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3D porous structure of ionic
liquid-delaminated Ti,C, MXene
nanosheets for enhanced
electrochemical sensing of
tryptophan in real samples

Seyyed Mehdi Khoshfetrat'>’, Mobina Motahari* & Samaneh Mirsian?

Accurate measurement of tryptophan (Trp) levels is crucial for clinical and research purposes, such as
nutritional assessment, disorder diagnosis, condition management, and the study of the role of Trp in
disease pathophysiology. Herein, the intercalation of 1-octyl-3-methylimidazolium chloride [OMIM]*Cl
ionic liquids (ILs) between the layers of Ti,C, MXenes results in a 3D porous structure with a large active
surface area and high interlayer spacing (d-spacing). Confined [OMIM]* ions enhance the electroactive
sites and Trp transfer pathways at the Ti,C, MXene and IL interfaces and improve the electron transfer
efficiency for Trp oxidation, improving Ti,C, MXene stability via strong m-m and electrostatic Ti,C,
MXene-IL interactions. Under optimal conditions, the sensor demonstrated a broad detection range
for Trp, ranging from 0.001 to 240 puM, with a low limit of detection of 0.06 nM (S/N =3). Owing to its
exceptional stability, selectivity, and reproducibility, the proposed IL-Ti,C,/GCE exhibited significant
potential for detecting Trp in real amino acid granules and urine samples.
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Tryptophan (Trp) is required for serotonin production, energy metabolism, and DNA repair. It can be converted
to vitamin B3 and form indole compounds, such as kynurenine and quinolinic acid. The kynurenine pathway
diverts Trp from serotonin, associated with immunosuppression and tumor growth!2. Adequate Trp levels are
crucial for health; Trp deficiency can cause mood disorders, sleep issues, and impaired immunity’. Common
analytical techniques, such as high-performance liquid chromatography (HPLC)*, gas chromatography-mass
spectrometry (GC-MS)?, enzyme-linked immunosorbent assay (ELISA), colorimetric assays®’, and amino acid
analyzers, are used to measure Trp levels in samples. Despite their sensitivity and selectivity, these methods have
drawbacks. HPLC and GC-MS methods are expensive and time-consuming, particularly for complex matrices,
and require specialized equipment for sample preparation. Derivatization of Trp for volatile analysis is also
laborious. ELISA requires specific antibodies, which can be costly and challenging, and there is a risk of false-
positive results due to cross-reactivity with similar compounds. Compared with other methods, colorimetric
assays have lower sensitivity and specificity and are more susceptible to interference from additional compounds
in the sample. Alternatively, electrochemical techniques are highly selective and cost-effective, making them
suitable for various applications and users®®. They can detect Trp without interference from other compounds
in the sample, simplifying the detection process and reducing potential interferences'®-!>. The challenge
of interference in electrochemical Trp detection has led to the development of several strategies to enhance
selectivity. Key approaches include electrode modification, where the electrode surface is coated with materials
that selectively interact with Trp, and careful control of electrolyte conditions, such as pH, ionic strength, and
composition. Additionally, the differences in redox potential among various species significantly contribute to
improving sensitivity in electrochemical systems'>'4. Among the reported modified electrodes (organic'>-17,
inorganic!'#1°, nanomaterials?®-?, etc.), the use of MXenes in the electrochemical detection of Trp offers
several advantages?>~%’.
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MXenes are a class of two-dimensional (2D) transition metal carbides, nitrides, and carbonitrides with
the general formula M, X T , where M represents the transition metal (e.g., titanium, vanadium, chromium,
molybdenum), X denotes carbon and/or nitrogen, n is an integer (typically 1, 2, or 3), and Tx represents the
surface terminations (e.g., -O, -OH, -F)?$2 The unique properties of MXenes, such as their excellent electrical
conductivity, tunable surface chemistry, high specific surface area, and catalytic activity, make them promising
candidates for the development of advanced electrochemical sensors for the detection of Trp. However, owing
to the strong van der Waals and electrostatic interactions between the MXene nanosheets, they naturally tend to
restack and form multilayered structures®®3!. This restacking process can lead to the loss of the unique properties
of individual MXene nanosheets, such as high surface area and active site accessibility*. Various strategies have
been used to address restacking issues and maintain the desirable properties of MXene nanosheets, including
introducing spacer molecules'>*3-%, combining them with carbon-based materials*’~*°, modifying the surface
of MXene nanosheets with functional groups?, and using nanomaterials*~**. Imidazolium-based salts, as a
popular class of room-temperature ILs, are promising electrolytes for advancing electrochemical technologies
because of their high ionic conductivity, broad solubility range, good biocompatibility, exceptional thermal
stability, and significant hydrophilic and hydrogen bonding properties. ILs are suggested as a green alternative to
traditional molecular solvents for the intercalation and delamination of multilayer materials without significantly
altering their surface chemistry or electronic properties. This helps maintain the unique characteristics of
MXenes, such as their high electrical conductivity and electrochemical activity. However, the application of IL-
assisted delamination of Ti,C, MXenes is still in the infancy stage®>~*°.

