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ABSTRACT: Glutamate, one of the main neurotransmitters in the brain, plays a critical:fole

in communication between neurons, neuronal development, and various neurﬂ%l

disorders. Extracellular measurement of neurotransmitters such as glutamate in the brain is ®

important for understanding these processes and developing a new generation of tgaig“' ) g
Co ; : A h—& +H.0

machine interfaces. Here, we demonstrate the use of a perovskite Nakmiate oS

heterostructure as a promising glutamate sensor with a low detection limit of 16 nM‘and a

response time of 1.2v& amperometric sensing. We have designed and successfully tej%d@{.‘

novel perovskite nickelaléa on electrodes for recording of glutamate reteasevon \? S

electrically stimulated brain slicesiandvofrom the primary visual cortex (V1) of awake

mice exposed to visual stimuli. These results demonstrate the potential of perovskite niekelaies:

as sensing media for braimachine interfaces. 3

o

KEYWORDS:glutamate, biosensor, nickelate, in vivo, strong correlated materials

INTRODUCTION disorders are often lacking. Current technologies are being
used to measure glutamate such as high-performance liquid
ntEpromatography, gas chromatography, mass spectrometry, and
icrodialysis. While these techniques result in a high level of

and engineering. Among this class, rare-earth nickela?e%ura?y’e{[g'elg require external analysis an_d longer measure-
(RNiO; (RNO)), where R represents rare-earth lanthanidd €Nt time. On the other hand, genetically encoded
elements, have attracted sigamt interest in theelds of glutamate sensors require genetic wabn of th? target
electronics, catalysis, and energlerovskite nickelates are CelI;él]-rgtrférilsecitrzov?/r;]?cmhl(c:i?rle?:?r:isn(gscgrrﬁiXjegbgur;tgggt?rrements
strongly correlated systems with electronic properties higr{ﬁ/e P ; :

sensitive to the microstructure, strain, and d®fette [ t_he'deep brain tissue can be c;arnczed out without the need for
ground state at room or body temperature can be insulating 8?“ cial labels or gene therapy.” Indeed, benchtop

metallic depending on the steriea due to the A-site cation, experiments exploring (B('(Ho?%%fdes for Sensing of
for instance, NdNiQis a correlated metal at room biomolecules have been rep . However, multiple

temperatur®.® The highly tunable electronic properties of disciplines across natural sciences and engineering have to be

nickelates have served as motivation to exploit them ggoug_ht together and numerous hurdles crossed to go from
electrocatalysts in energy technofbgesl biosensotd material-level sensing experiments to their use in implanted
There exists a great need for biosensing inside the brain tisSUgCrode devices farvivabrain recording from live animals.

in living animals fan vivaneasurements of neurotransmitters. . particular neurotransmitter of interest is glu;amate,_ which
Advancingin vivotechniques to monitor neurotransmitter IS among the mosrt] abundalmt and the main _ex_c:|tat|oryd
release in the brain is of great interest and cigoe to neurotransmitter in the central nervous system. It is involve
neuroscience, disease therapy, and bioengineeldsgy _
because these neurotransmitters play an essential roleRgfeived: February 13, 2020
critical brain functions such as information transmissiorf,ccepied: May 8, 2020
learning, and memory}* Furthermore, neurotransmission Published:May 8, 2020

is known to be impaired in neurodegenerative disorders such

as Parkinsémand Alzheimsrdisease.However, the precise

measurements of neurotransmitters in the studies of these

Perovskite oxides (formula of AB&e an important material
family with a diverse range of physical properties a
functionalities of interest to multiple disciplines in scienc
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Figure 1.NdNiOs/Na on heterostructure as a glutamate biosensor. (a) Schematic of glutamate sensing with tiNardckséatsor. The

NdNiO; (NNO) thin Im was coated with Nan followed by the Glu@nzyme. The Nan serves as an ion-selective permeable membrane,

while the Glu@enzyme is immobilized on the top of &fa (b) Biosensing reaction mechanism of glutamate by NNO. Electrical stimulus

application led to the release of glutamate. Thg &z¢me coated on NNO catalyzes the enzymatic reaction tekitoglutarate, NyHand

H,0,. The HO, di uses through the Nan to reach the surface of NNO. Under applied b&9 6 VWsAg/AgCl), the HO, oxidation is

catalyzed by NNO, which is monitored by the electrochemical station. (c) High-resolution transmission electron microscopy (TEM) image of the

NNO/LaAlO; (LAO) cross section. The fast Fourier transform (FFT) image of the interface is shown in the inset. (d) High-angle annular dark-
eld scanning TEM (HAADF-STEM) and (e) STEM-energy-dispersive X-ray (EDX) image of cross section of the MNOh&&elected

area diraction pattern is shown in the inset of (c). The epitaxially grown NN@h the LAO substrate with uniformly dispersed Nd and Ni

across thelm thickness could be observed. (f) Surface morphology ¢Nalush/NNO and NNO characterized by atomic force microscopy

(AFM). The surface of NNO is quite smooth. In comparison, the &latihg has a rough morphology of round-shaped particles with a diameter

of 5 m, which is distinguishable from a bare NNO surface as well asoth®IN@ surface.

