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Supplementary Figures 

 
Supplementary Figure 1. Process flow for decorating GOx on the Au surface. As detailed in the 

experimental methods section, cystamine was first used to modify the Au surface by forming S-Au bonds. 

Then the NH2 groups on the Au surface react with the CHO groups in oxidized GOx, after which the GOx 

molecules were chemically attached on the Au surface. 

  



 

Supplementary Figure 2. Morphology of the pristine Au surface before GOx modification. Before GOx 

modification, the AFM scan shows a smooth Au surface with a roughness of ~0.7 nm. A line scan along AB 

shows a smooth topography. 

  



 
Supplementary Figure 3. CV measurement of the pristine Au surface before GOx decoration. CV 

measurements were performed on a control sample of Au without any GOx modification. No GOx 

electrochemical reaction peak is present as to be expected. 

  



 

Supplementary Figure 4. FTIR measurement of the glucose solution reacted with the GOx-SNO device. 

Before the reaction (blue curve), Fourier-transform infrared (FTIR) spectroscopy measurement results show 

only the glucose vibration peaks. After the reaction (red curve), an extra peak was noticed near wavenumber 

1120 cm-1, whose location is consistent with the characteristic peak of the gluconolactone.1,2 The FTIR 

experiments confirm the formation of gluconolactone after the reaction between the GOx-SNO device and 

glucose solution, which agrees with the proposed reaction mechanism. 

  



 

Supplementary Figure 5. Spontaneous reaction and re-use of the tested device. To demonstrate that the 

hydrogen transfer reaction occurs without any external electric field, the GOx-SNO device was soaked in 

0.5 M glucose solution for 20 minutes. Then the resistance of the device was measured and corresponding 

increase of the SNO resistance was observed (red curve). The device was then annealed in air at 200 °C for 5 

minutes to recover to near the pristine state (green curve). This recovery behavior is due to the metastable 

anchoring of the dopant in the lattice.3,4 By re-decorating the device with new GOx, the reaction between SNO-

GOx device and glucose can be reproduced (brown curve).  

  



 

Supplementary Figure 6. Absence of reaction between glucose and GOx modified ITO, FTO and Pd. To 

demonstrate the necessity of SNO in the observed reaction, Au electrodes on conducting oxides, e.g. indium-

doped SnO2 (ITO), fluorine-doped SnO2 (FTO), as well as elemental Pd were modified with GOx. After 

glucose solution application, the resistance of these devices did not change. 

  



 

Supplementary Figure 7. Absence of reaction with GOx modified SrTiO3 and Nb doped SrTiO3. 

Perovskite oxides with empty d orbitals (SrTiO3) and partially filled d orbitals (Nb: SrTiO3, wt0.7%) were 

decorated with GOx enzyme similar to the nickelate devices and reacted with 0.5 M glucose solution for 30 

minutes. No measurable change of the device resistance was observed in either case. 

 

  



 

Supplementary Figure 8. Stability of the device in water and response to varying glucose concentration. 

The stability of the GOx-SNO device in water was tested by immersing this device in DI water and no 

resistance change was noticed, suggesting good stability of SNO. Then as glucose solution of different 

concentration was applied, the device became active and a clear resistance increase was observed due to the 

hydrogen transfer. A larger slope of resistance increase as a function of time ((ΔR/R0)/dt) was observed with 

higher glucose concentration, and the slope can be used as characteristic response to identify specific glucose 

concentration (shown in the inset). The dash lines are guides for the eye. 

  



 

Supplementary Figure 9. Stability of the glucose reacted GOx-SNO device in ambient atmosphere. The 

resistance change of a GOx-SNO device was monitored over several days, after its reaction with 0.5 M glucose 

solution for 1 hour. The resistance change remained stable (non-volatile) and no degradation was found for the 

reacted device. 

  



 

Supplementary Figure 10. Summary of glucose sensing mechanisms and detection limits. Literature 

reports (mainly focused on past ten years of literature representative of recent results) on glucose sensing 

mechanisms can be summarized into four categories: field effect transistor devices5–7, optical methods8–10, 

direct electron (e-) collection11,12, and electrochemical methods13–31. The field effect transistor devices utilize 

gate voltage signal from the glucose reaction to modulate the channel conductance for glucose detection. 

