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Abstract

Electrochemical adsorption/desorption of dopamine by carbonaceous electrodes upon
voltage variation is the key process of neurotransmitter detection through fast scan cyclic
voltammetry. In the present study, ab initio molecular dynamics simulation empowered by image-
charge method was applied to calculate the adsorption/desorption free energy profile of dopamine
and dopamine o-quinone at fixed electrode potentials using our newly developed open-source
CP2K simulation package. It was found that the activation barriers for both adsorption and
desorption were substantially reduced with increasing surface roughness of the carbonaceous
electrodes. For example, on the flat graphene electrode, the activation barrier for dopamine
adsorption at Vo=—0.4V is 1.34 kcal/mol, while its counterpart on the curved nanotube electrode
drops to 0.82 kcal/mol. Moreover, the diffusion coefficient of dopamine decreases by
approximately 60% when it is moving close to the graphene electrode, while its diffusion is
accelerated by up to 100% when the nanotube electrode is adopted. The faster diffusion alongside
the reduced activation barrier greatly facilitates the electrochemically driven adsorption/desorption
of dopamine by nanotube electrodes, in consistent with experimental findings that a rougher

carbonaceous surface is critical for fast scan cyclic voltammetry.
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1. Introduction

Dopamine is a neurotransmitter that has been postulated to be important for a wide variety
of functions. Parkinson's disease, for example, is a movement disorder that arises from the death
of dopaminergic neurons. ' Dopamine has also been found to increase in many behavioral and
pharmacological states such as sex?, reward?®, reinforcement*, motivation>, fear®, and drug abuse
(amphetamine and cocaine abuse)’ among many others®. Other neurochemicals such as serotonin
play important roles for depression, while adenosine is thought to be cardioprotective’ and
neuroprotective against heart attack and stroke!?, respectively.

The detection of dopamine has been paramount to understanding complex behavioral and
pharmacological states for many scientists. Techniques such as microdialysis!! coupled with high
performance liquid chromatography (HPLC)!? and liquid chromatography-tandem mass
spectrometry (LC-MS/MS)!? allow for the sensitive and selective detection of dopamine and other
neurotransmitters. However, these techniques cause great tissue damage and immune responses
through the relatively large microdialysis probe.!* Positron emission tomography (PET) imaging
has also been utilized for invasive dopamine measurements and D2-receptor binding, but this
technique is relatively expensive and not available in basic laboratory settings.!

Carbon-fiber microelectrodes (CFMEs) have been the standard for neurotransmitter
detection for over thirty years with fast scan cyclic voltammetry. Typically, a T-650 carbon fiber
is aspirated into a glass capillary tube that is pulled to a fine taper, cut, and then epoxied before it
is used as an electrode material. The carbon fiber is made from polyacrylonitrile polymer that is
spun into fiber and pyrolyzed into conductive carbon fiber at temperatures over 1,000 K. CFMEs
have been used for the detection of neurotransmitters in vivo, but they suffer from certain

drawbacks. First and foremost, the carbon fiber contains more basal plane carbon that suffers from



biofouling. During fouling, macromolecules such as proteins and biomolecules polymerize, thus
coating the carbon fiber surface in a non-conductive polymer and hence, blocks adsorption of other
biomolecules.

On the other hand, carbon nanotube fiber (CNTFMEs) and carbon nanotube yarn
microelectrodes (CNTYMESs) have proven to enhance neurochemical detection in several ways
with respect to CFMEs. Dipcoating functionalized CNTs suspended in Dimethylformamide (DMF)
onto the surface of CFMEs has increased neurochemical detection and lowered the limit of
detection of several neurochemicals.!® However, this process has created noisy measurements due
to the heterogeneous CNT surface that was made up of many different sized carbon nanotubes.
The development and usage of CNT yarn!” and fiber!® microelectrodes thoroughly enhanced
neurotransmitter detection by providing a homogeneous carbon nanotube surface as an electrode
material. The yarn was purchased commercially after being made from a furnace, while the fiber
was made through a process called wet spinning with the use of a polymer, polyethyleneimine
(PED).