In this study, 1-octyl-3-methylimidazolium chloride, [OMIM]*CI", was intercalated into Ti,C, MXene,
producing a larger d-spacing of delaminated MXene, which translates to a greater specific surface area,
excellent structural stability, and significantly improved electrocatalytic performance. The imidazole group
binds specifically to Trp owing to its positive charge, electron-deficient nature, and n- interactions, facilitating
selective interactions for electron transfer in Trp oxidation. Compared with exfoliated Ti,C,-GCE and bare
GCE, IL-delaminated Ti,C, had a superior electrooxidation current and a lower overpotential toward Trp with
excellent stability, great repeatability, and a low detection limit. The IL-delaminated Ti,C, electrochemical sensor
was successfully used to monitor Trp in amino acid granules and human serum samples (Fig. 1).

Experimental section
Materials, apparatus, and synthesis
Section S1 of the Supporting Information provides details of the materials, reagents, and instruments used.
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Fig. 1. Schematic preparation of the IL-Ti,C,/GCE for enhanced electrochemical sensing of Trp. This Figure
was drawn using Blender 4.0, a free and open-source 3D creation software.
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Synthesis of the Ti3C2 MXene

Two grams of the Ti,AIC, MAX phase powder were added to 25 mL of concentrated HF (50%) for 18 h of
etching. The Ti,C, MXene was then centrifuged with distilled water until the pH of the supernatant was greater
than 6. The resulting Ti,C, MXene powder was dried under vacuum for 12 h at 80 °C.

Synthesis pathway for the 1-octyl-3-methylimidazolium chloride ionic liquid [OMIM]+ Cl- IL
To synthesize 0.05 mol (11.53 g) of the ionic liquid 1-octyl-3-methylimidazolium chloride, 0.05 mol (3.98 mL) of
1-methylimidazole was first mixed with 0.06 mol (10.19 mL) of 1-chlorooctane in a single-neck round-bottom
flask containing 25 mL of carbon tetrachloride. The mixture was then refluxed for 72 h at 70 °C in an oil bath to
ensure that the reaction was complete. Upon completion, a viscous pale-yellow product, [OMIM]*CI", formed
at the bottom of the flask, and the solvent was discarded. The final product was washed several times with fresh
carbon tetrachloride to remove any impurities. After evaporating the solvent at 80 °C, the highest purity product
was obtained, with a yield of 94.0% (10.84 g). The synthesis mechanism is shown in the Supporting Information
(Figure S-1).

Preparation of the IL-Ti3C2 flakes

First, the exfoliation of Ti,C, MXene was achieved by ultrasonication of a 1 mg mL™! Ti,C, (1 mL) aqueous
solution for 30 min. Subsequently, different amounts of the ILs (0.1 to 1.3 mg) were added to the resulting
suspension, and delamination of the Ti,C, MXene was conducted via ultrasonic treatment for 30 min. The planar
structure of -conjugated IL molecules makes them ideal intercalators between the layers of MXenes. This unique
configuration enables effective non-covalent nt-rt interactions, which do not significantly alter the conjugated
structure of Ti,C, MXene. Additionally, the electrostatic attraction between positively charged IL molecules and
negatively charged MXene layers further promotes IL intercalation. Consequently, the electronic conductivity of
the MXene is preserved, ensuring exceptional electrocatalytic activity and high current performance.