Optical methods were performed by monitoring the optical emission/properties change at certain wavelength 

that is specific to the glucose reaction. Direct electron collection measures the glucose concentration by directly 

collecting the electron signal in certain glucose reactions. Electrochemical methods involve cyclic 

voltammetry to detect the reduction/oxidation peaks of glucose. The glucose detection limit is typically 

between 10-6 to 10-8 M, with the highest value being 10-12 M for the transistor device,5 and 2x10-15 M for the 

voltage based electrochemical method with a specially designed reaction cell.18 The mechanism reported in 

this work is based on extreme electron localization in SmNiO3 by carrier doping and has a detection limit of 

~5x10-16 M. 

  



 
Supplementary Figure 11. Device reproducibility measurements. Two additional GOx-SNO devices were 

reacted with low concentration glucose solution (5x10-16M) and increase of resistance ratio (R/R0) was 

consistently observed, demonstrating reproducibility. 

 

  



 
Supplementary Figure 12. Performance of the GOx-SNO device at body temperature (37 °C). The GOx-

SNO device was soaked in glucose solution (of varying concentrations) at human body temperature (37 °C) 

for 1 hour and then its resistance was measured. The device is functional at body temperature and a systematic 

increase of resistance ratio (R/R0) as a function of glucose concentration was observed similar to experimental 

observations at room temperature. 

 

  



 
Supplementary Figure 13. Selectivity of the GOx-SNO device to glucose. To test the selectivity of the GOx-

SNO device with different sugars other than glucose, reactions between the GOx-SNO device and glucose, 

mannose and galactose sugar solution was monitored by measuring the resistance of the device in-situ. The 

GOx-SNO device showed good selectivity and no resistance change was found for mannose and galactose 

solutions.  

  



 

Supplementary Figure 14. X-ray diffraction (XRD) data of SmNiO3 film. XRD data of the pristine SNO 

film before and after GOx enzyme attachment, along Qz direction around the 002 peak (pseudocubic notation) 

of LaAlO3 substrate. SNO (002) peak was observed with smaller Qz due to larger out of plane lattice constant 

of SNO compared to that of the LaAlO3 substrate. After the GOx enzyme modification, no change was found 

in the XRD scan.  



 

Supplementary Figure 15. COMSOL simulation of electron transport in SNO and GSNO. (a) Electric 

potential profile of simulated structure for SNO in pristine state shows that the entire potential drop is across 

the SNO region between the contacts. (b) Electric potential profile of simulated structure for glucose-doped 

SNO which shows that the potential drop is divided across the ultra-thin hydrogen doped layers (GSNO) under 

contacts. Resistance ratio of 11.8, similar to the experimental results, is observed for a doped layer thickness 



of 0.75 nm. The dimensions of the experimental device structure are shown in the figures. (c) Simulated IV 

curves show close agreement with experimental ones for the given resistance ratio. The thickness obtained 

thus gives a lower bound on the hydrogen doped GSNO layer and complements the XANES measurements. 

  



 
Supplementary Figure 16. Low temperature transport measurement of the SNO and GSNO samples. (a) 

Schematic figures of SNO under different treatment conditions: Pristine SNO sample, GSNO refers to SNO 

reacted with 0.5 M glucose solution for 1h, HSNO (control sample) refers to SNO that is heavily doped by 

annealing at 200 °C in gaseous H2. (b) Temperature dependent resistivity of different samples: Pristine SNO, 

GSNO and HSNO control sample. The GSNO has resistivity in-between that of pristine SNO and HSNO, 

showing the effects of near-surface doping after its room temperature reaction with glucose solution. (c) 

Quantitative study on low temperature transport mechanism: ln (ρ) vs T-1/4 was plotted for all samples and the 

black lines are fits for Mott variable range hopping.32 Though GSNO displays higher resistivity than SNO, 

their slopes are similar, indicating that the carrier localization length is similar to that of pristine SNO (~37 

nm). Although GSNO has a resistivity higher than the pristine SNO due to local doping near the electrode 

interface, the similar carrier localization length indicates the majority of the film is still SNO. The data of SNO 

and HSNO was taken from Ref. 32 for comparison purposes. The analysis further supports the synchrotron 

XANES experiments and COMSOL transport simulations indicating the nanoscale near-surface confinement 

of hydrogen doped from glucose that is kinetically limited due to the room temperature enzymatic reactions. 

