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ABSTRACT: Laccase-inorganic hybrid nanoflowers (LacN) represent a novel enzyme immobilization 
strategy. The integration of this approach with traditional adsorption-based immobilization offers a 
novel and efficient pathway for laccase immobilization. In this study, LacN was immobilized onto two 
types of Cu/HAP-BC (natural mineral-derived Cu/nHAP-BC and porcine bone-derived Cu/pHAP-BC) 
to synthesize LacN@Cu/HAP-BC. Single-factor experiments, combined with Box-Behnken response 
surface methodology, were used to optimize the immobilization parameters. The optimal preparation 
conditions were determined as 60% LacN suspension, pH 6.0, reaction time of 2 h for LacN@Cu/nHAP-
BC; and 80% LacN suspension, pH 6.0, reaction time of 2 h for LacN@Cu/pHAP-BC. Multiple 
characterizations confirmed uniform anchoring of flower-like LacN on porous Cu/HAP-BC. Compared 
with free laccase, LacN@Cu/HAP-BC showed significantly improved stability: after 30 d of storage, 
LacN@Cu/nHAP-BC and LacN@Cu/pHAP-BC retained 81.35% and 76.70% of their initial activities, 
respectively (vs. 42.98% for free laccase); the thermal half-lives (t1/2) at 65 °C were 502 min and 433 
min, respectively, approximately 3.0–3.5 times that of free laccase (142 min). Additionally, the two 
composites retained 71.98% and 80.15% of their initial activity after 10 consecutive catalytic cycles, 
showing satisfactory reusability. These results verify that the composites deliver favorable storage, 
thermal, and cyclic stability, acting as a feasible biocatalyst candidate for lab-level water treatment and 
biomass conversion. Further tests on continuous reactors and real wastewater pollutants are needed to 
confirm its industrial applicability. 

Keywords: Laccase nanoflowers; Copper based carrier; Enzyme immobilization; Enzyme activity; 
Stability 
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1. Introduction 

Laccase (Lac) is a polyphenol oxidase (ρ-diphenol oxidase, EC 1.10.3.2) containing four copper 
ions. Since water is the sole byproduct of its catalytic reaction, Lac is regarded as an eco-friendly enzyme 
with extensive applications in bioresource processing and environmental remediation. In particular, Lac 
plays a key role in the pretreatment of lignocellulosic biomass and the degradation of recalcitrant 
pollutants (e.g., chlorophenols, azo dyes) in industrial wastewater [1,2]. However, the practical 
application of Lac is hindered by poor stability, susceptibility to environmental factors, and the inability 
to be recycled. Therefore, there is an urgent need to improve its stability and reusability for industrial 
applications. Laccase nanoflower (LacN) technology is a novel immobilization strategy. LacN forms a 
rose-like morphology through coordination of laccase with copper ions and phosphate, thereby 
enhancing enzyme tolerance and catalytic activity due to its nanoscale architecture and copper-mediated 
electron transfer [3]. Since its inception, the enzyme-inorganic hybrid nanoflower preparation strategy 
has garnered significant attention across diverse fields, including biotechnology, biomedical materials, 
chemical engineering, and dye decolorization [4]. However, the practical application of LacN is limited 
by its nanoscale dimensions, which make recovery and reuse difficult in large-scale systems. 

Enzyme immobilization on insoluble supports (e.g., by adsorption, cross-linking, or covalent 
binding) can preserve catalytic activity, enhance stability, and confer reusability. A recent 
comprehensive review systematically categorized mainstream laccase immobilization matrices into 
organic polymers, single inorganic minerals, and organic–inorganic hybrid composites, and summarized 
their respective strengths and limitations in stabilizing laccase and degrading emerging refractory 
contaminants [5]. Among various hybrid carrier systems, biochar-hydroxyapatite composites exhibit 
distinctive merits, including hierarchical porous structure, tunable metal active sites, and low-cost waste 
feedstock. Metal organic Frameworks (MOFs) have also been proven to construct favorable catalytic 
microenvironments via strong coordination with enzymes, effectively locking protein structures and 
extending catalytic service life in complex reaction systems [6]. In our previous studies, laccase was 
successfully immobilized on biochar and hydroxyapatite-based composites with improved stability [7–
12]. Importantly, Jiang et al. showed that copper-based supports can enhance laccase activity by 1.7-
fold. Given the recovery bottleneck for LacN and the advantages of immobilization, integrating LacN 
with a suitable support is a promising strategy [13]. 

Hydroxyapatite (HAP) is an excellent host material for enzyme immobilization. It can be derived 
from natural minerals, biological sources (e.g., animal bones), or chemical synthesis [14]. HAP has a 
well-ordered hexagonal structure that allows substitution of Ca2+ by Cu2+ to form Cu/HAP [15,16]. 
However, Cu/HAP suffers from poor stability under acidic conditions. To address this, our previous 
studies [17–19] synthesized a Cu/HAP-biochar composite (Cu/HAP-BC) with enhanced specific surface 
area and stability. This composite exhibits an enhanced specific surface area, improved physicochemical 
properties, and a copper-ion mediated activation mechanism, which collectively contribute to the 
potential retention of higher enzymatic activity and stability. 

