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Abstract

Two-dimensional (2D) nanoreactors with cascade catalytic activity for glucose 

oxidation and hydrogen peroxide decomposition are prepared via immobilizing glucose 

oxidase (GOx) on Ti3C2 MXene nanosheets. Amino-rich polypeptide, poly-L-lysine 

(PLL), is applied to modify the ultra-thin Ti3C2 MXene nanosheets with a compatible 

surface for GOx immobilization. The PLL-modified Ti3C2 nanosheets possess a 

positively charged surface and show show an excellent GOx loading capacity as high 

as 50 wt.% of the Ti3C2 nanosheets. The physically adsorbed enzymes are then cross-

linked with the amine groups in the PLL chains to form a robust GOx-PLL network 

covered on the MXene nanosheets. The GOx-conjugated Ti3C2-PLL (Ti3C2-PLL-GOx) 

nanosheets showed superior enzymatic activities than the activities of GOx 
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immobilized on an inert porous silica substrate, largely because that the Ti3C2 

nanosheets can catalyze the decomposition of the toxic intermediate H2O2 generated 

from the glucose oxidation. Given the excellent electrical conductivity of Ti3C2 MXene, 

the Ti3C2-PLL-GOx nanosheets are further deposited on glassy carbon electrode to 

construct a high-performance biosensor with a glucose detection limit 2.6 μM.

Introduction 

Glucose oxidase (GOx) is a flavoenzyme, which utilizes molecular oxygen as the 

main electron acceptor to catalyze the oxidation of β-D-glucose to D-glucono-δ-lactone 

and to generate hydrogen peroxide (H2O2).[1-3] GOx has been used in various 

applications, ranging from biosensing,[4-8] to diabetes detection,[9, 10] anticancer 

therapy[11-13] and glucose fuel cell.[14, 15] However, the toxic intermediate product 

(H2O2) generated during the enzymatic glucose oxidation often inhibits the activity of 

GOx in practical applications.[16] To tackle this issue, a strategy of constructing a 

cascade reaction system that induces the decomposition of the intermediate by-product 

H2O2 has been proposed.[11] The enzymatic cascade reaction typically involves two 

different types of enzyme,[17, 18] the first enzyme is used to catalyze the main reaction 

while the second enzyme is applied to break down the intermediate products. However, 

the use of multiple enzymes in the system will bring complicated issues and is not cost-

effective.[19] It would be interesting if the substrate used for GOx immobilization could 

simultaneously have the properties for H2O2 decomposition.

MXenes, a new family of two-dimensional (2D) transition metal carbides, nitrides, 
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or carbonitrides,[20, 21] have recently gained tremendous attention, because of their 

extraordinary physical and chemical properties (e.g., excellent electrical conductivity, 

high aspect ratio, large surface area, and hydrophilicity).[22-24] The MXene 

nanosheets are prepared by selective etching of the A element layers from the MAX 

phases, that is, Mn+1AXn, where M is an early transition metal (e.g., Ti, Zr, V, Ta, Nb, 

Mo, etc.), A belongs mainly to a group IIIA or IVA element, and X corresponds to 

carbon and/or nitrogen. The etching off of A layer by F-containing etchants results in 

the replacement of A element with other surface termination groups (e.g., OH, F, and/or 

O). Thereafter, MXenes with typical formula of Mn+1XnTx will be obtained, where Tx 

corresponds to the terminated groups. As a result, diverse MXenes with different 

properties can be synthesized by rational combination of M and X atoms, and the 

surface-terminated Tx groups. Owing to their unique structural, physicochemical, and 

compositional features,[22-24] MXenes have been widely studied in a range of 

applications such as catalysis,[25, 26] energy storage,[27] nanomedicine,[28] 

electromagnetic shielding,[29] sensing[30, 31] and water treatment.[32] Ti3C2 MXene, 

the first and most widely studied in the MXene family, has been prepared through 

selective etching of Al from the Ti3AlC2 MAX parent phase.[33-35] By using its 

excellent electrical conductivity properties, Ti3C2 MXene has been used to support 

metal nanoparticles[36] or hemoglobin (Hb)[37] for electrochemical sensing of H2O2. 

