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ARTICLE INFO ABSTRACT

Keywords: The tremendous growth of disposable electrode-based portable devices for point-of-care testing requires mass

Lignin ) production of disposable electrodes in a low-cost and sustainable manner. Here, we demonstrate a green route for

]l;aiter lithography the conversion of biomass lignin, patterning, and reduction of the lignin-derived graphene electrodes by
atterning

sequential laser lithography, water lift-off and sodium borohydride (NaBH,4) treatment, and their use for elec-
trochemical lactate biosensors. Energy-saving and localized laser lithography converted the aromatic ring-rich
lignin into porous laser-induced graphene (LIG). The conductivity and attachment of the LIG to the substrate
were optimized in a factorial experiment with laser power and scan speed as variables. Characterization results
revealed the conversion of partial heteroatoms (e.g., Na, S, O) into granular inorganic compounds on the LIG
surface under laser treatment. Water was used as an eco-friendly solvent for the patterning of the LIG (P-LIG) by a
lift-off process, where the inorganic residues and un-reacted lignin were dissolved, exposing the macro-/micro-
pores in the P-LIG. NaBH,4 induced a reduction of the P-LIG (P-rLIG) resulting in improved electrochemical ki-
netics with lower charge transfer resistance (27.3 Q) compared to the LIG (248.1 Q) and the P-LIG (61.4 Q). The
porous P-rLIG served as a 3D electrode for the deposition of Prussian blue and lactate oxidase for disposable
electrochemical lactate biosensors, delivering a good analytical performance towards lactate detection with a
linear range up to 16 mM and a high sensitivity (1.21 pA mM ™). These lignin-derived disposable electrodes,
utilizing renewable resources together with low-energy consumption fabrication and patterning, may contribute
to the sustainable manufacturing of biosensors for point-of-care and point-of-use applications.

Reduced graphene
Disposable electrodes

cross-contamination and cross-infection between different subjects as
well as ease of modification (Bettazzi et al., 2017), in a similar manner as

1. Introduction

Disposable electrodes have been widely used in electrochemical
biosensors for point-of-care testing (POCT) of key biomarkers in bio-
logical samples, which provides efficient chronic disease monitoring and
health care management in decentralized locations because of their high
specificity and ease-of-operation (Ahmed et al., 2016; Newman and
Turner, 2005). The conversion of biomarker levels into electrochemical
signals relies on  bioreceptor-immobilized and functional
material-modified electrodes connected to a portable device (Turner,
2013). The disposable nature of these electrodes provides avoidance of
electrode fouling induced loss of sensitivity, prevention of