in many brain functions, including sensory perception, mot@resented for implantation of glutamate sensors into the
control, learning, memory formation, higher-level cognitiotyrain matter for real-time recordihg>*>** However,

and behavior. As a result, changes in glutamate signalingiroproving both response time scale and detection limit
processing are involved in the pathophysiology of varioggnultaneously motivates the discovery of new platforms for
neurological and neurodegenerative diséfd@hstamate is  sensing. We report such a biosensor using a cross-linking
highly excitatory and is rapidly removed from the synaptic cléf@mobilizing method with Nan-coated perovskite nickelate

by transporters to prevent excitotoxieces and excessive thin Ims. Glutamate oxidase (GJuOan enzyme that
spillover to neighboring synaps$&herefore, it is signiant ~ Metabolizes glutamate and releas€s, kvas immobilized

to understand how glutamatergic activity is regulated not onj@ Na on-coated NdNiQ(NNO) Ims. The as-generated
because much of the brain energy is spent on sustainifgO2. molecules penetrated through theddaand released

synaptic activity at the glutamatergic synapse but also duePi@tons and electrons catalyzed by NINGs. The released
glutamats critical role in brain function at normal and charge carriers were monitored using a three-electrode setup

disease-related levéls. amperometrically. Here, for thest time, we present

In a typical glutamate sensor fabrication process, g|utam§f§)_erimental demonstration of fast detection of low concen-
oxidase (GluQ enzyme is immobilized on the surface of thelfation (nanomolar range) of the glutamate in phosphate-
sensing medium to trigger enzymatic generation of hydrogEH ered saline (PBS) using benchtop measurements, followed

peroxide (HO,), which can be detected amperometricdfly. DY €X vivon mouse brain slices andrivan awake headked

To avoid the interference of other chemicals such as ascorb4iEe USing a correlated material system of perovskite nickelate
NdNiO; (NNO)) heterostructured with Nan, a

which can be directly oxidized on the electrode surface witho & L
an enzyme, a Nan polymer layer is incorporated between thepolymerlc ion-permeable membrane.
enzyme and sensing electrode.oMacan electrostatically

repel interference anions but selectively allows the penetration RESULTS

of H,0,. Such Naon-coated structure has been rrge%%reted tOFigure & shows the schematic pathway for the glutamate
provide enhanced selectivity for accurate measu nts. sensing mechanism using NNO as a biosensor device. The
In recent years, several candidates for amperometifectrical stimulus leads to an increased level of glutamate
glutamate biosensors have been developed such as ngplgh in Figure b), which gets transported to the device
metals €.g Pt, Au, and Pd™), glassy carbon, carbdrer or  interface. The glutamate oxidase (Guénzyme is
carbon nanotubes (CNFS9, polymers/*® binary metal  immobilized on the Im surface, which consumes the
oxides é.g TiO, and CeG***%, and perovskite oxides.q glutamate with oxygen and water to produg®,.HThe
titanatesy>** Additionally, several studies have beenGluQ, biosensor is Qdependent, as suggestesjin(path
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Figure 2.Benchtop experiments and nickelate characterization post-glutamate dosage. (a) Representative amperometric curves for NNO a:
glutamate biosensor at the applied potential of \EB§/AgCl in 0.01 M PBS (pH 7.4) with and without the presence of the &lagne

(control). (b) Corresponding calibration curves and the sensitivity are shown. (c) Comparison of the performance metrics in terms of respons
time and detection limit of various representative glutamate biosensors from the literature. The light pink regime indicates the @arbient extracell
glutamate level without any external stimulus. (d) Representative amperometric curves for NNO as a glutamate btosendoségedi of

glutamate (100M per dosage) at an applied potential of ¥$Ag/AgCl in 0.01 M PBS (pH 7.4). (&) V curves taken from NNOms after

treatment with ® (pristine), Xk, 2x, and ¥ dosages of glutamate. The evolution of resistivity ahthes shown in the inset. For instance, the

3x dosage treatment of glutamate led to the increase bhttesistivity by 2 orders of magnitude due to prefeatron incorporation. (f)

Synchrotron X-ray diaction (XRD) scans of identical NN{ns upon the treatment of the pristifma and Ims subjected tox1 2x, and

dosages of glutamate. The scans are alo@y direction around the (002) daction peak of the LaAJQLAO) substrate (pseudocubic

notation). (g) X-ray absorption curves of the O K-edge of Nafter the treatment of (pristine), Xk, 2x, and ¥ dosages of glutamate. (h,

i) Angle-dependent X-ray absorption spectra of the Ni K-edge ofliisl@Qpon the treatment of @pristine), Xk, 2x, and ¥ dosages of

glutamate at the incident angles of (h) &Rl (i) 5.2. The zoom-in features of pre-edge area spectra are shown in the inset. The glutamate
treatment leads to the gradually decreased intensity of the O K-edge absorption peak, pre-edge hump area, and white line intensity of Ni K-edge
ray absorption near-edge spectroscopy (XANES), due to the intercalation of the proton and electron into the NNO lattice from the hydrogen
peroxide oxidation.

in Figure b). However, it operates well in the brain underFigure b) at an appropriate polarization potential and
normal conditions without being limited by oxygen concenmonitored by the electrochemical station.
tratiori'*

H,O, O% 2H% 2¢€ @)
glutarrjater o+ HO The protons intercalate into the nickelate lattice in which
S ketoglutarate NH H© €)) the proton is weakly bonded with oxygen anions and occupies
_ interstitial sites in NiQoctahedra, and the extra electron is
The HO, selectively penetrates through theoNalm lled into the ligand hole in the J)iO,, hybridized
(path in Figure b). H,0, is then catalytically oxidized at orbital?**® After the intercalation of the proton and electron,
the working electrode of NNO accordingdo2(path in the electronelectron repulsion in the Ni site orbital leads to
24566 https://dx.doi.org/10.1021/acsami.0c02826
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the localization of electrons and an increase of resistivity, atha ascorbate oxidase enzyme (200 U/mL) to further prevent
feedback mechanism. the interference of AA.