Recently, Lorencova et al. reported that the Ti3C2 MXene was also able to catalyze the 

decomposition reaction of H2O2.[24] 
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Taking advantages of the H2O2 catalytic decomposition properties and high specific 

surface area of Ti3C2 MXene, here, we propose a novel 2D cascade nanoreactor through 

immobilizing GOx on poly-L-lysine (PLL)-modified Ti3C2 MXene (denoted as Ti3C2-

PLL-GOx) (Scheme 1). The amino-rich PLL is used to modify the Ti3C2 nanosheets 

with a layer of positively-charged polypeptide, which can be used to electrostatically 

adsorb the negatively charged GOx.[38] The physically adsorbed enzymes are then 

cross-linked with the amine groups in PLL chains to form a robust GOx-PLL network 

covered on the Ti3C2 MXene nanosheets. Superior catalytic performance of GOx is 

obtained on the Ti3C2-PLL-GOx nanoreactors due to the GOx and the Ti3C2 nanosheets 

can form a cascade reaction in glucose decomposition. The oxygen produced from H2O2 

decomposition under the catalysis of Ti3C2 nanosheets can be re-used in the glucose 

oxidation reaction, which in turn increased the reaction rates of the glucose oxidation. 

Taking advantage of the excellent electrical conductivity of Ti3C2, the Ti3C2-PLL-GOx 

nanosheets are further deposited on glassy carbon electrodes to construct high-

performance electrodes for glucose sensing with a detection limit of 2.6 μM.

Experimental Section

Chemicals:

Poly-L-lysine hydrobromide (Mw 30-70 kDa), GOx (from Aspergillus niger, 127 U 

mg-1), horseradish peroxidase (HRP, >200 U mg-1), 3, 3’ ,5, 5’-tetramethylbenzidine 

(TMB), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), 2-

morpholinoethanesulfonic acid monohydrate (MES) and H2O2 were purchased from 
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Sigma-Aldrich Inc. Ti3AlC2 was purchased from Forsman Technology (Beijing) Co., 

Ltd.. Lithium fluoride (LiF), acetic acid (HAc), sodium acetate (NaAC) and 

hydrochloric acid (HCl) (36.0-38.0%) were purchased from Sinopharm Chemical 

Reagent Co. Ltd. D-(+)-Glucose was obtained from Aladdin (China). N-

methylpyrrolidone (NMP) was obtained from General-Reagent Inc (China). All 

reagents used were analytical grade without further purification. 

Synthesis of Ti3C2 Nanosheets: 

The Ti3C2 nanosheets were prepared by a method adapted from literature.[39, 40] In 

brief, 2.0 g of Ti3AlC2 powder was slowly added to a mixed solution of 2.0 g of LiF 

and 20 ml of HCl. The reaction was maintained at 50 °C for 48 h in an oil bath under 

magnetic stirring. Then, the suspension was centrifuged (2600 g, 5 min) and washed 

several times with deionized water until pH of the supernatant was around 6. After that, 

the precipitate was redispersed in 40 mL of NMP and sonicated for 8 h with a probe 

sonication. The power of the sonication was 260 W, while the working time and interval 

time of the probe was set as 4 s and 2 s, respectively. During the sonication process, 

temperature of the solution was maintained below 277 K by using an ice bath. Finally, 

the Ti3C2 nanosheets were freeze-dried after centrifuging and removal of the 

supernatant.

Assembly of Hybrid Ti3C2-PLL-GOx Nanosheets:

Typically, 0.5 mL of 1.0 mg mL-1 PLL stock solution (pH 5.5, 50 mM MES) was 

added to 0.5 mL of 1.0 mg mL-1 Ti3C2 suspension. The mixture was shaken at room 
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temperature for 1 h. The PLL-modified Ti3C2 (denoted as Ti3C2-PLL) was collected by 

centrifugation (16000 g, 5 min), and washed with MES buffer (50 mM, pH 5.5) twice, 

following by redispersion in 0.5 mL of MES buffer. Then, 0.5 mL of GOx stock 

solution (pH 5.5, 50 mM MES) with enzyme concentration of 1.0 mg mL-1 was added 

to above Ti3C2-PLL suspension and shaken at room temperature for 1 h. After removal 

of the excess GOx via centrifugal separation, 0.5 mg of EDC (10 mg mL-1 in 50 mM 

MES, pH 5.5) was added and incubated at room temperature for 1 h to conjugate the 

residual carboxyl groups in GOx with the amino groups in PLL chains. The obtained 

materials were washed with MES buffer twice and finally distributed in 0.5 mL of HAc-

NaAc buffer (50 mM, pH 5). 

