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A B S T R A C T

Valorising alkali lignin (AL), a biorenewable pulping byproduct, is essential for advancing a circular bio- 
economy. However, its inherent low reactivity limits its potential as a petroleum-polyol substitute. This study 
developed a green biocatalytic strategy using Trametes versicolor-derived laccase to activate AL efficiently under 
mild, environmentally benign conditions. The results demonstrated that this enzymatic modification approach 
effectively increased the hydroxyl content and chemical accessibility of lignin, facilitating its transformation 
from a low-value filler into a functional co-polyol. The analysis results also confirmed that the elevated con
centration of reactive -OH groups significantly enhanced both the homogeneity and the crosslinking density 
within the lignin-polyurethane network by reducing steric hindrance. When lignin content reached 30%, the 
laccase-modified lignin-based films (LMLPFs) exhibited a higher performance in both tensile strength and 
elasticity modulus compared to unmodified lignin-based films (LPFs), reaching values of 31.49 MPa (increased 
25%) and 215.23 MPa (increased 60%), respectively, compared to 25.21 MPa and 134.40 MPa for LPFs. 
Furthermore, the thermal stability of LMLPFs was also improved, with the decomposition temperature at 5% 
mass loss (T5%) increasing from 277 ℃ (LPFs) to 280 ℃. By replacing fossil-derived components with enzy
matically valorised biopolymers through an energy-efficient process, this work provides a feasible, sustainable 
pathway for the design of advanced lignin-based biocomposites.

1. Introduction

Lignin, one of the most abundant biorenewable materials and a by- 
product of the papermaking and biorefinery industries, amounts to 
50–70 million tons per year [1,2]. Due to its phenyl structure and 
diverse functional groups, lignin has emerged as a promising aromatic 
precursor with extensive applicability [3–5]. Recently, lignin has been 
successfully engineered into multifunctional degradable nanocomposite 
fibres for UV-shielding, antimicrobial, and radioactive iodine trapping 
applications [6], and has further demonstrated considerable potential as 
high-performance supercapacitor materials [7,8]. These lignin-derived 
sustainable materials not only mitigate environmental impacts but 
also exhibit broad application prospects. In particular, lignin has been 
widely utilised in the development of composite membranes, exempli
fied by its incorporation into polyurethanes [9,10]. However, the 

utilisation of lignin is significantly limited by its low chemical reactivity, 
stemming from the complex, heterogeneous, and highly branched ar
chitecture that renders many of its hydroxyl groups, particularly 
phenolic hydroxyls, poorly accessible due to steric hindrance, while also 
leading to poor solubility and dispersibility within the polyurethane 
reaction medium, thereby impeding the formation of a homogeneous 
polymer network [11]. Consequently, the direct utilisation of unmodi
fied lignin as a polyol precursor typically presents fundamental technical 
obstacles such as high brittleness and poor mechanical properties, which 
severely restricts their practical applications [12].

Strategic modification of lignin is essential to enhance its suitability 
as a polyol substitute. Conventional chemical modification processes 
can address these limitations, but they often require high temperature 
and pressure and generate environmental pollutants, thus suffer from 
harsh conditions, volatile organic solvents and high costs [13–16]. In 
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contrast, enzymatic approaches offer a greener alternative. This bio
catalytic approach aligns with the principles of green chemistry, offering 
distinct advantages such as mild reaction conditions, minimal environ
mental impact, and the generation of water as the sole by-product [17]. 
Enzymatic modification presents a compelling alternative, yet most 
previous studies employed purified or commercial laccase, which, 
although ensuring well-defined activity, inevitably increased processing 
cost and complexity [18,19]. In nature, white-rot fungi are well-known 
for their potent ability to modify lignin, which is attributed to the 
secretion of extracellular enzymes such as lignin peroxidases (LiPs), 
manganese peroxidases (MnPs), and laccases [20,21].

HBT and other mediators have been used to enhance laccase activity 
toward lignin, but the direct use of unpurified fungal culture broth in 
combination with a laccase-mediator system has rarely been explored as 
a low-cost alternative. While laccase-modified lignin and lignin-based 
polyurethane have been independently reported, an integrated study 
encompassing enzymatic activation, structural characterisation, and 
systematic evaluation of the resulting polyurethane film properties 
within a single framework remains lacking. To address these limitations, 
the crude laccase (directly secreted from white rot fungus, without pu
rification) /HBT-mediated modification developed in this work achieves 
simultaneous enhancement of both aliphatic and phenolic hydroxyl 
content under mild aqueous conditions, resulting in PU films with su
perior comprehensive performance. This strategy offers a low-cost, en
ergy-efficient, and environmentally friendly route for preparing high- 
performance lignin-based PU films.