Preparation of the electrochemical sensor

The glassy carbon electrode (GCE) was first polished with alumina slurries (0.3 and 0.05 pm) and then cleaned
with ethanol and deionized water. Then, 40 uL of the IL-Ti,C, aqueous dispersion was drop-cast onto the cleaned
GCE and dried at ambient room temperature to obtain the IL-Ti,C,/GCE.

Real sample analysis

Amino acid granules were purchased from a local drugstore. One tablet (containing 500 mg of Trp) was dissolved
in 1000 mL of warm distilled water with the aid of ultrasonication for 15 min and then centrifuged at 2000 rpm,
after which the supernatant was collected. For the electrooxidation of Trp, 1 mL of the prepared solution was
diluted 1000-fold with 0.10 M PB at pH 7.5. The detection of Trp in urine was achieved by diluting healthy
volunteers’ urine samples with PB (0.1 M, pH=7.5) at a 1:5 ratio.

Results and discussion

Characterization of the [OMIM]+ Cl- via IHNMR and FTIR analyses

The HNMR spectrum of the synthesized ionic liquid is presented in the Supporting Information (Figure S-2).
The peak at 0.75-1.01 ppm corresponds to the -CH; group of the octyl chain (H,), whereas the region from
1.23 to 1.91 ppm is attributed to the -CH, groups in the octyl chain (H,). The peaks observed at 2.33-2.74
ppm are also attributed to the -CH, groups in the octyl chain (H,). The signals at 4.57-4.70 ppm correspond
to another -CH, group in the octyl chain attached to the -N in the imidazolium ring (H,), and the region from
5.05 to 5.48 ppm is associated with the -CHs group substituent on the ring (H,). Finally, the peaks at 7.57-8.19
ppm correspond to the = CH group in the imidazolium ring (Hy). The FTIR spectrum of [OMIM]*CI~ (Figure
S-3) reveals the bending vibration of the =C-H bond at 804 cm~!, which is linked to the imidazolium ring. The
stretching vibration of the C-N bond in the imidazolium ring was observed at 1286 cm™'. The peaks in the
range of 1373-1451 cm™! are attributed to the stretching vibrations of C-H bonds and the -CH; group in methyl
imidazole. The bands at 1490 and 1561 cm™! correspond to the C=C bonds in the aromatic imidazolium ring.
The stretching vibration of the C=N bond was observed at 1626 cm™!, and the aliphatic C-H bonds in the octyl
chain appeared in the range of 2755-3081 cm™!. Additionally, a weak O-H stretching vibration was observed at
3414 cm™ 1, likely due to the presence of slight moisture in the structure.

Characterization of the prepared nanomaterials

The effective etching and delamination of Ti,AIC, were confirmed via X-ray diffraction (XRD) analysis
(Fig. 2A). The diffraction peaks identified at 11.3°, 19.6°, 34.5°, 36.5°, 39.3°, 42.1°, 45.2°, 48.5°, 52.3°, and 61.5°
are consistent with the values associated with the hexagonal close-packed structure of pure-phase Ti,AIC, and
correspond to JCPDS PDF file card no. 52-0875%. A decrease in crystallinity was indicated by broader peaks and
lower intensities in the XRD patterns of Ti,C,, along with the disappearance of 104 reflections of Ti,AIC,, which
signifies the removal of Al layers after HF etching. The (002) peak shifted from 9.7° to 8.6°, reflecting an increase
in the d-spacing from 0.9 nm to 1.06 nm as a result of etching and the replacement of Al with -F and -OH/=0
functional groups. Importantly, the 002 diffraction peak of the IL-Ti,C, sample shifted to lower angles (6.8°). The
expanded interlayer spacing relative to that of pristine Ti,C, was calculated to be 1.85 nm. This can be attributed
to the intercalation of [OMIM]* cations in the MXene interlayers during the delamination process. Furthermore,
the increase in the surface area and porosity of the IL-Ti,C, was determined through Brunauer-Emmett-Teller
(BET) (Fig. 2B) and Barrett-Joyner-Halenda (BJH) analyses (inset of Fig. 2B). The surface area and porosity of
IL-Ti,C, were calculated to be 30.68 m? g~ and 14.95 nm, respectively, which are greater than those of Ti,C,
MXene (7.83 m? g~! and 11.8 nm, respectively). In addition, SEM confirmed the larger interlayer spacing of
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Fig. 2. (A) XRD, and (B) BET related nanomaterials: (a) Ti,AIC, MAX phase, (b) Ti,C, MXene, and (c) IL-
Ti,C,. FE-SEM of (E) Ti,AlC, MAX phase, (D) Ti,C, MXene, and (E) IL-Ti,C,.