disposable ECG electrodes (Pani et al., 2018), glucose test strips (New-
man and Turner, 2005) and screen-printed electrodes (Mohamed, 2016).
This, in turn, requires mass production of disposable electrodes at
low-cost and in high volumes. In addition, efforts have been devoted to
the fabrication of patterned, flexible, and skin-mountable electrodes for
wearable sensors and biosensors (Meng et al., 2020; Xu et al., 2019).
What’s more, green routes for material fabrication, via either
eco-friendly and energy-saving techniques (Lee et al., 2017) or sus-
tainable and non-toxic materials (Pradhan et al., 2020), are also needed
to create a sustainable society in various applications, such as catalysis
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(Mahdi et al., 2022), energy generation and storage (Ma et al., 2017;
Yousefi et al., 2019), environmental treatment (Yousefi et al., 2021),
sensors and biosensors (Yan et al., 2017; Zhao et al., 2021) etc.
Biomass-derived resources have been explored in the fabrication of
disposable electrodes for electrochemical biosensors due to their natural
abundance and environmentally benign features, mainly serving as in-
expensive substrates (e.g., cellulose) (Moro et al., 2019; Yanez-Sedeno
et al., 2020). Beyond this, biomass-derived resources can be used as
precursors for carbonaceous materials as the active component in
disposable electrodes (Pistone and Espro, 2020). For instance, lignin, as
a highly heterogeneous binder between cellulose and hemicellulose, is
the second most abundant natural polymer accounting for 20-30% of
the lignocellulosic biomass. Despite its low-cost and bio-renewable na-
ture, the lignin extracted from lignocellulosic biomass is mainly dis-
carded as waste in the paper industry, with only ~2% used as concrete
additives, stabilizing agents or dispersants and surfactants (Zhu et al.,
2020). Accordingly, it has been an interesting topic to broaden the
spectrum of lignin utilization strategies from both the research and in-
dustrial community. Based on the cross-linked aromatic ring structure,
lignin can be converted into carbonaceous materials by conventional
carbonization processes via either pyrolysis under an inert gas atmo-
sphere, hydrothermal reaction or ionothermal carbonization (Wang
et al., 2017; Zhang et al., 2021). However, these carbonization tech-
niques usually result in lignin char or amorphous carbon powders with
high content of heteroatoms (Zhang et al., 2021), which cannot fulfil the
requirement of high electrical conductivity for the active component in
disposable electrodes, resulting in limited charge transfer and low
sensitivity. Thus, a graphitization step using high temperature (usually
>2000 °C) in an inert gas is needed for the enlargement of graphene
nanodomains into graphene/graphite structures with high conductivity
(Fang et al., 2017; Zhang et al., 2021), which, however, is
energy-consumable and cost-inefficient. Moreover, further application
of such graphene/graphite powders requires their dispersion in
non-renewable, toxic organic solvents (e.g., N-methyl-2-pyrrolidone,
dimethylformamide), as well as mask-patterning and deposition onto a
substrate for energy storage and sensing applications (Htwe et al., 2021;
Wang et al., 2017; Xiong et al., 2021). Therefore, it is interesting to
explore a green route for the in-situ simultaneous conversion and
patterning of carbonaceous material-based disposable electrodes.
Recently, laser irradiation technology has been used for the fabri-
cation of patterned carbonaceous electrodes from carbon-rich pre-
cursors such as graphene oxide and polyimide (El-Kady and Kaner,
2013; El-Kady et al., 2012; Meng et al., 2021). When the laser beam is
scanned over the precursor film, the irradiated precursors absorb exci-
tation energy, causing either a photochemical reaction (UV laser) with
the direct breaking of chemical bonds and removal of the oxygen re-
siduals, or a photothermal reaction (IR laser) with local heating for the
breaking of weak chemical bonds and re-organization of the aromatic
rings (Li, 2020). In the meantime, the dissociated oxygen is usually
evolved and released in gaseous products (e.g., CO, CO,, H20), resulting
in an interconnected 3 dimensional (3D) graphene film (Lin et al., 2014;
Srinivasan et al., 1994). Furthermore, laser irradiation can realize
contact-free and mask-free construction of carbon patterns by the
scanning of the laser beam with a moving platform (x-/y-direction) ac-
cording to computer-aided designs, i.e., laser lithography. Such laser
lithography provides an eco-friendly and energy-saving technique via
the lower power consumption (usually ~40 W for an IR laser) and the
localization of the laser beam spot on the precursors compared to the
high temperature furnace for pyrolysis (Fenzl et al., 2017; Meng et al.,
2021). In this manner, the conversion of lignin into patterned graphene
structures has been used for microsupercapacitors (Ye et al., 2017;
Zhang et al., 2018) and printed electronics (Edberg et al., 2020).
Herein, we demonstrate a green route for the conversion of biomass
lignin, patterning, and reduction of the lignin-derived graphene elec-
trodes by sequential laser lithography, water lift-off and sodium boro-
hydride (NaBH,4) treatment, which serve as a disposable electrode

Biosensors and Bioelectronics 218 (2022) 114742

platform with improved kinetics for the development of electrochemical
biosensors. As shown in Scheme 1, a processable lignin solution with
poly(vinyl alcohol) (PVA) as a binder was blade-coated on a flexible
polyethylene terephthalate (PET) substrate into a homogenous lignin-
PVA film for laser treatment. The laser converts the lignin-PVA into
laser induced graphene (LIG). The conductivity and the attachment of
the LIG to the substrate were optimized in a factorial experiment. The
conversion of lignin into graphene was characterized by different
spectroscopy and microscopy methods, showing that the partial het-
eroatoms (e.g., Na, S, O) were converted into granular inorganic com-
pounds on the LIG surface. Water was used as an eco-friendly solvent to
enable patterning of the LIG (P-LIG) by a lift-off process, where inor-
ganic residues and un-reacted lignin-PVA were dissolved, thereby
exposing the macro-/micro-pores in the P-LIG. As a reductant, NaBH4
contributes to the reduction of the P-LIG (P-rLIG) with increased con-
ductivity and improved electrochemical kinetics. The P-rLIG was func-
tionalized with “artificial” (Prussian blue, PB) and natural (lactate
oxidase, LOx) enzymes into a disposable electrochemical lactate bio-
sensing electrode, delivering a competitive analytical performance to-
wards lactate detection, providing a flexible and skin-mountable
electrode for the non-invasive monitoring of lactate in sweat.

2. Experimental section
2.1. Materials and instruments

The details are given in the Supporting Information.
2.2. Deposition of lignin on a PET substrate via blade-coating

The lignin-PVA film was coated on a flat PET substrate via blade-
coating. Firstly, the PET sheet was ultrasonically cleaned using
acetone and isopropanol for 5 min, respectively, followed by air plasma
treatment for 5 min. The lignin-PVA solution was prepared by dissolving
10 g lignin powder into 100 mL PVA aqueous solution (10%) under
magnetic stirring for 12 h, followed by 30 min of sonication for the
removal of bubbles. Coating of the lignin-PVA on the PET substrate was
conducted using a Coatmaster-510 XL film applicator (Erichsen, Ger-
many) with a heated platform (50 °C), a 120 pm gap between the cyl-
inder blade and substrate and a coating speed of 60 mm/s. The resulting
sample was dried in air for 12 h and denoted as lignin-PVA/PET.