This work develops a cost-effective and environmentally benign 
process in which crude T. versicolor broth, obtained through targeted 
induction of a laccase-predominant lignin oxidative enzyme system, is 
directly employed with HBT as a mediator to modify lignin under mild 
conditions. The central hypothesis is that the introduction of HBT sub
stantially enhances the enzymatic oxidation capacity of this crude lac
case system, enabling effective depolymerisation of lignin, reducing 
steric hindrance, and increasing the number of accessible hydroxyl 
groups, thereby yielding laccase-modified lignin (LML) with enhanced 
reactivity and compatibility. This enables LML to function as a more 
effective crosslinker and reinforcing agent within the polyurethane 
matrix, ultimately producing bio-based polyurethane films (LMLPFs) 
with substantially improved thermal stability and mechanical perfor
mance. This approach provides a promising route for transforming low- 
cost, waste lignin into high-performance, bio-based functional mate
rials, simultaneously achieving high-value utilisation of lignin and 
reducing environmental pollution.

2. Materials and methods

2.1. Materials

The white-rot fungus used in this study was Trametes versicolor (L.) 
Lloyd (T. versicolor), obtained from the China Forestry Culture Collec
tion Centre (CFCC). Alkali lignin (AL) (97%) was supplied by Shandong 
Longli Co. Ltd. 1,6-Diisocyanatohexane (HDI, 99%) and Polyethylene 
glycol (PEG 300) were of analytical grade and supplied by Shanghai 
Macklin Biochemical Co., Ltd. N, N-Dimethylformamide (DMF, 99.5%) 
and 1,4-Dioxane (99.5%) were supplied by Guangdong Guanghua Sci- 
Tech Co. Ltd.

2.2. Modification of lignin and preparation of lignin-based films

2.2.1. Modification of lignin
T. versicolor. was cultivated in potato dextrose broth (PDB) supple

mented with a trace element solution (KHPO4, MgSO4⋅7 H2O, 
CuSO4⋅5 H2O, FeSO4⋅7 H2O) at 28 ℃ under shaking conditions 
(180 rpm) for 5 days. On day 5, the culture broth was collected and 
centrifuged to remove mycelia and cell debris. The resulting cell-free 
supernatant was used as the crude laccase preparation. Laccase 

activity of crude supernatant was determined then diluted with sodium 
acetate buffer (0.1 mol/L, pH 4.5) to a standardised activity of 200 U/L.

For the enzymatic modification reaction, 1 g of AL and 0.5 μmol of 
the mediator 1-hydroxybenzotriazole (HBT) were added to 100 mL of 
the laccase solution (200 U/L, pH 4.5). The mixture was incubated for 
1 h at 40 ℃ in an orbital shaker (180 rpm). The reaction was quenched 
in an ice bath, and the resulting LML was recovered, washed with 
distilled water, and dried to constant weight at 50 ℃.

2.2.2. Assessments of the laccase-driven ligninolytic enzyme system
All spectrophotometric assays were performed in cuvettes with a 

1 cm optical path length. Laccase activity was assayed at 420 nm by 
monitoring the oxidation of 2,2’-azinobis (3-ethylbenzthiazoline-6-sul
fonate) (ABTS). LiP and MnP enzyme activities were measured via H2O2- 
dependent oxidation of veratryl alcohol (310 nm) and Mn (II) (240 nm) 
respectively, according to previously established methods [22]. One unit 
(U) was defined as the amount of enzyme producing 1 μmol of product 
per minute. Enzyme activity measurements were performed in triplicate. 
The reproducibility and precision of the assays were assessed using the 
coefficient of variation.

2.2.3. Preparation of lignin-based films
Lignin-based films were fabricated by reacting lignin with HDI. The 

polyol components consisted of lignin (AL or LML) and polyethylene 
glycol (PEG), where lignin was incorporated at 10%, 20%, and 30% by 
weight of the total polyol components [23]. The polyol components 
were dissolved in DMF (10 mL) and 1, 4-dioxane (5 mL). HDI was then 
added dropwise to the mixture to achieve an NCO/OH molar ratio of 1.1, 
leading to the formation of a prepolymer under continuous stirring at 
room temperature for 60 min. The resulting prepolymer was then cast 
into a mold, pre-cured at room temperature for 2 h, and cured at 80 ℃ 
for 8 h.

2.3. Structural characterisation for modified lignin

2.3.1. FTIR spectroscopy
FTIR spectra were recorded on a Model 650 spectrometer. Powder 

samples (AL and LML) were prepared with KBr pellets (1:100, w/w) and 
scanned in transmission mode from 4000 to 500 cm− 1 wavenumber 
range at a resolution of 4 cm− 1 over 32 scans. Lignin-based films were 
analysed using an attenuated total reflectance (ATR) accessory under 
the same wavenumber range, with a resolution of 2 cm− 1.

2.3.2. NMR analysis
NMR spectroscopy was employed to characterise the lignin structure. 

For 2D-HSQC NMR, 10 mg dried lignin specimens were dissolved in 
0.5 mL DMSO-d6 (99.5%), and the resulting spectra were analysed using 
TopSpin software. For quantitative 31P NMR analysis, dried lignin 
(20 mg) was dissolved in 0.5 mL of CDCl₃ and anhydrous pyridine (1.6:1, 
v/v). Subsequently, 100 µL of cyclohexanol internal standard (IS) and 
0.1 mL relaxation agent solution (5 mg/mL) were added. Phosphityla
tion was performed by adding 100 µL of TMDP (2-chloro-4,4,5,5-tetra
methyl-1,3,2-dioxaphospholane). The mixture was vortexed thoroughly 
to ensure complete reaction before analysis.