the Ti,C, MXene nanosheets due to the intercalation of [OMIM]* cations, as shown in Fig. 2C to E. Ti,AlIC,
exhibited a compact and dense structure without exfoliation/delamination before modification (Fig. 2C).
Following etching, the resulting Ti,C, MXene exhibited a loosely accordion-like structure with a certain gap
between the layers (Fig. 2D). After the IL intercalation, the SEM image of the IL-Ti,C, sample revealed a more
open-layered structure of the MXene (Fig. 2E).

Electrocatalytic activity of the IL-Ti3C2/GCE for the oxidation of trp

CV tests were conducted to assess the electrochemical properties of the IL-Ti,C,/GCE as an electrocatalytic
material for 1 mM Trp oxidation ata scan rate of 100 mV s~!in 0.1 M PB (pH=7. 5) Flgure 3A shows the absence
of a faradaic current in the voltammograms obtained from the bare GCE (), Ti,C,/GCE ("), and IL-Ti,C,/GCE
(¢) in 0.1 M PB (pH=7.5). The IL-Ti,C,/GCE (Fig. 3A, c) catalyst exhibited an extremely high irreversible
oxidation peak current response of 86.54 pA for Trp, which is much greater than that of the bare GCE (13.41 pA,
Fig. 3A, a) and Ti,C,/GCE (27.19 A, Fig. 3A, b). The increase in the current of the IL-Ti,C,/GCE compared
with that of the bare GCE (6.4-fold) and Ti,C,/GCE (3.2-fold) can be attributed to the greater accessibility
of Trp molecules to active MXene sites between layers rather than the outer area of multilayer particles. The
intercalation of the IL molecules between the conductive Ti,C, interlayers provided a 3D porous structure with
increasing d-spacing from Ti,C, to IL-Ti,C,, ensuring adequate exposure of the active species to the Trp and
facilitating electron transfer to prevent restacking of the Ti,C, MXenes. Figure S-4 shows that, unlike Ti,C,
MXenes, IL-Ti,C, is uniformly dispersed and remains stable in aqueous solution for at least 30 days. The surface
roughness, 1ntr1n51c activity (synergistic effects) or a combination of the two may be responsible for the increase
in activity. The apparent rate constants ( K,,) and C  for different GCE modifications were compared via the
EIS approach (Fig. 3B). In the PB (0.1 M, pH=7.5) solution containing 1 mM Trp, the rate of electrocatalytlc
oxidation is represented by K.,,, which is determined via the Eq. (1) Kapp = RT/n*F?A R, C°'. The
results showed that the ILs intercalated in between the layer space significantly enhanced the performance of
the IL-Ti,C,/GCE in comparison to the Ti,C,/GCE, resulting in approximately 3.6-fold K, and 2.5-fold C
enhancements (Table S-1). The results 1nd1cate that the enhanced activity (69.4%) is mostly attributable to the
larger effective surface area of the IL-Ti,C,, with synergistic effects accounting for the remaining improvement
(30.6%). To determine the Warburg dlfoSlOIl resistance of Trp molecules in the IL-Ti,C,/GCE, the Warburg
coeflicient (o) is determined from the slope at low frequencies by graphing Z“ versus w w112 (0=27f)*. The o
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Fig. 3. (A) CVs of the different modified GCE in the absence (a’ to ¢’) and presence of Trp 1 mM (a to c).
(B) Nyquist plots and (C) linearly fitted graph of Z’ against @™/ in the low-frequency region of Nyquist plots
in solution PBS (0.1 M, pH=7.5)+1 mM Trp, E;.=+0.9 V. Bare GCE (a’ and a), Ti,C,/GCE (b’ and b), and
IL-Ti,C,/GCE (c and ¢’). (D) Chronoamperograms of IL-Ti,C,/GCE in various Trp concentrations. (E) and
(F) depict the plots of I /T, vs. t'/2 in various Trp concentrations and square of the slopes in associated (E)
against the respective concentrations, respectively. Condition: 0.85 V, obtained current at 15 s.

