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Abstract  

Electrolyte-gated organic transistors (EGOTs) can be operated as sensors with high selectivity and an 

outstandingly low limit of detection. Their response to interfacial interactions occurs either by capacitive 

coupling between gate and channel or by faradaic reactions. In this work, we endow a high-affinity 

sensing response to EGOTs based on the PEDOT:PSS channel by functionalization of the gate electrode 

with Ti3C2TX MXenes. MXene were synthesized in different conditions to tailor surface chemistry, while 

retaining a similar skeleton structure. The integration of MXene-based functionalization layers is shown 

to preserve the high transconductance in EGOT devices, while simultaneously tuning the switch-on 

voltage toward 0 V. This modulation enables a safe operational window in aqueous electrolytes, 

preventing unwanted electrochemical side reactions. We then demonstrated that EGOT with the surface-

tailored MXene layers are sensitive to concentrations of the neurotransmitter dopamine down to sub-

picomolar levels of detection. These unprecedented LODs indicate that modification of EGOTs gate with 

tailored or functionalized MXenes is a viable and versatile strategy to enhance sensitivity to relevant 

biomarkers. 
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Introduction 

Biosensors transduce biological, chemical, and physical signals into measurable outputs, enabling real-

time patient monitoring and biomarker-based diagnostics. This signal conversion capability makes them 

indispensable for personalised medicine and early disease detection1. Among relevant biomarkers, 

dopamine (DA) is a critical neurotransmitter regulating reward pathways, memory, learning, attention, 

and motor control in the mammalian central nervous system2. Extracellular DA concentrations in brain 

tissue range from nanomolar to sub-micromolar levels, and deviations from this narrow physiological 

window correlate with major pathological conditions, including depression, schizophrenia, psychosis, and 

Parkinson’s disease (PD)3. For instance, halving the DA concentration in the caudate-putamen region 

correlates with the main pathogenic hallmark of PD4. Early interventions require analytical tools capable 

of detecting picomolar DA fluctuations before this critical tipping point. Current DA sensors predominantly 

rely on the electrochemical oxidation of DA to dopamine-o-quinone (DQ) at the electrode interface5. To 

date, state-of-the-art electrochemical detection strategies have focused on (bio)sensing platforms 

utilising Fast Scan Cyclic Voltammetry (FSCV) and Differential Pulse Voltammetry (DPV). While the 

selectivity against common physiological interferents - such as ascorbic acid (AA) and uric acid (UA) - 

has been significantly enhanced through surface modifications with conductive polymers6 and inorganic 

nanocomposites7, critical challenges persist. Specifically, electrochemical techniques often suffer from a 

progressive decline in electrode performance due to the degradation of the functionalized interface and 

significant biofouling during prolonged operation8. Furthermore, most existing platforms fail to achieve 

the picomolar-level sensitivity required for early-stage PD diagnostics and the monitoring of basal 

neurotransmitter fluctuations. 

To overcome these limitations, organic electronics offer a promising route toward portable, cost-effective, 

and highly sensitive (bio)sensing platforms. Successful quantification of DA in the presence of its 

metabolites has been demonstrated using devices based on poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)9. Unlike electrochemical sensors, the 

specificity of these devices arises from distinct kinetic timescales governed by non-covalent interactions 

between catecholamines and the active PEDOT:PSS surface, rather than direct oxidation of the 

analyte10. The robustness of this approach has been validated by transitioning from two- and three-

terminal neuromorphic architectures designed for in-vitro sub-nanomolar detection11 to high-performance 

applications for in-vivo DA monitoring12. Among organic electronic devices, electrolyte-gated organic 

transistors (EGOTs) offer distinct advantages for biosensing: label-free detection, sub-1V operational 

window, and aqueous compatibility13. In EGOT devices, the gate bias is capacitively coupled to the 

organic semiconductor through the electrolyte, so that minute interfacial polarisation phenomena are 
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amplified and transduced into large variations in the transistor’s electrical response, enabling ultra-low 

detection limits. Achieving high sensitivity and selectivity requires strategic/proper functionalization of the 

gate or channel with recognition moieties, including antibodies14,15, oligonucleotide16, aptamers17, 

enzymes18 and conductive materials (rGO, PEDOT:PSS, CNTs)19. 

EGOTs-based DA sensors can be classified according to the recognition mechanism occurring at the 

interface between the functional material and the target analyte. The first DA EGOT sensor, reported by 

Feng Yan’s group20, transduced the electrochemical oxidation of DA at the silicon gate electrode using 

a PEDOT:PSS channel, achieving tens-of-nanomolar detection. Over the years, different 

functionalization strategies have been explored to enhance the selectivity of DA recognition, including 

covalent bonds21, all-polymer PEDOT:PSS architectures9, Nafion/rGO-carbonised silk composites22, 

micropillars electrode arrays23, and aptamer-functionalized gates24. In the aforementioned cases, as well 

as with organic neuromorphic devices, sub-nanomolar level of DA detection was achieved. 

Herein, we investigate the sensing performance of EGOTs toward DA by employing gate electrodes 

functionalized with MXenes, an emerging class of 2D transition metal carbides, nitrides, and 

carbonitrides25. These materials are obtained through the selective etching of the 'A' element (Al, Ga, or 

Si) from the so-called MAX phase precursors (Mn+1AXn). The extraction of the ‘A’ atoms, chemically 

bound to M atoms, generates unsaturated M sites which are partially saturated by different inorganic 

species in the reaction environment (like F-, OH-, O2-, O2
2-). This substitution introduces terminal 

functional groups, noted with Tx, to yield MXene, whose chemical formula is Mn+1XnTx. Currently, Ti3C2Tx 

remains the most studied MXene due to its high electrochemically active surface area, excellent electrical 

conductivity, environmental stability, chemical and physical robustness, tunable surface chemistry and 

biocompatibility26. Its surface functionality plays a crucial role in tailoring its electronic properties, thereby 

enabling its optimisation for a wide range of specific applications27. Notably, the MXenes surface 

terminations act as effective anchor sites for the covalent binding of antibodies28. In the context of 

sensing, MXenes were explored for developing electrochemical detection of dopamine (DA)29 with a sub-

nanomolar DA limit of detection (LOD). The rationale behind the development of MXene-EGOT sensors 

for DA detection relies on leveraging the rich surface chemistry of MXenes. The MXene surface features 

various terminal groups (e.g., -O, -F, -OH) that can engage in weak, non-covalent interactions - such as 

hydrogen bonding, electrostatic interactions, and π-π stacking - with the functional groups (hydroxyls 

and amines) and the aromatic ring of the DA molecule30. Furthermore, beyond these weak interactions, 

the Ti atoms in the MXene framework can undergo a nucleophilic reaction with the nitrogen atom of 

primary amines to form strong Ti-N covalent bonds, as recently demonstrated31–33. 

However, the sub-nanomolar LOD of DA, which would be relevant to discriminate between physio- and 

pathological states, has not been attained yet via MXene-functionalized EGOTs. Only a few studies 
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involving the development of EGOT DA-sensors are available: Xu and coworkers achieved micromolar 

DA detection using ultrathin Ti3C2 FET devices34, while Zhou et al. reached 50 nM LOD through MXene/Pt 

nanoparticles-functionalized gate in graphene transistors, thus positioning far above the desired sub-

picomolar LOD35.  