2.3.3. Gel permeation chromatography analysis
Lignin samples were acetylated with an acetic anhydride/pyridine 

mixture (1:1, v/v) at room temperature for 48 h prior to analysis. The 
acetylated samples were dissolved in HPLC-grade tetrahydrofuran (THF) 
at a concentration of 2 mg/mL and filtered through 0.22 μm polytetra
fluoroethylene (PTFE) syringe filters. Molecular weight distribution was 
determined using a GPC system equipped with a refractive index (RI) 
detector, with THF as the eluent at a flow rate of 1.0 mL/min and a 
column temperature of 30 ℃.
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2.3.4. X-ray photoelectron spectroscopy
The surface elemental composition and chemical states of the lignin 

samples were analysed using an X-ray photoelectron spectrometer 
(Thermo Scientific K-Alpha). Survey scans were performed to identify 
the overall elemental composition. For sample preparation, the lignin 
powder was uniformly pressed onto clean indium foil and subsequently 
dried in a vacuum oven at room temperature for 24 h prior to 
measurement.

2.4. Assessments of lignin-based films

2.4.1. Morphological homogeneity and interfacial compatibility
The samples were frozen in liquid nitrogen for 5 min and subse

quently cryo-fractured. The fractured samples were vertically mounted 
on SEM stubs using conductive carbon tape and sputter-coated with gold 
for 90 s under vacuum. The cross-sectional morphologies of the samples 
were observed using a field-emission scanning electron microscope 
(ZEISS Sigma 300), and images were acquired in the secondary electron 
(SE) detector mode. The pore size of the films was quantified from SEM 
micrographs using ImageJ software. The pore boundaries were manu
ally identified and measured using the “Analyse Particles” function in 
ImageJ.

2.4.2. Network density and swelling behaviour
The crosslink density (ʋc/V0) of films was determined via equilib

rium swelling experiments. Dried film samples (ca 0.2–0.25 g) were 
weighed and immersed in 20 mL DMF at 25 ℃ [24]. Subsequently, the 
swollen film samples were removed from the solvent, using absorbent 
tissue to remove excess DMF on the sample surface, and then weighed. 
The samples were repeated five times to check the reproducibility of the 
data. The crosslink density was calculated using Eq. (1) [24]. In this 
equation, ʋc is the effective number of crosslink chains, V0 is the dry 
polymer film volume, V1 is the DMF molar volume (76.87 mL/mol), χ is 
PU–DMF interaction parameter (0.40), ʋ is the volume fraction of PU in 
the total swollen film (ʋ = V0/ V), where V is the volume at equilibrium 
of swollen mass (cm3) [24]. 

ʋc

V0
=

− 2[ʋ + χυ2 + ln(1 + υ) ]
V1(2υ1/3 − υ) (2) 

The swelling percentage (S%) was calculated using Eq. (2) [25]. In 
this equation, W is the weight of the films at 7 day, W0 is the weight of 
the films at 0 day. Besides, the film’s crystallinity degree was evaluated 
from the X-ray diffractograms obtained using an X-ray diffractometer 
(Rigaku Miniflex 600, Japan). Measurements were made in the 2θ range 
from 5 to 60 with a 10-degree per minute. The crystallinity index (CrI) 
was determined using the peak area method. The raw XRD data were 
first processed using MDI Jade software to perform baseline correction 
and peak deconvolution. The CrI value was then obtained by calculating 
the ratio of the total crystalline peak area to the sum of the crystalline 
and amorphous peak areas. 

S% =

(
W − W0

W0

)

× 100% (2) 

2.4.3. Mechanical performance
The tensile properties of the polyurethane films were evaluated using 

an automatic tensile tester. Rectangular specimens with dimensions of 
70 mm × 10 mm × 1.3 mm (length × width × thickness) were prepared 
according to the Chinese National Standard GB 1302–91. Tensile tests 
were performed at room temperature with a crosshead speed of 25 mm/ 
min. For each film formulation, a sample was tested five times, and the 
results are reported as the average value ± standard deviation.

2.4.4. Thermal stability
Thermal stability was evaluated using thermogravimetric analysis 

(TGA, TA Instruments Q5000). Before analysis, the samples (5–10 mg) 

were dried overnight at 105 ◦C. The analysis was performed under a 
nitrogen atmosphere (20 mL/min), with the samples heated from 35 ℃ 
to 700 ℃ at a heating rate of 10 ℃/min. Glass transition temperatures 
(Tg) were determined using a TA Instruments Discovery DSC 250. 
Samples (10–20 mg) were sealed in aluminum crucibles and analysed 
under nitrogen (20 mL/min). To erase thermal history, the samples 
underwent a heat-cool-heat cycle: they were initially heated to 80 ◦C 
and held isothermally for 3 min, then cooled to − 80 ℃, and finally 
reheated to 200 ℃. The Tg was determined from the second heating 
scan, with all ramps conducted at a rate of 20 ℃/min.

