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ABSTRACT: Laser scribing of porous graphene electrodes on flexible substrates is of 

great interest for developing disposable electrochemical biosensors. In this work, we 

present a new patterning process for highly conductive nitrogen-doped graphene derived 

from a lignin-based precursor. A CO2 laser scribing process was performed under ambient 

conditions to produce the porous graphene electrodes from lignin. The obtained nitrogen-

doped laser-scribed graphene (N-LSG) is binder-free, hierarchical, and conductive. The 

interconnected carbon network displayed enhanced electrochemical activity with improved 

heterogeneous electron transfer rate. These features can be attributed to the high-

conductivity of porous N-LSG (down to 2.8 Ω per square) and its enriched active edge 

plane sites. Furthermore, the N-LSG electrodes were decorated with MXene/Prussian Blue 

(Ti3C2Tx/PB) composite via a simple spray coating process, designed for sensitive 
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detection of analytes. The Ti3C2Tx/PB modified N-LSG electrodes were functionalized 

with catalytic enzymes for detecting glucose, lactate, and alcohol. The 

enzyme/Ti3C2Tx/PB/N-LSG electrodes exhibited remarkably enhanced electrochemical 

activity toward the detection of these biomarkers, making them highly competitive with 

previously reported on-chip carbon-based biosensors. Therefore, our sensors demonstrate 

excellent potential for applications in personalized healthcare. 

KEYWORDS: lignosulfonate, laser-scribed graphene, high conductivity, biosensor, MXene, 

glucose, lactate, alcohol 
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1. INTRODUCTION 

Carbon-based materials, including graphene, mesoporous carbons, and carbon 

nanotubes have been widely developed as active materials for electrochemical sensors.1, 2 

Especially, graphene-based materials showed excellent potential in electrochemical 

sensing of biomolecules opening the door toward point-of-care monitoring, and 

personalized sensors.3, 4 Normally, specific surface area, mobility of charge carrier , and 

available edge-plane sites of graphene electrodes have a direct impact on the analytical 

performance of sensors. 5, 6 Numerous researchers have claimed that graphene-based 

electrodes with 3D interconnected carbon network show enhanced electrochemical 

performance compared with conventional planar graphene electrodes, which can be 

attributed to its large surface area, 3D charge transport pathways, abundant edge plane sites, 

and highly efficient mass transport. 7-10 Laser scribed graphene (LSG) through direct 

conversion of polymers or graphene oxide into graphene by a computer-controlled laser 

scribing process, is a promising platform for patterned electrochemical (bio)sensor.11-13 

LSG offers an ideally binder-free, hierarchical, conductive 3D interconnected carbon 

network, while maintaining the unique 2D functionality of graphene, thus making it an 

ideal substrate to interface proteins such as enzymes or antibodies. LSG has high electronic 

conductivity allowing for efficient transport of electrons generated in biochemical 

reactions.  

In previous studies, the Tour group demonstrated a low-cost approach for transforming 

wood into porous LSG electrodes using CO2 laser scribing under a special reducing 
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atmosphere. 14 A high electrical conductivity (≈ 10 Ω per square) LSG was achieved, which 

resulted in high-performance hydrogen and oxygen evolution reactions for overall water 

splitting. Subsequently, the same group extended the laser scribing technology to heat-

sensitive materials with high cellulose content by adding fire retardants.15 High 

conductivity LSG (≤ 5 Ω per square) was obtained on biodegradable substrates with 

multiple-step lasing process. Following this, Kim’s group reported a method to transform 

arbitrary woods and leaves into green LSG electronics by femtosecond lasers writing under 

ambient conditions in the absence of additives.16 The resulting LSG showed good electrical 

conductivity (10 Ω per square) and high patterning resolution (linewidth of 40 µm). 