2.3. Preparation of the LIG via laser lithography

Laser lithography of the lignin-PVA/PET was performed with a
computer-controlled HL40-5g Full Spectrum Laser platform (Full Spec-
trum Laser LLC, USA) with a CO3 laser (10.6 pm) operating with a 1000
ppi resolution in a raster mode under ambient condition. The full laser
scan speed is 80 inches s~ and the full power is 40 W. The laser
lithography efficiency of lignin-PVA/PET and its conversion into LIG
was evaluated at different laser scan speeds (5-100%) and varying laser
powers (5-100%). A standalone working electrode (3 mm diameter) and
a three-electrode system including a working electrode (WE), a refer-
ence electrode (RE), and a counter electrode (CE) with a sensing area, a
track, and a contact pad were prepared using the optimized power and
scan speed parameters. Details of the electrode pattern design are pro-
vided in Fig. S1.

2.4. Patterning and reduction of the LIG

After the laser lithography, the unexposed lignin-PVA was removed
by a water lift-off procedure by immersing the film in water for 30 min
(Fig. S1). The patterned LIG was denoted P-LIG. The P-LIG was further
treated with NaBH4 to increase the conductivity by immersing the
electrodes in a NaBH4 solution (50 mM in NaOH, pH 10) for 1 h, fol-
lowed by rinsing in water 3 times. The reduced P-LIG was denoted P-
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Scheme 1. A green route for the conversion of lignin, patterning and reduction of the lignin-derived graphene that enables disposable electrodes for electro-

chemical biosensors.

rLIG (Fig. S1). The conductive track of the electrode was isolated with
Kapton tape to expose only the working electrode area and the contact
pad for further experiment.

2.5. LIG functionalization for the electrochemical lactate biosensor

The three-electrode system was used for electrochemical lactate
biosensors. No further treatment is needed for the counter electrode. The
reference electrode was coated with Ag/AgCl ink using a paintbrush and
a PET stencil for a confined coating zone, which was cured on a hotplate
at 120 °C for 2 min. For the working electrode, Prussian blue (PB) was
modified via potentiodynamic deposition over —0.4 to 0.7 V in 0.1 M
KCl and HCI containing a 5 mM mixture of K3Fe(CN)g and FeCls for 10
cycles (scan rate 50 mV s~ ), followed by activation with cyclic vol-
tammetry over —0.2 to 0.4 V in 0.1 M KCl and HCI for 10 cycles (scan
rate 50 mV s~ 1). The final electrode was rinsed with water, dried in air,
and was denoted PB/P-rLIG. The PB/P-rLIG was immobilized with LOx
for the fabrication of electrochemical lactate biosensors. In brief, an
aliquot of enzyme suspension (3 pL) containing 40 mg mL~! LOx and 10
mg mL~! BSA was deposited on the PB/P-rLIG and dried at 4 °C for 2 h,
followed by the addition of 2 pL chitosan solution (1%, in 1% acetic
acid). The final enzyme electrode was denoted as LOx/PB/P-rLIG and
stored at 4 °C when not in use. Finally, a porous polycarbonate mem-
brane (0.2 pm) was placed over the 3-electrode area as an encapsulation
layer.

2.6. Electrochemical measurements

Electrochemical measurement of the LIG, P-LIG and P-rLIG elec-
trodes were performed with a CompactStat potentiostat (Ivium,
Netherlands). Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) of standalone working electrodes were conducted in
0.1 M KClI containing 5 mM Fe(CN)3 /4= For the integrated 3-electrode
system of the electrochemical biosensor, all the electrochemical mea-
surements were conducted with the internal Ag/AgCl as RE and the P-
rLIG as CE. Amperometric hydrogen peroxide sensing and lactate bio-
sensing using the integrated 3-electrode system was performed under a
static mode in PBS and artificial sweat, respectively. The artificial sweat
was prepared according to the European standard EN1811:2012 con-
taining sodium chloride (0.5%), potassium chloride (0.1%) and urea
(0.1%) and the pH was adjusted to 6.5 with ammonium hydroxide.
Human sweat samples for real sample analysis were obtained from two
healthy volunteers after running for 30 and 60 min, respectively. The
sweat samples were collected from the forehead using sterile absorptive
pads, followed by sweat extraction via centrifuge. The samples were
analyzed by two LOx/PB/P-rLIG electrodes via amperometry at —0.15 V

with a 3-fold dilution in artificial sweat. A standard colorimetric assay
(lactate assay kit, Sigma-Aldrich) was conducted as a reference.