Both the PEI-CNTFMEs and the CNTYME:s displayed as sensitivity towards dopamine
that was independent of the wave application frequency. This allows one to hypothesize that this
effect is a function of the CNT electrode materials and not the method in which the electrode was
prepared. Therefore, we hypothesize that the mechanism of adsorption to the surface of the CFMEs
is different than on the surface of the CNTFME and CNTYMEs. The dopamine waveform
(scanning at 400 V/sec from -0.4 V to 1.3. V at a wave application frequency of 10 Hz) is optimal
for dopamine adsorption since the negative holding potential allows for the preconcentration of
dopamine to the surface of the CFME since the positively charged amino group of the

catecholamine dopamine is protonated at a physiological pH of 7.4. Since the sensitivity towards



dopamine or serotonin!® of CNTMEs are not affected by the wave application frequency, then it
is postulated that dopamine may be adsorbing to their surface via a different mechanism. It is
postulated that the temporal resolution of CFME:s is limited by their surface-induced retardation
of the dopamine diffusion, while the temporal resolution of CNTFME:s is greatly improved due to
their weaker aromatic ring m—m stacking with dopamine. Furthermore, increased surface roughness
on the surface of CNTMESs could be helping trap dopamine onto the surface of the electrode
material, thus blocking desorption from the surface of the electrode material. Further experiments
such as experimental testing and molecular dynamics simulations need to be performed in order

to determine this mechanism to construct future electrode materials.

2. Image-Charge QM/MM Method

As the first step toward the computer-aided design of neurotransmitter detectors based on
graphitic carbon electrodes, we have investigated the electrochemically driven
adsorption/desorption of protonated dopamine onto two model carbonaceous surfaces, namely
graphene and single-walled nanotube. In our computational study, the induced image-charge (IC)
method?® was employed in conjunction with the hybrid quantum mechanics/molecular mechanics
(QM/MM) approach?! to accurately model the mutual electronic polarization between the
molecular adsorbates and electrode surfaces under arbitrary working potentials, Vo. Specifically,
as illustrated in Fig. 3, a protonated dopamine molecule was modeled by density functional
theory?? with PBEO exchange-correlation functional?® and polarized double-{ basis set,>* whereas
a five-layer graphene electrode was described by discrete atom-centered image charges® induced
by the adsorbate’s electrostatic potential. For numerical efficiency, each image charge, q;, is

smeared by a Gaussian distribution, yielding an MM electron density of
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, where o was carefully chosen as 3.0 angstrom™ to afford numerical

accuracy by suppressing charge overlap. By contrast, the QM electron density,

Pou <V> = Z:‘%(r)

2
, must be continuous due to the spatial continuity requirement of electron

orbitals, @bi(r). If the electrode is considered as a perfect conductor, no electrostatic potential

gradient should be present inside the MM subdomain:
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Therefore, the whole system’s electrostatic energy, E°:
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can be minimized by varying the MM subsystem’s image charges, ¢,, which in turn polarize the

QM subsystem. For instance, when Vj of the graphene electrode increases from —0.4V to +1.3V
(Fig. 1), the electron density of its adsorbed dopamine molecule exhibits a significant drift towards
the surface in concert with a notable change of the accumulated image charges from -2.18 to +6.17.
In addition, the same trend was also observed in the dopamine/nanotube adduct (Fig. 2), another
promising candidate for neurotransmitter detector. Unless otherwise specified, all preliminary
computational studies were performed using CP2K,2° an open-source molecular simulation

package that is freely available for academic research.