  



 
Supplementary Figure 17. Multiple use of the GOx-SNO device. The GOx-SNO device was soaked in 

0.5M glucose solution and the device resistance was measured periodically. Eventually, when the top layer 

SNO was fully doped (due to self-limiting kinetics near room temperature), the device resistance would be 

saturated. The device can be used multiple times before the saturation point is reached since each sensing 

measurement can be accomplished in a few minutes. 

 

  



 
Supplementary Figure 18. Calculations showing spontaneous hydrogen transfer from FADH2 to SNO. 

Energetic cost to extract a hydrogen from FADH2 to SNO (001) computed using density functional theory 

(DFT) calculations (see Methods); three different active sites in FADH2 are considered and compared as shown 

in the schematic. H1, H2 and H3 represent possible sites for extraction. Energetic cost to dehydrogenate 

FADH2 follows the H3 > H2 > H1. With the presence of SNO, the transfer from FADH2 to SNO is 

energetically favored with a negative heat of formation. Note that H1 and H2 are transferred from glucose 

molecules and are energetically easier to extract. 

  



 

Supplementary Figure 19. Sampling initial configuration for the classical MD simulations. Molecular 

dynamics (MD) simulations based on empirical force fields are performed to study the conformational 

dynamics of gluconolactone and hydrogenated cofactor flavin adenine dinucleotide (FADH2) in water, in close 

proximity to a SNO slab. Snapshot shows representative interface between SNO (001) surface and 

gluconolactone/FADH2/water molecules. Different concentrations (from 0.01 M to 0.5 M) were prepared and 

simulated. 

 

 

  



 

Supplementary Figure 20. Conformational dynamics during the approach of FADH2 molecule. The 

FADH2 molecules undergoes a series of conformational changes before adsorbing onto SNO (001) plane over 

10 ns timescale. We sample several such energetically favorable near-surface configurations of FADH2 from 

the classical MD and use it as starting configurations for smaller AIMD models. Our AIMD simulations 

employ generalized gradient approximation (GGA), while using the projector-augmented wave formalism. 

The exchange correlation is described by the Perdew-Burke-Ernzerhof (PBE) functional,33 with the 

pseudopotentials: Sm_3 (valence: 5s25p26s24f1), Ni_pv (valence: 3p64s23d8) and O (valence 2s22p4) supplied 

by VASP. These AIMD simulations are used to study the effects of strong correlation and its role in FADH2 

dehydrogenation for several sterically favorable conformations (~30) sampled from classical MD. 
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Supplementary Figure 21. AIMD simulation trajectories starting with different configurations. The 

conformation of the FADH2 sampled from the classical MD runs plays a key role in the hydrogen transfer. 

While some configurations display spontaneous hydrogen transfer as shown in (a), there are also cases where 

the steric effects hinder [(b) and (c)] the transfer within the AIMD timescales. 

 

  



 

Supplementary Figure 22. Spontaneous hydrogen transfer from dopamine to HRP-SNO device. (a) 

Reaction mechanism between the SNO-HRP device and dopamine. In this reaction, HRP enzyme serves as a 

catalyst and transfers hydrogen from dopamine to SNO, referred to as D-SNO. The hydrogens bonded with 

carbons in the dopamine and HRP enzyme are omitted for figure clarity. (b) Electrical response of the HRP-

SNO devices to varying dopamine concentration in DI water solution. The channel resistance change is 

presented as ratio before and after the reaction (R/R0). The error bar was determined from the standard 

deviation of 10 measurements in each case.  

 

 

  



 
Supplementary Figure 23. Summary of dopamine sensing mechanisms and detection from literature. 