3. Results and discussion
3.1. Factorial optimization of the laser lithography

The laser power and scan speed are critical for the graphitization
yield of lignin and the retention of the resulting LIG on the PET substrate
without additional adhesives. As shown in Fig. 1, the laser power (x-
axis) varied from 5% to 100% of the full power (40 W) with the scan
speed (y-axis) increasing from 5% to 100% of the full scan speed (80
inches s™1). The total energy per surface area delivered is lowest in the
lower left corner and highest in the upper right corner of Fig. 1. Sheet
resistances (S.R.) of the resulting LIG were measured to evaluate the
synergistic effect of laser power and laser scan speed on the graphiti-
zation yield of lignin-PVA. Fig. 1 shows the common logarithm (base 10)
of the S.R. values, which are color coded to visualize the results as a heat
map. The corresponding images of lignin-PVA/PET showed a successful
conversion of lignin into conductive graphene, with a characteristic
black color under specific combinations of power and scan speed
(Fig. S2). It is not effective (N.E.) for the conversion of lignin into gra-
phene with a laser power lower than 20%. With increasing laser power
in the medium range (20-60%), the resulting graphene on the PET
surface appeared darker in color and the sheet resistance decreased
gradually (Fig. 1). However, with the laser power higher than 60%, the
laser etched through the PET substrate and caused an impaired film (I.
F.) due to high laser intensity. On the other hand, high scan speed caused
a high sheet resistance (H.S.R.), while lowering the scan speed facili-
tated the conversion of lignin into graphene via longer exposure time
resulting in a decreased sheet resistance value. Therefore, the combi-
nations of medium laser power (20-60%) and medium to low scan speed
(5-60%), illustrated as the red color zone in Fig. 1, are favorable for the
conversion of lignin into graphene films with low resistivity.

Next, the LIG was processed for further patterning via lift-off with
water to remove the excess lignin-PVA that was not irradiated by the
laser. We found that the lower scan speeds are advantageous for the
retention of the patterned LIG on the PET substrate after water lift-off
treatment, while the LIG obtained from high scan speeds tends to float
off from the PET substrate (Fig. S3). This can probably be ascribed to the
deeper penetration of the laser at low scan speed resulting in the melting
of the upper thin PET layer for anchoring the graphene layer (Fig. S4).
Considering all these results, we chose a power of 35% and a scan speed
of 35% as the optimized parameters for the preparation of LIG electrodes
hereafter. We further demonstrated that the lignin-derived LIG process
is versatile to other flexible substrates including the thermoplastics
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fluorinated ethylene propylene (FEP) and polyether ether ketone
(PEEK), the elastomer polydimethylsiloxane (PDMS), the thermosetting
polyimide (PI) and to biomass cellulose derived paper (Fig. S5).

3.2. Physicochemical characterizations

The physicochemical properties of the optimized LIG derived from
laser lithography and its further treatment with water lift-off (P-LIG) and
NaBH4 (P-rLIG) were examined with SEM, FTIR, Raman and XPS,
respectively. Fig. 2A and B displays top-view SEM images of the pristine
lignin-PVA film (i), LIG (ii), P-LIG (iii) and P-rLIG (iv) at two different
magnifications, respectively. The lignin-PVA shows a compact and flat
film on the PET substrate resulting from the blade-coating of the lignin
dispersion with PVA as a polymeric binder. The thickness of the lignin-
PVA layer on top of the PET is estimated to be ~30 pm according to the
cross-sectional SEM image (Fig. 2C (i)). The laser irradiation converted
the smooth lignin-PVA film into a coarse morphology with a hierarchical
porous structure of the LIG in Fig. 2A (ii), while the high magnification
SEM (Fig. 2B (ii)) reveals the appearance of granular particles attached
to the LIG surface, which can be ascribed to the residues after the laser
irradiation. These residues also appeared in the cross-sectional SEM
image (Fig. 2C (ii)). For the P-LIG, the further water lift-off procedure
contributed to the exposure of the deeper macro-pores for the P-LIG as
shown in Fig. 2A (iii), as well as the removal of the granular residues
attached to the LIG film with micro-pores (Fig. 2B (iii). The production
of macro-/micro-pores in the P-LIG may be ascribed to not only the rapid
release of gaseous products (e.g., COy, H20, CoHjy) during the laser
lithography process (Brannon et al., 1985; Srinivasan et al., 1987), but
also to the dissolution of granular residues and un-reacted lignin-PVA by
the water lift-off. The treatment of the P-LIG with NaBH4 did not cause
any obvious changes in the porous structure of graphene for the P-rLIG.
The thickness of the graphene layer of the P-rLIG is around ~62 pm with
a ~34 pm penetration into the PET layer (Fig. 2C (iii) and (iv)), which
supports the retention/attachment of P-rLIG on the PET substrate. The
EDS (Figs. S6 and S7) of the lignin-PVA shows a high oxygen content
with an O/C ratio of 24.56%, and a low content of Na (1.6 at%) and S
(0.34 at%). The O/C ratio value for the LIG decreased slightly to
22.00%, while the content of Na and S apparently increased to 4.28 and
0.88 at%, respectively. This can be ascribed to the accumulation of Na
and S containing compounds as residues on the LIG. After the removal of
these residues by water lift-off, the P-LIG displays a lower O/C ratio
(3.24%) and lower Na (0.19 at%) and S (0.42 at%) content compared to
that of the LIG. For the P-rLIG, the O/C ratio further decreased to 2.34%
by the NaBH4 reduction.