The top-view and cross-section morphology of the NNO/ A comparison of the parameters for response time and limits
LAO (NdNiO; thin Im deposited on the LaAl®ubstrate)  of detection of various glutamate biosensors is shiewuarin

Im were analyzed by transmission electron microsco@g>"*"*? > The light pink regime iffigure 2 represents
(TEM). The interface between the NN®n and the LAO ambient extracellular glutamate ranging from 20 nM to 20
substrate is sharp without any secondary prage= (€,d). M.?*>? The NNO Im demonstrates a fast response time of
The NNO Im is epitaxially oriented along the [001] direction, 1.2 s and a low detection limit of 16 nM with a linear range
parallel to the-axis of the LAO(001) substrate. The zone axidetween 1 and 700M (Figure S} These metrics are
of the specimen is [100] for imaging and can be seen by ttf@mparable to state-of-the-art glutamate sensors suggesting
symmetry in the FFT image, as shown in the insepoé t. their potential asn vivo sensors as described further.
STEM-EDX analysis showrfrigure & illustrates the uniform  Additionally, it is important for our glutamate sensor to
distribution of Nd and Ni elements across thethickness.  Maintain the balance between sensitivity, selectivity, and
The NNO Im was coated with Nan (a widely used ion- temporal resolution. Thus, the existence of the permselective
permeating membrane) and the Glafizyme. Atomic force membrane is also sigrant to keep our sensor selective,
microscopy (AFM) measurements were then performed tyhich increases the response time as comparing to the ultrafast
verify the surface decoratiGig(res flandS3. The pristine glutamate sens%iTF_urthermore, as described in more detail
NNO surface has a surface roughness0dgf6 nm. In later, the sensor is implanted at the Iay_erz_lof the visual cortex
comparison, therst layer of Naon coating leads to the next to the_ direct thalamocqrtlcal prOJectlon,_Where a small
increase of surface roughness to 8.54Tabie( S). Further concentration of glutamate is released gyedit types of
GluQ, coating shows up as a bright spot with a diameter of ¥sual stimulation. In this case, the response time and low

m. detection limit of our sensor are suitable to detect the

Glutamate Biosensor PerformanceThe chronoampero-  9lutamate release. However, even faster response times,
metric method for the determination of glutamate utilizes th&eNSitivity, and better resolution for transient glutamate
oxidation response of @, a byproduct of enzymatic detection can be achieved by optimizing therNzayer
oxidation. From the cyclic voltametry (CV) scan resung:ggensmns in future studies, as shown theoretically by Clay et
(representative result showkigure Sy} 0.6 VvsAg/AgCl is ' S
chosen as an optimal potential for amperometric detection PfPhase Evolution in Nickelate Sensors after Exposure

L o ; . to Glutamate Dosages. The hydrogen peroxide oxidation
glutamat&iaoxidation of HO,, which is also typically used in : ; -
the literaturé? Prior to sensing measurements, the NINO reaction at the nickelate electrode can be monittaré:

was conmed to have swient conductivity for reliable electrochemical station. Separately, the nickelatérttgan

: P be studied post-reaction dsy situnethods using high-energy
electrocatalytic actlvm57|gur_e SpIn the presence of oxygen, resolution synchrotron radiation. The resistance evolution of
GluQ, catalyzes successive reaction of glutamate to forﬁqe Ims ( V curves) after the treatment with edent
H,0,, which can be oxidized at the electrode. As shown i&osages of glutamate in 0.01 M PBS (pH 7.4) sol@ifiuré

chllgure a, r:%e.t perovsk_|te rtncklelattm c?altet(_j W'tht.'\.'ta’nt d2d) is shown irFigure 2. The pristine metallic NNOm has
uQ, exhibits prominent electrocatalytic activity towar a low resistivity 0f0.18 m cm. The ¥ dosage of glutamate

increasing levels of glutamate. The successive additionl ds to a slight increase to around 0.2&m. The * and
glutamate (50M each dosage) leads to a sgmt jump Up 3, 4546 treatment further results in substantial change in the
of current density of18 nA/mn¥ per dosage. In comparison, resistivity by 5x and 2 orders of magnitude. Such PBS-
the nickelate without Nan GluQ, demonstrates no current  agiated conductivity reduction due to electibing is
density variation upon addition of glutamate at @AY/ nonvolatile at ambient conditions.

AgCl, suggesting that there is no occurrence of Faradaicr, investigate the mechanism of sensor response to

reaction (HO, O, + H" + 2e) without the enzyme. A giytamate, microstructural and electronic structure studies
calibration plot is presentedfigure b, which presents a yere performed on representative samples. Synchrotron X-ray
linear kinetic reaction with a sensitivity of 0232707 nA/ di raction curves taken fromims after dierent dosage

( M mn?) (n= 3) toward glutamate. For sensor selectivity, reatments are shown fiigure £ The pristine NNO was

Na on layer, which electrostatically repels anions, waitaxially grown on the single crystalline LAO substrate,
deposited onto the perovskite nickeldte before the  \yhich shows a shoulder (220)rettion peak (orthorhombic
immobilizing of the GluCenzyme layeFigure S6mshows  notation) atQ, 3.27 AL The substrate LAO(002)

the amperometric response of our glutamate biosensor agaifistaction peak (in pseudocubic notation) is located at 3.31
ascorbic acid (AA), uric acid (UA), and acetaminophen (AC)A ! indicating the NNO Ims larger out-of-plane lattice
Figure S6lpresents the current ratio between glutamate anﬁarameter. Upon x1 dosage glutamate treatment, the
AA, UA, and AC. There is very slight response from the sensdir raction peak of NNO becomes broader and shows a shift
to UA and AC. The current ratio of AA/glutamate is 28% withtoward lowerQ, position, which arises from the proton/