3. Dopamine Binding Free Energy as a Function of Electrode Surface Roughness



Since the adsorption/desorption of protonated dopamine is electrochemically driven (Fig. 4), a

critical factor to decide the responsiveness of its detector is the sensitivity of its binding affinity, AGb , to

the electrode’s working potential, V. Although AGb can be obtained, in theory, by sampling all possible

atomistic configurations weighted by their energies, the complicated energy landscape of any realistic

system makes the task computationally daunting. Umbrella sampling technique?’ stands out as a reliable

method for enhanced sampling,*® particularly for systems with well-defined reaction coordinates, R..For
example, R, is naturally the distance between the center of mass (COM) of dopamine and the outer-layer

graphene surface, D, , when a multi-layer graphene electrode is used. For a nanotube electrode, R. can

MS >
be defined as the distance between dopamine’s COM and the nanotube’s axis. The basic idea of umbrella
sampling”’ is to add a biased harmonic potential to a system’s Hamiltonian in order to explore energetically

unfavorable configurations that otherwise will be poorly sampled or even entirely unsampled:
H =H, +k(RC — R?)Z. After imposing the system at different positions along a pre-defined reaction

coordinate,”” we can recover the free energy profile, AG, ( RC>:_kBT1n p( Rc) through the weighted

histogram analysis method,”” wherein the unbiased probability, P ( Rc) , of finding the system at a given

reaction coordinate is determined in a self-consistent manner. When protonated dopamine is probed by
cyclic voltammetry, the electrode stays at its reference potential of -0.4V for a long time to attract and retain
the adsorbate, before its potential is ramped up linearly to +1.3V for two purposes, namely the oxidation of
protonated dopamine to protonated dopamine-o-quinone as well as the latter’s desorption from the electrode.
As shown in Fig. 3a, a flat electrode surface (Fig. 2a) at -0.4V attracts the protonated dopamine to an energy
minimum at ~4A with 1.34 kcal/mol binding activation energy. After the electrode potential is increased to
+1.3V, the protonated dopamine is oxidized to protonated dopamine-o-quinone, which is then repelled to
the bulk water phase with a desorption activation energy of 1.55 kcal/mol. By contrast, for a carbon

nanotube (Fig. 2d), the binding activation energy for protonated dopamine decreases to 0.82 kcal/mol while



the desorption activation energy for protonated dopamine-o-quinone notably raises to 0.84 kcal/mol (Fig.
3b). The enhanced sensitivity of adsorption/desorption energy of dopamine/dopamine-o-quinone on carbon
nanotube can be ascribed to its disruption of the water’s hydrogen-bonding network, giving rise to a lower
aqueous dielectric function for a poorer screening of electrode voltage. With this regard, a systematic
examination of the surface effect on the adsorption/desorption profile is highly desired by varying the
electrode’s SR to 0.25 (Fig. 2b) and 0.75 (Fig. 2c). Moreover, the sensitivity of an electrode for dopamine
detection can be roughly assessed by the conductivity, g, of the dopamine cation when the electrode

potential, V, is varied between -0.4V and +1.3V: g =J /V , where J is the current density. In general, a

higher conductivity is desired for a faster scan when the scan rate of cyclic voltammetry is limited by the
adsorbate’s adsorption/desorption. This assumption is usually valid for dopamine cation as its diffusion
coefficient is at the scale of 10 cm?s,*® which is readily outpaced by the interfacial electron transfer rate,
ko, associated with its reduction/oxidation by the electrode.*' In fact, k., can be estimated by our functional
mode electron transfer (FMET) theory™ that has been successfully applied to the electron transfer between

6-methyl-azulene-2-carboxlic acid to TiO; electrode.™

4. Poisson-Nernst-Planck Electrodiffusion Theory for Cyclic Voltammetry

According to the Poisson-Nernst-Planck (PNP) theory,** the maximum conductivity, g

max 2

of an ion at its steady non-equilibrium state is given by:

2
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where L is the diffusion length, D(R.) is the position-dependent diffusion coefficient along the
diffusion pathway, and AGb( Rc) is the associated free energy profile that can be obtained by the

abovementioned umbrella sampling technique. Moreover, if the ion is treated as an overdamped