However, there is a random fluctuation in the performance of LSG derived from natural 

polymers (like woods, leaves, and coconut shells), which is a consequence of variable 

lignin content in these materials. 15 In our studies, we find that the composition and content 

of lignin in the precursor strongly affect the surface microstructure and charge transfer rate 

of LSG, and hence its electrochemical performance. For instance, the low content of lignin 

(≤36% typically) in natural polymers leads to loosely connected conducting network of 

LSG substrate, greatly compromising the intrinsic mass and charge transfer, and hence 

decreasing the electrochemical activity. 17,18 Further, lignosulfonate, the precursor of the 

principal commercially lignin types, exhibits good solubility and numerous aromatic 

rings.19 Meanwhile, lignosulfonate is available in plentiful supply and low-cost due to its 

wide availability from pulp and paper industry, making it an ideal carbon provider for high-

quality LSG. Therefore, a more efficient and convenient method of synthesis of LSG from 
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natural polymers with higher quality and repeatability is urgently needed.  

Herein we report the fabrication of disposable on-chip multiplex electrochemical 

sensors using computer-controlled CO2 laser scribing technology that transforms lignin-

based precursors into nitrogen-doped LSG (N-LSG) patterns with porous 3D morphology 

and high electron transfer rate. Commercial lignosulfonate with good solubility and a high 

proportion of aromatic rings was chosen as the major carbon provider. To achieve optimal 

electrochemical performance, nitrogen doping through urea addition is an effective 

strategy to tune the host material properties.20 Our N-LSG electrodes displayed enhanced 

electrochemical activity for fast heterogeneous electron transfer. Further, two-dimensional 

MXene (Ti3C2Tx) nanosheets were introduced into the N-LSG electrodes as well as a 

MXene/Prussian blue (Ti3C2Tx/PB) composite synthesized for detecting hydrogen 

peroxide. Finally, these electrodes were functionalized with different catalytic enzymes for 

detection of glucose, lactate, and alcohol. The enzyme/Ti3C2Tx/PB/N-LSG electrodes 

exhibited significantly enhanced electrochemical activity toward the detection of these 

biomarkers compared to other cellulose-derived materials and laser-scribed ones.  

2. RESULTS AND DISCUSSIONS 

2.1 Graphene Electrodes Derived from Lignin  

The direct-write laser scribing process of nitrogen-doped laser scribed graphene (N-

LSG) patterns is schematically illustrated in Figure 1. First, precursor films were processed 

in ambient by blade-coating from homogeneous solutions (containing lignosulfonate, 

polyvinyl alcohol (PVA), urea, distilled water) on polymer substrates (Figure S1, 
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Supporting Information). The films were then dried for 24 h at room temperature to 

volatilize the solvents. Next, the films were transformed into patterned N-LSG electrodes 

by a computer-controlled CO2 laser scribing process carried out under ambient conditions 

(Figure 1, step 3). The design of active geometric size and structure for the N-LSG 

electrodes is demonstrated in Figure S2. The working electrodes were modified with 

Ti3C2Tx/PB by a spraying coating process (see synthesis details in the Supporting 

Information). As the blade-coated precursor layer in the untransformed region could be 

easily dissolved in water, the uncarbonized region (non-patterned space) can be removed 

by using a water lift-off process (recorded in Video S1 in the Supporting Information), 

leaving the N-LSG with the desired five-electrode patterns on the substrate. Finally, the 

sensor chips were assembled by immobilizing the catalytic enzymes to access 

enzyme/Ti3C2Tx/PB/N-LSG electrodes.  

The tilted-view scanning electron microscopy (SEM) image (Figure S3) showed 

negligible thickness change of the N-LSG film obtained with 4.8% CO2 laser power 

(henceforth named N-LSG4.8).  It is known that during the laser scribing process, gaseous 

products rapidly diffuse out of the film.21 The process led to a 3D interconnected network 

of porous N-LSG4.8 film (Figure 2a) and numerous active edge-plane sites (Figure 2b). 