Enzymatic Activity Assay:

Free or immobilized GOx with a GOx content of 5.0 µg was added to 2.0 mL of 11.5 

mM glucose solution (pH 5, 50 mM HAc-NaAc buffer). The reaction was maintained 

at 40 °C and stopped after 0.5 h by adding 50 µL of 2.0 M H2SO4 solution. With 

reference to the standard curves of glucose (Figure S1) and H2O2 (Figure S2), A 

colorimetric method adopting a combination of HRP and TMB was used to determine 

the glucose concentration and H2O2 concentration in the reaction solution.[41, 42] 

Detailed procedures for these measurements were summarized in the supporting 

information.

Preparation of Ti3C2-PLL-GOx/GCE Electrode: 

The bare glassy carbon electrode (GCE) was cleaned with a mixed solution of water 
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and ethanol (1:1 v/v), and then sequentially polished with 1.0 µm, 0.3 µm, and 0.05 µm 

alumina powder on microcloth pads. The polished GCE was ultrasonically cleaned 

three times (2 min each time) with a mixed water-alcohol solution. 5.0 µl of the Ti3C2-

PLL-GOx suspension (1.0 mg mL-1) was deposited on the GCE surface and dried 

naturally at room temperature to obtain the Ti3C2-PLL-GOx/GCE electrode. 

Characterization:

Transmission electron microscope (TEM) images were obtained on a Hitachi H-600 

TEM operating at 200 kV. Scanning electron microscope (SEM) measurements were 

conducted on an Ultra 55 field emission microscope (SEM, Zeiss, Germany) operating 

at 5 kV. Energy dispersive X-ray (EDX) spectroscopy element mapping was carried 

out on a Tecnai G2 F20 S-Twin STEM instrument (FEI, Hillsboro, OR). Zeta potential 

was measured by Zetasizer Nano-ZS (Malvern). Fourier transform infrared (FTIR) 

spectra were collected on Spectrum Two FT-IR spectrometer (PerkinEImer). Raman 

spectra were measured using a Super LabRam Raman spectrometer (50% laser power, 

acq. time: 10 s, accumulation: 3). He-Ne laser with an excitation wavelength of 514 nm 

was used. A 50× long distance objective lens was used for the Raman measurements. 

X-ray diffraction (XRD) patterns were measured on a Bruker AXS D2 PHASER 

diffractometer using Cu Kα radiation (λ = 1.54056 Å, 40 kV, 40 mA). The scanning 

range is from 5° to 90° (time: 1 s, increment: 0.004, scan mode: continuous PSD fast). 

UV-vis spectra were collected on a Shimadzu UV-2600 spectrophotometer to monitor 

the enzyme loading and assay the enzyme activity. A Bruker Dimension Fast Scan 
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Atomic Microscope was used to measure the AFM images in tapping mode. The sample 

was dispersed in H2O solution and deposited on silicon wafer for testing.  

Electrochemical related tests were performed with a CHI 660D electrochemical 

analyzer (Chenhua, China). A conventional three-electrode system was used for 

electrochemical experiments, which consisted of a platinum wire as auxiliary electrode, 

an Ag/AgCl/saturated KCl as reference electrode, and the self-prepared Ti3C2-PLL-

GOx/GCE as working electrode. The cyclic voltammogram (CV) measurement 

employed a scan rate of 100 mV s-1. 

Results and Discussion

The procedure used for the Ti3C2-PLL-GOx nanoreactor preparation was illustrated 

in Scheme 1. The Ti3C2 MXene was obtained through etching out the Al from Ti3AlC2 

and then separating the obtained multi-layered Ti3C2 to ultrathin nanosheets by a probe 

sonication (Scheme 1a). PLL, a polypeptide with abundant amino groups in the chain, 

was used to modify the Ti3C2 nanosheets with a positively charged surface (Scheme 

1b). Lysine is an essential amino acid with two amino groups, α and ε, which have pK 

values of 8.95 and 10.53, respectively. PLL, formed by the polymerization of lysine, 

has advantages of abundant amino groups, good biocompatibility, flexible molecular 

framework and relatively good solubility in water,[43] for electrode modification to 

develop electrochemical biosensors.[44-46] The GOx molecules were electrostatically 

adsorbed on the PLL-modified Ti3C2 nanosheets and cross-linked together with the 

PLL chains to form a GOx-PLL network on the MXene surface.
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 The original Ti3AlC2 powder possessed a compact layered structure (Figure 1a). 