In the FTIR spectra in Fig. 2D, the lignin-PVA film shows several
characteristic bands attributed to oxygen-containing functional groups
(e.g., OH, C-0, C=0), which is consistent with pure lignin and PVA as
listed in Fig. S8 and Table S1. Under laser irradiation, the above-
mentioned oxygen-containing functional groups disappeared in the
LIG due to the photothermal reaction, while several other strong and
broad bands appeared in the spectrum. These new bands are assigned to
carbonate and sulfate groups (Volz, 1983), indicating that the residues
on the LIG surface (Fig. 2B (ii)) are inorganic compounds. It can be
hypothesized that the laser irradiation locally provides a high energy
that enables bond cleavage of the atoms (O, H, partially C) in lignin with
released gaseous products and the re-organization of the aromatic ring
into a graphene-like structure, while the Na and S accumulated in the
resulting LIG in the form of Na-containing inorganic compounds (e.g.,
sodium sulfate and sodium carbonate). These inorganic compounds
were removed by the water lift-off treatment, resulting in a relatively
flat spectrum for the P-LIG and P-rLIG comparable to natural graphite
powder (Fig. S8).

As shown in the Raman spectra in Fig. 2E, no obvious bands were
noted for lignin-PVA except a lifted background signal in the low and
medium vibrational frequency region (1000-2000 cm ') caused by
laser induced fluorescence of lignin molecules (Prats-Mateu et al.,
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2018). Three main bands appeared for the LIG due to the laser induced
graphitization, including a D band at 1319 cm™ related to the disor-
dered structure of graphene, a G band at 1581 cm™! due to the Ez; mode
at the I'-point arising from stretching of the sp2 C-C bond in graphitic
materials with a week shoulder D’ band (1609 cm™!) for randomly
distributed impurities or surface charges, and a weak 2D band at 2623
em™! for the stacking order of graphene layers (Nanda et al., 2016).
Meanwhile, a slightly lifted background still exists for the LIG, which
probably originates from the lignin residues on the LIG surface. For the
P-LIG, the intensity of the G and 2D bands increases while the intensity
of the D band decreases compared to that of the LIG. The intensity ratios
of the D and 2D bands to the G band are widely employed as a sensitive
metric for disorder degree and stacked graphene layers, respectively
(Dresselhaus et al., 2010; Saito et al., 2011). The statistical analysis of
Ip/1g and Iyp/Ig ratios as well as the band position and fullwidth at half
maximum (FWHM) are summarized in Table S2. The Ip/Ig value de-
creases from 2.76 (LIG) to 0.75 (P-LIG), and the I5p/I; ratio increases
from 0.32 (LIG) to 0.76 (P-LIG), suggesting the exposure of a layered
graphene structure after the removal of residues by water lift-off. The
NaBH, reduction of the P-LIG contributed to a further decrease of the
Ip/Ig value to 0.56 and an increase of the Isp/Ig value to 0.88, which is
consistent with the decreasing sheet resistance trend in the order LIG
(34.3 Q/sq), P-LIG (21.4 Q/sq) and P-rLIG (17.1 Q/sq).

The chemical characteristics of the LIG at different processing stages
were further investigated by XPS with full survey spectra and high-
resolution spectra of Cls, Ols and S2p. The XPS full survey (Fig. 3A)
showed C1s (285 eV), O1s (532 eV) and Nals (1070 eV) to be prevalent
in lignin-PVA, LIG, P-LIG and P-rLIG. In addition, the band at 168 eV for
LIG is attributed to S2p. It should be noted that S2p is not clearly visible
in the full spectrum of lignin-PVA due to the insulating property of
lignin-PVA and the low amount of S, but S2p could be detected via the
high-resolution scan (Fig. 3D). Table 1 summarizes the atomic per-
centage of different elements. Compared to that of lignin-PVA, the LIG
shows a decreased C/O ratio from 2.82 to 1.43, indicating an accumu-
lation of oxygen on the surface of the LIG. This might be contributed by
the sodium carbonate and sodium sulfate, which is consistent with the
significantly increased Na (8.72%) and S (7.10%) compared to the
lignin-PVA. The P-LIG possesses an increased C/O ratio to 7.16 with a
trace amount of Na (0.49%) and no-detectable S after the water lift-off of
the excess lignin-PVA and removal of inorganic compounds. These re-
sults are consistent with the SEM and FTIR results (Fig. 2), and validated
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Table 1