The transmission electron microscopy (TEM) image (Figure 2c) proves the abundance of 

edge-plane sites contains in the onion-like graphitic carbon nanostructure, which are 

composed of multiple long graphene layers, and expected to enhance electron transfer 

behavior. The high-resolution TEM (HR-TEM) image demonstrated that the average 
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lattice space of N-LSG is ~3.56 Å (Figure 2d), which is expanded compared to 

conventional graphite materials as a result of doping with nitrogen and oxygen atoms. 22 

Energy dispersive X-ray (EDX) elemental mapping of the N-LSG4.8 sample (Figure 3a–

d) suggests that nitrogen and oxygen atoms are homogenously embedded in N-LSG4.8 

carbon framework with 3D architecture. The graphitic structures of LSG and N-LSG4.8 

were characterized by the powder X-ray diff raction (XRD) (Figure S4). The broad peak 

around 2θ = 25.9° of both samples could be indexed to the (002) diffractions of the 

hexagonal graphite (JCPDS no. 41-1487), indicating an average interlayer spacing of 0.34 

nm; asymmetry of the (002) peak of N-LSG4.8 demonstrates the disordered amorphous 

structure and defects resulting from nitrogen doping. 20 

The chemical composition and state of N-LSG was studied by X-ray photoelectron 

spectroscopy (XPS). The survey scan shows N-LSG has a primary graphitic C 1s (284.3 

eV), O 1s peak (532 eV), and N 1s peak (400 eV) (Figure S5). N content in N-LSG 

estimated from XPS data is 1.6 at% (Figure S5a). C 1s core-level XPS spectrum ranging 

from 282–295 eV can be deconvoluted into five peaks (Figure S5b). 20 The signal at 284.3 

eV could be ascribed to sp2-C atoms (C=C). The other four peaks centered at 284.6, 285.3, 

288.3 and 291.3 eV correspond to the sp3-C, C-N, C=O, and O-C-O groups, respectively. 

The results provide further evidence that nitrogen was successfully integrated into the 

graphene structure. 

It is interesting to note that increasing applied laser power provide a positive effect to 
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increase the porosity of the N-LSG (Figure S6). As the power of the laser increased, more 

gaseous products were produced and released faster. Raman spectroscopy was applied to 

study the structure and quality of carbon-based materials. Three dominating peaks of 

Figure 4a were observed: D peak (corresponds to bent sp2 carbon bonds, number of 

defects/functional groups) at 1360 cm-1, G peak (the first order scattering of the E2g mode) 

at 1570 cm-1, and 2D peak (the second-order two phonon process) at 2700 cm-1. 23 The 

threshold power of the CO2 laser was 2.8%, which initiated the graphitization of 

lignin/PVA/urea film. The reduced D peak intensity and D/G intensity ratio with an 

increase in laser power from 2.8% to 4.8% (Figure 4b) indicate an enhancement in the 

quality of the graphene formed in the N-LSG film. Further, Raman spectroscopy was 

utilized to determine the crystalline size along the a axis (La) of carbon-based materials. 

The peak intensity ratio of D band to G band (ID/IG) is associated with the in-plane La. The 

average La values, calculated from the ratio of ID/IG, were displayed in Figure 4c (the 

calculation method is shown in Experimental section).24 A maximum of La = 36.1 nm was 

achieved corresponding to the lowest ID/IG ratio (0.33, laser power at 4.8%).  

The 2D peak intensity is very sensitive to the thickness of graphene layers. The IG/I2D 

ratio is thus commonly used to characterize the effective thickness of the graphene layers.25 

For example, in the case presented in Figure 4b, the N-LSG4.8 film has the smallest IG/I2D 

ratio, corresponding to the lowest number of graphene layers. Further, the processes 

generating D and 2D peaks are competitive because of the mechanism of double electron-

phonon resonance, and hence the IG/I2D ratio increases with the amount of intrinsic defects 
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(increase of D peak intensity). Since the N-LSG4.8 film with the lowest IG/I2D ratio has 

fewer structural defects, it has better electronic transport properties as shown from the sheet 

resistance results in Figure 4d. The N-LSG film exhibits better conductivity compared with 

other polymer-derived LSG, a minimum value of 2.8 Ω per square was achieved at a laser 

power of 4.8%. Further increase in the laser power damages the polymer substrate, and 

smoke fumed up during the laser scribed process, due to partial oxidation of lignosulfonate 

in air.  