2.4.5. Dynamic mechanical analysis
The dynamic mechanical properties of the lignin-based films were 

characterised using a dynamic mechanical analyser (DMA Q800, TA 
Instruments). The films were cut into rectangular specimens with di
mensions of approximately 20 mm × 5 mm × 2 mm (length × width ×
thickness). Measurements were conducted in tensile mode under a ni
trogen atmosphere at a frequency of 1 Hz, with a heating rate of 10 
℃/min over a temperature range from − 50 ℃ to 150 ℃.

2.5. Statistical analysis

All quantitative experiment results were expressed as mean ± stan
dard deviation. Statistical analysis was performed using ANOVA fol
lowed by Tukey's post-hoc test with SPSS software. Differences were 
considered statistically significant at p < 0.05.

3. Results and discussion

3.1. Structural evolution and reactivity enhancement of lignin

The detailed structural changes in lignin resulting from laccase 
modification were elucidated by HSQC NMR analysis, as presented in 
Fig. 1A. The spectra revealed distinct variations between the control and 
LML samples, particularly within the aliphatic region, with the former 
exhibiting clear and intense characteristic peaks corresponding to sub
structures including β-O-4 alkylaryl ethers (A), β-β resinols (B), and β-5 
phenylcoumarans (C), whereas these signals were substantially dimin
ished for the latter. It can be clearly observed that Aα, Aβ (S), Aβ (G), Aγ, 
Bα, Bγ, Cα, Cβ and Cγ were notably more vulnerable to cleavage, 
demonstrating significant laccase-mediated cleavage of β-O-4 aryl ether 
bonds and partial depolymerisation resulting in oligomeric fragments 
with Mw of approximately 377 g/mol. Conversely, the aromatic region 
of the LML spectrum showed no significant signal degradation, sug
gesting minimal cleavage of the aromatic lignin structure during laccase 
modification and effective preservation of the benzene ring framework. 
In addition, the signals corresponding to the methoxy groups (OMe) and 
Aγ decreased, revealing that demethoxylation occurred during laccase 
modification of lignin, which produced more OH groups and the number 
of functional groups available for chemical reactions, and thereby 
enhanced the reactivity of lignin [26,27].

Fig. 1B and Fig. 1C quantitatively analysed the hydroxyl groups of AL 
and LML using 31P NMR spectroscopy, and proved that the aliphatic 
hydroxyl content in LML (1.52 mmol/g) was significantly higher than 
that in AL (1.21 mmol/g). This increase in lignin hydroxyl value resulted 
in a higher concentration of reactive -OH groups since the aliphatic -OH 
groups are the key to the reaction with isocyanate. Mechanistically, 
laccase-mediated demethoxylation and β-O-4 cleavage effectively 
exposed a higher density of reactive hydroxyl sites, reducing the steric 
constraints of lignin. This structural activation transformed lignin from a 
passive filler into an active crosslinker, significantly promoting urethane 
bond (-NH-COO-) formation. Consequently, this led to a much denser 
and more robust three-dimensional crosslinking network, directly laying 
the structural foundation for the enhanced mechanical strength and 
thermal stability observed in the LMLPFs.

As shown in Table 1, both the molecular weight and polydispersity 
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index (PDI) of laccase-modified lignin were lower than those of un
modified lignin, indicating that depolymerisation was the dominant 
reaction under the conditions employed. Laccase primarily cleaves the 
β-O-4 linkages in lignin, depolymerisation of lignin macromolecules to 
micromolecules, which leads to a decrease in both Mw and Mn. When a 
mediator is introduced, the oxidised mediator can further access poly
meric units with higher redox potentials, resulting in a greater extent of 
depolymerisation. Meanwhile, the decrease in PDI indicates a narrower 
molecular weight distribution after modification. This is because seg
ments with high molecular weights or loose structures are degraded, 
reducing the proportion of large fractions in the system. A more uniform 

lignin feedstock contributes to a homogeneous crosslinked network in 
the subsequent polyurethane preparation and reduces the likelihood of 
defects such as localised unreacted regions or stress concentrations 
caused by macromolecular aggregation.

FTIR analysis further confirmed the effect of laccase modification of 
lignin functional groups (Fig. 1D). The intensified broad band at 
3424 cm− 1 confirmed the substantial increase in the hydroxyl group 
content [28], which was supported by the attenuation of peak 
1265 cm− 1, providing complementary evidence for the cleavage of 
β-O-4 bonds and contributing to the generation of new hydroxyl groups. 
This spectroscopic observation was directly corroborated by 2D-HSQC 
NMR analysis (Fig. 1). Specifically, the HSQC spectra revealed a pro
nounced disappearance of the peaks corresponding to the β-O-4 aryl 
ether linkages (specifically the Aα, Aβ, and Aγ signals) in the LML 
sample, providing definitive structural evidence for the 
laccase-mediated cleavage of these linkages, in strong agreement with 
the FTIR results. The increased vibration of the C-H bond at 2930 cm− 1 

in LML compared to the control sample suggests the side-chain cleavage 

Fig. 1. Structural evolution and reactivity enhancement of lignin: A. 2D-HSQC NMR spectra of control and LML and the main identified substructures of the lignin, B. 
31P NMR spectra of control (top) and LML (bottom), C. hydroxyl content of control and LML, D. FTIR spectrum of lignin and LML, E. enzymatic activities of lig
ninolytic enzymes. F. XPS analysis of lignin: survey spectra (left), high-resolution C 1 s (middle) and O 1 s (right) spectra of AL and LML.