Based on these premises, we present here a novel strategy to enhance EGOT’s sensitivity towards DA 

sensing by leveraging surface-engineered Ti3C2TX MXenes. To this end, three MXene samples with 

different surface chemistry were synthesised by thermal annealing of a common precursor phase in 

argon, hydrogen or ammonia gas fluxes. Even since its discovery, various methods for post-HF etching 

MXene surface chemistry modification have been developed36. In this study, we are exploring a 

straightforward and effective heat treatment process to modify the surface chemistry of MXene by using 

diluted hydrogen as a main oxygen-related functional groups reducing agent and pure ammonia gas as 

a dual-action agent: reducing agent and nitrogen doping source. The MXene surface thermal annealing 

in pure hydrogen gas has been proven37, and some studies showed the capacity of hydrogen to remove 

fluorine over the MXene surface38. Thermal annealing of Ti3C2Tx MXene in pure ammonia gas flow has 

not been widely studied39, most research focusing on annealing in other gases40 (synthetic air, argon., 

nitrogen, etc), and some studies explored the N-doping through thermal decomposition of solid 

ammonium salts41; most of the related studies involving Ti3C2Tx MXene and NH3(g) are focusing on 

ammonia sensing42. The effective modification of the MXenes was comprehensively investigated by 

Scanning Electron Microscopy (SEM) coupled with Energy-Dispersive X-ray Spectroscopy (EDS), X-ray 

Diffraction (XRD), High-Resolution X-ray Photoelectron Spectroscopy (HR-XPS), Fourier Transform 

Infrared (FTIR) and Raman spectroscopies. The surface-engineered MXenes were deposited on gold 

electrodes and characterised with cyclic voltammetry (CV) and electrochemical impedance spectroscopy 

(EIS). Finally, surface-tailored MXene-coated electrodes were integrated into EGOT devices to obtain 

DA sensors showing unprecedented sub-picomolar sensitivity. 

 

 

 

Results  

Synthesis and characterisation of surface-tailored multilayered MXenes 

Wet chemical etching of a commercial Ti3AlC2 MAX phase with HF yielded the precursor phase HF-MX, 

which was subsequently annealed under different gas atmospheres (argon, 5% hydrogen in argon, and 

pure ammonia) to obtain three MXene samples, hereafter denoted as Ar-MX, H2-MX, and N-MX. The 
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formation of multilayered Ti3C2TX MXene was confirmed by multiple characterisation techniques, 

revealing substantial chemical and structural modifications of the parent MAX phase induced by the 

etching process. SEM-EDS analysis (Figure 1A-C, Figure S1 and Table S1) shows the evolution from 

the dense MAX phase to the multilayered MXene structure, accompanied by a marked depletion of Al 

and an increase in C, O and F contents, whereas images of Ar-MX, H2-MX and N-MX samples show the 

typical layered morphology of MXene crystal domains, which remain largely preserved after annealing 

samples. No signs of thermal degradation or decomposition were observed following heat treatment at 

400 °C under Ar, H2 or NH3, indicating good structural stability under the selected conditions. EDS 

mapping further confirms a homogeneous distribution of Ti and C consistent with the Ti3C2Tx composition, 

as well as a reduced oxygen content in H2-MX and N-MX compared to HF-MX. Effective etching of the 

MAX phase was additionally corroborated by XRD, Raman spectroscopy, XPS and FTIR analysis 

(Figure S2-S5 and Tables S2-S6). 

The XRD patterns of Ar-MX, H2-MX and N-MX (Figure 1D) show a strong reduction in the 002 peak 

intensity compared to the MAX phase, together with a slight shift toward lower angles for H2-MX and N-

MX (Table S2), indicating a small increase in the interlayer spacing from 19.29 Å to 19.55 Å and 19.59 

Å, respectively. The 002 peak broadening observed in all samples suggests reduced crystallite size and 

increased structural disorder induced by HF etching and subsequent annealing. Notably, H2-MX and N-

MX samples, treated under reductive conditions, exhibit an additional peak at ~ 13.9°, corresponding to 

an interlayer distance of ~ 6.36 Å. This value is smaller than that expected for Ti3C2 (~ 9.8 Å), likely 

associated with the formation of Ti3C2Tx quantum dots resulting from the cleaning of oxidized or corroded 

surface/structure43. Overall, despite these differences, Ar-MX, H2-MX, and N-MX display comparable 

microstructural features, indicating that the annealing doesn’t significantly alter the core structure of the 

Ti3C2 layers. 
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Figure 1: Morphological and structural characterisation of surface-tailored MXenes. SEM images 

of Ar-MX (A), H2-MX (B) and N-MX (C) samples. (D) XRD patterns (with 002 peak region zoomed in the 

inset). (E) Raman spectra (with D and G bands region zoomed in the inset). (F) FTIR spectra (with the 

fingerprint region zoomed in the inset) for Ar-MX (blue), H2-MX (red) and N-MX (green) samples. 

The Raman spectra (Figure 1E) show a decrease in the relative intensity of the band at ~154.38 cm–1 

characteristic of Ti–O (C–Ti–O/TiO2), compared to the other modes in the characteristic “flake” and “Tx” 
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regions (Figure S3 and Table S3)44. In the HF-MX samples, this peak at ~154.2 cm–1 is the most intense, 

indicating a consistent oxidation degree of the Ti3C2 layers45. In contrast, the Ar-MX sample exhibits a 

splitting of the Eg mode in two peaks at ~143.8 cm–1, attributed to C–Ti–OH, and at ~1519 cm–1, 

associated with C–Ti–O (TiO2), reflecting thermally induced modifications of surface terminations. A 

complete suppression of the C–Ti–O (TiO2) contribution is observed in the H2-MX sample, which displays 

a single Eg peak at ~143.3 cm–1, characteristic of a less oxidized MXene surface. Besides, the N-MX 

spectrum contains both Eg components (~143.49 cm–1 and ~151.57 cm–1), suggesting that NH3 is less 

effective than H2 in reducing surface oxides on Ti3C2Tx. Finally, the number of defects in the carbon 

network of Ti3C2 layers in the Ar-MX sample slightly decreases; the ID/IG ratio is 1.17±0.06, whereas in 

HF-MX it is 1.20 ± 0.04. The H2-MX sample has the lowest ID/IG ratio (1.11±0.14), confirming that the 

reductive environment has decreased the number of defects in the carbon lattice, too, while the N-MX 

sample has not achieved any major change with an ID/IG ratio of 1.19 ± 0.03 (similar to the HF-MX 

sample). 