2.2 Electrochemical Activity  

A typical three-electrode system (Pt wire: counter electrode, Ag/AgCl: reference 

electrode) was applied to evaluate the electrochemical activity of our N-LSG working 

electrode. We recorded the cyclic voltammetry (CV) curves using two different redox-

active mediators, inner-sphere ferrocyanide ([Fe(CN)6]4−) and outer-sphere 

hexaammineruthenium ([Ru(NH3)6]3+), and determined the heterogeneous electron transfer 

(HET) rate constant, k0, between the N-LSG electrode surface and the redox mediators. 

Figure 5a shows the CV profiles of geometrically identical LSG4.8 and N-LSG4.8 

electrodes in [Fe(CN)6]4− aqueous solution at a concentration of 5 × 10−3 M in 0.1 M KCl 

buffer electrolyte. The CV curves demonstrate the charge transfer process between the 

working electrode and the ferri/ferrocyanide, suggesting the corresponding redox behavior 

of the mediators. The voltammetry profiles revealed that ferrocyanide showed a lower the 

peak potential separation (∆Ep) value for the N-LSG4.8 (67 mV) electrode compared to the 

LSG4.8 (81 mV) electrode indicating a faster HET rate, which is due to N-LSG4.8 
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electrode’s better electrical conductivity compared with the un-doped LSG4.8 electrode 

(see Figure S7, Supporting information). Note that we also measured a small series 

resistance of 10 Ohm cm2 for the N-LSG4.8 electrode, in accordance with its high 

conductivity (see Figure S8, Supporting information). The large redox current density of 

N-LSG4.8 indicates a fast electron transfer mechanism and large electrochemically active 

surface area. Similar results were obtained when the experiments were performed with 

[Ru(NH3)6]3+: Figure 5c shows that the N-LSG4.8 electrode exhibits smaller ΔEp value 

(i.e., 72 mV) and larger redox current density than that of the LSG4.8 electrode (84 mV), 

indicating a faster electron transfer mechanism for the former.11 

We next recorded scan rate dependent CV curves (Figure 5b and d). The shift in peak 

position with the change of the scan rate indicates a quasi-reversible electrochemical 

reaction. The peak currents (Ip) were proportional to the square root of the scan rate (ν1/2), 

inferring that the mass transfer process for both redox mediators is controlled by diffusion. 

Using this data, we estimated the electrochemically active surface area (S, cm2) of the N-

LSG4.8 electrode using Randles–Sevcik equation:26 𝐼p = 2.69 × 105𝑆𝐷1/2𝑛3/2𝑣1/2𝐶      (1) 

in which Ip, D, n, and C represent peak current (A), diffusion constant of the redox mediator, 

electron transfer number, and mediator concentration (mol cm−3), respectively.27 The 

average electrochemically active surface area for the N-LSG4.8 electrode was calculated 

to be 12.376 mm2, around two times higher than its geometric surface area (7 mm2). We 

then determined the HET rate constant (k0) in cm s−1 using the equation (2): 28  
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ψ = k0√ 𝑅𝑇πnFD0𝑣   or  ψ = Ck0 𝑣−1/2      (2) 

in which Ψ, R, T, and F represent dimensionless parameter, universal gas constant, absolute 

temperature (K), and Faraday constant, respectively, while k0 can be calculated on the basis 

of the plot of Ψ vs. Cv−1/2. Five different N-LSG4.8 electrodes were tested under the same 

conditions, and all the electrochemical parameters were calculated, as summarized in Table 

1. The small magnitude of the relative standard deviation of k0 suggests a good 

reproducibility, and the average k0 value for [Fe(CN)6]4−was 0.00903 cm s−1. This is 

superior to most of the reported carbon-based materials, such as commercially available 

edge-plane pyrolytic graphite (0.00260 cm s−1), basal-plane pyrolytic graphite (0.00033 cm 

s−1) , and LSG from polyimide film (0.0044 cm s−1).11 The average k0 value for 

[Ru(NH3)6]3+ was estimated to be 0.00863 cm s−1, exceeding the k0 of the classical 

nanostructured carbons like quasi-graphene (0.00158 cm s−1), basal-plane pyrolytic 