XPS fitting results of the element composition and functional groups percentage for lignin-PVA, LIG, P-LIG and P-rLIG.
Sample Full survey/at% Cls/% O1s/%

[¢ o) Na S c/0 Cc-C/C=C c-0 c=0 0-C=0 CO3/n-1* 0=C/C0% /503~ 0-C

Lignin-PVA 71.86 25.33 2.41 0.40 2.82 58.95 30.72 3.62 3.74 2.92 18.45 75.03
LIG 49.60 34.58 8.72 7.10 1.43 74.26 9.15 4.94 5.61 6.04 77.50 4.38
P-LIG 87.32 12.19 0.49 - 7.16 83.75 12.96 3.29 - - 10.85 89.15
P-rLIG 90.12 9.36 0.52 - 9.63 88.14 9.77 2.09 - - 7.50 92.50

the hypothesis proposed above. The NaBH,4 reduction promoted further
removal of oxygen resulting in a higher C/O ratio value of 9.63.

Fig. 3B shows the high resolution Cls spectrum deconvoluted into
different carbon-containing functional groups with detailed percentages
listed in Table 1 (Collado et al., 2018; Cunge et al., 2015; Yang et al.,
2020). The laser treatment of lignin-PVA cleavages the carbon-oxygen
containing groups in the resulting LIG (down from 30.72% to 9.15%)
with increased C-C/C—C as a result (up from 58.95% to 74.26%). The
slightly increased intensity of C=0/0-C—=O0 and the appearance of
CO%’ (Collado et al., 2018) for the LIG are indicative of the accumula-
tion of inorganic compounds. A further increase of the C-C/C—C in-
tensity and a decrease of the carbon-oxygen containing groups intensity
for P-LIG and P-rLIG suggest an improved reduction degree. The high
resolution O1s spectrum (Fig. 3C) shows that the O-C functional group
dominates (>75%) for lignin-PVA, P-LIG and P-rLIG with a small
amount of 0—C (<20%), while the O-C accounts only for 4.38% in LIG
and O:C/CO?/SO%’ (77.50%) dominate instead (Rabchinskii et al.,
2018). A conversion of S was revealed by the high resolution S2p spectra
of lignin-PVA and LIG in Fig. 3D. For the lignin-PVA, the deconvolution
of the main band at the low binding energy, i.e., S2ps3,2 and S2p;,2
spin-orbit doublet, corresponds to the thiol group (R-SH) from the
coniferyl alcohol unit of alkali lignin (Evdokimov et al., 2018). The main
band at the high binding energy is due to the sulfate groups (SO3")
originating from sulfate lignin in the kraft pulping process (Evdokimov
et al., 2018). The laser treatment eliminated the thiol groups by the
photothermal or photochemical breaking of C-S bonds and converted
them into sulfate groups, forming sodium sulfate on the surface of the
LIG.

3.3. Electrochemical kinetics

The LIG, P-LIG and P-rLIG electrodes were patterned into single
freestanding working electrodes (Fig. 4A inset), and their electro-
chemical properties were investigated by CV and EIS. Fig. 4A shows the
quasi-reversible redox peaks of the Fe(CN)3 /4~ probe at the LIG, P-LIG
and P-rLIG electrode surfaces with different peak current densities and
peak-to-peak separations (AE). The voltammogram obtained from the
LIG electrode exhibited an anodic peak current density of 82.1 + 3.2 pA
with a AE of 238 + 7.6 mV. For the P-LIG electrode, the anodic peak
current density showed a 1.23 time increase to 101.2 + 4.9 pA compared
to that of the LIG, and AE decreased to 178 + 10.4 mV. The improved
electrode kinetics of P-LIG can be attributed to not only the removal of
insulating inorganic salts and excess lignin-PVA, but also to the exposure
of deep macro-pores, which resulted in higher surface area. The anodic
peak current density for the P-rLIG electrode is 117.3 + 9.7 pA, which is
1.43 and 1.16 times higher than that of the LIG and the P-LIG electrodes.
The P-rLIG electrode also possesses the lowest AE value of 160 + 5 mV
among all the LIG electrodes.

Fig. 4B shows the Nyquist plots of the EIS data for all three elec-
trodes. All electrodes exhibit a semicircle feature in the high-frequency
region related to the charge transfer resistance (Rct) and a straight-line
feature in the low frequency region corresponding to the diffusion-
controlled process. However, unlike the conventional Randles circuit
for a simple “planar” electrode/electrolyte interface consisting of an
active electrolyte resistance (R;) in series with the parallel combination
of a constant phase element (CPE) and an impedance of a faradaic