Multi-layered Ti3C2 flakes were produced after etching the Al layers from Ti3AlC2 with 

LiF/HCl (Figure 1b). After sonication of the multi-layered Ti3C2 suspension in N-

methyl pyrrolidone, ultra-thin Ti3C2 nanosheets with a dimension of ca. 200 nm were 

obtained (Figure 1c).[39] The Ti3C2 nanosheets could be well dispersed in aqueous 

solution, and showed clear Tyndall effect as displayed in the digital photo inserted in 

Figure1c. High resolution TEM (HRTEM) image revealed that the spacing between 

two adjacent lattice fringes was 0.265 nm (Figure 1d), corresponding to the  (0110)

plane of the Ti3C2 crystal.[47-49] The precursor Ti3AlC2 is a hexagonal crystal system 

and the space group is P63/mmc. Its structure can be seen as a symbiotic structure 

composed of hexagonal Ti3C2 layers and plane Al atomic sheets alternately stacking 

along the c axis.[23] The inset in Figure 1d was the selected area electron diffraction 

(SAED) pattern of Ti3C2, which further demonstrated that the lattice plane is hexagonal 

symmetric.[50] Thickness of the Ti3C2 nanosheets was estimated to be approximately 

1.2-2.5 nm as measured from the AFM diagram (Figure 1e, f), suggesting the Ti3C2 

nanosheets had a single- or few-layered structure.[51] The theoretical thickness of a 

single-layer Ti3C2 flake is 0.98 nm.[52] The higher thickness determined from AFM 

might be due to the H2O molecules being trapped between the Ti3C2 nanosheet and the 

substrate.[21, 53] 

XRD characterization was used to monitor the phase changes of the materials. The 

Ti3AlC2 powder had a strong diffraction peak at 39.0° (Figure 1g), which could be 

javascript:;
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corresponded to the (104) diffraction peak of Ti3AlC2 (jade card # 52-0875). The weak 

diffraction peaks (* marked) at 13.0° and 35.9° could be attributed to small amount of 

Ti2AlC (jade card # 29-0095) and TiC (jade card # 32-1383) phases co-existed in the 

commercial Ti3AlC2 powder (Figure S3). The Ti3AlC2 MAX phase was estimated to be 

95.03 wt.% by Rietveld refinement method. The strong diffraction peak at 39.0° totally 

disappeared in the Ti3C2 nanosheets, suggesting that the Al layer in the MAX phase was 

efficiently etched. In addition, the (002) diffraction peak was broadened and shifted 

from 9.6° to 6.6°, indicating an increase of the c-lattice parameter from 1.8 nm to 2.7 

nm. This is consistent with the c-lattice parameter (2.7-2.8 nm) of Ti3C2 MXene 

prepared at similar etching conditions (LiF/ HCl, 40 ℃, 45 h).[40] Raman spectra of 

the Ti3C2 nanosheets were shown in Figure 1h. The A1g symmetry vibrations of Ti and 

C atoms occurred at 209 cm-1 (ω2) and 728 cm-1 (ω3). The in-plane (shear) modes (Eg 

groups) of Ti, C and surface functional group atoms were at 288 (ω5), 388 (ω5) and 

622 cm-1 (ω4), respectively.[54, 55] A broad near-infrared (NIR) light absorption peak 

at 808 nm occurred in the Ti3C2 MXene (Figure 1i), coincided with the results reported 

previously.[56]

The enzyme loading was performed by incubating GOx with the nanosheets at a mass 

ratio of 1:1. The enzyme loaded was determined by monitoring the GOx concentration 

in the supernatant via UV-vis spectrophotometry. Influence of the PLL-modification 

and solution pH on GOx loading was also investigated. As shown in Figure 2a, GOx 

had a saturated loading of ca. 3.2% and 18.7% on the as-prepared Ti3C2 nanosheets in 
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H2O solution (pH 6.7) and pH 5.5 MES buffer, respectively. After PLL modification, 

loading capacity of the MXene nanosheets to GOx was significantly improved, with a 

saturated loading of ca. 42.7 wt.% and 50.4 wt.% in H2O solution and MES buffer, 

respectively. These data demonstrated that the PLL modification played important roles 

in improving the GOx loading on MXenes. PLL is positively charged and the charge 

density of the polymer is increased with the solution pH decreases, which provides 

stronger electrostatic attraction between the PLL molecules and the negatively charged 

Ti3C2 MXene or GOx molecules. Also, having an isoelectric point (IEP) of 4.2,[57] 

GOx is negatively charged in the loading conditions and the surface electronegativity 

of GOx will be decreased with the solution pH close to its IEP, which reduces the 

electrostatic repulsion among the GOx molecules. Thereafter, the GOx molecules could 

be adsorbed more compactly on the substrates when the loading experiments were 

carried out in pH 5.5 MES buffer. 