graphite (0.0038 cm s−1), and edge-plane pyrolytic graphite (0.00877 cm s−1) 

electrodes.29,30 

2.3  Biosensor Performance  

In 2007, Whitesides et al. proposed a new research direction in analytical chemistry 

based on the development of low-cost, disposable, and miniaturized devices to provide 

quick and simple diagnostics.31 They developed a paper-based portable device as an 

alternative to advanced laboratory instruments, especially for use in remote regions, 

emergencies, or for home healthcare applications. Following this work, methods like drop-

casting, inkjet printing, screen printing, direct pencil drawing, laser scribing process and 
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wire or fiber attachment were developed to obtain miniaturized electrodes on paper 

substrates. 32-34 However, the conductivity of these paper-based electrodes is not high 

enough, resulting in sluggish HET rate, which hinders their application as a reliable, 

sensitive, and cost-efficient sensing platform for scalable fabrication. Meanwhile, there is 

a significant need for noninvasive monitoring of important disease markers in biological 

fluids.35-37 Sweat, containing numerous biochemical markers and providing relatively easy 

collection (compared to blood), is an easily accessible human biofluid for noninvasive 

monitoring of an individual’s health state.38 Despite massive efforts exerted toward the 

development of sweat-based sensors, noninvasive sweat-based monitoring is still far from 

achieving its desired purpose.39 Compared with its wearable counterparts, the disposable 

on-chip sensor is more convenient for sweat analysis because it uses small volumes of 

sweat and is sufficiently low-cost.40 Considering such a situation, the lignin-derived N-

LSG electrode, which has excellent HET rate, 3D connected network of graphene, plenty 

edge-plane sites and low-cost fabrication, is a perfect candidate for sweat analysis. 

To investigate the performance of the N-LSG4.8 films as disposable electrochemical 

biosensing electrodes, we used Ti3C2Tx/PB and catalytic enzymes to modify the working 

electrodes for selective detection of glucose, lactate, and alcohol, which are molecules 

present in sweat, and markers of diabetes, indicators of athletic performance, and of 

alcoholism or drunk-state, respectively.38 Alshareef et al. have recently shown that 

Ti3C2Tx/PB composites have exhibited improved an electrochemical H2O2 detection 

capability compared to graphene/PB and carbon nanotubes/PB composites.41 In this work, 
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we introduced Ti3C2Tx/PB composites (synthesis method, Supporting Information) onto N-

LSG4.8 electrodes using spray coating. Figure 6 (a, b) show SEM images of Ti3C2Tx 

nanosheets and as-synthesized Ti3C2Tx/PB composites. Uniformly distributed PB 

nanoparticles were dispersed on the Ti3C2Tx nanosheet (also confirmed by TEM and SEM 

in Figure S9). Figure 6 (c,d) show the Ti3C2Tx/PB-decorated N-LSG4.8 electrode with the 

Ti3C2Tx/PB and LSG tightly integrated upon the spray coating process. The Ti3C2Tx/PB-

decorated N-LSG4.8 electrode showed enhanced electrocatalytic activity toward H2O2 at 

an applied potential of −0.1 V. The current measured scales linearly with H2O2 

concentration in the range of 0~10 mM with a sensitivity of 212.5 μA mM−1 cm−2 (Figure 

S10a-b in Supporting Information).  

Glucose sensor based on sweat analysis is a convenient and cost-effective technique 

for diagnosing diabetes mellitus.40 In this work, the glucose oxidase (Gox) is immobilized 

onto a patterned Ti3C2Tx/PB/N-LSG4.8 electrode, resulting in a disposable glucose sensor 

with high selectivity. Artificial sweat containing glucose with concentration range of 10 

μM to 5.3 mM was used to calibrate the glucose sensor, and a high electrochemical 

sensitivity of 49.2 μA mM-1 cm-2 is achieved (Figure 7a, Figure S11a). The detection limit 

of the glucose sensor was measured to be 0.3 μM of glucose at an S/N ratio of 3 (Figure 

S10c). 