Table 1 
Molecular weight determination results of control and LML.

Mn/g.mol− 1 Mw/g.mol− 1 PDI

AL 408 3673 9.00245
LML 221 377 1.705882
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and demethoxylation, altering the functional groups of the resulting 
aromatic monomers [29]. In contrast, the characteristic aromatic bands 
at 1600–1500 cm− 1 (C––C stretching) and 1510 cm− 1 (aromatic C-H 
vibrations) displayed stable intensities. This confirmed the effective 
preservation of the benzene ring framework, a structural feature 
essential for the enhanced thermal stability and antioxidant properties 
of the modified lignin [30]. FTIR analysis confirmed that 
laccase-mediated modification successfully remodelled the molecular 
structure of lignin, selectively targeting the lignin side chains while 
preserving its aromatic core, in which the enriched hydroxyl content 
could enhance the reactivity of the modified lignin towards isocyanates.

To further elucidate the surface chemical changes induced by laccase 
modification, XPS analysis was performed on both unmodified and 
modified lignin (Fig. 1F). In the C1s spectra, the relative content of C-O 
decreased from 30.82% to 30.35% after modification, reflecting the 
oxidative cleavage of ether bonds during the laccase-catalysed radical 
process. More notably, in the O1s spectra, the proportion of C-OH/C-O-C 
oxygen increased significantly from 54.82% to 58.05%, accompanied by 
a decrease in C––O oxygen from 45.18% to 41.95%. These changes are 
consistent with β-O-4 cleavage events, which consume one ether linkage 
while simultaneously generating new hydroxyl groups. This finding is in 
excellent agreement with the 31P NMR results, which quantitatively 
confirmed an increase in both phenolic hydroxyl (from 3.45 to 
3.61 mmol/g) and aliphatic hydroxyl (from 1.21 to 1.52 mmol/g) con
tents after laccase treatment. The convergence of FTIR, 31P NMR, and 
XPS evidence collectively supports the occurrence of partial β-O-4 bond 
cleavage during laccase modification, resulting in lignin with enhanced 
hydroxyl functionality and reduced molecular weight.

To evaluate the impact of enzymatic activity on lignin structural 
modification and hydroxyl enrichment, the secretion profile of 
T. versicolor was analysed (Fig. 1E). After a three-day cultivation of 
T. versicolor, laccase enzymatic activity reached 243.63 ± 8.78 U/L (CV 
= 3.60%), confirming the high reproducibility of this assay through 
multiple independent experiments. The laccase activity was approxi
mately 198-fold higher than that of MnP and LiP, confirming its role as 
the primary driver of lignin modification. To overcome the steric limi
tations of direct enzymatic oxidation and extend laccase’s oxidative 
capability toward recalcitrant non-phenolic structures, HBT was inte
grated into the optimised Day 3 supernatant system as a mediator [31]. 
In this laccase-mediator system, laccase first oxidises HBT to generate 
highly reactive radical intermediates. Then these intermediates diffuse 
into the sterically hindered lignin network and indirectly oxidise the 
otherwise non-phenolic substrates [32], thereby maximising the gen
eration of reactive hydroxyl sites for subsequent polyurethane synthesis.

3.2. Interfacial architecture of lignin-based films

The efficacy of lignin activation on morphological homogeneity and 
interfacial compatibility is evident. The cross-sectional morphology of 
LPUs after cryo-fracturing was studied using SEM and significant dif
ferences in the cross-sectional morphologies of the films were observed 
(Fig. 2A). At 50k magnification, the control film (PU films) exhibited 
numerous internal voids with a pore diameter of 1585.92 nm because of 
the relatively loose native network structure of the polyurethane film. In 
contrast, LMLPF displayed a compact and smooth morphology with the 
pore diameter drastically reduced to 242.25 nm. This substantial 
structural densification further confirms that LML effectively acted as a 
crosslinking agent, integrating seamlessly into the PU matrix to form a 
continuous network that greatly minimises macroscopic defects.

The urethane formation was further evidenced in FTIR examination 
(Fig. 2B), which was performed to elucidate the molecular mechanism 
underlying the enhanced interfacial bonding. The successful synthesis of 
the lignin-polyurethane network was confirmed by the emergence of 
characteristic bands assigned to -NH groups (1536 cm− 1) [33] and -CN 
stretching (1258 cm− 1) [34], and the preservation of polyether soft 
segments (1090–1080 cm− 1) [35] alongside the complete 

disappearance of the -NCO groups at 2270 cm− 1 [36]. Regarding lignin 
modification, the increased C-H stretching intensity (3000–2800 cm− 1) 
is consistent with the cleavage of β-O-4 linkages. The depolymerisation 
into lower molecular weight fragments reduced intermolecular aggre
gation, thereby enhancing the infrared absorption of aliphatic C-H 
groups (e.g., -OCH3, -CH2-, -CH-). This structural disruption, together 
with the increased hydroxyl groups, contributed to the improved solu
bility and homogeneity of the modified lignin. This improved compati
bility facilitated a more efficient reaction with HDI, as corroborated by 
the notably higher intensity of the urethane-associated band at 
1560 cm− 1 in LMLPF compared to LPF. This spectroscopic evidence 
demonstrated that laccase modification, by enriching lignin with reac
tive aliphatic hydroxyls and flexible side chains, effectively disrupted 
the internal hydrogen-bond network and improved its compatibility. 
This facilitated a more efficient reaction with HDI, promoting the for
mation of a denser, structurally robust cross-linked network responsible 
for the enhanced rigidity and thermal stability of the LMLPF.