Therefore, in this study, we immobilized LacN onto Cu/HAP-BC supports to synthesize 
LacN@Cu/HAP-BC via a physicochemical-biological synergistic strategy. The main objectives were to 
optimize the synthesis conditions and to evaluate the enhanced enzymatic activity and stability of the 
composite. This work aims to provide a practical immobilized laccase platform for bioresource and 
environmental applications, particularly in wastewater treatment and biomass valorization. 
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2. Materials and Methods 

2.1. Materials and Reagents 

Hydrochloric acid, sodium hydroxide, copper sulfate pentahydrate, acetic acid, sodium acetate, 
sodium chloride, potassium chloride, sodium dihydrogen phosphate, potassium dihydrogen phosphate, 
Coomassie Brilliant Blue G-250, and bovine serum albumin (BSA) were purchased from Sinopharm 
Chemical Reagent Co., Ltd. (Shanghai, China). Hydroxyapatite (HAP) was derived from two sources: a 
synthetic source (purchased as nHAP) and a biological source (extracted from porcine bone, denoted as 
pHAP). Laccase was purchased from Sigma-Aldrich (St. Louis, MO, USA). 

2.2. Optimization of the Synthesis of LacN@Cu/HAP-BC 

2.2.1. Synthesis of Laccase-Inorganic Hybrid Nanoflowers (LacN) 

LacN was synthesized according to a previously reported method with slight modifications, 
adopting a 100-fold scaled-up reaction system that retains the original volume ratio of laccase buffer 
and CuSO4 solution [3]. Briefly, 300 mL of laccase-phosphate buffer solution (1 mg/mL, pH 7.4) was 
added to 2 mL of CuSO4 solution (120 mM) to obtain the LacN suspension under optimal conditions. 
The mixture was then incubated in a constant temperature shaker at 25 °C for three d and stored for 
subsequent use. 

2.2.2. Preparation of Cu/HAP-BC Supports 

Cu/HAP-BC supports (Cu/nHAP-BC and Cu/pHAP-BC) were prepared according to our previous 
protocol with modifications [17–19]. nHAP (4.5 μm, 99%) was purchased, while pHAP was extracted 
from porcine bone by alkali/acid treatment and calcination at 600 °C (Ca/P = 1.67). For copper loading, 
1.0 g of HAP was mixed with Cu2+ (250 mg/g HAP, pH 7.0) and stirred at 45 °C for 6 h. The obtained 
Cu/HAP was then mixed with rape straw (Cu:HAP:straw = 1:4:15) and pyrolyzed under N2 at 800 °C 
for 1.5 h to yield Cu/HAP-BC. 

2.2.3. Immobilization of LacN onto Cu/HAP-BC 

A single-factor experiment was conducted to optimize the immobilization conditions, investigating 
three key variables: LacN suspension volume fraction (20–100%), pH (4.0–8.0), and reaction time (2–
10 h). For each test, 50 mL of LacN suspension was added to Cu/HAP-BC support (either Cu/nHAP-
BC or Cu/pHAP-BC) in a 250 mL flask, and the mixture was incubated at 25 °C with shaking at 200 
rpm. After incubation, the catalysts (denoted as LacN@Cu/nHAP-BC and LacN@Cu/pHAP-BC) were 
recovered by centrifugation, washed, and air-dried. The residual enzyme activity under each condition 
was measured to determine the optimal range for each variable. 

Based on the optimal ranges identified from the single-factor experiments, a multi-factor 
optimization was performed using Box-Behnken response surface methodology (RSM) [20]. The three 
independent variables—LacN suspension volume fraction (A), pH (B), and reaction time (C)—were 
coded at three levels (−1, 0, +1), with catalytic activity (U) as the response value (Y). The experimental 
design and the coded variable levels are provided in Tables S1 and S2 (electronic supplementary 
material). Response surface plots were generated to analyze the interaction effects among the variables 
and to identify the optimal preparation conditions. 

2.3. Characterization 

The surface morphologies of the samples were examined using a scanning electron microscope 
(MIRA LMS, TESCAN a.s., Brno, Czech Republic) at an accelerating voltage of 10 kV. Transmission 



Green Chem. Technol. 2026, 3(4), 10029. doi:10.70322/gct.2026.10029 4 of 21 

 

electron microscope (Tecnai F20, FEI Company, Hillsboro, OR, USA) characterization was performed 
at 200 kV to observe the internal structure of LacN. The specific surface area and pore size distribution 
were measured via N2 adsorption-desorption at 77 K using an ASAP 2460 instrument (Micromeritics 
Instrument Corp., Norcross, GA, USA). X-ray diffraction (XRD) patterns were recorded on a D8 
Advance diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) with Cu Kα radiation at 40 kV and 
40 mA, with a scanning range of 2θ = 10°–80°, and a scanning rate of 5°/min. Fourier Transform Infrared 
(FTIR) spectra were obtained on a Nicolet iS20 spectrometer (Thermo Fisher Scientific Inc., Waltham, 
MA, USA) in the range of 4000–400 cm−1 using the KBr pellet method. 

2.4. Determination of Catalytic Activity 

The catalytic activity of free and immobilized laccase was assayed using 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) as the substrate. Protein concentration in the supernatant 
was determined using the Bradford assay with bovine serum albumin (BSA) as the standard. For free 
laccase, 0.1 mL of enzyme solution was mixed with 2.9 mL of ABTS solution. For immobilized laccase, 
LacN@Cu/HAP-BC was added to 3 mL of the same ABTS solution. The reaction was carried out at 
25 °C for 3 min, and the increase in absorbance at 420 nm was recorded using a UV-visible 
spectrophotometer. One unit (A, U) of laccase activity was defined as the amount of enzyme required to 
oxidize 1 μmol of ABTS per minute. The specific activity (SA, U/g) was calculated as activity per gram 
of catalyst. Relative activity (RA, %) was defined as the ratio of the measured activity to the maximum 
activity within the experimental group. All measurements were performed in triplicate. The specific 
calculation formulas are presented below: 

𝐴 ൌ
10଺ ൈ ∆𝐴 ൈ 𝑉 ൈ 𝑓

Ɛ ൈ t
 (1)

𝑆𝐴 ൌ
𝐴
𝑀

 (2)

𝑅𝐴 ൌ
𝐴୧
𝐴୫ୟ୶

ൈ 100% (3)

The specific calculation formulas are presented below, where ΔA is the change in absorbance at 420 
nm, V is the volume of the reaction system (L), f is the dilution factor, ε is the molar extinction coefficient 
of ABTS (36,000 M−1ꞏcm−1), t is the reaction time (min), M is the catalyst mass (mg), Ai is the measured 
catalytic activity (U), and Amax is the maximum catalytic activity within the group (U). 