Geometrical impacts of the substrate on enzyme loading was also investigated 

through comparing the GOx loading on 2D nanosheets and 3D porous particles. The 

bimodal mesoporous silica (BMS) spheres with highly porous structures for enzyme 

loading,[58, 59] were used as a model porous particle. As shown in Figure 2b, loading 

of GOx on the Ti3C2 nanosheets was very fast and saturated in a few minutes. In 

addition, the enzyme loading on the Ti3C2 nanosheets is also much higher (~five times) 

than that obtained in the porous particles (Figure 2b, insert). The quicker and higher 

enzyme loading on the 2D nanosheets could be mainly attributed to the larger and easily 
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accessible external surface of the Ti3C2 nanosheets. 

The loading of GOx on Ti3C2-PLL nanosheets could also be indicated from the 

alternatively positive and negative variations of the surface charge. Zeta potential 

measurements were performed to monitor the surface charge variations of the 

nanosheets after each step of process. The pristine Ti3C2 nanosheets were negatively 

charged, with a zeta potential of -26.2 mV (Figure 3a). After PLL modification, zeta 

potential of the nanosheets changed to +28.7 mV, indicating successful modification of 

the polycationic PLL on the Ti3C2 nanosheets. After loading of the negatively charged 

GOx, zeta potential of the Ti3C2-PLL nanosheets shifted to -20.3 mV. 

  FTIR spectra of the Ti3C2, Ti3C2-PLL, and Ti3C2-PLL-GOx were shown in figure 

3b. The peak with a wavenumber of 1685 cm-1, attributed to the amide I bond (1700-

1600 cm-1), was caused by the stretching vibration of C=O at the junction of the peptide 

in the backbone of the GOx peptide and PLL chains. The amide II bond with a 

wavenumber of 1566 cm-1 in the FTIR spectra was originated from the bending of N-

H and the stretching vibration of C-N.[60] 

The Ti3C2-PLL and Ti3C2-PLL-GOx nanosheets maintained similar morphology   

and dispersibility as the original Ti3C2 nanosheets (Figure 4a-c). Elemental mapping 

profiles were further used to monitor the distribution of PLL and GOx on the nanosheets. 

The PLL-modified Ti3C2 nanosheets showed uniform N element distribution (Figure 

S4), demonstrating that PLL was homogeneously adsorbed on the Ti3C2 nanosheets. 

Homogeneous distribution of GOx on the nanosheets was demonstrated from the P 
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elemental mapping profiles of the Ti3C2-PLL-GOx nanosheets (Figure 4d). As 

determined from the EDX patterns of the samples (Figure S5), contents of the N and P 

element in the nanosheets was also obtained in Table S1. 

Bioactivity of the immobilized GOx was investigated through the enzymatic 

oxidation of glucose. The influence of enzyme loading on their bioactivity was studied 

by using Ti3C2-PLL-GOx nanosheets with different GOx loading (5, 10, 30, and 50 

wt.%), which were prepared through mixing the Ti3C2-PLL nanosheets with different 

amount of GOx in the incubation solution during the enzyme loading process. 

Equivalent amount of GOx (5.0 µg) was used in the enzymatic activity study and 

activity of the free GOx was nominalized as 100%. The results showed that the enzyme 

activity gradually decreased with the increasement of GOx loading (Figure 5a). The 

Ti3C2-PLL-GOx nanosheets with the highest GOx loading (50 wt.%) had the lowest 

relative activity (77.8%), likely because that some active sites of GOx might be blocked 

in the compactly immobilized enzyme molecules. Further decrease of the GOx loading 

below 10 wt% would not improve the enzymatic activity much. Ti3C2-PLL-GOx 

nanosheets with 5 and 10 wt.% of GOx loading had a similar relative activity of 85.1% 

and 84.5%. Thereafter, Ti3C2-PLL-GOx nanosheets with a 10 wt.% of GOx loading 

would be used in following experiments. 

The catalyzed H2O2 decomposition capacity of Ti3C2 nanosheets was demonstrated 

from the continuous decrease of the H2O2 concentration when the Ti3C2 nanosheets 

were added into the H2O2 solution (Figure 5b). The amount of H2O2 decomposed in the 
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system was evaluated to be approximately 0.79 mM in 4 h. Therefore, in addition to 

acting as a substrate for GOx immobilization, the H2O2 decomposition properties of 

Ti3C2 nanosheets could be simultaneously applied in the GOx involved cascade 

reaction for glucose oxidation. 

