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  Abstract 
Real-time electrochemical monitoring of organoid metabolites is a critical technol-
ogy for studying dynamic metabolism and functional states in in vitro organ models. 
This review focuses on electrochemical detection of two representative bi-
omarkers—glutamate (Glu) and alanine aminotransferase (ALT)—in brain and 
liver organoid research. First, the enzymatic detection principles for both analytes 
are systematically introduced, including the evolution from first- to third-generation 
biosensors. Second, enzyme-based and non-enzymatic electrochemical methods are 
compared and evaluated regarding sensitivity, selectivity, linear detection range, 
and long-term stability. Third, the roles of nanomaterial-modified electrodes, in-
cluding graphene, MXene, carbon nanotubes, and metal nanoparticles, in improving 
signal-to-noise ratio and overall detection performance are discussed. Fourth, recent 
advances in microelectrode array technology with innovative three-dimensional de-
signs specifically developed for organoid applications are analyzed in detail. Fi-
nally, future development directions are prospected, including the construction of 
intelligent integrated sensing platforms, organ-on-a-chip integration, and multi-
modal data fusion analysis. Despite remaining technical challenges in system inte-
gration and long-term biocompatibility, these innovative technologies are expected 
to provide more standardized characterization tools for organoid-based basic re-
search, drug screening, and personalized medicine. 
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1. Introduction 

In vitro detection of metabolic secretions is indispensable for assessing physiological functions in organoid models 
[1]. Glutamate (Glu), the principal excitatory neurotransmitter, regulates neural transmission and synaptic plasticity, 
with abnormal levels linked to Alzheimer's and Parkinson's diseases [2]. Alanine aminotransferase (ALT), a key 
liver function biomarker, reflects hepatocellular damage and is widely used in clinical diagnosis of liver diseases 
[3]. With organoid technology advancing rapidly in disease modeling and personalized medicine, highly sensitive 
real-time detection methods are urgently needed [4]. 

Electrochemical biosensors are preferred for real-time metabolite monitoring due to rapid response, high sensi-
tivity, and ease of miniaturization [5]. Two core technologies drive progress: nanomaterial-based electrode modifi-
cations that improve conductivity and catalytic activity, and microelectrode array (MEA) technology enabling sim-
ultaneous multi-parameter detection [6]. Combined Glu and ALT detection holds clinical value for diseases such as 
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hepatic encephalopathy [7]. 
This review covers: (i) electrochemical detection principles for Glu and ALT; (ii) enzyme-based and non-enzy-

matic sensing methods; (iii) nanomaterial and MEA technologies; and (iv) future perspectives, as outlined in    
Figure 1. 

 
Figure 1. The process and key technologies of electrophysiological detection for organoid metabolites (from organoid culture 

through single microelectrode/modifier design to electrochemical workstation data acquisition). 

2. Electrochemical Detection Principles 

2.1 Glutamate Detection 

Enzyme-based Glu sensors rely on redox reactions catalyzed by L-glutamate dehydrogenase (GLDH) or L-gluta-
mate oxidase (GluOx) [8]. GLDH converts L-glutamate to α-ketoglutarate with NAD⁺ reduced to NADH. GluOx 
oxidizes Glu using O₂, generating electrochemically detectable H₂O₂: 

L − Glutamate + 𝑁𝑁𝑁𝑁𝑁𝑁+ 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺
�⎯⎯� α − Ketoglutarate + 𝑁𝑁𝑁𝑁4+ + NADH + H+ 

L − Glutamate + O2
GluOx
�⎯⎯� α − Ketoglutarate + 𝑁𝑁𝑁𝑁3 + 𝐻𝐻2𝑂𝑂2 

As shown in Figure 2, first-generation sensors detected H₂O₂ directly but suffered from interference at high po-
tentials and oxygen dependence [9]. Second-generation sensors introduced redox mediators. Third-generation sen-
sors achieve direct enzyme-electrode electron transfer, improving sensitivity and selectivity. Non-enzymatic ap-
proaches use metal oxide-modified electrodes (e.g., NiOₓ), exploiting electrostatic interactions with glutamate ani-
ons and Ni³⁺/Ni²⁺ catalyzed oxidation [10]. 

 
Figure 2. Schematic of enzyme-based glutamate sensor generations: (A) First-generation using H₂O₂; (B) Second-generation 

with redox mediators; (C) Third-generation with direct electron transfer. 
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2.2 ALT Detection 

ALT catalyzes the transamination of L-alanine and α-ketoglutarate to pyruvate and L-glutamate [11]. The L-gluta-
mate product is oxidized by GluOx, generating H₂O₂ for amperometric detection. Alternatively, pyruvate reacts 
with NADH under lactate dehydrogenase catalysis, and ALT activity is determined by monitoring NADH oxidation 
current decay. Normal serum ALT is 5–40 U/L; severe liver injury causes >50-fold elevations. 