2.5. Determination of Enzyme Kinetic Parameters 

The Michaelis-Menten kinetic parameters (Km and vmax) were determined by monitoring the 
enzymatic reaction with ABTS as the substrate [21]. The Michaelis constant (Km) represents the 
substrate concentration at which the reaction rate is half of the maximum velocity, while vmax is defined 
as the maximum reaction rate achieved under specific enzyme concentrations and reaction conditions. 
The enzymatic kinetics of equivalent amounts of LacN@Cu/nHAP-BC, LacN@Cu/pHAP-BC, and free 
laccase were investigated by measuring the catalytic rates at various ABTS concentrations over a fixed 
period. For comparative studies, the amounts of free laccase and immobilized laccase were adjusted to 
provide equivalent initial enzymatic activity units (U) in the reaction mixture, ensuring a fair comparison 
of their kinetic and stability properties. The kinetic parameters were estimated based on the Michaelis-
Menten model, and the calculation formula is expressed as follows: 

𝑣 ൌ
𝑣୫ୟ୶ ൈ ሾ𝑆ሿ
𝐾୫ ൅ ሾ𝑆ሿ

 (4)
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The Km and vmax values were calculated by transforming the data into a Lineweaver-Burk double 
reciprocal plot. The formula for the Lineweaver-Burk model is expressed as follows: 

1
𝑣
ൌ

𝐾୫
𝑣୫ୟ୶

ൈ
1
ሾ𝑆ሿ

൅
1

𝑣୫ୟ୶
 (5)

The Km and vmax values were calculated by transforming the data into a Lineweaver-Burk double 
reciprocal plot, where v represents the reaction rate (U), S is the substrate concentration (μmol/L), vmax 
is the maximum reaction rate (U), and Km is the Michaelis-Menten constant (mM). 

2.6. Determination of Enzyme Stability 

Enzymatic reactions typically require mild conditions and are highly susceptible to factors such as 
temperature, pH, and storage conditions; thus, enzyme stability—encompassing storage stability, pH 
stability, thermal stability, and reusability—is a critical parameter reflecting tolerance to extreme 
external environments. Storage stability was evaluated by storing LacN@Cu/HAP-BC and equivalent 
free laccase at 4 °C for 30 d, measuring activity every three d (in triplicate), and calculating relative 
activity with the maximum value defined as 100%. pH stability was determined by incubating samples 
in buffers of varying pH (3.0–9.0) for 2 h, while thermal stability and thermal inactivation kinetics were 
investigated by incubating samples at temperatures ranging from 25 to 75 °C for 2 h; for both stability 
tests, residual activity was measured in triplicate, and relative activity was calculated with the maximum 
activity within each group set as 100%. Reusability was assessed over 10 consecutive cycles: after each 
reaction, the mixture was centrifuged for 10 min, the catalyst was washed three times, and the recovered 
sample was reused under identical conditions, with the relative activity calculated using the activity of the 
first cycle as the 100% reference. The thermal inactivation of laccase is generally described as a “one-step, 
two-state” process, where the active form converts to an inactive form via a first-order monomolecular 
irreversible reaction [22]. This process is typically modeled using first-order kinetics. Specifically, the 
thermal tolerance test was conducted by incubating LacN@Cu/HAP-BC and an equivalent amount of free 
laccase in a water bath at 65 °C for 0–2 h, with samples withdrawn every 20 min. The relative activity was 
calculated with the maximum catalytic activity within each group defined as 100%. The first-order thermal 
inactivation kinetic equation and the half-life formula are expressed as follows: 

ln
𝐴௧
𝐴଴

ൌ ln𝐴 ൌ െk𝑡 (6)

𝑡ଵ/ଶ ൌ
ln2
𝑘

 (7)

where At is the catalytic activity measured at time t (U), A0 is the initial catalytic activity within the 
experimental group (U), t is the reaction time (min), and k is the deactivation rate constant (min−1). 

3. Results and Discussion 

3.1. The Influence of Different Factors on Laccase Activity 

The experimental results presented in Figure 1a,b demonstrate that the catalytic activity of both 
LacN@Cu/nHAP-BC and LacN@Cu/pHAP-BC initially increased with the volume fraction of the LacN 
suspension, reaching a peak before slightly declining. This trend can be attributed to the limited number 
of available adsorption sites on the Cu/HAP-BC support. In the initial stage, increasing the LacN volume 
fraction enhances the binding efficiency with these sites, thereby boosting catalytic activity. However, 
once the adsorption sites are saturated, excess LacN tends to aggregate on the surface, potentially 
masking active sites and hindering contact between the enzyme and substrate, as well as electron transfer, 
thereby leading to a slight reduction in activity. The relative activity of LacN@Cu/nHAP-BC remained 
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at 100.00% within a volume fraction range of 60–80%, indicating this as the optimal interval. Under 
single-factor conditions, a volume fraction of 60% was selected as it achieved maximum activity while 
minimizing LacN dosage. For LacN@Cu/pHAP-BC, the relative activity increased from 94.90% to 
100.00% between 60% and 80%, but then decreased significantly to 79.34% at 100% due to aggregation 
effects. Thus, 60–80% was determined as the optimal range for LacN@Cu/pHAP-BC, with the highest 
activity observed at 80%. To ensure a single variable in subsequent experiments, the LacN suspension 
volume fractions were fixed at 60% for LacN@Cu/nHAP-BC and 80% for LacN@Cu/pHAP-BC. 