values of the bare GCE (Fig. 3C, a) and Ti,C,/GCE (Fig. 3C, b) are 5804.7 and 1459.7  Hz "2 respectively,
whereas the o of the IL-Ti,C,/GCE is 1062 Q Hz~ 12 (Fig. 3C, c). The lower o of the IL-Ti,C,/GCE suggests faster
diffusion and Faradic charge-transfer kinetics in the proposed nanomaterial. Moreover, the electrocatalytic
activity mechanism was studied via CV by evaluating the electroactive surface areas (ESAs) at various scan rates
(20-250) in a 0.1 M KCl solution containing an [Fe(CN)G]S’/“’ (0.5 mM) redox couple (Figure S-5). According
to the Randles-Sevcik Eq. (2)°%%3, I, =2.69 x 105n3/2AD1/21/1/2C, the obtained results indicated a 2.3-fold
and 7-fold increase in the ESA of the IL-Ti,C,/GCE (0.91 cm?) (Figure S-5A-B) compared with those of the
Ti,C,/GCE (0.41 cm?) (Figure S-5C-D) and GCE (0.13 cm?) (Figure S-5E-F), respectively. In this equation, A
represents the electrode surface area, D represents the diffusion coefficient (7.6 x 10~ cm? s7!), v represents the
scan rate (V s7!), C represents the concentration of [Fe(CN) o 3-/4= (0.5 mM), and n represents the number of
electrons (n=1). The chronocoulometric method was used to further confirm the increase in surface area due to
the intercalation of the IL within the MXene layers in the same solution (Figure S-6A). Based on the following
Eq. (3), the ESAs obtained from the slope of the plot of Q versus t'/>* (Figure S-6B) for the bare GCE, Ti,C,/
GCE, and IL-Ti,C,/GCE were 0.11, 0.40, and 0.87 cm?, respectively, which is consistent with the CV results.

2nFACDY?¢1/?

T 1/2

Qe = + Qar + Qads (3)

Interestingly, comparing the ESA and electrooxidation current of Trp (at a scan rate of 100 mV s™!, Fig. 3A)
in the IL-Ti,C,/GCE and Ti,C,/GCE revealed a 3.2-fold increase in the electrocatalytic activity, which was
attributed primarily to a 2.2-fold increase (equivalent to 68.75%) in the effective surface area and a 1-fold
increase (equivalent to 31.25%) in the synergistic effects, which aligns with the findings from the EIS analysis.
Additionally, the improved electrocatalytic capabilities of the IL-Ti,C,/GCE in Trp oxidation at a constant
potential of 0.85 V were assessed via the chronoamperometric method. The catalytic rate constant (K_,)** for
Trp oxidation using the IL-Ti,C,/GCE (6.11 x 10* M~1s71) (Fig. 3D-F) is 4.85 times greater than that of the
Ti,C,/GCE (1.26 x 10* M~1s~1) (Figure S-7). These results demonstrated that the self-assembly of intercalated
[OMIM]* ions into 2D Ti,C, MXene nanosheets formed a more open 3D framework with increasing d-spacing
through spontaneous - stacking, electrostatic interactions, and H-bonding. This stable nanomaterial allows
for greater access to the active sites of MXenes between layers.