a negligible ratio of UA/glutamate and AC/glutamate of 4 anglectron doping-induced lattice expansion and distortion. The
7%, respectively. The results suggested that tlem Na XRD pattern of NNO after furthex 2losage and<3dosage
membrane can only prevent about 80% interference sigmalatments demonstrates no apparenaation peak, which
from AA. Therefore, in future studies, another type of indicates a decrease in thma crystallinity due to the greater
permselective layer such raphenylenediamine dihydro- concentration of protons that are intercalated throughmthe
chloride can be applied to better block the interferent sign&@lynchrotron X-ray absonuti near-edge spectroscopy
from AA and other species such as dopamine and BXANES) measurements near the O K-edge of NIN®
hydroxytryptamirf€. ** One can also include mal layer of  after dierent dosages are showrFigure 8. The gradual
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Figure 3.Ex vivostudies of glutamate release in stimulated brain sliégsviastimulated glutamate sensing setup using a visual cortex brain

slice of a mouse. The size of the visual cortex brain slleg6ienx 0.76 cm. (b) Zoom-in image of the brain slice with the electrical stimulus

probe is attached. (c) Representativwavatimulated glutamate sensing curve is shown. The glutamate sensing experiment was performed using a
three-electrode setup at 0.6s¥Xg/AgCl. A sharp current peak was obser8edafter the electrical stimulus (580.1 ms width pulse, 40 Hz

for 10 s) was applied to the brain slice. (d) Same setup shown in (d) is identical to (a). Here, the glutamate sensor was machined into a need|
shape probe and was inserted into the brain slice. (e) Zoom-in image of the brain slice with the stimulus probe and the glutamate sensor. {
Representativx vivatimulated glutamate sensing curve recorded by the needle-shape sensor. The recording and stimulation protocol is the san
as in (a) (c), but the stimulation time is 5 s. The peak was dete2tedafter the electrical stimulus was turned on.

suppression of the O K-edge absorption peak at 529 eV occilics verify reproducibility, we annealed the sensor devices to
upon dierent dosage treatment, suggesting a decrease reamove the doped hydrogen, started the fabrication process
oxygen-projected density of unoccupied states owing to tfrem scratch for subsequent reliseufe SB
electron injection into £ Nisq hybridized orbitals. Synchro-  Ex Vivo Studies of Neurotransmitter Release from the
tron XANES measurements near the Ni K-edge of N®O  Mouse Visual Cortex. Prior to demonstrating the use of
after dierent dosages measured atrdnt incidence angles these biosensors for real-time monitoring of neurotransmitter
are shown ifrigure B,i. The choice of incidence angles allowsglutamate released from the neuronal tissue of living animals,
us to determine if there are any sigant changes occurring we rst measured glutamate release in acute mouse brain slices
only near the surface as opposed to acagifraction of the  ex vivoBrain slices were prepared from the primary visual
Im thickness. The pre-edge region (shown in the inset artex (V1) of mice. In each experiment, a glutamate NNO
Figure B,i) of XANES can be regarded as tigerprint of sensor was placed underneath a brain slice and secured by a
the covalence status between the K4 hybridized orbital. ~ slice holder for glutamate measurement. To stimulate
The intensity of the white line peak depends on the occupangjutamate release from the presynaptic terminals within the
of the bound nal states. Both spectra at incidence angles alice, a bipolar stimulus electrode was placed on the surface of
0.3 and 5.2show similar evolution trend that the white line the layer 4 of the cortical slice. Electrical pulses were applied as
peak amplitude sigoantly gets weaker and theeaive described iMethodqFigure &,b). Stimulation of layer 4, the
integrated area underneath the pre-edge peak apparently gesén recipient of the thalamic input, was pctby the
suppressed after the glutamate treatment. Both reductioasatomical organization of the V1 microcircuit and the
indicate electronlling into the hybridized d-orbital due to the extensive previous studies of the long-term synaptic plasticity
neurotransmitter. The reduction in the integrated pre-edget the layer 4 to layer 2/3 synapseurthermore, this layer 4
peak area of glutamate-treated NNO is normalized by the atea layer 2/3 synapse represents one of the strongest
of pristine NNO. For an incidence angle ¢f th® pre-edge feedforward inputs in the cortical column. To achieve full
area decreases by 48% for thdddage treatmentgble SP. contact of the brain tissue with the biosensor, we made sure
In comparison, such change is estimated to be 28% for #rat the sensor was about twice as large as the brain slice (0.46
incidence angle of 5.gTable SR The previous work using x 0.76 crf) (Figure &). When the glutamate reached the
SmNIQG; thin Ims for spontaneous transfer of hydrogen fronglutamate oxidase layer of the biosensor, the redox current was
glucose (with no electrical stimuli) showed only near-surfacaptured by the perovskite nickelate biosensor. The sampling
doping to a few unit celfSIn this work, we can see that rate for the redox current recording was 10 Hz, and all of the
electron lling from a neurotransmitter could be a bulicte  current density shown kigure 8,f is normalized to square
across thelm thickness under the electrochemical bias used imillimeter to compare the data obtained with sensors of
the amperometric sensing methodology,roaa by both di erent surface areas. About 8 s following the onset of
synchrotron XRD and XANES measurements as shown aboelectrical stimulation (50@ 0.1 ms width pulse, 40 Hz for 10
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Figure 4.In vivoglutamate release studies on awake mice. (a) Setuprfatitbglutamate sensing from awake, headl-mouse and close-up

images of the sensor used. The visual stimulus presented was drifting sinusoidal grating (spatial frequency = 0.03 cpd, temporal frequency = 3
and speed = 108) presented for 10 s with an intertrial delay of 8 s where a gray screen was displayed. (b) Mouse brain atlas (from Allen Brain
Institute) showing the sensor was inserted into the binocular V1 region of the primary visual cortex (V1) outlined in the red dashed line. (c) Slice
histology showing the insertion path of the sensor in V1. (d) Represantatbgtutamate recording is shown during visual stimulus made by

the glutamate sensor (red).