Subsequently, the effect of pH (ranging from 4.0 to 8.0) was investigated. Free laccase typically 
exhibits optimal activity within a specific acidic pH range, and deviations can cause denaturation or 
irreversible inactivation, limiting its industrial application. However, as shown in Figure 1c,d, both 
LacN@Cu/nHAP-BC and LacN@Cu/pHAP-BC maintained high catalytic activity across the pH range 
of 4.0–8.0, with a maximum activity loss of only 25.83%. This broadened pH tolerance is attributed to 
the dual protection provided by the LacN nanoflower structure and the biochar support, which shields 
the enzyme’s active center. Notably, the composites exhibited maximum activity under near-neutral 
conditions, making them more suitable for industrial use. Further analysis identified pH 5.0–7.0 as the 
optimal range, where the relative activities were 80.86–100.00% for LacN@Cu/nHAP-BC and 86.98–
100.00% for LacN@Cu/pHAP-BC. Since both composites achieved their maximum activity at pH 6.0 
under single-factor conditions, this value was selected for subsequent experiments. 
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Figure 1. Effect of different factors on the catalytic activity of immobilized LacN: (a,b) LacN volume fraction, (c,d) pH, 
and (e,f) reaction time. 
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Finally, the effect of reaction time (2–10 h) on immobilization efficiency was evaluated (Figure 
1e,f). The results indicate that the catalytic activity of LacN@Cu/nHAP-BC was slightly higher than 
that of LacN@Cu/pHAP-BC, and both followed a similar trend: activity decreased gradually with 
prolonged reaction time. This phenomenon is presumably due to the desorption of partially bound LacN 
from the adsorption sites on Cu/HAP-BC over extended periods. Collectively, the optimal reaction time 
range for both LacN@Cu/nHAP-BC and LacN@Cu/pHAP-BC was determined to be 2–4 h. 

3.2. Optimization of the Synthesis of LacN@Cu/HAP-BC 

3.2.1. Model Fitting and Matching 

Upon inputting the experimental data, a comprehensive statistical analysis was performed to 
evaluate various models, including linear, two-factor interaction (2FI), quadratic, and cubic models. In 
statistical theory, a p-value less than 0.0500 indicates model significance, with lower values denoting 
higher significance (derived from the F-value). Additionally, an R2 value closer to 1 signifies a better fit 
between the predicted and actual values. As shown in Table S3 in the electronic supplementary material, 
the linear and 2FI models were deemed insignificant for LacN@Cu/nHAP-BC. Although the linear and 
2FI models for LacN@Cu/pHAP-BC yielded p-values < 0.0500, they were rejected due to their low R2 
values, which deviated significantly from 1. Conversely, both the quadratic and cubic models for both 
composites exhibited extremely low p-values (<0.0001) and R2 values close to 1. However, the cubic 
model was discarded as the coefficients of the high-order terms were too small to be expressed as a 
practical equation. Consequently, the quadratic model was selected as the most suitable fit, as it 
accurately reflects the relationship between catalytic activity and the independent variables. 

Table S4 in the electronic supplementary material presents the parameter estimates and confidence 
analysis derived from the quadratic model under coded conditions, where A, B, and C represent LacN 
suspension volume fraction, pH, and reaction time, respectively. The coefficient estimates indicate the 
expected change in response per unit change in a factor, assuming all other factors remain constant. The 
intercept in the orthogonal design represents the overall mean response of all experiments, while the 
coefficients represent adjustments around this mean based on factor settings. A Variance Inflation Factor 
(VIF) of 1 indicates orthogonality between factors; a VIF > 1 suggests multicollinearity, though values 
< 10 are generally acceptable. As observed in Table S4, the VIF values for all factors were approximately 
1, confirming the orthogonality of the experimental design. Analysis of the coefficient magnitudes 
revealed that for LacN@Cu/nHAP-BC, both the LacN suspension volume fraction (A) and pH (B) 
exerted a negative effect on catalytic activity, with pH having a more pronounced impact. Reaction time 
(C) demonstrated a negligible effect. These findings are consistent with the results obtained from the 
single-factor experiments. 

For LacN@Cu/nHAP-BC, the interaction effects of the factors on catalytic activity were ranked as 
follows: B2 > BC > AC > AB > A2 > C2. Among these, the interaction terms AB, AC, and BC exhibited 
positive effects, while the quadratic terms A2, B2, and C2 showed negative effects. Conversely, the 
results for LacN@Cu/pHAP-BC differed: both LacN suspension volume fraction (A) and pH (B) exerted 
positive effects on catalytic activity, with volume fraction having a more pronounced impact, whereas 
reaction time (C) showed a negative but negligible effect. These observations are consistent with the 
single-factor experimental results. The interaction effects for LacN@Cu/pHAP-BC were ranked as: B2 > 
C2 > A2 > AB > AC > BC. Specifically, A2, C2, and AC were positive effects, while AB, B2, and BC were 
negative effects. Based on the selected quadratic model, Figure 2 presents the correlation between the 
actual and predicted catalytic activities for both composites. The 17 sets of experimental data points align 
closely along a straight line, indicating a satisfactory model fit and high reliability of the predicted values. 
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Figure 2. Relationship diagram between actual catalytic activity and predicted catalytic activity: (a) LacN@Cu/nHAP-BC; 
(b) LacN@Cu/pHAP-BC. 