The FTIR spectra of the MX samples (Figure 1F and Figure S4) exhibit, in their fingerprint region, the 

characteristic IR absorption bands of MXene backbone: ∿466–467 cm–1 (Ti–C bending); ∿490–492 cm–

1 (C–C vibrations); ~562 – 654 cm–1 (various Ti–O and C–Ti–O vibrations), ~772 – 786 cm–1 (Ti–F 

vibrations), ~859 – 878 cm–1 (Al–O bending vibrations), ~942 – 964 cm–1 (Ti–OH bending), ~1048 – 1063 

cm–1 (C–O stretching), ~1088 – 1109 cm–1 (C–F stretching), ~1161 – 1165 cm–1 (C–O stretching), and 

~1234 – 1236 cm–1 (C–O–C stretching; Ti–O–C bridging)46. Among the investigated thermal treatments, 

annealing in anhydrous ammonia proved to be the most effective, as evidenced by the substantial 

attenuation of the Al–O bending vibration band at ~859 – 878 cm–1. The functional groups region (Figure 

1F and Figure S4) is dominated by the broad bending (~1631 – 1635 cm–1) and stretching (~3100 – 3700 

cm–1) vibrational modes of adsorbed water molecules47. These molecules are predominantly strongly 

hydrogen-bonded to the MX surface, particularly in HF-MX, and to a progressively lesser extent in Ar-

MX, H2-MX, and N-MX. A complete assignment of the IR absorption bands is provided in Table S4. 

Overall, SEM, XRD, Raman, and FTIR analyses revealed pronounced changes during the transformation 

from the MAX phase to HF-MX, followed by successful surface modification upon annealing to yield Ar-

MX, H2-MX, and N-MX samples. Notably, this work introduces a surface-engineering strategy for MXenes 

based on a 5% H2/Ar gas mixture, which is safer than pure H2 and enables effective reduction of oxygen-

containing surface terminations while minimizing secondary oxidation during annealing and allowing the 

rapid removal of highly volatile species from the reaction zone. In addition, this study was carried out on 

multilayered Ti3C2Tx MXene particles annealed at 400°C for 3 h under NH3 flow, differing from previous 

reports in terms of processing conditions48, MXene morphology and surface-stabilization approach39. 
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Although no significant differences in the core structure of the MXene were detected between the three 

annealed samples, XPS revealed pronounced differences in surface chemistry among the Ar-MX, H2-

MX and N-MX samples (Figure 2, Figure S5, Table 1, and Table S5 and S6). The Ar-MX sample shows 

an overall increase in carbon content with a slight decrease in oxygen and fluorine, changes that can be 

attributed solely to the thermal effects (Table S5). In this sample, most oxygen-related terminations (C-

Ti-O, C-Ti-(OH)x, and C=O) are significantly reduced, while Ti-O (TiO2) and C-OH species exhibit a slight 

increase (Table S4). When compared to H2-MX and N-MX, Ar-MX presents the lowest titanium 

concentration on the surface, while H2-MX and N-MX display lower carbon and slightly higher oxygen 

content (even when compared to HF-MX). 

 

Figure 2: XPS surface chemistry characterisation of surface-engineered MXenes. (A) C 1s 

spectra, (B) Ti 2p spectra for Ar-MX (left), H2-MX (middle) and N-MX (right) samples. 
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Table 1: XPS and EDS elemental composition of Ar-MX, H2-MX, and N-MX samples. 

Sample 
XPS elemental composition (%) 

C1s O1s N1s F1s Al2p Ti2p 

Ar-MX 58.88 12.60 / 8.81 1.86 17.85 

H2-MX 36.41 17.44 / 14.31 3.18 28.67 

N-MX 34.00 18.48 4.74 11.74 4.10 26.93 

  

EDS elemental composition (%) 

C O N F Al Ti 

Ar-MX 21.41 21.92 / 16.92 4.62 35.05 

H2-MX 17.29 21.68 / 17.20 4.62 39.21 

N-MX 16.41 23.75 4.29 13.69 5.70 36.79 

Notably, H2-MX exhibits the strongest reduction, with C-Ti-O, C-Ti-(OH)x, and C=O concentrations 

reduced by approximately 50% relative to the pristine HF-MX (see O 1s in Table S6), complete removal 

of Ti(III)-F species (which are converted into C-Ti-O bonds, see Ti 2p in Table S6), and enrichment in C-

OH functionalities. Both H2-MX and N-MX show a substantial decrease in C-Ti(OH/F)x species and a 

corresponding increase in Ti-C-Ti bonds, indicating partial restoration of the Ti3C2 lattice and improved 

electronic characteristics. Consistent elemental trends are also observed by EDS (Table 1 and Table S1 

and S3), albeit with different relative proportions due to the distinct probing depth of XPS and EDS. 

Finally, the N-MX sample has been successfully doped with nitrogen (4.47 at%), with nitrogen 

predominantly incorporated as Ti-N species, along with minor contributions from -C≡N and/or pyrrolic-N, 

and graphitic-N functionalities. Taken together, these results indicate that thermal annealing under 

different gas atmospheres mainly affects surface terminations without substantially altering the intrinsic 

-C-Ti-C- framework of the MXene. 

Functionalization of the gate electrode with the surface-tailored MXenes  

To develop an ultra-sensitive DA sensor, the Au gate electrode of the EGOT devices was functionalized 

with Ar-MX, H2-MX and N-MX. Electrochemical methods were employed to both assess the 

functionalization procedure and to evaluate the effect of the different surface modifications on the MXene 

structures. Taking advantage of the hydrophilic nature and highly negative zeta potential of MXenes49, 

stable DMSO dispersions of Ar-MX, H2-MX and N-MX were prepared and drop-cast on the gate 

electrodes. Extensive surface coverage was achieved through the deposition of randomly oriented 

MXene multilayer grains, as evidenced by SEM images of the functionalized gate electrode (Figure 3A, 

B). 
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Figure 3: Functionalization of gold electrodes with surface-engineered MXenes. (A) Low and (B) 

high magnification SEM images of Au gate electrodes covered with surface-engineered MXenes. (C) 

CVs of the Au and Au/MXenes electrodes, recorded in the K3[Fe(CN)6] redox probe, scan rate 100 mV/s. 

(D) EIS Nyquist plots of the Au and Au/MXenes electrodes, recorded in the K3[Fe(CN)6] redox probe, E 

= 260 mV vs Ag/AgCl. 

The MXene functionalization strategy was investigated with cyclic voltammetry (CV) and electrochemical 

impedance spectroscopy (EIS), using [Fe(CN)6]3-/4- as a redox probe.  

As shown in Figure 3C, the oxidation peak progressively shifts towards more negative potentials 

following the sequence N-MX > H2-MX > Ar-MX ≈ Au. The H2-MX and Ar-MX functionalized electrodes 

display a broader current envelope in the CV plots compared to bare gold. In contrast, the N-MX electrode 

exhibits a reduced peak current, even lower than that of unmodified gate electrodes, suggesting that the 

ammonia-assisted heat treatment adversely affects the faradaic electrochemical performance, likely due 

to a decrease in film electrical conductivity50. This hypothesis is supported by the EIS data (Figure 3D). 