Optimization of various conditions for the electrooxidation of trp

Effect of the amount of IL on sensor performance

By systematically changing the mass ratio of the IL to Ti,C, MXene from 0.1 to 1.3 and measuring the
corresponding CV curves, the ideal IL loading was obtained (Figure S-8 A). A progressive increase in response
current is clearly observable as the mass ratio of ILs to Ti,C, MXenes increases to 0.9 in 0.1 M PB (pH=7.5) + 1
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Fig. 4. (A) CVs, (B) anodic peak current, and (C) anodic peak potential of the IL-Ti,C,/GCE as a function of
pH in solution PBS (0.1 M, pH=7.5) + 1 mM Trp. (D) CVs of 0.1 mM Trp on IL-Ti,C,/GCE in PBS (0.1 M,
pH=7.5) at different scan rates (from 20 to 200 mV/s), (E) Linear relationship between peak currents vs.
square root of scan rate and (F) E, vs. log v. (G) The suggested electrocatalytic oxidation mechanism of Trp at
the IL-Ti,C,/GCE.
Sample Standard (uM) | Average detected Added | Average Founded Relative error (%) | SD RSD (%) | Recovery (%) |t cuaea | teritical
2.395
2.448 (5.4082.401,2.43) 0 0 1.606 0.0187 | 0.077 - 3.639
5 (7?453538 239,735 | 02013 0.1098 | 1477 | 99.79 0.2365
Amino Acid Granules o
10 (1125295 12.64, 12.86) 1.167 0.2928 | 2.325 101.16 0.8597
50 (551(')92233 51.89, 53.65) 1.0003 1.710 | 3.293 98.99 0.5313
et 430
85.65 83.96 0 0 1973 3468 | 00413 |- 0.8439
. (87.28, 80.36, 84.24) : : : -
5 (991;835 88.64, 93.72) 1.198 2716 | 2.961 101.19 0.6927
Urine % (.)96) o
10 (98.56, 96.45, 93.28) 0.4669 2657 | 2.765 100.46 0.2911
137.91
50 (140,26, 138.63, 134.84) | 1666 2780 | 2.016 101.66 1.407

Table 1. Electrochemical detection of trp in real-life sample.
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the concentration range of 0.001 to 240 uM in in PBS (0.1 M, pH=7.5). (E) Calibration curve of Trp over the
ranges of 0.001 to 0.03 uM and (F) 0.03-240 pM (n=3).

mM Trp (Figure S-8B). A further increase in the amount of IL resulted in a lower current due to the instability
of the Ti ,C, MXene sheets and the blockage of the pores of the nanocatalyst.

Effect of the IL-Ti3C2 volume on the determination of trp

Furthermore, we investigated the influence of the IL-Ti,C, volume on the current response (Figure S-8 C). As
shown in Figure S-8D, there was a significant increase in the current response with increasing volume from 5 to
40 pL. However, the current response sharply decreased when the volume increased from 40 to 60 pL.

Effect of the IL-Ti,C concentration on trp analysis

The concentration of IL-Ti,C, loaded on the GCE was examined at various dosages in PB (0.1 M, pH=7.5). As
depicted in Figure S-8E, the CV response of the modified GCE exhibited a maximum current at 5.0 mg mL™!
(Figure S-8 F), which decreased with increasing concentration. This phenomenon can be attributed to reduced
reaction rates resulting from saturation effects where all active sites on the electrode are occupied. In addition,
increased concentrations can lead to mass transport limitations that hinder the diffusion of Trp to the electrode.
Specifically, increased concentrations of IL-Ti,C, can create a thicker layer that impedes electron transfer
between the electrode and the Trp molecules, thereby reducing the sensitivity and response of the system to Trp.
In addition, higher concentrations of the ionic liquid can result in a more viscous medium that further restricts
the diffusion of tryptophan to the electrode interface and reduces the effective concentration of analyte available
for interaction.

Effect of the pH and electrooxidation mechanism of trp

This study examined the impact of the pH of the PB solution on the intensity of the Trp oxidation peak (1 mM).
Figure 4A and B show that the electrooxidation response current increases as the pH increases from 5.6 to 7.5 and
decreases with increasing pH. Trp has an isoelectric point of 5.89%, is negatively charged in solution at pH=7.5,
and causes electrostatic attraction between the negatively charged Trp and positively charged IL molecules. In
addition, the imidazolium ring structure of the IL on the surface of the nanocatalyst and the Trp molecules are
attracted to each other by n-m stacking. Moreover, the functional groups on the Ti,C, MXene can interact with
the carboxyl and amino groups on Trp via hydrogen bonding, which enriches them on the electrode surface.
Importantly, the anodic peak potential shifted negatively toward a lower potential with increasing pH according
to the linear regression equation Ep=-0.0651 pH + 1.6221 (R>=0.998) (Fig. 4C). The slope value was close to the
theoretical value of -0.059, indicating oxidation behavior with an equal number of electrons and protons. The
amount of electron transfer was quantified by conducting coulometric bulk electrolysis experiments. According

to the Faraday Eq (4)55, n = Q/FCV, where A Q:QTrp_QPBZO'Ol C, CTrp:1076 M, and V=50 mL, the
electron transfer number was calculated to be 2. The electrochemical Trp oxidation of the IL-Ti,C,/GCE in