3.2.2. Response Surface Analysis 

The reaction time was fixed at the midpoint (3 h) to analyze the interaction effect between LacN 
suspension volume fraction and pH on the immobilized enzyme activity, as illustrated in Figure 3a,b. It 
can be observed that pH exerted a significant influence on both LacN@Cu/nHAP-BC and 
LacN@Cu/pHAP-BC. The catalytic activity increased initially and then decreased, indicating that 
maintaining an intermediate pH level yields higher activity. Regarding the LacN suspension volume 
fraction, its effect on LacN@Cu/nHAP-BC was relatively minor (Figure 3a). Within the range of 60–
80%, the catalytic activity of LacN@Cu/nHAP-BC remained stable; however, considering cost-
effectiveness, a lower volume fraction is preferred for the preparation process. Conversely, as depicted 
in Figure 3b, the volume fraction had a more pronounced impact on LacN@Cu/pHAP-BC, with higher 
dosage corresponding to higher catalytic activity. 

With the pH fixed at the midpoint (pH 6.0), Figure 3c,d illustrates the interaction effects between 
LacN suspension volume fraction and reaction time on catalytic activity. While the volume fraction 
exerted similar influences on both composites, distinct behaviors were observed: LacN@Cu/nHAP-BC 
maintained stable activity within the 60–80% range, whereas the activity of LacN@Cu/pHAP-BC 
increased with higher dosages, consistent with the single-factor results. Furthermore, reaction time had 
a negligible impact on both catalysts; activity remained stable before slightly declining with prolonged 
incubation. This phenomenon is attributed to the desorption of partially bound LacN from the adsorption 
sites on Cu/HAP-BC over extended periods. Finally, with the LacN suspension volume fraction fixed at 
the midpoint (70%), Figure 3e,f presents the interaction effects between pH and reaction time. The 
response surface plots indicate that activity initially increased and then decreased with pH, while 
reaction time showed a slight downward trend, consistent with the single-factor experiments. To 
precisely determine the optimal conditions for LacN immobilization onto Cu/HAP-BC, the model 
equations were further derived using the Box-Behnken response surface methodology. 

Experimental design and optimization were performed using the Box-Behnken response surface 
methodology (RSM). The resulting quadratic model equations for LacN@Cu/nHAP-BC and 
LacN@Cu/pHAP-BC are expressed as follows: 

For LacN@Cu/nHAP-BC: 
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Y = −0.44 + 0.000056A + 0.18B − 0.0062C + 0.00003AB + 0.000053AC  

+ 0.00065BC − 0.0000030A2 − 0.016B2 − 0.0002C2 

For LacN@Cu/pHAP-BC: 

Y = −0.22 − 0.00024A + 0.090B − 0.0065C − 0.000042AB + 0.000027AC  

− 0.00029BC + 0.0000083A2 − 0.0069B2 + 0.00089C2 

In summary, the optimal preparation conditions determined for LacN@Cu/nHAP-BC were: LacN 
suspension volume fraction of 60%, system pH of 6.0, and reaction time of 2 h. For LacN@Cu/pHAP-
BC, the optimal conditions were: LacN suspension volume fraction of 80%, system pH of 6.0, and 
reaction time of 2 h. 

 

Figure 3. Box-Behnken response surface plots illustrating the effects of (a,b) LacN suspension volume fraction and pH, 
(c,d) LacN suspension volume fraction and reaction time, and (e,f) pH and reaction time on enzyme activity. 
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3.3. Characterization 

3.3.1. SEM Analysis 

The SEM images of the laccase-inorganic hybrid nanoflowers (LacN) are presented in Figure 4a. It 
can be observed that the aggregation and anisotropic growth of laccase molecules and primary copper 
phosphate crystals led to the formation of a branched flower-like structure. A high concentration of 
laccase molecules increases the number of nucleation sites, allowing the crystals to grow to larger 
dimensions [3]. Figure 4b displays the TEM image of LacN. The striking similarity in their nested 
structures confirms that this layered nanoflower architecture is achieved through strong coordination 
and electrostatic interactions between Cu2+ and laccase molecules [23], thereby effectively immobilizing 
the laccase molecules within the copper phosphate crystal core. Consequently, LacN can expose the 
laccase active centers, enhance the affinity between the enzyme and the substrate, and provide a larger 
contact area, thereby facilitating improved catalytic activity. The SEM images clearly reveal a 
honeycomb-like structure resembling rose petals. The formation mechanism involves two main steps: 
(1) Interactions occur between amino acids in the laccase molecules and Cu2+, which combine with the 
primary crystals formed by Cu2+-PBS to create “petals”, effectively loading the laccase within these 
structures; (2) During the incubation process, the crystals continuously grow, aggregate, and assemble, 
ultimately forming the rose-like laccase-inorganic hybrid nanoflowers (LacN). 

The morphologies of the bare supports (Cu/nHAP-BC and Cu/pHAP-BC) are shown in Figure 4c,d, 
respectively. Both supports exhibit rough, porous surfaces with abundant pores of irregular sizes, which 
provide anchoring sites for subsequent LacN immobilization. The surface shows sintering and melting 
phenomena typical of high-temperature pyrolysis, and the bamboo-like pore structure is characteristic 
of biochar derived from straw biomass [24]. After LacN immobilization, the flower-like structures of 
LacN can be clearly observed “blooming” on the Cu/HAP-BC surface (Figure 4e for LacN@Cu/nHAP-
BC and Figure 4f for LacN@Cu/pHAP-BC), confirming the successful loading of LacN onto the support. 