As shown in Formula 1, under the catalysis of GOx, one molecule of glucose reacted 

with one molecule of oxygen to produce one molecule of gluconolactone and H2O2. 

The generated H2O2 could be degraded into H2O and O2 by Ti3C2 nanosheets (Formula 

2). Thereafter, the oxidation of glucose by Ti3C2-PLL-GOx formed a cascade reaction. 

The generated oxygen was recyclable in the glucose oxidation reaction, showing 

interesting synergies. 

glucose  O2  gluconolactone  H2O2 (1)+ GOx +

H2O2  H2O  O2            (2) 
Ti3C2 + 1

2

To evaluate the synergetic effects of the Ti3C2 nanosheets on GOx catalyzed glucose 

oxidation, GOx immobilized on an inert mesoporous silica substrate (denoted as BMS-

PLL-GOx) was also compared. The BMS-PLL-GOx particles were prepared via the 

same procedure used for Ti3C2-PLL-GOx preparation with the details summarized in 

the supporting information. Influence of the cascade produced O2 on the catalytic 

activity of GOx was investigated in a closed environment, in which the reaction was 

isolated from the atmosphere by adding a layer of n-hexane on top of the nitrogen-

saturated solution to avoid the influence of atmosphere O2 in the reaction. During the 

first hour of reaction, the Ti3C2-PLL-GOx degraded 2.09 mM of glucose (Figure 5c), 
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corresponding to an enzymatic activity of 3.47 U. In comparison, BMS-PLL-GOx 

degraded much less glucose (1.48 mM) with a calculated enzymatic activity of 2.46 U. 

In a total reaction time of 4 h, Ti3C2-PLL-GOx and BMS-PLL-GOx had decomposed 

3.48 mM and 2.86 mM of glucose, respectively.

In the GOx catalyzed glucose oxidation reaction, more H2O2 would be generated 

when more glucose molecules were reacted. As we mentioned above, the catalyst of 

Ti3C2-PLL-GOx degraded 0.61 mM more glucose than the BMS-PLL-GOx system in 

the first hour of reaction (Figure 5c), thereafter, 0.61 mM more H2O2 should be detected 

in the former system. However, amount of H2O2 detected in the Ti3C2-PLL-GOx 

nanoreactors was significantly less. Also, the differences of H2O2 concentrations 

gradually increased with the reaction went on (Figure 5d). These results demonstrated 

that the Ti3C2 nanosheets could form a cascade reaction to degrade the H2O2 generated 

in glucose oxidation. The oxygen produced from H2O2 decomposition was able to be 

re-used in the glucose oxidation reaction, thereafter, promote the GOx catalyzed 

glucose oxidation reaction.

The reusability of the Ti3C2-PLL-GOx nanoreactor was also studied. After six 

successive batch reactions, GOx immobilized on the Ti3C2-PLL nanosheets retained 81% 

of its initial enzymatic activity (Figure 6). On contrary, GOx adsorbed on the Ti3C2 

nanosheets only had 47% activity left. These data demonstrated that the PLL 

modification can not only significantly enhance the loading capacity of GOx on Ti3C2 

nanosheets, but also suppress the activity loss of the enzyme during the cyclic using.
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In fabrication of electrochemical biosensors, the realization of direct electron transfer 

(DET) between enzymes and electrodes is of great significance.[61] However, it is very 

challenging to achieve the DET between the protein and the electrode surface because 

the redox active center of the protein is embedded in the protein's shell.[62] Therefore, 

using conductive nanomaterials to promote DET of immobilized enzymes had been 

proposed in designing of electrochemical biosensors.[63] Owing to the excellent 

electrical conductivity, Ti3C2 MXene had been investigated in the preparation of 

electrode materials.[64] Hence, application of the Ti3C2-PLL-GOx nanosheets in 

electrochemical sensing was further investigated. 