0.1 M PB at different scan rates (20-200 mV s~ 1) was investigated (Fig. 4D). The results showed that the process
is diffusion-controlled, with a linear plot of the oxidation peak current versus the square root of the scan rate

Scientific Reports |

(2025) 15:6804

| https://doi.org/10.1038/s41598-025-91773-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

N
(=]

[Ey
(o))

Current (pA)
=
N

S » @

A

™

20 -
-]
§15 .
= ]
- ]
=10 A
5 ]
=
o5 54
4 N

&{Q &‘Q &<Q x\’

Day 1 Day10  Day15

, I3

&8 &‘Q &‘Q &‘Q

(@]

60
50

40
=30

-~Urine sample

—Urine sample+Tip addition

t(

Laaaa do e s la el alaaaaliaiy

urre

LN N S B B N N N N B B N NN R B N B N R

04 05 06 07 08 09
E (V, Ag/AgCl)

Fig. 6. (A) Selectivity of the IL-Ti,C,/GCE towards Trp oxidation (1 pM) in the presence of variety of
potential interfering compounds (each at 10 uM). (B) Stability of the IL-Ti,C,/GCE over 15 days. (C) DPVs
obtained for human urine coupled with spiked Trp (50 uM).

(Fig. 4E). Moreover, the anodic peak currents irreversibly changed toward a higher positive potential as the scan
rate increased. The Laviron method (Eq. 5)°%% was used to determine the value of (1-a)n, which was determined
to be 0.92 based on the slope of Fig. 4F.

2.303RT RTE 2.303RT
By =B + (=) 1
P * ankF Og(anF)+<(1a)nF) o8Y ®)

The formal potential, heterogeneous rate constant, electron transfer coeflicient, and number of electrons are
represented by E% K% a, and n, respectively. Furthermore, the a value of Trp electrooxidation at the IL—Ti3C2/
GCE can be calculated via the following Eq. (6).

oo ATT ©
Ep— Epys

Where E, /> is half of the formal potential value. Consequently, the values of a and the number of electron
transfers at the IL-Ti,C,/GCE were found to be 0.47 and 2.0, respectively, in agreement with the results of
the coulometric analy51s By extrapolating the plot of E , versus the scan rate and calculating E”, k was also
obtained through the intercept from Laviron’s equatlon "The value of k® can be 2.814x 10 s™!. Overall, the
electrooxidation mechanism of Trp at the IL-Ti,C,/GCE is shown in Fig. 4G. In addition, the Cottrell equation®
can be used to determine the diffusion coefﬁc1ent of Trp, with an estimated value of 1.94x 102 cm? s~ ! (Fig. 5A
to C).
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Analytical determination of trp on the IL-Ti3C2/GCE

To conduct the concentration study, an IL-delaminated Ti,C,/GCE was used to record the current response
via DPV. Figure 5D shows the gradual increase in the maximum current as the concentration of Trp increased
within the range of 0.001-240 uM, with two linear ranges, 0.001-0.03 uM (Fig. 5E) and 0.03-240 puM (Fig. 5F).
The LOD for the IL-Ti,C,/GCE was calculated to be 0.06 nM. The considerable decrease in the LOD for Trp
may be attributed to a combination of two contributing factors. (i) The increase in surface area with increasing
d-spacing from pristine Ti,C, to IL-delaminated Ti,C, makes it more accessible to more active sites of MXenes
between the layers. (ii) The n- interactions between the imidazolium group of the IL and the Trp aromatic ring
facilitated charge transfer, thereby enhancing the performance of the sensing platform.