Langevin oscillator under the imposed harmonic potential, its D(RC) can be estimated by the



simplified Woolf-Roux equation:> D(RC) = Var(RC) /Ty s where var(g,) is the variance of R, and

7, 1s the exponentially fitted characteristic time of its autocorrelation function. Although the PNP
.

theory has been successfully applied by PI Chen to investigate ion transport across a variety of

36-38

biomolecular channels under static biased voltage, a correction term in the form of Randles-

Sevcik function,*”# ¢, has to be added to Eq.3: g=g_ ¢ (D,S) , to account for the effect of finite

ion diffusion rate, D, when compared with the cyclic voltammetry scan rate, S. Numerically, ¢
can be evaluated through an asymptotic expansion with controllable error bounds.*! As
demonstrated by Fig. 4, AG, reaches its plateau value at around R.=10A ~ L for both graphene
and nanotube electrodes, yielding an approximate diffusion characteristic time, ¢, = I’ /4D, of

~107 s. Therefore, carbonaceous electrodes are well suited for ultra-fast dopamine detection with
an upper scan rate limit of ~10° V-s'! if one considers the typical electrode potential range of [-
0.4V, +1.3V]. Interestingly, D was found to decrease substantially for dopamine molecule when it
moves from the bulk water phase to the surface of the graphene surface, suggesting a surface-
induced retardation mechanism for the time-limiting step of dopamine detection on a smooth
electrode surface. Our hypothesis gains immediate support from the notable difference on the
profile of D between graphene and nanotube, particularly at the near-surface domain as circled in
green in Fig. 4. Apparently, dopamine enjoys a greater mobility on the three-dimensional carbon
nanotube, whose surface is much rougher than that of the two-dimensional graphene sheet. Due to
the remarkable - aromatic ring stacking effect between dopamine and graphene, our calculated
Dgurfuce is as small as 0.5x10° ¢cm?/s at the potential well of AGy. By contrast, Dguuce stays at
~5.0x107¢ cm?/s for nanotube that is in well line with 6.0x10°° cm?/s,** the experimental diffusion

coefficient of dopamine in pure water, Dpux. The resemblance of Dyufuce t0 Dy 0f dopamine in



the presence of nanotube electrode might arise from the weaker - aromatic ring stacking and
disrupted hydrogen-bonding network. Therefore, from the molecular perspective, nanotube should
be a much better candidate than graphene for dopamine detection, and this hypothesis has been
supported by our experimental preliminary results. Moreover, the dynamic response of dopamine
to a time-dependent electrode potential with arbitrary waveform will be modeled by our newly
implemented dynamical local charge redistribution (DLCR) algorithm*® in CP2K software that has
enabled molecular dynamics simulation to approach the millisecond timescale, the period of a
typical cyclic voltammetry waveform for dopamine detection. Similarly, our simulation protocol,
once justified on dopamine adsorption/desorption, will be employed to other monoamine

neurotransmitters such as norepinephrine, serotonin, and others.

S. Conclusions:

This works offers the first ever hybrid experimental/theoretical approach to investigate the
adsorption of neurotransmitter onto microelectrodes. It will unveil a previously unknown
mechanism of dopamine adsorption onto carbonaceous surfaces, thus facilitating the systematic

design of ultra-fast detectors for other neurotransmitters.
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Figure 1. Simulated electron density change, 4 pou, of a protonated dopamine molecule adsorbed
onto a five-layer graphene electrode, when its working potential, ¥, increases from -0.4V to
+1.3V.
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Figure 3(a). Calculated potential of mean force for dopamine at Vo=—0.4V, and for dopamine o-
quinone at Vo=+1.3V, both on a graphene electrode (Fig. 2a).
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Figure 3(b). Calculated potential of mean force for dopamine at Vo=—0.4V, and for dopamine o-
quinone at Vo=+1.3V, both on a nanotube electrode (Fig. 2d).
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