The Nyquist plots were fitted using the modified equivalent circuit proposed by Anjum et al., for MXene-

functionalized electrodes51 (Figure 3D, inset), while a standard Randles circuit was employed for bare 
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gold electrode. The resulting best-fit parameters, summarised in Table S7, further confirm the 

effectiveness of the surface modification process. The charge transfer resistance (Rct) increases 

significantly from ∿55 Ω (bare Au) to ∿254 Ω (Ar-MX), ∿254 Ω (H2-MX), and ∿602 Ω (N-MX). This trend 

is consistent with the highly negative surface charge of MXenes52, which induces electrostatic repulsion 

toward anionic [Fe(CN)6]3-/4- probe. Regarding the interfacial properties, the double-layer capacitance 

(C1) is highest for H2-MX (4.30 ± 0.67 μF), decreases for Ar-MX (1.02 ± 0.09 μF), and reaches the lowest 

value for N-MX (0.53 ± 0.03 μF). The elevated C1 observed for H2-MX is consistent with its HR-XPS 

analysis (Table S6), which reveals the highest relative abundance of polar C-OH functional groups 

(45.78%), resulting in a more hydrophilic and thus electrostatically active surface. 

Characterisation of EGOT devices with MXene-functionalized gate 

The MXene-coated gate electrodes were integrated in an EGOT-based architecture, acting as sensitive 

probes for DA detection. Figure 4A shows the schematic representation of top-gated EGOT 

configuration, in which the gate electrode was positioned directly above the source and the drain 

interdigitated electrodes (IDEs), connected by a thin-film of poly(3,4-

ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) channel. The device is assembled by 

bridging the gate electrode and the IDEs with the buffer solution, as reported in Figure 4B.  

The MXene-EGOT device was operated in the linear regime with a source-drain voltage (VDS) of -0.2 V, 

while sweeping the gate-source (VGS) potential from -0.5 to 0.7 V. Once reaching the stabilization (see 

the Methods section for the details), the typical transfer characteristics of the devices featuring surface-

tailored MXenes appears as reported in Figure 4C. Unlike functionalization with antibodies grafted onto 

organic self-assembled monolayers (SAMs), which typically causes a one-order-of-magnitude current 

reduction due to the Au surface passivation, the MXene functionalization layer induces only a minimal 

decrease in the IDS current, with respect to not-functionalized (bare) gold electrode (Figure 4C). The three 

surface-tailored MXenes do not show any significant difference in the on state of the device, whereas in 

the off state (viz., at VGS = +0.7 V), the H2-MX device exhibits a significantly higher off-current (poor 

switching) compared to the Ar-MX and N-MX devices, which both switch off the device effectively. We 

extracted the transconductance (gm) as the first derivative of the transfer curve (Figure 4D), which 

describes the ability of the device to amplify a small voltage variation (e.g., interaction of the target 

molecule with the functionalized gate) in a large current difference. Interestingly, the maximum of the 

transconductance was very close for gate electrodes functionalised with N-MX and Ar-MX, while it was 

lower for the H2-MX functionalized electrodes. Notably, all the MXenes functionalized electrodes shifted 

the voltage of the maximum of transconductance closer to 0 V compared to bare gold gate electrodes, 

which is a key point for physiological applications. Given that MXene layers are known to undergo 
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oxidation at anodic potentials51, we monitored the evolution of their surface chemistry during gate voltage 

sweeping using XPS. To this end, surface-tailored MXenes were cast on Au foils, and their high-

resolution XPS spectra (C 1s and Ti 2p) were compared before and after electrochemical cycling (Figure 

S6). The results indicate that the spectra in both regions remain qualitatively similar, confirming that the 

overall MXene chemical framework is preserved without the formation of entirely new chemical species. 

Nevertheless, the Ti 2p spectra reveal a clear redistribution of the relative peak contributions after cycling: 

the oxidized TiO2 (Ti4+) component increases with the corresponding decrease in the reduced Ti species 

(Ti-C and Ti3+) (Table S8). This partial surface oxidation, driven by the gate sweeping, is particularly 

pronounced for the H2-MX sample. We hypothesize that the growth of this insulating oxide layer reduces 

the effective capacitance of the H2-MX electrode, thereby lowering both the on/off ratio and the peak 

transconductance of the H2-MX-based EGOT device.  

 

Figure 4: Architecture and electrical characterisation of the MXene-functionalized EGOT device. 

(A) Scheme of the EGOT device; (B) Layout of the MXene-EGOT DA sensor; (C) Representative transfer 

curves recorded with gold (yellow), H2-MX (red), N-MX (green), Ar-MX (blue) electrode; (D) 

corresponding transconductance (viz., first derivative of IDS vs VGS). VDS = -0.2 V, 50 mM PB electrolyte. 

 

Sensing of Dopamine with the MXene-functionalized EGOT device 
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The sensing capability of the MXene-functionalized EGOTs toward DA was evaluated by recording 

transfer characteristics under increasing DA concentrations to establish a dose-response profile. For all 

three MXene variants, a monotonic decrease in IDS was observed in the saturation regime (Figure 5A-

C) as a function of analyte concentration. These results suggest that DA molecules - positively charged 

at the physiological pH of 7.4 (pKaDA = 8.9) - interact with the MXene layer, effectively shifting the gate 

potential toward more positive values. This behavior is consistent with previous reports on the 

electrostatic gating effect of primary amines19,21. Mechanistically, this interaction promotes cation 

injection into (or hinders anion extraction from) the PEDOT:PSS channel, leading to a depletion of hole 

carriers and a subsequent reduction in IDS. 
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Figure 5: Electrical characterisation in the presence of Dopamine. Representative EGOT transfer 

curves for Ar-MX electrode (blue curves, A), H2-MX electrode (red curves, B), N-MX electrode (green 

curves, C). Black dashed lines are the best fit curves obtained using eq 18 in Zanotti et al.53. (D-F) The 

experimental transconductance (gm) profile for the three surface-tailored MXene samples. (G-I) The 

transconductance profile obtained as the first derivative of the transfer characteristics best fit curves, 

modelled with eq. 18 reported in Zanotti et al.53 (J-L) Differences between the experimental and the 

modelled transconductance profiles, normalised for the modelled gm profiles. Grey profiles represent 50 

mM PB in the absence of DA. The increasing color intensity of the curves corresponds to increasing DA 

concentrations (from 100 fM to 10 µM). 

Analysis of the gate currents (IGS, Figure S7) revealed no faradaic peaks for the MXene-modified 

electrodes at sub-micromolar DA concentrations, confirming that the sensing mechanism in this regime 

is governed by non-faradaic interactions. Conversely, at concentrations exceeding 1 μM, the positive 

gate potential triggers the electrooxidation of DA to dopamine-o-quinone (DQ). This transition is 
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evidenced by a voltammetric peak centered at VGS ≈ 0.3 V, which was particularly pronounced for Ar-

MX. In this micromolar range, DA oxidation promotes a substantial change in channel conductance via 

the electrochemical reduction of PEDOT+ to PEDOT0 within the transistor channel54. EGOTs operate as 

multiparametric devices, allowing the sensing event to be monitored through various figures of merit, 

including the switch-on voltage (VT) and the transconductance (gm). As shown in Figure 5D-F, all three 

surface-tailored MXenes exhibit a decrease in transconductance peak with increasing DA concentration. 