Swelling tests (Fig. 2C and Fig. 2D) were conducted to evaluate the 
network structure of the films. LMLPF-30% showed a lower swelling 
ratio (32.38 ± 6.78%) than LPF-30% (63.11 ± 2.23%, p < 0.001). 
Meanwhile, the crosslinking density of the LMLPFs is 39% higher than 
that of the LPFs (1.78 × 10− 3 mol/cm3). This enhancement was attrib
uted to laccase modification, which activated lignin by increasing the 
accessibility and quantity of hydroxyl groups. These active sites facili
tated a more complete reaction with isocyanates, promoting the for
mation of a denser urethane network [37]. Consistent with swelling 
theory, this highly cross-linked structure restricts solvent uptake, 
resulting in a more compact and rigid film.

In addition, Fig. 2E showed a notable decrease in crystallinity in 
LMLPFs compared to the LPFs, 32% of LMLPFs compared to 42% of LPFs 
at 30 wt% lignin content, which was attributed to the higher crosslink 
density within the LMLPF network. LML with more reactive hydroxyl 
sites served as a more effective macromolecular crosslinking agent that 
promoted better incorporation within the polymer network and 
increased crosslinking density [38]. Therefore, these additional cross
links severely restricted the mobility of the polyurethane soft segments, 
inhibiting the chain ordering required for crystallisation, and created a 
more densely cross-linked, amorphous network. It should be emphasised 
that this defect-free interface and high crosslinking density were the 
direct prerequisite for the superior mechanical rigidity and thermal 
resistance observed in the LMLPFs.

Different letters (a-c) indicate statistically significant differences 
(p < 0.05, one-way ANOVA with Tukey's HSD post-hoc test).

3.3. Emergence of enhanced mechanical and thermal properties

The LMLPFs exhibited significantly superior mechanical perfor
mance, especially at 30% lignin content. The tensile strength and elastic 
modulus of the LMLPFs increased to 31.49 MPa and 215.23 MPa, 
respectively, with approximately 25% and 60% improvements over 
those of LPFs (Table 1). This enhancement was primarily attributed to 
the higher crosslinking density in LMLPFs. As aforementioned, 
confirmed by ³ ¹P NMR analysis, laccase modification bioconverts lignin 
as a more effective multifunctional crosslinker by increasing the hy
droxyl group contents and thereby forming a denser covalent network. 
Besides, the 60% increase in elastic modulus also confirms this. More
over, though the elongation at break decreased for both groups, attrib
uted to the increased network rigidity and crosslinking within the 
mixtures, the modified LMLPF retained superior flexibility compared to 
LPF. This improvement was ascribed to the introduction of flexible 
aliphatic chains into lignin during modification, which served as soft 
spacers to alleviate the stiffness of the aromatic core. Additionally, the 
improved dispersion of LML prevents the formation of brittle phases and 
stress concentrators and endows the film with higher extensibility. 
Importantly, LMLPF-30% also showed significantly higher mechanical 
performance compared to LPF-30% (tensile strength: p = 0.023; elastic 
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Fig. 2. Effect of lignin activation on lignin-based films interfacial compatibility: A. SEM fracture surfaces of PU films after cryo-fractured, B. FTIR spectra of LPFs 
(top) and LMLPFs (bottom), C. swelling rate properties of lignin-based films, D. crosslink density of lignin-based films, E. XRD patterns of LPFs (top) and 
LMLPFs (bottom).
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modulus: p < 0.001), confirming the effectiveness of the lignin modifi
cation strategy.

The thermal stability of the PU films was evaluated by TGA, 
revealing a two-stage thermal decomposition process for all samples 
(Fig. 3). The initial stage (200–375 ℃) corresponded to the degradation 
of urethane linkages and lignin side-chains [39] like ether bonds 
cleavage, dehydration and decarboxylation, as well as the elimination of 
carbon dioxide and water [40]. The second stage of thermal decompo
sition occurred between 375 and 500 ◦C, attributed to the decomposi
tion of the more stable aromatic structures [41,42]. Notably, increasing 
the lignin content elevated the onset decomposition temperature (T5%), 
with this enhancement being significantly more pronounced in LMLPFs 
(273 ℃ to 280 ℃) compared to LPFs (273 ℃ to 277 ℃). This superior 
stability was directly attributed to the laccase-mediated optimisation of 
lignin: the enriched reactive hydroxyl groups and reduced steric hin
drance facilitated the efficient covalent incorporation of LML into the 
polyurethane matrix. Functioning as rigid aromatic crosslinking centres, 
LML promoted the formation of a denser three-dimensional network that 
restricted chain mobility and increased the activation energy for 
degradation, thereby effectively inhibiting bond cleavage and 
enhancing the overall thermal resistance of the material.