Representative literature reports on dopamine sensing mechanisms can be summarized into six categories: 

carbon-based methods,34–40 polymer-based methods,41–44 aptamer-based methods,45–49 catalyst-enhanced 

methods,38,43,44,50–55 molecular imprinted polymer (MIP) based methods56–59 and optical sensing.50,60–63 Carbon-

based materials such as carbon nanotubes and graphene can be used to detect dopamine through electrical and 

electrochemical measurements. Polymer based sensors are used due to their biological compatibility. In the 

Aptamer based methods, short DNA or RNA oligomers are specially designed so that they bind with dopamine 

for its detection. Catalysts enhanced methods use catalysts to modify electrodes (such as polymer, graphene 

and carbon fiber etc.), and enhance sensor performance. In the molecular imprinted polymer (MIP) methods, 

functional monomers first polymerize with template molecules, and then the template molecules are removed. 

In this way, the detection surface area is increased, and the target molecules bind to the functional sites more 

preferentially. The optical sensing methods detect local change in optical properties or fluorescence due to the 

presence of dopamine. The mechanism reported in this work utilizes strong electron correlations induced by 

hydrogen doping leading to electron localization in SmNiO3 and has a detection limit of ~5×10-17 M. 

  



 
Supplementary Figure 24. Control experiments for the reaction with dopamine and HRP-SNO devices. 

(a) The HRP-SNO device was soaked in DI water for 1 hour and no resistance change was observed, indicating 

the HRP-SNO device is stable in DI water. (b) The HRP-SNO device was soaked in artificial cerebrospinal 

fluid (ACSF) for 1 hour and then the device resistance was measured. The device was found to be stable in 

ACSF and no degradation was found. (c) SNO device without HRP enzyme decoration was soaked in 0.5 M 

dopamine DI water solution for 1 hour and no resistance change was observed. This result indicates that the 

HRP enzyme is necessary for hydrogen transfer from dopamine to SNO.  



 

Supplementary Figure 25. Control for the mouse brain interfacing experiment without HRP enzyme. 

When the stimulated striatum slice is interfaced with SNO film without any HRP enzyme, negligible resistance 

change was observed, indicating the enzyme assisted hydrogen transfer is the principal mechanism operational 

in HRP-SNO devices. 

  



Supplementary Tables 

 
Supplementary Table 1. Summary of all samples used in this work and their labels 
  
Sample Treatment Symbol Manuscript Supplement 

Pristine SmNiO3 None SNO Figure 3  Figure S2, S3, S4, 
S14, S16, S24, S25

SmNiO3 modified by 
GOx enzyme 

Reaction with glucose 
solution in DI water at 
room temperature. 

GSNO Figure 2, 3 Figure S5, S8, S9, 
S11, S13, S16 

SmNiO3 modified by 
HRP enzyme 

Reaction with dopamine 
solution in DI water at 
room temperature. 

DSNO Figure 4 Figure S21, S24, 
S25 

SmNiO3 fully doped 
by hydrogen by 
annealing in H2 gas 
(control) 

Annealed in forming gas 
(95% N2/5% H2) at 
200 °C. 

HSNO None Figure S16 

 
 
  



Supplementary Methods 

SmNiO3 sample growth and device fabrication 
50 nm thick SmNiO3 (SNO) films were grown using an AJA UHV sputtering system. Before 

deposition, LaAlO3 substrates were rinsed by acetone and isopropanol, after which the substrates 
were dried by nitrogen. Co-sputtering of Sm and Ni targets were performed with Sm at a radio 
frequency (RF) power at 170W, and Ni at direct current (DC) power at 70W. This growth condition 
ensures a stoichiometric ratio of Sm to Ni cations as characterized by energy-dispersive X-ray 
spectroscopy (EDS). The growth was carried out at room temperature with a background pressure of 
argon and oxygen mixture at 5 mTorr. Then the film was annealed at 500 °C for 24 hours under 100 
bar of O2 in a home-built high-pressure tube furnace. Au electrodes (50 nm thick with 3nm Ti 
adhesion layer) were deposited using electron beam evaporation, and the devices were fabricated with 
shadow masks (500 μm gap). 