To further elucidate the device response, transfer curves were fitted using the unified analytical model 

recently proposed by Zanotti et al.53. The experimental IDS vs VGS data were modelled using equation 18 

from the cited work; the resulting best-fit curves (dashed lines, Figure 5A-C) and their numerical 

derivatives (Figure 5G-I) show excellent agreement with experimental data in the capacitive regime. 

Finally, the normalised difference between the experimental and modelled transconductance (Δgm/gm_QC) 

highlights the impact of the faradaic contribution. The peak at VGS ≈ 0.3 V, prominent at 10 μM DA in 

Figure 5J-L, serves as a clear indicator of the transition from electrostatic gating to redox-active sensing, 

as previously pointed out54. To quantitatively assess the sensor performance, the relative signal response 

was plotted against the DA concentration.  
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Figure 6: Dopamine sensing. (A-B) Semilog plot of the current signal SIDS calculated at VGS = -0.5 V 

and of the linear transconductance signal Sgm,l vs [DA]. (C) Correlation plot of the normalized IDS change 

(SIDS@-0.5V), against the normalized gm,l (Sgm,l) for each DA concentration. The two distinct sensing regimes 

are identified with the linear fit reported as guide-for-the eye. (D) Semilog plot of the ΔVT vs [Dopamine]. 

In all the plots, we use blue dots for the Ar-MX electrode, red dots for the H2-MX electrode and green 

dots for the N-MX electrode. The error bars are the standard error of the mean. The dashed lines are the 

result of the fitting with Equation 1. The blue and orange areas define the two different sensing regimes. 

For all the investigated MXenes, the IDS at VGS = -0.5 V decreased upon exposure to increasing DA 

concentrations. Defining the response as the relative current variation (SIDS, see Materials and Methods 

for further details), a monotonic increase in signal magnitude was observed across the entire 

concentration range (Figure 6A). The dose-response curves increase monotonically within the [DA] 

investigated: i) a rapid signal increase at low concentration (10 pM for H2-MX and N-MX, 1 pM for Ar-

MX), ii) a plateau or a region of slower increase (up to 100 nM) and iii) a second, sharp signal rise at 

concentrations exceeding 100 nM. 
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In EGOT-based (bio)sensor literature, this biphasic behavior hints at the concomitant presence of two 

distinct interaction mechanisms taking place at the gate/electrolyte interface and is described with 

multilayer adsorption model55.  

Here, the SIDS@-0.5V vs [DA] dose-response profile was fitted using an ad hoc two-term empirical model 

(Equation 1), which accounts for the dual interaction mechanism: 

𝑆𝐼𝐷𝑆 
= 𝑆𝑚𝑎𝑥 

𝐾𝑎 [𝐷𝐴]

1+𝐾𝑎 [𝐷𝐴]
+ (

[𝐷𝐴]

𝐶0 
)

𝑛 

   (Equation 1) 

The first term acts as a Langmuir-like isotherm, describing the high-affinity, capacitive interactions of DA 

with the functionalized MXene surface. These interactions are likely driven by the formation of Ti-N 

covalent bonds, π-π interactions, hydrogen bonding and van der Waals forces as recently pointed 

out34,35. This process dominates in the low concentration regime (blue background), saturating at a 

maximum signal Smax, and is defined by the apparent association constant Ka. The second term accounts 

for the dominant interaction above 100 nM (orange background). Here, C0 represents an upper limit of 

detection11, and n is the characteristic growth exponent. We hypothesise that this secondary signal rise 

stems from the electrooxidation of DA to DQ and subsequent partial polydopamine electrodeposition. 

Based on the Equation 1 fitting curves and according to the IUPAC definition56, we calculated a limit of 

detection (LOD) as low as 0.30 fM (95% C.I. 0.09 – 0.87 fM) for Ar-MX, 1.03 fM (95% C.I. 0.66 – 1.69 

fM) for H2-MX and 0.89 fM (95% C.I. 0.35 – 3.06 fM) for N-MX (see Methods section for further details). 

These values are several orders of magnitude lower than those previously reported in the literature for 

MXene-based EGOT devices for dopamine detection34,35. As recently demonstrated57, the achievement 

of such an ultra-low LOD can be primarily ascribed to the high Ka extracted from the binding model and 

reported in Table S9. 

The hypothesis of the concomitant presence of two distinct interaction mechanisms is strongly 

corroborated by our control experiment. The non-functionalized, bare Au electrode (yellow dots in Figure 

6A) showed a negligible response at low concentrations, confirming that the high-affinity binding is driven 

by the MXene functionalization. However, the current extracted from the bare Au electrode exhibits an 

increase at 10 μM, supporting the idea that the high-concentration mechanism is related to DA 

electrooxidation. 

To isolate the (bio)sensor current response related to MXene-DA affinity from the background DA-

PEDOT interactions, we extracted an intrinsic dose-response curve. This was calculated by taking the 

difference between the current signal obtained for each sample and the signal from the control gate 

experiments (bare gold) at the same DA concentration. This difference (ΔSIDS) represents the genuine 

interaction between DA and the MXenes (Figure S8A). To assess the influence of the MXene surface 
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terminations, we calculated the sensitivity as the numerical derivative of this response (dΔSIDS/d[DA]) 

versus [DA] (Figure S8B). The analysis of the sensitivity reveals distinct optimal sensing ranges for the 

surface-tailored MXenes.  

Specifically, H2-MX exhibits a sharp peak in sensitivity in the sub-picomolar range (≈ 10-13 M), alongside 

a steep increase in sensitivity at higher concentrations (approaching 10-5 M). N-MX displays a broader 

sensitivity peak in the picomolar range (10-13 to 10-11 M), making it advantageous for measurements 

requiring high sensitivity over this intermediate concentration interval. Meanwhile, Ar-MX exhibits its peak 

low-concentration sensitivity at the lower limit of the tested range (< 10-13 M) and consistently maintains 

the highest absolute signal variation across most of the concentration spectrum (Figure S8A). 

To further investigate the impact of MXene surface chemistry on the device performance, we leveraged 

the multiparametric nature of the EGOT response by fitting the experimental transfer curves with our 

unified analytical model53, as shown in Figure 5. 

In particular, we extracted the following parameters, that can be correlated with the variation of analyte 

concentration: VT (switch-on voltage), σ (energy disorder of the density of states (DOS) of the organic 

semiconductor), gm,l (linear transconductance) and the parameter α (α = 2e2dnmax/CDLσ, which describes 

the ratio of the areal charge densities).  

The relative variation of the linear transconductance (Sgm,l) displays a monotonic trend for all three 

surface-tailored MXenes (Figure 6B). Since gm,l variations in EGOTs are ascribed to the change in 

interfacial capacitance58, this trend can be confidently attributed to the electrostatic interaction between 

the MXene layer and DA.  