Sweat lactate originates from eccrine gland metabolism, and the lactate concentration 

in sweat varies with increasing exercise intensity from ~10 mM to as high as ~25 mM. 42,43 

To render the Ti3C2Tx/PB/N-LSG4.8 electrode sensitive to lactate, we modified it with 
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lactate oxidase (Lox). The sensor was calibrated using artificial sweat with lactate 

concentrations ranging from 0 mM to 20 mM, resulting in electrochemical sensitivity of 

21.6 μA mM-1cm-2 (Figure 7b, Figure S11b). The detection limit of this lactate sensor is 

0.5 μM of lactate at an S/N ratio of 3 (Figure S10d).  

We next modified Ti3C2Tx/PB/N-LSG4.8 electrodes with alcohol oxidase (AOD). Non-

invasive alcohol detection provides a convenient method to continuously monitor alcohol 

consumption for law enforcement personnel, public service, or personal consumers. The 

alcohol sensor was also calibrated using artificial sweat containing alcohol in 

concentrations that ranged from 0 to 50 mM, and high detection sensitivity of 5.78 μA mM-

1cm-2 is achieved (Figure 7c, Figure S11c). The inset in Figure 7c displays the calibration 

plot of this sensor.  

Finally, four electrodes (glucose, lactate, and alcohol sensitive) were randomly chosen 

from the respective batches and tested in three iterations under the same experimental 

conditions. The glucose, lactate, and alcohol sensors were tested one by one in the 350 μM 

of glucose, 10 mM lactate, 20 mM alcohol mixtures. The relative standard deviations 

(RSDs) of the glucose, lactate, and alcohol sensors were 3.4%, 5.7%, and 5.4%, 

respectively (Figure 7d-f), and the RSDs of electrode-to-electrode reproducibility of four 

electrodes were 5.9%, 3.8%, and 1.7%, respectively. The sensitivity, detection limit, and 

linear detection range of biosensors in this work were better than those of other printed on-

chip electrodes (Table S1 in Supporting Information) and cellulosic materials using laser 

scribing reported in the literature (Table S2 in Supporting Information). Note that the 
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performance of these sensors relies on the use of Ti3C2Tx/PB as N-LSG4.8 electrode alone 

or when combined with PB has lower sensitivity and dynamic range towards all of the 

analytes (Figure S11). The integration of five electrodes (e.g., counter, reference and three 

working electrodes functionalized with different enzymes) on one chip (Figure 1, Figure 

S2b) is not only a design feature enabling multi-analyte detection from a single sweat 

sample, but also a low-cost approach avoiding additional material waste. Moreover, as the 

sweat collection procedure is tiring, interfacing the sweat with closely spaced electrodes 

on one substrate is more user-friendly. These results suggest Ti3C2Tx/PB/N-LSG electrodes 

to be a promising sensor platform due to their excellent conductivity, enriched active edge 

plane sites, and fast electron transfer kinetics for enzymes. 

3. Conclusion 

Disposable on-chip electrochemical sensors were fabricated using a laser-scribing 

process that transforms lignin-based precursors into nitrogen-doped graphene patterns. The 

key characteristics of N-LSG electrodes include porous 3D morphology, enriched active 

edge plane sites, and high electron transfer rates. The Ti3C2Tx/PB composites were 

introduced to detect H2O2 reliably and sensitively. The working electrodes were extended 

by using different enzymes for the corresponding biomarker detection, including glucose, 

lactate, and alcohol. The enzyme/Ti3C2Tx/PB/N-LSG electrodes displayed significantly 

improved electrocatalytic activity in a wide concentration range toward detecting glucose, 

lactate, and alcohol. The greatly improved performance suggests that the lignin-based LSG 

electrode is an advanced platform for analysis of a wide range of biomarkers. We believe 
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that the laser scribing methodology paves a new way for developing improved portable 

biosensors. 

