], as implemented in Quantum ATK [18]. A
Multigrid Poisson solver with a Periodic boundary condi-
tion in A and B direction and a Dirichlet boundary condition
in the C transport direction was used. For numerical accu-

racy parameters, we used a Monkhorst-Pack grid with 101
k-points in the C direction (transport direction). The self-
consistent energy calculation for a device (with electrodes)
is first performed to obtain the Hamiltonian for each of the
electrodes under periodic boundary conditions. Then the self-
consistent calculation for the central region is performed with
open boundary conditions using the self-energies calculated
from each electrode. Electronic transport calculations did not
include the effect of a solvent (explicit or implicit) different
than vacuum.

Energy minimization simulations were also performed us-
ing molecular mechanics in LAMMPS [27] to consequently
calculate binding energies. Hence, conjugate gradient method
was used to minimize the structure geometry until a le — 6
RMS force or energy difference was reached. To this end, we
used Reactive Force Field (ReaxFF) optimized by our group,
based on a REAXFF for DNA [28] but optimized for Boron-
Carbon and Boron-Oxygen interactions.

Molecular Dynamics (MD) calculations were carried out
in LAMMPS, using the aforementioned ReaxFF along with
the charge equilibration method (Qeq) [29], in parallel high-
performance computer nodes. All structures were prepared
in vacuum using Quantum ATK molecule editor and solvated
explicitly, using Packmol package [30], with water molecules
to a density of 1g/cc and Potassium (K) counterions to achieve
a net-neutral system charge since we used the tetrahedral sp®
form of PBPBA. We minimized structure geometries a con-
jugate gradient method to an RMS force or energy differ-
ence of 1le — 7 following a temperature equilibration at 300 K
and after a ramp to 350/ performing time integration on a
Nose-Hoover thermostat [31]. We used an NVT canonical
ensemble (fixed temperature) over 1 or 2 nanoseconds with
a timestep of 0.5 femtoseconds and a damping factor of 50
femtoseconds.

3. RESULTS AND DISCUSSION

3.1. Bare device design and characterization

The architecture of the FET transistor consists of a single
11-10-11 all-armchair graphene nanoribbon (ac-GNR), which
corresponds to a Wg = llatoms ~ 1.2nm and W¢o =
10atoms ~ 1.1nm for electrodes and channel widths respec-
tively (without hydrogen passivation). Soecifically, nanorib-
bons of 11 and 10 atoms of carbon wide were used as elec-
trodes and channels, because they present a near-metallic be-
havior with a bandgap of 0.03eV and a semiconducting be-
havior with a bandgap of 0.9108eV, respectively.

The channel length is Lo ~ 6nm and each electrode
length showed in Figure 1 is at Ly = 0.85nm with an exten-
sion of the same size (for simulation purposes); for practical
implementations, the electrodes could be longer and wider,
and this would not affect device performance. We used a
metallic contact as back gate and a dielectric layer as shown