Current/ pA
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Fig. 4. Electrochemical kinetics measurements. (A) cyclic voltammograms of
the LIG, P-LIG and P-rLIG electrodes (diameter 3 mm) in 5 mM Fe(CN)g’/ 4~ in
0.1 M KCl, at a scan rate of 50 mV s~ '. The inset shows images of the LIG, P-LIG
and P-rLIG electrodes; (B) EIS of the LIG, P-LIG and P-rLIG working electrode in
5 mM Fe(CN)2/*~ in 0.1 M KCl over the frequency range 0.01 Hz-100 kHz and
at 5 mV amplitude. The inset shows the equivalent circuit fitting model.

reaction (R.y) and a diffusion (Warburg, Z,), the slope of the straight line
in the low frequency region is higher than 1 (angle of 45°). Therefore, a
double layer capacitance (C) is introduced in the equivalent circuit
model (Fig. 4B inset) for the low frequency fitting. This might be related
to mass transport in the porous electrodes. The detailed fitting param-
eters are summarized in Table S3. Compared to the LIG with a R value
of 248.1 Q, the P-LIG shows a significant increase in the electrode ki-
netics illustrated by the shrinking semicircle with a Rt value of 61.4 Q.
The P-rLIG electrode shows the lowest R value of 27.3 Q, suggesting a
faster electron-transfer rate at the electrode surface due to a higher
reduction degree with improved conductivity, which is consistent with
the results from the CV and the 4-point probe measurements. Thus, the
P-rLIG electrode was used as the disposable electrode platform for the
development of an electrochemical lactate biosensor.
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Fig. 5. Electrochemical lactate biosensors.
(A) Cyclic voltammograms of PB/P-rLIG
electrode in 5 mM H,0, in 0.1 M PBS (pH
= 6.4), scan rate of 50 mV s’l; (B) amper-
ometric response of PB/P-rLIG electrode to
H,0; from blank up to 10 mM in 0.1 M PBS
(pH = 6.4) at —0.15 V vs internal RE, inset is
an enlarged plot to 0.2 mM; (C) corre-
sponding calibration curve of PB/P-rLIG
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amperometric response of LOx/PB/P-rLIG
electrode to lactate from blank up to 18
mM in artificial sweat (pH = 6.5) at —0.15V
vs internal RE; (E) corresponding calibration
curve of LOx/PB/P-rLIG electrode to lactate,
n = 3; (F) interference study of 0.01 mM
ascorbic acid (AA), 0.059 mM uric acid
(UA), 0.084 mM creatinine (Crea) and 1.2
mM cholesterol (Chol) in the appearance of
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3.4. Disposable lignin-derived electrodes for electrochemical lactate
biosensors

A three-electrode system based on the P-rLIG (Fig. 5A inset) was
developed of the disposable electrode for electrochemical lactate bio-
sensors, consisting of a working electrode, a counter electrode and an
internal reference electrode coated with Ag/AgCl ink. Porous P-rLIG
provides an excellent heterostructured platform for the functionaliza-
tion with PB and successive immobilization with enzyme. The P-rLIG
electrode serves as an electrochemical transducer for the reduction of
H0; which is a common intermediate originating from the enzymatic
catalytic reaction of biomarkers via various oxidases (e.g., lactate oxi-
dase and glucose oxidase). Fig. 5A exhibits the CV response of the PB/P-
rLIG electrode towards 5 mM H305 in 0.1 M PBS (pH = 6.4) with the
reduction peak current increasing from 181.0 pA (without Hy03) to
240.1 pA resulting from the reduction reaction of PB towards HoO». The
amperometric response (Fig. 5B) of the PB/P-rLIG electrode increased
gradually with increasing H,O5 over the dynamic range up to 10 mM at
—0.15 V (optimized applied potential). The corresponding calibration
curve (Fig. 5C) was linear for HyO, concentrations up to 8 mM (R2 =
0.999) with a sensitivity of 5.98 pA mM L. The limit of detection (LOD)
was calculated to be 7 pM based on 3Sg/S (Sp is the standard deviation of
10 measurements in blank, S is the sensitivity) according to the IUPAC
recommendation (da Silva and Machado, 2012).

Based on the good analytical performance of the PB/P-rLIG electrode
response to HyO», LOx was immobilized onto the electrode by chitosan
to create disposable electrochemical biosensors for lactate detection
(LOx/PB/P-rLIG) with an extra porous polycarbonate membrane for
encapsulation and as a diffusion layer for wide linear range. The per-
formance of the disposable lactate biosensor in response to lactate in
artificial sweat (pH = 6.5) was then investigated and the amperometric
response is shown in Fig. 5D. The amperometric curves exhibit a well-
defined current response to the dynamic concentration range of
lactate up to 18 mM with a fast response time reaching a stable current