 

EXPERIMENTAL SECTION 

N-LSG Electrode Fabrication. Typically, lignosulfonate (6 g), PVA (3.5 g), and urea (0.5 

g) were added into 50 mL deionized water, following by stirring in a 70 ºC oil bath for 10 

hours. The lignin/PVA/urea film was coated onto the plastic substrates (e.g., polycarbonate, 

polyethylene terephthalate) prepared using a conventional doctor blading method, and the 

films were dried at ambient temperature for 24 h. Here PVA polymer acts as the binder to 

get the uniform film. The thickness of the lignin/PVA/urea film was ca. 50 μm. The 

computer-controlled laser-scribing process was carried out on a CO2 laser cutting machine 

(10.6 μm, 75 watt, Universal X-660 laser cutter platform, Austria), which transforms 

lignin/PVA/urea precursors film into patterned nitrogen-doped LSG (N-LSG) electrodes. 

The detailed parameters include laser pulse of 1000 dpi inch‒1, scan rate of 3%, and z 

distance of 2.4 mm. The applied laser power was set at 2.8 %, 3.2 %, 3.6 %, 4.0 %, 4.4 %, 

and 4.8 % of the maximum power.  

Preparation of Enzyme/Ti3C2Tx/PB/N-LSG4.8 Electrodes: Ti3C2Tx/PB/N-LSG4.8 

electrodes were prepared by a spray coating process. The concentration of the Ti3C2Tx/PB 

composites was ca.1.0 mg mL‒1 (see preparation details in the Supporting Information). In 

a typical way, 2 mg mL‒1 chitosan solution with 2 wt% acetic acid was mixed with enzyme 

(10 mg/mL for glucose oxidase and alcohol oxidase, 20 mg/mL for lactate oxidase) in pH=7 
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phosphate-buffered saline, and diluted 0.5 wt% aqueous glutaraldehyde with a volume ratio 

of 3:5:2. Then, 5 μL of the above mixture was casted onto the Ti3C2Tx/PB/N-LSG4.8 

electrode, followed by drying at room temperature overnight. The as-prepared 

enzyme/Ti3C2Tx/PB/N-LSG4.8 sensors were stored at 4 ºC for further use. 

Physicochemical Characterization. The morphology of the LSG and MXene or 

MXene/PB samples were investigated by field emission scanning electron microscope 

(SEM) (Merlin, Zeiss, Germany) and transmission electron microscope (TEM) (Titan 80-

300 ST, FEI). Micro-Raman spectrometer (cobalt laser of 473 nm, LabRAM ARAMIS, 

Horiba-Jobin Yvon) was used for Raman spectroscopy measurements. The crystalline size 

along the a axis (La) was calculated from the peak intensity ratio of D band and G (ID/IG) 

through the following equation:  

  10 4 1(2.4 10 ) ( )D

a l

G

I
L

I
                (3) 

A four-point probe set-up (RZ2001i, Ozawa Science Company) is used to determine the 

resistance of the films. XPS analysis was conducted on a photoelectron spectrometer 

(Kratos Axis Supra, Shimadzu, Japan). XRD measurements were conducted with a Bruker 

D8 Advance diffractometer with Cu-Kα radiation (λ = 1.5406 Å). 

Electrochemical Measurements: CHI660D workstation (CHI Instruments, USA) was 

used for recording chronoamperometry (CA) and cyclic voltammetry (CV) curves. The 

electrochemical activity measurements of LSG electrodes were conducted with a three-

electrode setup using Ag/AgCl (1 M KCl) as reference electrode and Pt wire as counter 
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electrode. Calibration of all the biosensors was conducted by measuring the 

chronoamperometric response 40 seconds after the application of a potential at ‒0.1 V vs 

(home-made) Ag/AgCl in the artificial sweat solution (artificial sweat containing 3 mM of 

NH4Cl, 5 mM of KCl, and 100 mM of NaCl). All the sensor testing experiments were 

carried out in a three-electrode mode, wherein in-plane home-made Ag/AgCl was used as 

the reference electrode and N-LSG as the counter electrode. Ag/AgCl ink (product 

#011464, ALS Co., Ltd, Japan) was painted onto the N-LSG4.8 electrode to prepare our 