 
GOx-SNO and HRP-SNO enzyme anchored device fabrication 
The GOx enzyme is selective to glucose oxidation while the horseradish enzyme (HRP) can be 

used to study dopamine release. To anchor the GOx enzyme and HRP enzyme respectively to the Au 
electrode surface,64,65 the SNO devices were first immersed in 10 mM cystamine solution for 2 hours 
at room temperature in dark. The GOx enzyme (Sigma-Aldrich catalog number G6125), HRP enzyme 
(Sigma-Aldrich catalog number P8375) and cystamine were purchased from Sigma-Aldrich 
Corporation. The SNO devices were then rinsed with DI water to remove the unreacted cystamine 
and dried with compressed air. Next, the glucose oxidase (GOx) was oxidized in order to conjugate 
to the cystamine on the Au surface. For this purpose, 30 mg sodium metaperiodate was added into 20 
μM GOx solution (in 5 mL 0.1 M pH 6.8 Sodium Phosphate buffer). The mixture was incubated in 
4 °C for 1 hour. Then 6.97 μL ethylene glycol was added into the mixture and incubated at room 
temperature for 30 mins to stop the reaction. This product was purified by PD-10 desalting column 
(GE Healthcare) to collect oxidized GOx as well as changing the buffer back to 0.1 M pH 6.8 Sodium 
Phosphate. The reacted SNO device was immersed in the collected GOx solution for 1 hour at 4 °C 
and then rinsed with DI H2O. The device was then dried by compressed air and stored at 4 °C ready 
for use. This process is schematically illustrated in Figure S1 using GOx as an example. The mannose 
and galactose used in the selectivity measurement were also purchased from Sigma-Aldrich 
Corporation. 

 
Atomic force microscopy 
The morphology of the SNO devices with GOx decorated Au surface and bare Au surface 

were characterized with a Bruker Dimension Icon atomic force microscope under the PeakForce 
Quantitative Nanomechanical Mapping in Air mode.  

 
Electrical and electrochemical measurements 
For the in-situ resistance characterization of the reaction between GOx-SNO devices and 

glucose solution, 20 μL of glucose solution was added on top of the SNO device and the device 
resistance was monitored using a Keithley 2635A source meter. To avoid any side-reactions, the in-
situ measurement was performed in a chamber with constant Ar gas flow. Before reaction, the 
glucose solution was purged for 10 minutes with nitrogen gas. For ex-situ reaction characterization, 
the GOx-SNO and HRP-SNO devices were soaked in glucose and dopamine solutions for various 
times as mentioned in the manuscript, and then the resistance was measured with the Keithley 2635A 



source meter. In both cases, the sweeping bias ranged from -0.001 to 0.001 V. Low temperature 
electronic transport measurements (from 2 K to 300 K) were performed in a PPMS system. 

The cyclic voltammetry measurements to confirm the existence of GOx on top of the Au surface 
was performed with a Solartron 1260A electrochemical analyzer in a three-terminal configuration, 
with the Au surface as working electrode, a graphite rod as counter electrode, and Ag/AgCl (saturated 
KCl) as reference electrode. The electrolyte was 0.1 M pH 6.8 Sodium Phosphate buffer. For the CV 
measurement, the Au electrodes were deposited on top of a Si substrate to avoid any electrochemical 
reactions that involves the SNO. 

 
Fourier-transform infrared spectroscopy 
Fourier-transform infrared (FTIR) spectroscopy was performed with a Nicolet Nexus 470 FTIR 

in the absorption mode, which is computer-controlled via a OMNIC software. The Smart-iTR setup 
was used with a versatile Attenuated Total Reflectance (ATR) sampling accessory. The scan 
resolution is 4 cm-1 and the signal was accumulated over 36 scans. 