 

Figure 4. (a) SEM image (20.0 k×) and (b) TEM image of LacN; SEM images of (c) Cu/nHAP-BC and (d) Cu/pHAP-BC; 
SEM images of (e) LacN@Cu/nHAP-BC and (f) LacN@Cu/pHAP-BC. 
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3.3.2. BET, XRD, FTIR Analysis 

The BET characterization of LacN@Cu/HAP-BC is presented in Figure 5a,b, with specific surface 
area and pore structure parameters listed in Table S5 of the Electronic Supplementary Material. The N2 
adsorption-desorption isotherms (Figure 5a) reveal similar trends for both LacN@Cu/nHAP-BC and 
LacN@Cu/pHAP-BC, characteristic of type IV isotherms indicative of mesoporous structures. The pore 
size distribution curves (Figure 5b) demonstrate that LacN@Cu/HAP-BC maintains a similar 
distribution profile to the pristine Cu/HAP-BC support. According to the data in Table S5, the specific 
surface areas of LacN@Cu/nHAP-BC and LacN@Cu/pHAP-BC are 168.9 m2/g and 179.1 m2/g, 
respectively, representing reductions of 102.6 m2/g and 66.9 m2/g compared to their respective supports. 
This decrease is attributed to the adsorption of LacN onto the surface and within the internal pores of 
Cu/HAP-BC, thereby occupying active sites and blocking the pore channels. Consequently, the total 
pore volumes also decreased from 0.1714 cm3/g and 0.1727 cm3/g (for Cu/nHAP-BC and Cu/pHAP-BC) 
to 0.0902 cm3/g and 0.0963 cm3/g, respectively. However, the average pore diameter exhibited only a 
slight reduction after LacN immobilization. 

To investigate the immobilization of LacN, the FT-IR spectra of Cu/HAP-BC, LacN@Cu/HAP-BC, 
and free laccase in the range of 4000–400 cm−1 are displayed in Figure 5c,d. The near-identical 
characteristic peaks observed in Figure 5c and 5d confirm the structural consistency between nHAP and 
pHAP. The characteristic peaks of free laccase appear at 3426 cm−1, 1645 cm−1, 1360–1480 cm−1, and 
1025 cm−1, corresponding to O–H stretching, –NH vibration, and amide I and II bands (involving C=O 
stretching, N–H bending, C–N stretching, and C–O–C bonds), respectively. While most peaks of 
Cu/HAP-BC and LacN@Cu/HAP-BC overlap, the appearance of a distinct peak at 2925 cm−1 in the 
composite, which is absent in the pure support, confirms the successful loading of laccase. This finding 
is consistent with similar observations reported by Lungelo Dlamini et al., who used zeolitic imidazolate 
frameworks as laccase carriers [25]. 

Figure 5e shows the XRD patterns of Cu/HAP-BC and LacN@Cu/HAP-BC, with Figure 5f 
displaying the standard HAP reference card. The retention of characteristic peaks matching the standard 
HAP pattern indicates that the integrity of the HAP crystal structure was preserved after the synthesis 
of LacN@Cu/HAP-BC. However, new characteristic peaks (at 45.44°) emerged in the XRD patterns of 
LacN@Cu/nHAP-BC and LacN@Cu/pHAP-BC after LacN loading. This phenomenon is presumably 
caused by the incorporation of the LacN structure, a conclusion that aligns with similar findings reported 
by the research group of Zhang et al. [26]. 
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Figure 5. The BET of LacN@Cu/HAP-BC: (a) N2 adsorption-desorption diagram of LacN@Cu/HAP-BC; (b) Pore size 
distribution of LacN@Cu/HAP-BC; FTIR characterization of materials before and after synthesis: (c) LacN@Cu/nHAP-BC; 
(d) LacN@Cu/pHAP-BC; XRD characterization of materials before and after synthesis: (e) XRD spectra of 
LacN@Cu/HAP-BC before and after synthesis; (f) Standard XRD spectra of hydroxyapatite. 

3.4. Comparative Study on Enzyme Kinetics 

The optimal preparation conditions were determined via optimization experiments. The enzymatic 
kinetic parameters of LacN@Cu/nHAP-BC and LacN@Cu/pHAP-BC were obtained through kinetic 
analysis and compared with those of free laccase to investigate the enzyme-substrate affinity and 
catalytic reaction rate. The kinetic parameters (Km and vmax) were calculated from the slopes and 
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intercepts of the Lineweaver-Burk plots, respectively. The fitted Lineweaver-Burk equation parameters 
and kinetic data for LacN@Cu/nHAP-BC, LacN@Cu/pHAP-BC, and free laccase are summarized in 
Table 1. The R2 values for all fits are greater than 0.999, indicating an excellent goodness of fit. 

Table 1. Kinetic parameters of LacN@Cu/HAP-BC and free laccase (U is defined as the amount of enzyme oxidizing 1 
μmol ABTS per minute). 

Parameter LacN@Cu/nHAP-BC LacN@Cu/pHAP-BC Free Laccase 
Intercept 0.477 1.023 0.379 