In the low-concentration range (from 10-13 to 10-7 M) the sensor exhibits a steep response driven by high-

affinity, capacitive interactions, which is well described by the Langmuir isotherm (blue background). At 

concentrations above 100 nM (orange background), electrochemical interactions between the MXene 

and DA begin to emerge, resulting in a reduced sensitivity of the Sgm,l signal. To quantitatively describe 

the capacitive specific interaction between the analyte and MXenes, we fitted the monotonic behavior of 

Sgm,l dose-calibration curve with equation 1. H2-MX exhibits the highest affinity constant (Ka = 2.3 ± 0.6 × 

1012), followed by the Ka obtained for N-MX (Ka = 6.6 ± 2.1 × 1011) and Ar-MX (Ka = 1.3 ± 1.2 × 1011). 

These differences suggest that surface terminations play a pivotal role in the interface kinetics. The 

strong capacitive interactions observed for H2-MX might be ascribed to the high concentration of oxidized 

titanium species on its surface after cycling at positive VGS (Figure S6 and Table S8), as TiO2 is known 

to exhibit a high affinity for enediol ligands59. 

The presence of two distinct interaction mechanisms is confirmed in the correlation plot Sgm,l vs SIDS@-0.5V, 

reported in Figure 6C. For DA concentrations lower than 100 nM, the device operates in a sensing 
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regime dominated by the capacitive interaction between the MXene layer and DA molecules, leading to 

a more pronounced variation of Sgm,l than SIDS@-0.5V. This behavior is quantitatively confirmed by the slope 

of the linear fit from Sgm,l vs SIDS@-0.5V correlation plot, which remains consistently greater than 1 for all 

surface-engineered MXene gates (H2-MX = 2.5 ± 0.3, N-MX = 1.9 ± 0.1, Ar-MX = 1.5 ± 0.3). The higher 

values observed for Sgm,l with the respect to SIDS@-0.5V, confirm that the high-affinity, capacitive interaction 

between MXenes and DA at low concentration can be successfully described by the Sgm,l trend. For DA 

concentrations exceeding 100 nM, a second sensing mechanism appears and SIDS@-0.5V results higher than 

Sgm,l, as confirmed by the slope of the linear fit which is lower than 1 for all the functionalized MXenes. 

Under this operational regime, the interaction between DA and MXene-EGOT sensor is reflected in a 

variation of the switch-on shift ΔVT = VT[DA] - VT,0 for the three surface-tailored MXenes (Figure 6D). 

ΔVT slightly increases towards positive values for increasing [DA] concentrations, achieving its maximum 

positive value at 1 nM for Ar-MX and 10 nM for H2-MX and N-MX. The trend of the ΔVT then clearly 

reverses, dropping to negative values (- 27 mV for H2-MX, - 19 mV for N-MX and - 42 mV for Ar-MX) at 

the 10 μM DA concentration. Since the switch-on voltage VT represents the gate voltage at which the 

semiconductor is in the flatband (or charge neutrality condition), it influences the initial doping level of 

the EGOTs by modulating the effective gate voltage ν = e(VGS-VT)/σ19,53 and therefore depends on the 

work function variations of the gate electrode and/or of the semiconductive channel. As discussed earlier, 

for low [DA], the interaction between DA and MXene leads to a variation of the interfacial capacitance 

and therefore of the Sgm,l. This results in a modest VT shift towards positive values, as reported elsewhere 

for capacitive DA sensing21. For [DA] > 100 nM a marked ΔVT shift at negative values is observed for all 

the chemically-functionalized MXenes. This behavior could be ascribed to the electrooxidation of DA to 

DQ that takes place at the gate electrode (Figure S7) and results in a negative drift of ΔVT, as previously 

demonstrated in the literature60. 

Discussion  

In this work, we synthesised Ti3C2Tx MXene and engineered its surface with an innovative process to 

obtain three distinct variants: Ar-MX, H2-MX and N-MX. These materials were comprehensively 

characterised by a suite of techniques, including HR-XPS, SEM-EDX, XRD, FTIR and Raman 

spectroscopy. The extensive characterisation revealed that, although the treatments induced only minor 

changes to the original core structure, they produced significant alterations in surface chemistry and 

functional group distribution. The integration of surface-tailored MXenes in PEDOT:PSS-based EGOTs 

shifts of maximum of transconductance at zero gate bias, which is a crucial aspect for translational 

organic bioelectronics. 
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The EGOT devices were then employed as sensors for DA detection over a wide concentration range, 

spanning from sub-picomolar to micromolar levels. Limits of detection (LOD) as low as 0.30 for Ar-MX, 

1.03 fM for H2-MX and 0.89 fM for N-MX were obtained. Within this sensing framework, two distinct 

sensing mechanisms were identified, depending on the DA concentration.  

In the sub-nanomolar DA concentration range (blue background) the device response variation is 

primarily ascribed to the variation of the linear transconductance (gm,l). Conversely, at micromolar DA 

concertation (orange background) the sensing mechanism is governed by the variation of ΔVT. At low 

concentration a capacitive sensing mechanism could be hypothesized since the linear transconductance 

embodies the product of the charge mobility μ and the double layer capacitance53. In EGOT-based 

(bio)sensor, the charge carrier mobility does not undergo sizable changes upon binding of the target 

analyte58. Therefore, the variation of the linear transconductance can be mostly affected by the variation 

of the double layer capacitance. In contrast, at higher concentration a faradaic sensing mechanism 

prevails (as confirmed by the presence of a faradaic current in the IGS profiles) and it is reflected in the 

variation of ΔVT, with Sgm,l that remains almost constant. 

In this work, we demonstrated that tailoring the MXene surface chemistry effectively tunes the response 

of the sensor across the tested DA concentration windows. Specifically, H2-MX demonstrated superior 

performance for capacitive DA sensing at sub-picomolar concentrations, as evidenced by the high Ka 

extracted from Sgm,l dose curve. Conversely, Ar-MX promoted the faradaic mechanism at lower 

concentrations compared to the other MXenes, likely due to the presence of oxidized carbon 

functionalities and a reduced fluorine content on its surface. Lastly, N-MX demonstrated high sensitivity 

for capacitive DA sensing in the picomolar range, making it particularly suitable for physiological samples 

characterized by sub-nanomolar DA levels. Furthermore, the preservation of the nitrogen surface 

terminations under the operating potentials of PEDOT:PSS-based EGOTs paves the way for future 

applications, as these groups serve as ideal anchoring sites for the binding of specific target receptors. 
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Methods 

Reagents 

1X Phosphate buffered (PB) solution, monobasic and dibasic phosphate, Dopamine hydrochloride, 

H2SO4, K3Fe(CN)6, dimethylsulfoxide (DMSO) and 0.2% (3-glycidyloxypropyl)trimethoxysilane (GOPS) 

were purchased from Sigma–Aldrich (Germany), poly(3,4-ethylenedioxythiophene) polystyrene 

sulfonate (PEDOT:PSS), PH1000 is produced by Ossila (UK). MAX phase Ti3AlC2 (200 mesh) was 

purchased from Carbon Ukraine Ltd., HF 40% solution and isopropanol from Fisher Chemical. Ar 5.0, 

5% H2 in Argon 5.0, and anhydrous NH3 5.0 cylinders were purchased from Linde.  