 
Synchrotron X-ray diffraction and X-ray absorption spectroscopy 
To characterize lattice structure and chemical state information at local regions in the reacted 

enzyme-anchored SNO devices, both X-ray diffraction (XRD) and X-ray absorption spectroscopy 
(XAS) measurements were carried out at the undulator beamline sector 33-ID-D of the Advanced 
Photon Source (APS) in Argonne National Laboratory. The devices were mounted on a Kappa-
geometry six-circle diffractometer. To obtain local structural and chemical state information across 
the patterned region of the SNO devices, a focused X-ray beam with the profile of 80 μm (horizontal) 
× 18 μm (vertical) by an achromatic Kirkpatrick-Baez focusing X-ray mirror was used to collect the 
XRD pattern and XAS spectra from each selected spot. The XRD measurements were conducted at 
X-ray energy of 20 keV using a pixel array area detector (Dectris Pilatus 100 K). The X-ray beam 
has a flux of 2 × 1012 photons/second at 20 keV. The qz-scan (L-scan) was acquired by removing the 
background signals using the two-dimensional detector images. The Ni K-edge XAS were performed 
at 33-ID-D using linear polarized X-rays from its Si (111) monochromator with energy resolution 
δE/E = 1 × 10-4. The X-ray beam has a flux of 6 × 1012 photons/second at around 8.33 keV. The XAS 
spectra were collected in the fluorescence mode using a Vortex 4-element silicon drift detector. A 
high purity Ni metal foil was used as a standard reference of the monochromator energy calibration. 
To obtain surface-sensitive XAS spectra of the patterned SNO samples, grazing incidence geometry 
was adopted to enhance the varied surface layer signal as well as minimize the elastic scattering 
background. The angle of X-ray incidence is tuned from 0.05° to 5.05°, spanning a wide range below 
and above the substrate-defined critical angle. At 0.05° angle of incidence, we can observe the most 
pronounced changes in the near-edge XAS spectra. All XRD and XAS measurements were performed 
at room temperature in ambient pressure. XAS spectra were processed and analyzed by using the 
Athena program (https://bruceravel.github.io/demeter/). 

 
COMSOL simulations 
Representative devices used in the experiments were simulated in COMSOL Multiphysics 

considering a thin hydrogen doped SNO layer (H-SNO) under the Au contacts in order to estimate 
the lower bound of the thickness of the H-SNO layer. This length scale complements the dopant depth 
scale inferred from variable angle X-ray absorption spectroscopy (upper bound). The H-SNO layer 
below the gold contact essentially forms an ultra-thin insulator sandwiched between two metallic 
layers. The large band gap (ܧ௚ ) of H-SNO (~3eV) leads to tunneling transport.3 To model the 



tunneling resistance of H-SNO, we assume a direct tunneling phenomenon for asymmetrical barriers. 
We consider a linear resistance model where the resistivity of the layer is a function of thickness. 

Thus, resistance is ܴሺ݀ሻ ൌ ௏

௃ሺௗሻൈ஺
ൌ ఘௗ

஺
, and resistivity is given by ߩሺ݀ሻ ൌ ௏
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. Note that due to 

the high aspect-ratio of the structure, an effective resistance method was adopted, where the H-SNO 
thicknesses was ten times higher than the concerned value and then the calculated resistance was 
divided by ten. At low voltages, the tunneling current follows an Ohmic regime and the current 
density is expressed as:66 
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, ߶ଵ  is the barrier height Au-H-SNO interface, ߶ଶ  is the barrier-height of H-

SNO-SNO interface, ݀ is the thickness of the H-SNO layer, V is the applied voltage, ݉	ሺൌ 7݉଴ሻ 
is the effective mass of H-SNO (we assume here it is the same value as that of un-doped SNO),67 ݄ 
is Planck’s constant, ݁ is electron charge. The barrier heights are calculated as ߶ ൌ ܨܹ െ ߯. Work-
function of Au and SNO are 5.1 eV68 and 4.93 eV69 respectively and electron affinity ߯ of SNO is 

3.43 eV (ܹܨୗ୒୓ െ   .୥/2ሻܧ

 
Hybrid computational approach to understand biomolecule interaction with quantum 
material 
Hybrid approaches such as QM/MM have been used to bridge typical time and length scales, 