As presented in Fig. 3A, increasing the lignin content from 10% to 
30%, the Tg of the LMLPFs rose from − 13.58 ℃ to 9.30 ℃. Lignin can 
serve not only as a cross-linking agent but also as a hard segment in the 
formation of three-dimensional network polyurethane polymers [41]. 
Meanwhile, lignin is an amorphous, rigid macromolecule possessing a 
high Tg [43]. Its incorporation with the polyurethane enhances 
cross-link density and introduces strong intermolecular forces like 
hydrogen bonds that effectively restrict soft segment mobility [44]. This 
enhancement was attributed to the enriched reactive hydroxyl groups in 
LML, which fostered a denser covalent network that restricts chain 
motion more effectively than the weaker physical interactions in LPFs. 
The change in heat capacity (ΔCp) increased from 0.30 to 0.38 J/(g⋅K). 
This trend might result from two factors. As evidenced by the XRD re
sults, LMLPF exhibited lower crystallinity compared to LPF, the expan
sion of the amorphous fraction resulted in an increase in the heat 
capacity (ΔCp) [45]. Also, laccase modification enriched LML with 
phenolic and aliphatic hydroxyl groups that formed extensive 
hydrogen-bonding networks in the amorphous phase. Study has shown 
that the addition of hydroxyl groups greatly strengthens the hydrogen 
bond network and increases the macroscopic specific heat capacity [46]. 
Breaking these hydrogen bonds requires extra thermal energy, which 
also raises the ΔCp.

The DMA results (Fig. 3B) provide direct evidence for the role of 
modified lignin as an active crosslinker in the polyurethane network. 
The neat PU film exhibited a remarkably low storage modulus 
(124.19 MPa at − 29 ℃) and lacked a well-defined tan δ peak, indicating 
an insufficiently crosslinked network. Upon incorporation of unmodi
fied lignin, the storage modulus increased by approximately one order of 
magnitude to 1200 MPa, suggesting that pristine lignin can function as a 
crosslink through the reaction of its hydroxyl groups with isocyanate. 

However, the relatively low Tg and broad tan δ peak suggest limited 
crosslinking efficiency, likely attributable to the high molecular weight 
and poor hydroxyl accessibility of unmodified lignin. In contrast, the 
modified lignin-based PU film exhibited a further increase in storage 
modulus to approximately 2000 MPa, accompanied by a higher Tg and a 
sharper tan δ peak, indicating enhanced crosslinking density. This 
improvement can be attributed to the synergistic effects of molecular 
weight reduction and the introduction of additional accessible aliphatic 
hydroxyl groups. Collectively, these results demonstrated that chemical 
modification effectively transformed lignin from a passive filler into an 
active crosslinker that substantially reinforces the polyurethane 
network.

The enhanced thermal stability of the polyurethane films upon lac
case modification, as confirmed by both TGA and DSC analyses, can be 
attributed to crucial structural alterations at the molecular level. Spe
cifically, the enrichment of active functional groups in the LML facili
tated the formation of a more densely crosslinked and structurally robust 
three-dimensional network. Crucially, this significantly improved 
interfacial compatibility, eliminating the interfacial voids and defects 
that typically act as weak points for thermal degradation. The covalent 
incorporation of LML into the polyurethane network not only restricts 
soft segment mobility, thereby elevating the glass transition tempera
ture, but also enhances the overall crosslinking density, resulting in 
significant network reinforcement. Supported by this reinforced archi
tecture, the LML-based films exhibited performance superior to recent 
literature benchmarks. At 30 wt% lignin content, it achieves a tensile 
strength of 31.49 MPa, which is approximately 2–3 times higher than 
those of counterparts reported in previous studies, such as 13.20 MPa (at 
37.4 wt% lignin content) [14] and 10.60 MPa (at 30 wt% lignin con
tent) [47]. Notably, this high strength does not compromise ductility; 
our sample maintains a high elongation at break (177.93%), out
performing 142.77% [48]. Additionally, the elevated thermal stability 
(T10% of 298.00 ℃) further evidences the formation of a robust 
cross-linked network.

3.4. Existing studies on lignin modification and lignin-based polyurethane 
systems

To further contextualise the advances achieved in this study, a 
comprehensive comparison with representative lignin modification 
strategies reported in the literature is summarised in Table 3. Compared 
with chemical modification approaches and previous enzymatic 
methods, the crude laccase/HBT-mediated modification developed in 
this work achieves simultaneous enhancement of both aliphatic and 
phenolic hydroxyl content under mild aqueous conditions, resulting in 
PU films with superior comprehensive performance. This strategy offers 
a low-cost, energy-efficient, and environmentally friendly route for 
preparing high-performance lignin-based PU films.