Ag/AgCl reference electrode, followed by drying in an electronic oven at 100 ºC for 15 

minutes. 
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Figure 1. Scheme of the direct-write laser scribing process of N-LSG. (1) Preparation of 

lignin/PVA/urea film onto a substrate using a doctor blading method, (2) direct-write laser 

scribing process for preparing N-LSG from lignin/PVA/urea film, (3) the laser-scribed N-

LSG electrodes pattern, (4) the working electrodes modified with Ti3C2Tx/PB by spraying 

coating, (5) water lift-off process used to remove the uncarbonized film, and (6) the 

modification of N-LSG electrodes with enzymes. 
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Figure 2. (a,b) SEM images of the N-LSG electrode prepared using 4.8% laser power (N-

LSG4.8), low-resolution (c) and high-resolution (d) TEM images of the N-LSG4.8 

electrode. 
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Figure 3. (a) STEM image of the N-LSG4.8 electrode, and the corresponding EDX 

elemental mapping of C (b), O (c), and N (d). 
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Figure 4. Physicochemical properties of lignin-derived N-LSG. (a) Raman spectra of the 

N-LSG electrodes fabricated using different laser powers, (b) the influence of laser powers 

on ID/IG and ID/I2D ratios (b) and La (c), (d) the sheet resistances of N-LSG films prepared 

with different CO2 laser power.  
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Figure 5. CV profiles of the LSG4.8 and N-LSG4.8 electrodes. CVs were acquired with 

(a) 5 × 10−3 M [Fe(CN)6]4− and (c) 5 × 10−3 M [Ru(NH3)6]3+ (scan rate: 10 mV s−1 ). CV 

plots of (b) 5 × 10−3 M [Fe(CN)6]4− and (d) 5 × 10−3 M [Ru(NH3)6]3+ at different scan rates 

for N-LSG4.8 electrodes. Upper left insets show the measured peak currents (Ip) vs. ν1/2. 

Lower right insets are the plots of Nicholson’s kinetic parameter Ψ vs. Cν−1/2. 
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Figure 6. SEM images of (a) Ti3C2Tx flakes deposited on porous alumina membrane, (b) 

as-synthesized Ti3C2Tx/PB nanocomposites on porous alumina membrane, (c) 

Ti3C2Tx/PB/N-LSG4.8 electrode, and (d) a zoomed-in SEM image of the Ti3C2Tx/PB/N-

LSG4.8 electrode.  
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Figure 7. CA plots of (a) the glucose sensor (0 to 5.3 mM in artificial sweat), (b) the lactate 

sensor (0 to 20 mM in artificial sweat), and (c) the alcohol sensor (0 to 50 mM in artificial 

sweat). The insets of Figure 7a-c give the calibration curves of the corresponding sensors 

on recording the current at 40th second after bias application. (d-f) CA profiles of the same 

batch of glucose, lactate, and alcohol sensors to artificial sweat containing 350 μM glucose, 

10 mM lactate, and 20 mM of alcohol to verify the reproducibility of the sensors.  
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Table 1. Stochastic electrochemical performance metrics of N-LSG4.8 electrodes 

Electrodes 

Electrochemically 

active surface 

area S (mm2) 

[Fe(CN)6]4− [Ru(NH3)6]3+ 

ΔEp (mV) k0 (cm s−1) ΔEp (mV) k0 (cm s−1) 

1 12.89 68 0.00873 72 0.00903 

2 12.35 71 0.0085 74 0.00862 

3 12.65 70 0.0086 73 0.009 

4 12.67 67 0.0109 72 0.0091 

5 11.32 72 0.0083 75 0.00738 

Average 12.376 69.6 0.00903 73.2 0.00863 

RSD 5.0 % 2.9 % 11.0 % 1.8 % 8.3 % 
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For Table of Contents Only: 

Laser-Scribed Graphene Electrodes Derived from Lignin for 

Biochemical Sensing 

A patterning process for highly conductive nitrogen-doped porous graphene derived from 

lignin-based precursor was developed. The nitrogen-doped laser-scribed graphene with its 

binder-free, hierarchical, conductive 3D interconnected carbon network has displayed 

enhanced electrochemical activity with fast heterogeneous electron transfer. 

 