8 10 12 14
Clactate Via lactate biosensor/ mM

value within 20 s. According to the calibration curve in Fig. 5E, the
current response of the electrode was linearly proportional to lactate
concentration up to 16 mM (R% = 0.997), with a high sensitivity of 1.21
pA mM~ ! (i.e,17.1 pA mM~ ! em~2). The LOD was calculated to be
0.20 mM. The sensitivity of the fabricated LOx/PB/P-rLIG electrode
towards lactate biosensing is comparable to, and in some cases higher
than, reported values of other carbon-based disposable electrodes for
lactate biosensors in the literature, such as a PB/screen-printed graphite
electrode  (0.553 pA mM )  (Kim et al, 2014), a
tetrathiafulvalene/screen-printed carbon fiber-based electrode (0.644
pA mM ™) (Jia et al., 2013), a Pt-carbon nanofiber/screen-printed car-
bon electrode (36.8 pA mM~ ! em~?) (Lamas-Ardisana et al., 2014), a
Pt/laser-scribed graphitic carbon (35.8 pA mM~ ! em~2) (Madden et al.,
2022) and a MCNTs-Os/graphite-based electrode (0.74 pA mM’l)
(Zhang et al., 2020). The good analytical performance is likely facili-
tated by the porous structure with high surface area and improved
electrochemical kinetics resulting from the laser lithography, water
lift-off and NaBH4 treatment. This approach makes good use of a waste
material, i.e., lignin, for its conversion into graphene electrodes, that are
comparable to reported carbon-based electrodes regarding the analyt-
ical performance.

To evaluate the selectivity of the disposable lactate biosensors, the
response toward 6 mM lactate in artificial sweat (pH = 6.5) was tested in
the presence of potential interferences in their physiological concen-
trations commonly used in perspiration and dermal analysis (Kim et al.,
2014; Payne et al., 2019), including 0.01 mM AA, 0.059 mM UA, 0.084
mM creatinine and 1.2 mM cholesterol. As shown in Fig. 5F, these in-
terferences have a negligible effect on the detection of lactate, indicating
a good selectivity of the fabricated lactate biosensors. The reproduc-
ibility of the disposable lactate biosensing electrodes was evaluated by
the measurement of 6 mM lactate in artificial sweat with seven elec-
trodes. The relative standard deviation (RSD) value was calculated to be
6.89%. The shelf-life of the disposable lactate biosensors was tested by
keeping the electrodes in a sealed container inside a refrigerator (4 °C)
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over a period of eight weeks and regularly measuring the signal response
to 6 mM of lactate with a fresh electrode. The electrodes showed an
excellent shelf-life (Fig. 5G) in the first two weeks with a +5% deviation
of the response to the initial response value (first day measurement). The
response remained within 90% of the initial response value over six
weeks, while it dropped to around 83% of the initial response value after
eight weeks, indicating a good shelf-life of the fabricated disposable
lactate biosensors kept at 4 °C.

To validate the feasibility for real sample analysis, the developed
lactate biosensors were applied for the determination of lactate levels in
real sweat samples collected from two healthy volunteers after 30- and
60-min running exercises. Well-defined steady state responses were
observed for the four human sweat samples with a 3-fold dilution in
artificial sweat (Fig. S9). As shown in Fig. 5H, the measured lactate
levels from the biosensors showed a very good correlation (i.e., all data
points approaching the line with a slope of 1) with the colorimetric
assay, suggesting the potential application for point-of-care detection of
lactate levels during physical exercise.

4. Conclusion

In summary, we have demonstrated a green route for lignin-derived
graphene electrodes, serving as a disposable electrode for electro-
chemical biosensors with good performance. Lignin is often discarded as
a by-product and waste in the paper industry, overlooking its value as an
aromatic ring-rich and sustainable carbon precursor that could be pat-
tered and converted into a conductive graphene film via an energy-
saving localized photothermal process. Surface and spectroscopic char-
acterization results revealed the formation of LIG induced by the pho-
tothermal process and a new observation on the formation of inorganic
compounds during the laser lithography. The inorganic residues and the
unreacted lignin can simply be removed by water lift-off, to produce
patterned lignin-derived graphene. NaBH, treatment further increased
the conductivity of the P-rLIG resulting in enhanced electrochemical
kinetics. The porous P-rLIG serves as a 3D matrix for the fabrication of
disposable electrochemical lactate biosensors with good analytical per-
formance (wide linear range, high sensitivity, and long shelf-life time).
This technique can broaden the spectrum of lignin utilization strategies,
taking into consideration its low cost, bio-renewability, and abundance
in nature, for the realization of a sustainable society. The resulting P-
rLIG could serve as a general disposable platform for development of
various single or multiplexed sensors and biosensors via functionaliza-
tion or by immobilization of biorecognition elements. Beyond this, the
technique is versatile for different flexible substrates including ther-
moplastics, elastomers, thermosets, and biomass and other biodegrad-
able substrates, which is promising for the development of fully
sustainable and biodegradable biosensors. Furthermore, the combina-
tion of this technique for the fabrication of a disposable electrode plat-
form with other automated coating techniques (e.g., ink-jet printing,
spray coating, screen printing etc.) for functional material and bio-
recognition element modification could be beneficial for high-
throughput production of the final biosensing devices.
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