Synthesis of HF-MX (Ti3C2Tx) 

A commercial MAX phase Ti3AlC2 (6 g) was slowly added under magnetic stirring (Teflon-coated 

magnetic stirrer) over a 27.7% HF solution (obtained by carefully adding 150 mL of 40% HF into 75 mL 

of deionised water), resulting in H2 formation and release due to the reaction between HF and Al atoms 

inside MAX phase structure. After finishing the MAX phase, the reaction mixture was kept under constant 

stirring at room temperature for 24 hours. The reaction mixture was filtered on filter paper under vacuum 

and washed multiple times with DI water until a pH of 6-7 was reached. The HF-MXene Ti3C2Tx solid was 

washed on the filter with 100mL of isopropanol, collected and vacuum dried at 100°C for 6 hours. The 

resulting HF-MX dried solid was stored in a glass vial under vacuum for further experiments and 

characterisation. 

Synthesis and characterisation of Ar-MX, H2-MX and N-MX samples  

Ar-MX, H2-MX and N-MX samples synthesis: 1 g of HF-MX was loaded into a quartz boat and transferred 

into a horizontal MIT OTF-1200X tubular furnace (with 8 inches heating zone and equipped with 

OD:25mm, ID:23mm and 1m length quartz tube); the system was sealed and a gas flow of 100mL/min 

of Ar 5.0, 5% H2 in Argon 5.0 or NH3 anhydrous gas 5.0 has started to flow inside the quartz tube. The 

heating was turned on with a heating rate of 5°C/min until it reached 400°C, and after 3 hours the sample 

was cooled down with a cooling rate of 5°C/min, keeping an argon flow (H2 or NH3 flow off and switched 

to Ar 5.0 flow) on until MXene samples reached 20-25°C (room temperature). The MXene samples were 

stored in a glass vial under vacuum for further testing and characterisation. The X-ray Diffraction (XRD) 

measurements were conducted with an Anton Paar XRDynamic 500 powder diffractometer equipped 

with a Primux 3000 X-ray source (CuKα1, λ=1.5406 Å) operated at a 40 kV voltage and a 50 mA current. 

The patterns were recorded with a scan step of 0.02° and dwell times of ~1.2 s/step. The Raman spectra 

of all the MXene samples were recorded using a Horiba LabRAM HR Evolution Raman Spectrometer 
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equipped with a 633 nm laser. The Scanning Electron Microscopy (SEM) images of all MXene samples 

were recorded using a field emission scanning electron microscope (FESEM) Zeiss Gemini 500 equipped 

with an Energy Dispersive X-ray (EDX) detector from Bruker. The EDX measurements were used to 

reveal the chemical composition of the MXene samples. The MAX phase (Ti3AlC2) sample's SEM and 

EDS images were recorded using an EVO 50 XVP microscope from Zeiss, equipped with an energy-

dispersive X-ray system (EDX) from Quanta Bruker 200. The X-ray Photoelectron Spectroscopy (XPS) 

spectra of Ar-MX, H2-MX, and N-MX samples were measured with a SPECS spectrometer equipped with 

a monochromatized Al Kα (1486.61 eV) anode radiation source operated at 250W 12.5 kV x 20 mA. The 

spectra were recorded at pressures lower than 2x10-9 mbar with 50 eV pass energy for surveys and 30 

eV pass energy for high-resolution measurements. The XPS spectra of MAX phase (Ti3AlC2) and HF-

MX (Ti3C2Tx) were recorded using a Kratos AXIS Ultra DLD system equipped with a hemispherical 

analyser with a reference intensity of over 50,000 counts per second (cps) and spectral resolution of 0.6 

eV, using Al Kα1 (1486.74 eV) radiation produced by a monochromatized X-Ray source with a spot size 

of 0.7 mm. The operating power was 192 W (12 kV × 12 mA), and the spectra were recorded with 160 

eV pass energy for surveys and 40 eV pass energy for high-resolution measurements, with Hybrid lens 

mode and slot aperture. Fourier Transform Infrared (FTIR) spectroscopy measurements were performed 

using a Jasco 6800-FV-BB spectrometer. Spectra were collected in transmission mode under vacuum 

in the 4000–400 cm–1 wavenumber range, with a spectral resolution of 4 cm–1. Each spectrum represents 

the average of 128 accumulated scans. Vacuum conditions were applied to minimise atmospheric 

absorption from CO2 and H2O, thereby enhancing spectral accuracy and reproducibility. The samples 

were prepared by dispersing and diluting the material of interest in potassium bromide (KBr, Pike 

Technologies) at a ratio of approximately 1:400. 

Fabrication of the EGOT device 

ED-IDE1-Au interdigitated (IDE) source and drain electrodes were supplied by Micrux (Spain). The IDEs 

are made of gold on glass, showing 90 pairs of interdigitated gold electrodes, with a gap width of 10 µm, 

giving a ratio width/length (W/L) of 49000. The IDEs were cleaned by a three steps procedure to eliminate 

organic contaminations: i) ultrasonication in 2% Hellmanex detergent in distilled water, followed by rinsing 

with water and dry with N2 flow; ii) ultrasonication in distilled water, followed by rinsing with water and dry 

with N2 flow and iii) ultrasonication ethanol, followed by rinsing with ethanol and dry with N2 flow. We 

prepared the PEDOT:PSS solution by adding 5% m/m DMSO and 0.2% GOPS. The solution was diluted 

in distilled water 1000 times and a drop of 10 µL was cast on the IDE. To evaporate the solvent and cure 

the semiconductor, we put the device in the oven at 120°C for 30 minutes.  



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 
 

Functionalization of the gate electrode 

Gold (Au) disc electrodes were cleaned with ultrasonication in ethanol for 10 minutes, dried with N2 flow, 

polished with 0.05-micron alumina powder, rinsed abundantly with water and dried with N2 flow. A 5 

mg/mL MXene dispersion in dimethylsulfoxide (DMSO) was prepared and sonicated 10 minutes for six 

times. A further sonication step was performed by bubbling N2 in the MXene dispersion for 15 minutes. 

The Au electrodes were functionalized by drop-casting 4 μL of the 5 mg/mL MXene solution in DMSO on 

the gold surface. The Au-MXene electrodes were then cured by a two-step process at 50 °C for 30 

minutes and 70 °C for further 30 minutes. The deposition and curing process was repeated two times.  

Electrochemical characterisation 

Electrochemical measurements were performed in a standard three-electrode electrochemical cell, filled 

with 5 mM K3Fe(CN)6, 1M KCl. The Au electrode was cleaned with alumina on a polish cloth and by CVs 

in H2SO4. The clean or covered with MXenes electrode was connected as a working electrode, in 

presence of a Pt counter electrode and an Ag/AgCl reference electrode. Cyclic voltammetry was 

recorded by applying a 100 mV/s scan rate, between -0.2 and 0.5 V, while electrochemical impedance 

spectroscopy was performed by applying a potential of -0.27 V, a frequency from 0.1 to 105 Hz. 