To evaluate the performance of Ti3C2-PLL-GOx nanosheets for glucose sensing, the 

Ti3C2-PLL-GOx nanosheets were drip-coated on a GCE to obtain an electrochemical 

biosensor. In principle, the electron transfer behavior could be deduced from a typical 

Nyquist spectrum. The charge transfer resistance (Rct) of the sensing material could be 

measured from the diameter of the semicircular part in the electrochemical impedance 

spectroscopy (EIS) diagram. Therefore, the electron transfer process at the electrode 

interface could be detected through the reversible redox reaction in K3[Fe (CN)6]/K4[Fe 

(CN)6] solution. Here, four electrodes of bare GCE, Ti3C2/GCE, Ti3C2-PLL/GCE, and 

Ti3C2-PLL-GOx/GCE were tested for impedance (Figure 7a). The specific Rct value 

was obtained by simulation according to the equivalent circuit inserted. The resistance 

of the bare GCE was about 70.82 Ω. The Ti3C2/GCE electrode had a resistance of only 

2.26 Ω, reflecting the excellent electrical conductivity of the Ti3C2 nanosheets. Using 
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the highly electrically conductive Ti3C2 substrate for enzyme immobilization was of 

benefit to accelerating the electron transport speed in the glucose biosensor, thereby 

improving the detection sensitivity. After sequential loading of the non-conductive PLL 

and enzyme, resistance of the Ti3C2-PLL/GCE, and Ti3C2-PLL-GOx/GCE was 

determined to be 37.81 Ω and 137.81 Ω, respectively. 

The Ti3C2-PLL-GOx electrodes were tested in phosphate buffer saline (PBS) 

solution (0.1 M, pH 7.4) at different scan rates with cyclic voltammetry (CV) method. 

The reduction peak current increased as the scan rate increased (Figure 7b, inset). The 

peak current was proportional to the half power of the scanning speed with a linear 

regression equation: I (µA) = -1.0246V1/2((mV/s)1/2) + 0.2055 (R2 = 0.99995), reflecting 

a diffusion control process. 

Performance of the Ti3C2-PLL-GOx/GCE as working electrode toward glucose 

sensing was evaluated in a three-electrode system. With the continuous addition of 

glucose into the test solution, the test was performed using CV measurement. The 

magnitude of the current at the reduction peak decreased with glucose concentration 

increasing (Figure 8a, b, inset). This could be attributed to that the enzymatic 

decomposition of glucose would consume O2 in the biosensor system, resulting in the 

decline of O2 reduction current. The linear range for glucose detection consisted two 

segments. The first linear range is for glucose with a concentration range of 4.0-20 µM, 

the linear curve is I (μA) = 5.0481C (mM) -12.640 (R2=0.9999) (Figure 8a). The 

second range for glucose detection was 0.02-1.1 mM, with the linear curve to be I (μA) 
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= 2.6988C (mM) -12.539 (R2=0.9981) (Figure 8b). The detection limit of the Ti3C2-

PLL-GOx/GCE electrode for glucose determination was 2.6 µM. Given a diameter of 

3 mm for the GCE electrode, the detection sensitivities of the two linear ranges were 

calculated to be 71.42 μA mM-1 cm-2 and 38.18 μA mM-1 cm-2, respectively, 

significantly higher than the detection sensitivity of 4.2 μA mM-1 cm-2 reported on the 

GOx/Au/MXene/Nafion/GCE electrode.[65] Meanwhile, higher accuracy was also 

achieved from the Ti3C2-PLL-GOx/GCE electrodes (Table S2). In addition to the 

excellent electrical conductivity, the ultrathin thickness of the Ti3C2 nanosheets could 

provide a high specific surface area for enzyme immobilization. As the enzyme 

molecules were immobilized on the nanosheet surface, the active sites of the 

immobilized enzyme were highly accessible from exterior environments, thereby 

improving the sensitivity of the biosensor. Stability of the biosensors was investigated 

through scanning the Ti3C2-PLL-GOx/GCE electrode for 100 times under cyclic 

voltammetry. It was found that the current was maintained at more than 85% of the 

initial current (Figure S6), indicating good stability of the developed glucose biosensor. 

Conclusions

In summary, we have developed a hybrid Ti3C2-PLL-GOx nanoreactor that could 

catalyze the cascade reactions of glucose oxidation and the intermediate H2O2 

decomposition. The PLL modification provide the Ti3C2 MXene nanosheets with 

highly compatible surface for GOx adsorbing (high as 50 wt.%.) and cross-linking. 