and enhanced sampling simulation techniques to accelerate adsorption and desorption events have 
been proposed and successfully applied to study biomolecule–inorganic surface interactions. In the 
past, biomolecules such as proteins on surfaces have been simulated predominantly using static DFT 
calculations of single amino acids or even di- and tri-peptides.70,71 Other examples of these kind of 
calculations are works on Cys–Au(111) interactions,72–74 often used for protein immobilization. DFT 
calculations, in the past, have also been used to elucidate amino acid adsorption on other inorganic 
surfaces such as silica,75 hydroxyapatite,76 alumina77 and titania surfaces.78 While quantum 
simulations have been carried out extensively for interaction of biomolecules with metal as well as 
even oxide surfaces, where electrostatic interactions and hydrogen bonding as well as chemical 
bonding mechanisms are important, studies on interaction of biomolecules with strongly correlated 
oxides are scarce. To the best of our knowledge, the hybrid approach (MD/AIMD) presented here 
represents the first attempt to understand the impact of strong correlations and electronic effects 
arising from a quantum material on biomolecules such as hydrogenated cofactor flavin adenine 
dinucleotide (FADH2).   

  
Classical molecular dynamics simulations 
Molecular dynamics (MD) simulations based on empirical force fields are performed to study 

the dynamics of gluconolactone and FADH2 in water, near a SNO slab. An interface between 
SNO (001) plane (pseudocubic notation) and glucose/FADH2/water molecules of different 
concentrations (from 0.01 M to 0.5 M) are prepared and simulated. These molecules are randomly 
orientated and initially placed at least 0.5 nm away from the surface of the SNO slab inside a 6 nm × 
6 nm × 8 nm periodic simulation box that is filled with explicit water molecules (system size up to 
30k atoms). The Cartesian coordinates of the FADH2 is initially taken from the protein data bank 



(https://www.rcsb.org/). This cofactor structure is minimized using Gaussian 09 at HF/6-31G(d,p). 
Configuration of the monoclinic SNO slab (5120 atoms) is created from a DFT energy minimized 
structure, and the stability of the slab is maintained by fixing the position of (Ni, Sm, O) atoms within 
the slab throughout the simulations. Partial charges of 1.4, 3.4, and -1.6 are respectively assigned to 
Ni, Sm, and O atoms within the SNO slab, which are based on Bader charges from DFT calculations 
while keeping the sum of charges neutral. The intra- and inter- molecular interactions between all 
atoms are modeled using the CHARMM force field,79–81 which describes bonded interactions (bonds, 
angles, dihedrals, improper) within molecules using harmonic type potentials (i.e., fixed bond) and 
non-bonded interactions using standard Coulomb electrostatics and Lenard-Jones potentials. A 1 nm 
cutoff is used for the non-bonded interactions and a Particle mesh Ewald algorithm is used to capture 
the long-range electrostatics. Water molecules are modeled by rigid 3-site (TIP3P) model to ensure 
computational efficiency and compatibility with the chosen force field. All classical MD simulations 
in this study are performed using the Nanoscale Molecular Dynamics (NAMD) simulator using a 
simulation timestep of 2 fs. Since atoms in the SNO slab are spatially fixed, isothermal-isobaric (NPT) 
ensemble is employed with the in-plane x- and y- dimensions fixed, i.e., only the z- dimension 
(perpendicular to the SNO slab) is allowed to change. Thermostat and barostat based on Langevin 
dynamics are employed to maintain the system temperature at 300K and pressure at 1 bar. A damping 
coefficient of 0.01 ps-1 is used for the thermostat while a 0.2 ps oscillation period and a 0.1 ps decay 
time is used for the barostat. 

  
Ab initio molecular dynamics simulations  
To understand the interaction between Flavin adenine dinucleotide (FADH2) and exposed 

surface of SNO, we perform ab initio molecular dynamics (AIMD) simulations on sterically favorable 
configurations sampled from the classical MD simulations. The size of the systems ~ 400 atoms 
coupled with the presence of a quantum material such as SNO make the AIMD calculations 
computationally intensive. As such, these simulations required us to use the leadership computing 
facilities at Argonne National Lab (~2048 to 8192 cores for each run).78  