s), the peak current density perZismp to 20 nA (baseline- binocular region of the visual cortex to record the release of
subtracted), indicating that the highest glutamate concegtutamate in response to visual stimulafiayuie 3 The
tration recorded is about 681 (Figure . The baseline is  experiment setup and mouse brain atlas (from Allen Brain
the average current density value when no prominent currefktituté?) are shown irFigure 4,b, respectivelyigure 4
peak is detected in consecutive 20 s of a recording trial. TBRows the measured response to the drifting sinusoidal grating
results suggest that NNO can be successfully used for sengiihtial frequency (SF) = 0.03 cycles/deg (cpd), temporal
the glutamate signak vivo , _frequency (TF) = 3 Hz, and speed =°1§)presented for 10

The large surface area of the sensor increased the sensnaiz‘lt he sensor with the coating shows a stimulus-induced peak,

of glutgmate detection, but its Size limited the spati uggesting that it is detecting extracellular glutamate. Record-
resolution. Furthermore, the size of the sensor was

prohibitively large fan vivorecordings from the live mouse. Mgs made in response to other visual stimuli pattems are

To develop a more compact sensory design that could paown 1n FI(;JUI’G S(‘;) Some bd|erences_ IIT the ?njoudntbof h
inserted into the brain of a live mouse, we developed a needititamate detected may be potentially explained by the

like prototype of the biosensor with the 25@00 m? di erences in _the ability of _d'rent _visugl stimL_JIation
dimensions. Although it is larger than the latest state-of-the-RFPtOCOIS to activate presynaptic terminals in the visual cortex
silicon probe for electrophysiological recordings, this desigRd release glutamate. To comipevevoglutamate release in
represented a major improvement compared to the benchté@sponse to visual stimulation to the standard electro-
version and could be successfully used for the recordingbysiological recordings performed in mice, we performed
Before using the new desigvivo we rst tested it in brain  extracellular recordings of visually evoked potentials (VEPS)
slices. We had placed the new needle-shape sensor on theaong neuronal unit responses as described previegshe (

of layer 2/3 and successfully recorded glutamate release wissir).%*

applying the same high-frequency stimulation (8(D1 s There was a temporal delay between stimulation and
width pulse, 40 Hz for 5 s) of layer 4 in V1 as described earligiutamate detection bo#ix vivaandin vivo This delay was
(Figure @ f). The current density peak was detected about Bigher than the response latency in extracellular electro-
s after the stimulation began, the peak is up to 7 FA/mmphysiological recordings of locald potentials (LFPs) and
which corresponds to >2IM of glutamate during this neyronal spikesFigure S10 The distinct behavior may be
experimentKigure 8. The faster and more transient response, otentially explained by the action of the glutamate trans-
detected by the needle-shape sensor compared to the Iaf)% ters in the presynaptic terminal and astrocytes, which can

baseplate sensor could be explained by the closer proximit Qliftly remove glutamate from the synaptic cleft and
the needle-shape sensor to the presynaptic terminals in layer . . . .
racellular space following visual stimulation. Consequently,

3 releasing glutamate directly compared to the slow excessit
glutamate spillover required to reach the baseplate sensor. may be ablg to detect only Excess glutam.ate.relea.sed
results indicate that the needle-like sensor is more precise wing extensive, prolonged electrical stimulation in brain
sensitive and is promising for glutamate monitoring in living/!CeS Or visual stimulationvivo The slow diusion of this
animals. excess glutamate may also explain the latency between the
In Vivo Studies of Neurotransmitter Release from the stimulation and the glutamate signal detection by the biosensor
Mouse Brain. To demonstrate the potential for real-time compared to electrophysiological methods. Future studies can
biological applications, the nickelbt@ on sensors were used include further miniaturizan of electrode devices for
to record glutamate releasgivan awake, headed mice. A multiplexed long-terin vivobrain research and biocompat-
needle-shaped version of the sensor was inserted into ibdity analysis.
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CONCLUSIONS water) were obtained from Sigma-Aldrich (St. Louis, MO).
. Glutamic acid and 0.1 M phosphateebed saline (PBS, pH 7.4)

We have pr(_asented the demonstrgtlon of an amperometwére obtained from Fisher Scien{Waltham, MA). Ascorbic acid
biosensor using a correlated metallic perovskite nickelate ((aa), uric acid (UA), and acetaminophen (AC) were purchased from
NdNiO; (NNO)) for neurotransmitter sensing in betvivo  Alfa Aesar (Fisher Scienti Waltham, MA). Elastomeric poly-
brain slices anith vivoinside the brain of awake mice. The (dimethylsiloxane) (PDMS, Sylgard 184) was purchased from Dow
biosensor consists of a NNO/Ma/GluQ, heterostructure  Corning (Midland, MI). Water was pardl by Milli-Q (Millipore,
with a high selectivity toward glutamate, fast response tirBgdford, MA). The Ag/AgCI/NaCl (3.5 M) reference electrode (RE)
(1.2 s), and low detection limit (16 nM). Correlated metallicwas acquired from Bio-Logic USA (LLC, Knoxville, TN) for three-
systems interfaced with polymers can therefore contribute §§ctrode measurements.