Slope 474.0 559.5 28.5 
R2 0.9996 0.9999 0.9986 

Km (mM) 0.99 0.55 0.075 
vmax (U) 2.10 0.98 2.64 

The Lineweaver-Burk double reciprocal plots are presented in Figure 6 in the electronic 
supplementary material, where the intercept represents 1/vmax and the slope represents Km/vmax. The 
obtained data indicate that the immobilization process altered the kinetic parameters of laccase. 
Specifically, the vmax values of both LacN@Cu/HAP-BC composites were lower than that of free laccase. 
Among the composites, LacN@Cu/nHAP-BC exhibited a higher vmax (2.10 U) compared to 
LacN@Cu/pHAP-BC (0.98 U). Furthermore, the Km values of LacN@Cu/HAP-BC were higher than 
those of free laccase, suggesting a reduced affinity for ABTS following immobilization. This 
phenomenon can be attributed to the adsorption of LacN onto the surfaces and within the pores of 
Cu/HAP-BC, which introduces mass transfer resistance and creates steric hindrance for substrate access. 
Similar observations have been reported in previous laccase immobilization studies, in which an increase 
in Km and a decrease in activity are commonly observed after immobilization [27,28]. The reduced 
affinity is primarily ascribed to steric hindrance at the enzyme-substrate interface. Additionally, it may 
result from conformational changes in the protein structure during the immobilization process, which limit 
the accessibility of the active sites, thereby decreasing enzymatic activity. Although the composite catalysts 
sacrificed partial substrate affinity, the Cu/HAP-BC support provides abundant copper active sites and rigid 
spatial confinement for LacN nanoflowers. This synergistic protective effect compensates for the kinetic 
disadvantage, delivering far superior operational stability and recoverability compared to bare LacN 
nanoflowers [29]. Future parallel tests using unsupported pure LacN will further quantitatively separate the 
respective mass transfer contributions from nanoflower self-assembly and secondary carrier immobilization. 
As observed from the elevated Km values of LacN@Cu/HAP-BC in Table 1, extra diffusion resistance 
mainly originates from the carrier pore channels rather than the nanoflower petals themselves, which can 
be further confirmed by subsequent independent LacN kinetic experiments [30]. 
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Figure 6. The Lineweaver-Burk curve. 
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3.5. Research on Enzyme Stability 

3.5.1. Storage, Acid-Base, Reuse, Thermal Stability 

pH significantly influences enzyme activity and structure by determining the ionization state of 
amino acids, which in turn affects the enzyme’s 3D conformation and can lead to inactivation. Multi-
point attachment of laccase to the support enhances its rigidity, thereby protecting it from denaturation 
[31]. Figure 7a evaluates the effect of pH on the enzymatic activity of LacN@Cu/HAP-BC. Compared 
to free laccase, the immobilized laccase exhibited higher relative activity across the pH range of 3.0–
10.0. Under acidic conditions (pH 3.0), free laccase retained 50.10% of its relative activity, whereas 
LacN@Cu/nHAP-BC and LacN@Cu/pHAP-BC retained 60.77% and 55.20%, respectively, indicating 
superior acid tolerance. Both free laccase and LacN@Cu/HAP-BC achieved maximum activity at pH 
5.0, consistent with the optimal working pH of laccase. Under alkaline conditions (pH 7.0–10.0), 
LacN@Cu/HAP-BC demonstrated significantly improved alkali tolerance compared to free laccase. 
While free laccase was almost completely inactivated at pH 10.0, LacN@Cu/nHAP-BC and 
LacN@Cu/pHAP-BC still retained 19.54% and 15.57% of their relative activities, respectively. This 
enhanced stability is attributed to the adsorption of laccase not only on the surface but also within the 
internal pores of the support. In extreme pH environments, surface-adsorbed laccase is prone to 
inactivation, whereas the enzyme entrapped within the internal pores is shielded and retains partial 
activity [8]. These results confirm that LacN@Cu/HAP-BC enhances the acid-base stability of laccase 
and broadens its effective working pH range. Compared with the magnetic manganese-laccase 
inorganic-protein hybrid system reported previously, the copper phosphate-based LacN synthesized in 
this work also relies on metal coordination interactions between metal ions and amino acid residues of 
laccase to shield the active site from structural deformation under harsh reaction environments. Different 
metal species bring distinct coordination strengths and catalytic synergistic effects, providing a feasible 
strategy to tune the environmental tolerance of immobilized laccase [32]. 

Free laccase is unstable and prone to deactivation during storage, which significantly limits its 
practical application. Enzyme immobilization is an effective strategy to improve storage stability; 
heterogeneous immobilized enzymes offer distinct advantages over homogeneous free enzymes, and 
storage stability is a critical criterion for evaluating enzyme performance [33]. To investigate the storage 
stability of the immobilized laccase, the enzymatic activity changes of LacN@Cu/HAP-BC and free 
laccase were monitored over 30 d. As shown in Figure 7b, the immobilized laccase exhibited 
substantially improved storage stability compared to the free form. After 15 d of storage, free laccase 
retained 74.72% of its activity, while LacN@Cu/nHAP-BC and LacN@Cu/pHAP-BC retained 89.43% 
and 84.87%, respectively. After 30 d, the relative activity of free laccase dropped to only 42.98%, whereas 
LacN@Cu/nHAP-BC and LacN@Cu/pHAP-BC still maintained 81.35% and 76.70% of their initial 
activities. These results demonstrate that LacN@Cu/HAP-BC possesses excellent storage stability. The 
structural stability and rigidity provided by the LacN structure and the Cu/HAP-BC support effectively 
protect the enzyme from unfolding and denaturation. A previous investigation of Rhus vernicifera laccase 
immobilized on magnetic nanoparticles also confirmed that inorganic solid supports can effectively 
prolong the enzyme’s half-life and maintain residual activity during long-term storage [34]. 

Although free laccase exhibits strong catalytic activity towards polyphenolic substrates, its non-
recyclability hinders industrial applications. Enzyme immobilization resolves this issue, with reusability 
being a critical performance metric [35]. The reusability of LacN@Cu/HAP-BC was evaluated over 10 
reaction cycles using ABTS as the substrate (Figure 7c). Both composites demonstrated excellent 
operational stability, confirming that immobilization effectively endows laccase with reusability. 
Notably, LacN@Cu/pHAP-BC retained 80.15% of its initial activity after 10 cycles, while 
LacN@Cu/nHAP-BC maintained 71.98%. Their physicochemical properties can explain this difference. 
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BET analysis revealed that Cu/pHAP-BC had a higher specific surface area (179.1 m2/g) than Cu/nHAP-
BC (168.9 m2/g), providing more anchoring sites for LacN attachment. The biochar derived from rape 
straw also contributed to the alkaline microenvironment, protecting the enzyme from acidic damage. 