3. Electrochemical Sensing Methods 

3.1 Enzyme-based Methods 

Sol-gel embedding preserves enzyme activity better than glutaraldehyde cross-linking [12]. Martínez-Perinán et al. 
developed AA-CDs modified electrodes as NADH electrocatalysts (LOD: 3.3 µM) [13]. Nasr et al. fabricated Cr/Pt 
microelectrodes with GluOx for brain organoid Glu detection (LOD: 5.6 µM) [14]. Rajarathinam et al. constructed 
GluOx/Prussian blue biosensors with a linear range of 3.25-250 µM and LOD 0.96 µM, applied to ex vivo cortical 
models [15]. 

For ALT, Wang et al. used Mo₂C-modified electrodes, achieving RSD < 6% with good specificity [16]. Quan et 
al. developed graphene@MXene sensors with ALT recovery rates of 96.89-103.93% in serum [17]. Muratore et al. 
achieved real-time ALT monitoring using SiNW-FET platforms at sub-micromolar sensitivity [18]. 

3.2 Non-enzymatic Methods 

Kim et al. used NiOₓ/APTES-modified electrodes for glutamate detection via charge interaction. Xu et al. prepared 
Ni@NC from MOF precursors, achieving LOD of 1.67×10⁻³ µM [19]. Ali et al. developed CuO/MWCNT sensors 
with a sensitivity of 8500 µA·mM⁻¹·cm⁻² [20]. Non-enzymatic sensors offer stability and oxygen independence but 
generally lower selectivity than enzymatic counterparts [21]. 

3.3 Comparison 

Table 1 summarizes representative sensor performances. Enzymatic sensors excel in selectivity and biocompatibil-
ity but are limited by oxygen dependence. Non-enzymatic sensors offer superior stability and cost-effectiveness. 

Table 1. Comparison of representative electrochemical Glu and ALT biosensors 

Electrode/Modifier Target Type Linear Range LOD 

AA-CDs/SPCE Glu Enzymatic 11-125 µM 3.3 µM 

Cr/Pt/m-PD Glu Enzymatic 5-500 µM 5.6 µM 

GluOx/PB Glu Enzymatic 3.25-250 µM 0.96 µM 

Ni@NC/GCE Glu Non-enzymatic 0.005-500 µM 0.00167 µM 

CuO/MWCNTs/SPCE Glu Non-enzymatic 20-200 µM 17.5 µM 

PB/Mo₂C/WE3 ALT Enzymatic 5-200 U/L 2.76 U/L 

Graphene@MXene/GCE ALT Enzymatic 0.5-400 U/L 0.16 U/L 

4. Nanomaterials and Microelectrode Arrays 

4.1 Nanomaterial Applications 

Microelectrode miniaturization causes high impedance and low SNR, demanding conductive nanomaterial modifi-
cations [22]. Carbon nanomaterials (graphene, CNTs) provide abundant reactive sites and fast electron transport 
[23]. Three-dimensional MXene-graphene composite films with tunable porous structures enhance enzyme immo-
bilization and electrocatalytic performance [24]. Noble metal nanoparticles reduce reaction activation energy and 
amplify signals [25]. However, nanomaterial stability and biocompatibility in biological environments require care-
ful consideration, as protein corona formation and oxidation susceptibility may affect long-term performance [26]. 
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4.2 Microelectrode Arrays 

MEAs offer advantages over macroelectrodes, including high mass transfer, low ohmic drop, and spatially resolved 
detection [27]. For organoid applications, Huang et al. designed self-folding SU8/PEDOT: PSS shell MEAs adapt-
able to 400-600 µm brain organoids. McDonald et al. fabricated polyimide/gold mesh MEAs with >95% functional 
yield and impedance <100 kΩ. Phouphetlinthong et al. developed protruding cantilever arrays penetrating organoid 
interiors. Multi-analyte detection is achieved by independently modifying each electrode for specific targets. 

5. Conclusion 

This review summarizes advances in real-time electrochemical detection of Glu and ALT in organoids. Enzymatic 
sensors provide high sensitivity and selectivity, while non-enzymatic approaches offer complementary stability ad-
vantages. Nanomaterial modifications and 3D MEA architectures significantly enhance detection performance and 
enable spatially resolved multi-parameter monitoring. Future research should focus on: (1) biomimetic microelec-
trode interfaces for improved biocompatibility; (2) organ-on-a-chip integration for multi-organ metabolic studies; 
(3) deep learning-based intelligent metabolic profiling; and (4) addressing system integration, including microflu-
idic coupling and wireless transmission. These advances will provide standardized tools for organoid-based preci-
sion medicine and disease research. 
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