Anti-interference ability, stability, reproducibility, and repeatability

Selectively assessing analytes in a complex physiological environment with interfering species is the main
challenge in sensor development. As illustrated by the DPV results (Figure S-9 A and Fig. 6A), interfering
substances such as dopamine (DO), ascorbic acid (AA), uric acid (UA), L-alanine (L-Ala), methionine (Met),
L-cysteine (L-Cys), and L-arginine (L-Arg) did not affect Trp detection at concentrations 10 times greater (10
uM) than the Trp concentration (1 uM). The shelf life of the biosensor is crucial for practical applications, and
the negligible change in DPV current in 1 uM Trp in PB over 15 days (Figure S-9B), with approximately 94%
retention of the initial current response (Fig. 6B), demonstrated remarkable stability. In addition, the stability
of the IL-Ti,C,/GCE was evaluated by conducting 5 consecutive CV tests in a 0.1 M PB solution. The results
showed that both the response and the overall shape of the CV curves remained almost unchanged, suggesting
that the chemically confined [OMIM]* ions are essential in protecting Ti,C, from oxidation (Figure S-10). To
assess the repeatability of the IL-Ti,C,/GCE, the oxidation current of one prepared electrode was recorded at
0.01, 1 and 10 uM Trp for three separate measurements across a span of three days (interday) (Table S-2) and
within 1 day (intraday) (Table S-3). Overall, the RSD was <4.5%, with smaller t values for interday and intraday
analyses than [¢|¢,.;;cq1.2=4-30 at P=0.05, indicating no significant systematic errors with good repeatability.
For reproducibility, five different independent IL-Ti,C,/GCEs were prepared, and their current response was
recorded in 0.01, 1, and 100 yM Trp solutions via DPV. The study demonstrated satisfactory reproducibility,
with a low RSD ranging from 1.55 to 3.87% (n=3) and smaller t values than titicar =430 (Table S-4). Table S-5
compared previously published electrochemical sensors for Trp to assess the detection capabilities of IL-Ti,C,/
GCE. The electrochemical sensor demonstrated notable analytical performance that is comparable to and in
certain aspects superior to, previously established voltammetric methods for Trp detection.

Application in real samples

To demonstrate the potential applicability of the proposed electrode in the food industry and healthcare, the IL-
Ti,C,/GCE was applied for the detection of Trp in amino acid granules and human urine (Table 1). The amino
acid granule Trp calculated per tablet was 492 mg, which was close to the theoretical value of 500 mg with a
1.6% relative error. Additionally, the recovery test of Trp was performed via the standard addition method by
spiking the samples with various concentrations of Trp. The amino acid granule recoveries ranged from 98.99 to
101.16%, with RSD values ranging from 0.077 to 3.3% (n=3). Moreover, the results obtained via the developed
sensor showed that this biosensor had excellent accuracy with no systematic error, as evidenced by the small
observed [t| compared with t_. ., ,=4.30.

In addition, diluted human serum samples were analyzed to measure Trp. The DPV peak at 0.75 V increased
with Trp addition (50 pM), indicating that the oxidation of Trp was detected in the urine samples (Fig. 6C). The
recovery values for the urine samples spiked with the Trp standard solution varied from 100.46 to 101.66%, and
the RSD values of all three independent tests were less than 3%. These results demonstrate that the developed
IL-Ti,C,/GCE is highly effective for determining the Trp content in real amino acid granules or urine.

Conclusion

In this study, an increased d-spacing in Ti,C, MXenes was achieved through the intercalation of [OMIM]* IL
cations within the MXene layers, resulting in enhanced electrocatalytic performance for the oxidation of Trp.
The interface of the IL-Ti,C,/GCE exhibited notable stability due to favorable interactions between the MXene
and the IL, effectively inhibiting electrode leaching. Consequently, the physically confined [OMIM]* ions
increase the availability of electroactive sites, increase electron transfer in surface redox reactions, and improve
pathways for Trp molecules. The proposed sensor exhibited successful detection results over a wide range of
concentrations, from 0.001 to 240 uM, with a low detection limit of 0.06 nM, indicating strong selectivity and
stability. Moreover, the practical efficacy of the IL-Ti,C,/GCE was demonstrated by the successful detection of
Trp in amino acid granules and human serum samples, which produced satisfactory and validated outcomes.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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