High-performance electrode for glucose electrochemical sensing is obtained through 
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applying the Ti3C2-PLL-GOx nanosheets on GCE with a detection limit of 2.6 μM. The 

calculated detection sensitivity (38.18 μA mM-1 cm-2) is much higher than the 

previously reported GOx/Au/MXene/Nafion/GCE electrode (4.2 μA mM-1 cm-2).[65] 

This work not only enriches the technology of GOx immobilization, but also provides 

a general yet efficient strategy for the preparation and stabilization of various enzyme-

loaded MXenes with high enzyme content and homogeneous enzyme distribution, 

leading to possible applications in electrochemical devices, biosensing, and biofuel 

cells.
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Scheme 1. Schematic illustration of the formation of Ti3C2-PLL-GOx nanoreactor. (a) 

The Ti3C2 MXene nanosheets were obtained after etching of the Al layer from the MAX 

phase Ti3AlC2. (b) PLL and GOx were sequentially assembled on the Ti3C2 nanosheets 

and the obtained Ti3C2-PLL-GOx was applied for cascade glucose oxidation (i) and 

electrochemical glucose sensing (ii).
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Figure 1. SEM images of the (a) MAX phase Ti3AlC2 and (b) multilayered Ti3C2 flakes. 

(c) TEM image of the ultra-thin Ti3C2 nanosheets. The inserted digital 

photograph shows the Tyndall effect with a red laser beam pointed at the Ti3C2 

suspension. (d) HRTEM image of Ti3C2 nanosheets. The insert is SAED image of the 

Ti3C2 nanosheets. (e) AFM image and the (f) thickness and width profiles of Ti3C2 

nanosheets marked in the AFM image. (g) XRD patterns of Ti3AlC2 and Ti3C2 

nanosheets. (h) Raman spectrum of the Ti3C2 nanosheets. (i) UV-vis spectrum of the 

Ti3C2 MXene suspension in water.
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Figure 2. (a) Influence of solution pH on GOx loading on the Ti3C2-PLL nanosheets 

and Ti3C2 nanosheets, respectively. (b) Comparison of GOx loading capacity on the 2D 

Ti3C2 nanosheets and 3D porous BMS particles (insert is the GOx adsorption isotherms 

on the substrates). Each experiment was conducted in triplicate and error bars showed 

the expected standard deviation at each point.
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Figure 3. (a) Zeta potential and (b) FTIR spectra of the Ti3C2, Ti3C2-PLL and Ti3C2-

PLL-GOx nanosheets. 
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Figure 4. TEM images of (a) Ti3C2, (b) Ti3C2-PLL, and (c) Ti3C2-PLL-GOx nanosheets. 

(d) Elemental mapping profiles of the Ti3C2-PLL-GOx nanosheets.
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Figure 5. (a) Relative activity of free GOx and Ti3C2-PLL-GOx with different GOx 

loading (5, 10, 30, and 50 wt.%). (b) Decomposition profile of H2O2 under the catalyst 

of Ti3C2 nanosheets. (c) Decomposition profiles of glucose under the catalyst of Ti3C2-

PLL-GOx and BMS-PLL-GOx. (d) H2O2 concentrations detected in course of the 

glucose decomposition reactions plotted in (c). Each experiment was conducted in 

triplicate and error bars showed the expected standard deviation at each point.
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Figure 6. Relative activity of GOx immobilized on Ti3C2 and Ti3C2-PLL as a function 

of successive batch reactions. Each experiment was conducted in triplicate and error 

bars showed the expected standard deviation at each point.
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Figure 7. (a) Electrochemical impedance spectroscopy of the GCE, Ti3C2/GCE, Ti3C2-

PLL/GCE, and Ti3C2-PLL-GOx/GCE electrodes. The illustration is the corresponding 

fitted circuit diagram. (b) The linear relationship indicates that the current is 

proportional to the half power of the scan rate on the Ti3C2-PLL-GOx/GCE electrode 

in the cyclic voltammetry. The insert is the related cyclic voltammogram. 
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Figure 8. Linear correlation plots between current and glucose concentration obtained 

from the Ti3C2-PLL-GOx/GCE electrodes with glucose concentration in ranges of (a) 

4.0-20 µM and (b) 0.02-1.1 mM. The inserts are CV response of glucose at different 

concentrations. 
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Highlights

1. Two-dimensional nanoreactors with cascade catalytic properties in glucose 

decomposition are prepared via immobilizing glucose oxidase (GOx) on Ti3C2 

MXene nanosheets. 

2. The poly-L-lysine (PLL) modification provides the Ti3C2 nanosheets with a highly 

compactible surface for GOx immobilization with an enzyme loading high as 50 

wt.%.

3. Superior enzymatic activity and stability are obtained in the GOx-conjugated Ti3C2-

PLL nanosheets.

4. The hybrid Ti3C2-PLL-GOx nanosheets are applied to construct a high-performance 

glucose sensor with a detection limit of 2.6 μM.