4. Conclusions

This study presents a green evolutionary enzymatic strategy using a 
T. versicolor laccase system with HBT to functionalize AL into a more 
reactive LML for the preparation of lignin-based films. The core inno
vation centred on the targeted laccase-mediated modification, which 
effectively cleaved ether bonds and induced demethoxylation. This mild 
enzymatic modification increased both phenolic hydroxyl (from 3.45 to 
3.61 mmol/g) and aliphatic hydroxyl (from 1.21 to 1.52 mmol/g) con
tents while preserving the essential aromatic structure. As a result, LML 
exhibited improved reactivity compared to unmodified AL, enabling its 
enhanced participation in crosslinking reactions. At 30% lignin content, 
LMLPFs demonstrated a denser and more homogeneous network, 
exhibiting a higher crosslink density (2.48 × 10− 3 mol/cm3) compared 
to LPFs (1.78 × 10− 3 mol/cm3). This structural improvement contrib
uted to enhanced mechanical properties, with tensile strength and 
elastic modulus reaching 31.49 MPa and 215.23 MPa (increases of 

Table 2 
Mechanical properties of the LPFs and LMLPFs.

Sample 
name

Tensile strength 
/MPa

Elasticity modulus 
/MPa

Elongation at break 
/%

PF 11.39 ± 3.07 57.81 ± 3.96 334.07 ± 109.11
LPF-10% 12.89 ± 1.29 58.88 ± 9.33 288.34 ± 94.86
LPF-20% 15.31 ± 1.53 82.73 ± 8.60 236.07 ± 59.71
LPF-30% 25.21 ± 3.55 134.40 ± 16.26 228.20 ± 25.19
LMLPF- 

10%
16.07 ± 2.74 78.34 ± 10.64 252.13 ± 14.09

LMLPF- 
20%

18.24 ± 2.19 102.63 ± 11.54 216.23 ± 17.80

LMLPF- 
30%

31.49 ± 4.18 215.23 ± 7.64 177.93 ± 27.59
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approximately 25% and 60%, respectively), along with improved ther
mal stability (T5% = 280 ℃). These findings suggest that laccase- 
mediated modification is a viable and environmentally friendly 
approach for the high-value utilisation of lignin, offering a potential 
pathway toward the development of lignin-based biocomposites with 
improved structural performance.
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Fig. 3. Thermal properties of lignin-based films: A. thermal stability of LPFs (left) and LMLPFs (right), B. dynamic mechanical properties of PU (left), LPF (middle) 
and LMLPF (right).

Table 3 
Comparison of representative prior studies on laccase-modified lignin and lignin-based polyurethane (PU) systems with the present work.

Lignin modification 
approach

Modifying agent & reaction 
conditions.

Lignin structural changes Performance Energy, cost & environmental 
considerations

Co-solvent enhanced 
lignocellulosic 
fractionation 
pretreatment [14].

THF and H2SO4; harsh (150, 
160 and 180 ℃).

Aliphatic hydroxyl content 
decreased, and phenolic 
hydroxyl content increased.

Tensile strength (13.20 MPa) and 
elongation at break (24.23%).

High energy consumption, 
moderate cost and volatile organic 
solvent usage.

Two-step esterification 
modification [15].

DMF, DMAP and DCC; harsh 
(80 ℃ for 48 h).

Lignin carboxyl content 
increased.

Tensile strength (10.00 MPa) and 
elongation at break (34.00%).

High cost of chemical reagents, 
moderate energy consumption and 
environmentally friendly.

HDI modification [16]. HDI and THF; prolonged (50 
℃ for 6 h under nitrogen 
atmosphere).

T5% decreased. Tensile strength (12.07 MPa). Low energy consumption, 
moderate cost and volatile organic 
solvent usage.

Modified by laccase 
enzyme in the presence 
of TEMPO [18].

Commercially purified 
laccase and TEMPO; 
prolonged (24 h at room 
temperature).

Decrease in particle size. Wet shear strength (1.429 MPa) and 
viscosity (7.92 Pa⋅s).

High energy consumption, 
moderate cost.

Enzymatic modification 
[19].

Purified laccase from 
Trametes trogii; prolonged (pH 
6.5 for 24 h).

An increase in aliphatic 
hydroxyl groups and the content 
of phenolic hydroxyl groups 
decreased slightly.

The purified laccase showed thermal 
stability, phenolic hydroxyl and methoxy 
groups decreased.

Moderate energy consumption, 
moderate cost.

Corn straw enzymatic 
hydrolysed lignin [49].

Commercial corn straw 
enzymatic hydrolysed lignin.

The phenolic hydroxyl content 
of the lignin was 3.64%.

Shear strength under room temperature 
(19.1 MPa).

Low energy consumption, low to 
moderate cost and environmentally 
friendly.

Modified by laccase 
enzyme and HBT (this 
work).

Crude T. versicolor broth and 
HBT (40 ℃ for 6 h).

Aliphatic and phenolic hydroxyl 
content increased.

Tensile strength (31.49 MPa), elastic 
modulus (215.23 MPa), elongation at 
break (177.93%) and thermal stability 
(T5% = 280 ℃).

Low energy consumption, the 
lowest among enzymatic 
approaches and environmentally 
friendly.
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