XPS measurements on functionalized electrodes 

Silicon dies (1 cm2) coated with a thin layer of gold were functionalized with the three surface-tailored 

MXenes, following the procedure described above. Uncycled samples were characterized by XPS in their 

pristine state. Conversely, cycled samples were first operated as working electrodes in a two-electrode 

configuration, employing a gold wire as the counter electrode with 50 mM PB solution (pH 7.4) as 

electrolyte. The electrochemical cycling was performed using a Keysight B2912A Source/Measure Unit 

by sweeping the potential of the working electrode from -0.5 V to +0.7 V for 50 cycles. The XPS spectra 

of the functionalized electrodes were recorded using a Kratos AXIS Ultra DLD system equipped with a 

hemispherical analyser with a reference intensity of over 50,000 counts per second (cps) and spectral 

resolution of 0.6 eV, using Al Kα1 (1486.74 eV) radiation produced by a monochromatized X-Ray source 

with a spot size of 0.7 mm. The operating power was 192 W (12 kV × 12 mA), and the spectra were 

recorded with 160 eV pass energy for surveys and 40 eV pass energy for high-resolution measurements, 

with Hybrid lens mode and slot aperture. 

Electrical measurements 
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The EGOTs were measured by means of a Keysight B2912A Source/Measure Unit. Transfer curves 

were measured by sweeping the VGS between -0.5 to 0.7 V, applying a fixed VDS = -0.2 V until achieving 

stability, meaning complete superimposition between five successive transfer curves.  

Dopamine sensing experiments 

Initially, the device was stabilised in a blank 50 mM PB solution (pH 7.4) by continuously cycling the gate 

bias between -0.5 V and +0.7 V for at least 60 minutes. The source-drain current (IDS) was recorded at 

fixed VDS of -0.2 V to extract the transfer curves. We considered a device stabilised when the ratio 

between the standard deviation (𝜎𝐼𝐷𝑆
) and the average value (〈𝐼𝐷𝑆〉) of the current at VGS = -0.5 V over 

the last 20 transfer curves was lower than 1.2%. Subsequently, the sensor was exposed to a wide 

dynamic range of DA concentrations, from 100 fM to 10 µM. For each DA concentration, we measured 

the device current with the DA solution as electrolyte, until stabilization of the transfer curves. Then we 

rinsed the device and replaced the electrolyte with successive concentrations. For each DA 

concentration, we recorded at least 30 transfer curves; we considered a device stabilized when five 

consecutive transfer curves were perfectly superimposed, or alternatively, when 
𝜎𝐼𝐷𝑆

〈𝐼𝐷𝑆〉
 was smaller than 

0.2% at VGS = -0.5 V. 

The device response in terms of current is calculated as the normalized current modulation relative to 

the blank sample (i.e., buffer solution without DA): 𝑆𝐼𝐷𝑆 = −(𝐼𝐷𝑆,[𝐷𝐴] − 𝐼𝐷𝑆,0)/𝐼𝐷𝑆,0 where IDS,[DA] is the 

current at a specific VGS and IDS,0 is the baseline current measured at the same VGS in the blank sample. 

The theoretical LOD was estimated on the basis of the transfer curve standard deviation of the blank 

samples (viz., in the absence of DA). The LOD is defined as the concentration of analyte that corresponds 

to a signal of S0 ± 3σ, where S0 is the signal of the blank (set to zero according to the definition of the 

signal), and σ is the standard deviation of the blank sample signal. Specifically, σ = δI0/I0, where δI0 is 

the standard deviation of the source-drain current (at a specific VGS) of the blank sample. For the three 

surface-tailored MXenes tested, the data reported are the average of three sensing experiments 

performed with independent devices.  

Data availability 

The primary data supporting the conclusions of this work are included in the main text and the 

Supplementary Information. Any additional data can be obtained from the authors upon reasonable 

request. 
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Figure 1: Morphological and structural characterisation of surface-tailored MXenes. SEM images 

of Ar-MX (A), H2-MX (B) and N-MX (C) samples. (D) XRD patterns (with 002 peak region zoomed in the 

inset). (E) Raman spectra (with D and G bands region zoomed in the inset). (F) FTIR spectra (with the 

fingerprint region zoomed in the inset) for Ar-MX (blue), H2-MX (red) and N-MX (green) samples. 

Figure 2: XPS surface chemistry characterisation of surface-engineered MXenes. (A) C 1s 

spectra, (B) Ti 2p spectra for Ar-MX (left), H2-MX (middle) and N-MX (right) samples. 

Figure 3: Functionalization of gold electrodes with surface-engineered MXenes. (A) Low and (B) 

high magnification SEM images of Au gate electrodes covered with surface-engineered MXenes. (C) 

CVs of the Au and Au/MXenes electrodes, recorded in the K3[Fe(CN)6] redox probe, scan rate 100 mV/s. 

(D) EIS Nyquist plots of the Au and Au/MXenes electrodes, recorded in the K3[Fe(CN)6] redox probe, E 

= 260 mV vs Ag/AgCl. 

Figure 4: Architecture and electrical characterisation of the MXene-functionalized EGOT device. 

(A) Scheme of the EGOT device; (B) Layout of the MXene-EGOT DA sensor; (C) Representative transfer 

curves recorded with gold (yellow), H2-MX (red), N-MX (green), Ar-MX (blue) electrode; (D) 

corresponding transconductance (viz., first derivative of IDS vs VGS). VDS = -0.2 V, 50 mM PB electrolyte. 

Figure 5: Electrical characterisation in the presence of Dopamine. Representative EGOT transfer 

curves for Ar-MX electrode (blue curves, A), H2-MX electrode (red curves, B), N-MX electrode (green 

curves, C). Black dashed lines are the best fit curves obtained using eq 18 in Zanotti et al.53. (D-F) The 

experimental transconductance (gm) profile for the three surface-tailored MXene samples. (G-I) The 

transconductance profile obtained as the first derivative of the transfer characteristics best fit curves, 

modelled with eq. 18 reported in Zanotti et al.53 (J-L) Differences between the experimental and the 

modelled transconductance profiles, normalised for the modelled gm profiles. Grey profiles represent 50 

mM PB in the absence of DA. The increasing color intensity of the curves corresponds to increasing DA 

concentrations (from 100 fM to 10 µM). 

Figure 6: Dopamine sensing. (A-B) Semilog plot of the current signal SIDS calculated at VGS = -0.5 V 

and of the linear transconductance signal Sgm,l vs [DA]. (C) Correlation plot of the normalized IDS change 

(SIDS@-0.5V), against the normalized gm,l (Sgm,l) for each DA concentration. The two distinct sensing regimes 

are identified with the linear fit reported as guide-for-the eye. (D) Semilog plot of the ΔVT vs [Dopamine]. 

In all the plots, we use blue dots for the Ar-MX electrode, red dots for the H2-MX electrode and green 

dots for the N-MX electrode. The error bars are the standard error of the mean. The dashed lines are the 
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result of the fitting with Equation 1. The blue and orange areas define the two different sensing regimes. 

 

Table 1: XPS and EDS elemental composition of Ar-MX, H2-MX, and N-MX samples. 

 