. : . . Microscopy Cross-sectional area images of the NNO/LkO
?neasé%?ngfiﬁ?g;fg?;gints for neurotransmitter sensing and bra”\)vere obtained using a Cs and Cc aberration double-corrected FEI

Titan transmission electron microscope (TEM) at 200 keV. The
TEM specimen was prepared by focused ion beam (FIB) lift-out and
METHODS subsequently milled in a Gatan PIPS at 200 eV to remove any excess
Fabrication of NdNiO; (NNO)/Na on/Enzyme Heterostruc- damage layers introduced by the FIB. The scanning TEM energy-
tures. NdNiQ Film Deposition.Perovskite nickelate NdNjO  dispersive X-ray spectroscopy (STEM-EDS) data was collected using
(NNO) thin Ims were grown on single-crystal (001) LaAlO an FEI Talos equipped with a Super X EDS at 200 keV.
(LAO) substrates (MTI Corp.) using a AJA UHV magnetron Electrical Conduction _MeasurementAft_er each _glutama_te
sputtering at room temperature. All substrates were rinsed by toluefigatment, the NNOIm (without Naon coating) was rinsed with
acetone, and isopropyl alcohol and dried with high-putitgfoe DI water and dried with high-purity, §as. Two Pd pads with a
deposition. The optimized growth condition was calibrated using thickness of 100 nm were deposited onto Itheas contact using
Phenom scanning electron microscope (SEM) equipped with energpagnetron sputtering from the Pd target. The cuweltage ( V)
dispersive X-ray spectroscopy (EDS). The deposition gas atmospheiteves were measured between two Pd contacts using a Keithley
is a mixture of 40/10 sccm Ag@t a total deposition background 2635A source measure unit. For measurements of the in-plane
pressure of 5 mTorr. Two metallic Ni (DC, 66 W) and Nd (radio conductivity of thelm, the cyclic voltammetry measurement was
frequency (RF), 145 W) targets were used for depositionlnThe performed using a three-eleder setup on a Solatron 1260
growth rate is 2.5 nm/min. After deposition, the samples were potentiostat. A silver paste was scratched into a corner of the NNO
treated by post-annealing in air at 8D@or 24 h in a tube furnace  Im (5 mmx 10 mm), and a stainless-steel wire was in contact with
with a ramping and cooling rate of°CAnin. Films with a thickness ~ Ag paste and baked at*&Duntil the paste become solid. Thereafter,
of 50 nm were used in this work. the back, sides, and Ag paste area were sealed with inert epoxy (Locite
Na on Coating Synthesi®erovskite nickelate NdANIQNNO) 9460) leaving the NNOIm ( 0.3 crd) exposed to the electrolyte
thin Ims were used as a working electrode for neurotransmitt@nly. In our measurement, the NN@n served as the working
detection (image shown figure S)L The Ims were connected electrode and the Pt wire and Ag/AgCl in 3.5 M KClI served as the
using a magnetic wire (34 AWG, Digi-Key Corp., MN) by silver pasteounter electrode (CE) and the reference electrode, respectively. To
The contact was insulated using poly(dimethylsiloxane) (PDMShe 0.1 M KCI electrolyte, % 10 * M each of KFe(CN); and
leaving only the working area open for electrochemical activity. THaFe(CN):-3H,0 (Sigma, >99%) was added. Before measurement,
thin- Im electrode was then coated with a thin layer afiNas a the electrolyte was bubbled with ultra-high-pusifp\80 min.
permselective membrane to improve the selectivity for glutamate oveBynchrotron X-ray Measuremeritéie X-ray measurements were
other interferences such as ascorbic acid (AA), acetaminophen (ACrried out on beamline 33-ID-D at Advanced Photon Source,
and uric acid (UA). Prior to coating, thim electrodes were baked Argonne National Laboratory. A six-circle Newport Kaprze-di
at 175°C for 4 min to remove any moisture. They were then removetbmeter was used for the X-rayralition measurement near the
from the oven and lowered into the amber vial containimnNa substrate (002) Bragg peak. The nominal incident X-ray photon
solution, such that the recording sites were submerged in the solutienergy of 8.333 keV was used for the XRD measurements, which is
The Ims were rotated in a circular motiore times (1 s per lower than the measured Ni absorption edg8.845 keV. XRD and
rotation). The Ims were removed from the Na solution and XANES measurements were done on the same spot of the sample. For
baked at 175C for 4 min. They were removed from the oven andthe XAS measurement, a single element Vortex detector was used to
cooled down for at least 10 min at room temperature before coatingllect the uorescence signal from the sample as the incident X-ray
with the GluQ enzyme for glutamate sensing. energy was scanned through the Ni K absorption edge8(861
Enzyme ImmobilizationAfter Naon coating, thelms were keV). Two dierent incident angles of X-rays were chosen for the
functioned with glutamate oxidase (GluBovine serum albumin  XAS measurements: one at @Zurvey the whole depth of the
(BSA), and glutaraldehyde fgio matrix. BSA (2.5%) and and another at 03i.e, below the critical angle, where the X-ray
glutaraldehyde (0.4%) were added to the microcentrifuge tubextinction depth is reduced to less than 10 nm, to probe the Ni cation
containing glutamate oxidase (500 U/mL). The solution was mixedalence state of the surface layer. O K-edge X-ray absorption
by centrifuging for 30 s. The resulting solution was 1% BSA, 0.15§ectroscopy was conducted at beamline 29-ID IEX at the Advanced
glutaraldehyde, and 100 U/mL GJuGluQ, was cross-linked with  Photon Source, Argonne National Laboratory. Data were collected in
BSA and glutaraldehyde to be immobilized on the surface of tlepressure better thas 1.0 & Torr in total uorescence yield (TFY)
Na on-coated Im. The protein matrix solution was used immedi- using a microchannel plate whtkagular acceptance located at 2
ately. A 0.110 L micropipette was used to coat the NNO sensor.20°. We used circular polarization with an overall energy resolution
Two micrometers of the glutamate matrix was drawn up. A smddetter than 100 meV. The incidence angle was set ¥, as to
droplet of the solution was formed at the pipet tip without completeljimit the penetration depth to 10 nm at the O K-edge. The total
releasing the droplet. The solution droplet was then loweredyto brie uorescence yield was normalized by the incident X-ray intgnsity (
contact the Im surface and is raised straight up anithe@ NNO using the drain current from a gold mesh upstream of the sample.
sensor surface. This was repeated four times with at least 1 min wait iltomic Force Microscopy (AFNThe topographic AFM mapping
between. The coatinims were cured at room temperature from 48 of the NNO Ims upon dierent glutamate treatments was performed
to 72 h and then stored ar@ before rst measuremeht> using an Asylum MFP3D stand-alone atomic force microscope using
Chemical Agent Procuremer@lutamate oxidase (Glydrom Asylum ASYELEC-01 conductive tips (Si coated with Ti/lr).
Streptomyoeith a rated activity of 25 units/mg protein was obtained Ex Vivo Glutamate Sensing Experiments on Brain Slices.
from Cosmo Bio USA (Carlsbad, CA). dta peruorinated resin Needle-Shape NNO/LAO Electrode Fabricafibe. needle-shape
solution (5 wt % in water and alcohol) and glutaraldehyde (25% iNNNO/LAO electrodes used in tbg viv@xperiments were fabricated
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by using a wafer saw to cut the NNO/LAO wafer intolD mn? developed in the SU-8 developer (MicroChem, Newton, MA) for 5
needle-like structures. Theceledes were then mechanically min and rinsed with isopropyl alcohol. Hard bake was don€@t 200
polished with the 3m polishing paper such that the width was for 10 min. Shanks were released from the silicon wafer by etching the
approximately the same as the original wafer thicknessm(50 natural oxide with bered oxide etch followed by rinsing in DI water
resulting in a 0.28 0.25x 10 mn? nal structure. for ve times.