All the AIMD simulations are carried out within the generalized gradient approximation (GGA), 
while using the projector-augmented wave formalism as implemented in the Vienna Ab-initio 
Simulation Package (VASP).82,83 The exchange correlation is described by the Perdew-Burke-
Ernzerhof (PBE) functional,33 with the pseudopotentials: Sm_3 (valence: 5s25p26s24f1), Ni_pv 
(valence: 3p64s23d8) and O (valence 2s22p4) supplied by VASP. The plane wave energy cutoff is set 
at 520 eV and the Brillouin zone was sampled at -point only. The computational supercell is 
composed of two unit cells of SNO (001) slab (320 atoms). The bottom layers containing 80 atoms 
are fixed to improve computational efficiency. Periodic boundary conditions are employed along all 
directions with a vacuum of ~10 Å along the surface normal. Using isobaric-isothermal (NPT) 
ensemble, we first thermalize the SNO computational supercell at 300 K and zero external pressure 
for 10 ps using a time step of 0.5 fs. The temperature conditions are maintained by using a Langevin 
thermostat, while the atomic positions, supercell shape and volume are equilibrated using the 
Parinello-Rahman scheme.84 Next, we introduce one molecule of FADH2 at different locations with 
arbitrary orientation above the SNO surface; we ensure that the periodic images along the surface 
normal are at least 10 Å apart to avoid spurious interactions. The FADH2-SNO systems are 
equilibrated at 300 K in the canonical ensemble (constant volume, temperature). Constant 
temperature conditions were maintained via Nose Hoover thermostat85 as implemented in VASP. 

  
Electronic structure calculations:  



We assess the energetic feasibility of hydrogen abstraction from FADH2 to SNO surface by 
using density functional theory (DFT) calculations within the GGA+U framework (as described in 
Sec. S10). The exchange correlation functionals, energy cut-off, and Brillouin zone sampling are 
identical to those employed for AIMD simulations. The computational supercell consisted of a 
FADH2 molecule placed near the exposed surface of SNO (001) [2 unit cells; 320 atoms]; the shortest 
distance between FADH2 and SNO (001) is chosen to be ~2.5 Å. We have amply sampled adsorption 
locations as well as orientatations of FADH2 molecule relative to the exposed SNO surface (~30 
configurations). For each of these starting configurations, we perform structural optimization via 
conjugate gradient relaxations until the atomic forces are less than 0.01 eV/ Å. 

  
Acute mouse brain striatal and primary visual cortical slices preparation   
All animal procedures were approved by Purdue Animal Care and Use Committee. Acute striatal 

and primary visual cortical slices were prepared as noted in literature.86 C57/BL6 mice age between 
P31 and P33 were anesthetized with ketamine and xylazine mix (ketamine 100mg/ml, xylazine 
16mg/ml in saline) at 1ml per 100g body weight. Deep anesthesia was confirmed by the absence of 
the toe pinch reflex. The animal was subjected to trans-cardiac perfusion with High Sucrose 
Dissection Buffer (HSDB) containing (in mM): 75 sucrose, 10 glucose, 87 NaCl, 2.5 KCl, 1.25 
NaH2PO4, 25 NaHCO3, 0.5 CaCl2, 7 MgCl2, 1.3 ascorbic acid. Then the brain was dissected and the 
part of the brain containing striatum, or the primary visual cortex was cut into 300µm coronal sections 
using a vibrating microtome (Leica VT1000) in oxygenated HSDB. Brain slices were transferred into 
oxygenated artificial cerebrospinal fluid (ACSF) which comprises (in mM) 124 NaCl, 3.5 KCl, 1 
CaCl2, 0.8 MgCl2, 1.23 NaH2PO4, 26 NaHCO3, and 10 glucose. The slices were then incubated at 
32°C for 30min, and then at room temperature for at least 1h before the experiment. Slices were kept 
in ACSF for up to 6h. 

 
Brain slice electrical stimulation protocol  
Repeated high-frequency pulse trains were applied to trigger dopamine release in the striatum. 

Identical stimulation protocol was applied in control experiments. Electrical stimulation was 
generated by a stimulation isolator (WPI A365) and delivered through a bipolar electrical stimulating 
electrode (FHC CE2C55) on the surface of the brain slices in the region of interest (striatum in 
experimental condition and primary visual cortex in negative control). 20 pulses (5ms width, 350µA) 
at 20Hz consist a single pulse train, and one pulse train was applied every 15 seconds for a total of 
120 times.  
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