Animals and Acute Brain Slices Preparatiokll animal After fabricating the desired SU-8 shank structure, the platinum
procedures were approved by the Purdue University Animal Camenoparticle nanocomposite was printed on the backside of the shank
and Use Committee. Brain slices were prepared as désBi8ed. as the CE and as a conductive trace for the RE on the fréfit side.
P35 female C57BL/6 mice were anesthetized with the mix of 90 mg¥g/AgCl ink was used to print the RE on top of the conductive trace
kg of ketamine and 10 mg/kg of xylazine delivered by intraperitondal the front of the shank. Silver ink was printed as contact pads, and
injection. After commation of deep anesthesia, transcardiacPDMS was printed as an insulated layer exposing only the electrodes
perfusion was performed with oxygenated (carbogen from Airgasid contact pads. A three-axis migdadispensing robot (Pro-EV 3,

95% Q, 5% CQ) high sucrose dissection bu (HSDB, Nordson EFD, East Providence, RI) was used for the printing process.
composition in millimolar: 1.25 N#&D, 25 NaHCQ, 212.7 The needle-shape NNO/LAO was then attached right below the
sucrose, 10 dextrose, 2.5 KCI, 0.5 £a@@NgC}, and 1.3 ascorbic  reference electrode and connewviac magnetic wire (34 AWG,
acid). After the perfusion has completed, the brain was quickBigi-Key Corp., MN) by silver ink. The whole system was placed on a
isolated by dissection. The brain was trimmed to the desirable shdmged LAO substrate (1 cml cm) before attached to a stainless-
and xed in the cutting chamber of the vibratome (Leica VT1000)steel tubing, which helps guide the inserkau(e 4).

lled with the HSDB while constantly oxygenated with cartmvgen Mice and Surgical Procedures. Surgical procedures were
The coronal brain slices containing the striatum and primary visupérformed as described previdlisy57BL/6 mice were housed
cortex (V1) were cut into 300m thick sections. The brain slices on a 12 h light/dark cycle. P55 old mice were anesthetized with 5%
were transferred immediately to a °8 incubation chamber inhaled iscurane (in oxygen) and maintained at 1.5% during surgery.
containing oxygenated aidl cerebrospinaliid (ACSF, composi-  Once deep anesthesia was rtoed, the mice were ged with ear
tion in mM: 124 NacCl, 2.5 KClI, 2 Ca@.8 MgCJ, 1.23 NaHPO,, bars to a Neurostar stereotaxic surgery frame and ophthalmic
26 NaHCQ, and 10 glucose) and incubated there for 30 min. Theointment was applied to the eyes. The scalp was shaved and sterilized
slices were then kept at room temperature (ab8aY) 28r at least 1 with Dynarex ethanol wipes before a midline incision was made and
h before use. expanded to uncover the lambda and bregma skull sutures. The skull

Electrical Stimulation of Brain Slicéhe electric current was was sterilized using 3%04, and the periosteum was removed. Once
generated by a stimulation isolator (WPI A365) and output to dhe skull was dry, coordinates for the binocular visual cortex (from
bipolar electrode (FHC CE2C55). The thin tip of the bipolar lambda: AP 0.8 mm, Mt3.2 mm) were marked using Neurostar
electrode was placed on the surface of the target brain areas. Stereodrive software. A 9.5 mm long head post was glued in place with
induce glutamate release in V1, 5 or 10 s constant 40 Hz stimulatiatyanoacrylate to a point on the midline of the skull 3.5 mm anterior to
were applied; the width of one pulse was 0.1 ms, the amplitude waregma. A reference pin made from a 1.5 mm tungsten wire soldered
500 A. to the end of a 0.79 mm diameter gold-plated pin was also glued into

Ex Vivo Experiment Setupor ex vivoexperiments shown in  place with cyanoacrylate after insertion through the skull at a point on
Figure &, a piece of NNO/LAO wasxed on the experiment the midline 0.2 mm anterior of bregma. Metabond bone cement was
platform, on which the brain slide was placed. Pt wire and Ag/Ag@ised to seal the skull under a head cap.
were served as the counter electrode and the reference electroddjabituation of the mice to the hea@tion apparatus began after a
respectively. During the experiment, the recording chamber wdsy of recovery from the initial surgery. Habituation lasted for a
continuously perfused with an oxygenated ACSF solution. A sliggnimum of 3 days for 90 min/day. When attached to the head-
hold-down was placed to avoid slice movement during measuremenkgition apparatus via the implanted head post, the mice stood on a
The ex viveexperiment shown Figure @ shared the same setup. vertical treadmill facing the center of a 47.68 26199 cm monitor
Alternatively, a needle-shape NNO/LAO connedteal magnetic screen placed 16.51 cm in front of them. After the last day of
wire (30 AWG, Digi-Key Corp., MN) by a solder served as thehabituation, the following day, a craniotomy was performed at one of
working electrode. PDMS was used as an insulation layer over the marked coordinates. The same method of anesthesia was used for
solder connection to prevent any contact with the solution. Théhis surgery, as for the initial head post-implantation. Oxee @
device was then attached to a stainless tube for insertion. the headxation apparatus, the biosensor was inserted normal to the

Ex Vivo Electrochemical EvaluatioBlectrochemical sensing surface of the now exposed binocular area of the primary visual cortex.
experiments were carried out using a SP-200 potentiostat (Bio-Loglace inserted, the sensor was allowed to settle and the mouse allowed
USA, LLC, Knoxville, TN). Investigation of glutamate detection wak fully awaken from anesthesia over 30 min before recording. For the
done through the chronoamperomdtry curve technique. All  electrophysiology data, the process was the same as with the
chronoamperometry data were collected after 20 min of settling tinéosensor, but instead, a 64 channel silicon electrode was inserted.
unless stated otherwise. A conventional three-electrode cell was ualidr a recording session, the craniotomy was resealed with the Kwik-
for chronoamperometry measurements with Ag/AgCI/NaCl (3.5 M)Cast silicone elastomer and Ortho-Jet orthodontic acrylic resin.
as the reference electrode and the graphite rod as the countefVisual StimulationTo generate and present the visual stimuli, the
electrode for all evaluations. Parameters for chronoamperometry wepen-source psychology software PsychoPy was used. During the
at 0.6 Vvs Ag/AgCl with 0.1 s sampling interval. All habituation of the mice, they were shown a control screen made with
chronoamperometry was performed in a stirring solution of 0.0the color spacgray on a monitor with a mean luminance of 73 cd/
PBS (pH 7.4) as the supporting electrolyte and a rotation rate of 180% The visual stimuli provided to promote a neural response were
rpm. single 10 s sinusoidal drifting gratings (spatial frequency (SF) = 0.03

In Vivo Glutamate Sensing Experiments on Awake Mice. cpd of visual angle, temporal frequency (TF) = 3 Hz, and speed =
Fabrication of In Vivo Sensois.complete three-electrode chemical 100/s, oriented and drifting at an angle of°L%@th an intertrial
sensor system was preparethfaivdbrain implantation experiments interval of 8 s, a drifting checkerboard pattern (temporal frequency
(image shown iRigure SR The shank was prepared by spin coating (TF) = 3 Hz and speed = 196, oriented and drifting at an angle of
SU-8 2050 resin (MicroChem, Newton, MA) on a 4 in. silicon wafed 5C°) displayed for 10 s with an intertrial interval of 8 s as well as a 10
substrate with 3500 rpm of spin speed to obtaim56f thickness. s display time with an intertrial interval of 30 s, and a full contrast
The sample was soft-baked for 3 min &€&Hhd 6 min at 95C. UV modulation following a 2.5 Hz square wave displayed for 10 s with an
light (dose: 160 mJ/cinwas exposed using a mask aligner (Sussntertrial interval of 60s.

MAG, Suss MicroTech, Garching, Germany). Post-exposure bake waBerfusions and Histologiefore starting the perfusion, the mice
done for 1 min at 63C and 6 min at 95C. The sample was were anesthetized with intraperitoneal injections of a 90 mg/kg of
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ketamine and 10 mg/kg of xylazine solution. The inner cavity of the Shriram RamanathanSchool of Materials Engineering,

peritoneum was exposed with an incision under the rib cage before pyrdue University, West Lafayette, Indiana 47907, United
cutting the lateral sides of the rib cage and removing the diaphragm. StatesEmail:shriram@purdue.edu

The heart was then exposed by peeling back the rib cage and an¥-|yow0n Lee Birck Nanotechnology Center, Center for

other connective tissue BPBS was gravity-fed through a 25-gauge - . . . .
needle inserted into the left ventricle to force blood out of an incision Implantable Device, Weldon School of Biomedical Engineering,

made in the right atrium. Perfusion of 4% paraformaldehyde (PFA) Purdue University, West Lafayette, Indiana 47907, United

was then used to the tissue. To remove the brain, the animal was ~ Statesp orcid.org/0000-0001-7628-1&ailhwlee @

decapitated and the head cap sealing the skull was removed. Then, purdue.edu
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