High temperatures easily disrupt protein structures, thereby reducing catalytic activity or causing 
permanent inactivation [36]. The strong bonding within the LacN structure and the confinement by the 
Cu/HAP-BC support reduce enzyme mobility and enhance its thermal stability. Figure 7d compares the 
thermostability of free laccase and LacN@Cu/HAP-BC from 25 to 75 °C. The immobilized laccase 
showed significantly improved stability; at 45 °C (the optimal temperature for both), free laccase 
retained only 45.05% of its activity, whereas the composites remained largely unaffected. Although 
activity declined for both forms at higher temperatures, LacN@Cu/HAP-BC exhibited a much slower 
decay rate. Free laccase was completely inactivated at approximately 70 °C, whereas LacN@Cu/nHAP-
BC and LacN@Cu/pHAP-BC retained 15.01% and 10.73% of their activity even at 75 °C, respectively. 
This superior thermotolerance is attributed to the “nanoflower” structure and immobilization, which 
restrict protein mobility and protect the tertiary structure from thermal denaturation. 
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Figure 7. (a) The pH stability of free laccase and LacN@Cu/HAP-BC; (b) The storage stability of free laccase and 
LacN@Cu/HAP-BC; (c) Reuse stability of LacN@Cu/HAP-BC; (d) The thermal stability of free laccase and 
LacN@Cu/HAP-BC. 

3.5.2. Heat Tolerance and Inactivation Kinetics 

To further investigate thermal tolerance, the residual activities of LacN@Cu/HAP-BC and an 
equivalent amount of free laccase were monitored at 65 °C Figure 8a. Although all samples exhibited a 
declining trend over 120 min, the free laccase deactivated much faster. At the end of the incubation, free 
laccase retained only 56.00% of its initial activity, whereas LacN@Cu/HAP-BC maintained 
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significantly higher activity, confirming that immobilization enhances stability. At high temperatures, 
enzymes are prone to thermal unfolding, which exposes reactive groups and hydrophobic regions, 
leading to protein aggregation and conformational changes that result in inactivation. The thermal 
inactivation curves and their corresponding fits are presented in Figure 8b. 
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Figure 8. Thermal tolerance and thermal inactivation mechanics of free laccase and LacN@Cu/HAP-BC: (a) Changes of 
relative enzyme activity with time; (b) Mechanical fitting curve of thermal deactivation. 

The thermal deactivation kinetic parameters derived from the fitted curves are summarized in Table 
2, which includes the deactivation rate constant (k), half-life (t1/2), and R2 values. The high R2 values 
indicate a satisfactory fit for all samples, confirming that their thermal deactivation follows a first-order 
kinetic model. Specifically, the half-life of free laccase was determined to be 142 min, whereas 
LacN@Cu/nHAP-BC and LacN@Cu/pHAP-BC exhibited significantly longer half-lives of 502 min and 
433 min, respectively. The half-life of LacN@Cu/HAP-BC was approximately 3.0–3.5 times that of free 
laccase. This suggests that the LacN structure, combined with the pore shielding effect of Cu/HAP-BC, 
effectively protects the protein structure of laccase molecules, thereby enhancing their thermal stability. 

Table 2. Thermal activity mechanics parameters. 

Parameter Free Laccase LacN@Cu/nHAP-BC LacN@Cu/pHAP-BC 
Intercept −0.0049 −0.0014 −0.0016 

Slope 0.012 0.000096 −0.0011 
R2 0.9991 0.9998 0.9996 

k (min−1) 0.0049 0.0014 0.0016 
t1/2(min) 142 502 433 

3.5.3. Comparison of Enzyme Stability Parameters 

Table 3 compares the stability parameters of different immobilized laccase systems, defined as the 
conditions under which the relative activity remains above 50%. It can be observed that the as-prepared 
LacN@Cu/HAP-BC retained high storage stability for up to 30 d. In contrast, immobilized laccase 
prepared using MOF materials or calcium/copper alginate beads maintained relative activities above 50% 
for only 10 d or 21 d, respectively. Regarding pH stability, most immobilized laccases listed in Table 2 
maintained favorable activity within the range of pH 3.0–8.0. This is attributed to the fact that while the 
optimal pH of free laccase is typically 3.0–5.0, the immobilization process effectively broadens its 
applicability under alkaline conditions. The LacN@Cu/HAP-BC prepared in this study maintained over 
50% relative activity within the range of pH 3.0–8.0, demonstrating comparable acid-base stability to 
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other systems, whereas the immobilized laccase prepared using polyacrylamide-alginate cryogels was 
limited to a narrower range of pH 2.5–4.0. For thermal stability, the operating ranges were similar among 
the listed materials, generally maintaining >50% activity between 20–60 °C, with only calcium/copper 
alginate beads and PVDF/MWCNT membranes achieving a maximum thermal tolerance of 70 °C. 
Notably, the LacN@Cu/HAP-BC prepared in this study exhibited the best reusability, retaining more 
than 50% of its relative activity even after 10 reaction cycles. Overall, in comparison with similar 
immobilized laccase systems, LacN@Cu/HAP-BC demonstrates superior stability performance. 

Table 3. Comparison of stability parameters for different immobilized laccases. 

Support 
Polyacrylonitr

ile Biochar 

Pine Wood 

Nanobiochar 

MOF-

Supported 

Fe3O4 

Calcium/Copper 

Alginate Beads 

PVDF/MWCNT 

Membrane 

Alginate 

Cryogel 
Cu/HAP-BC 

Laccase source 
Trametes 

versicolor 

Trametes 

versicolor 

B. 

amyloliquefaci

ens LC02 

Cyberlindnera 

fabianii 
Trametes hirsuta 

Trametes 

versicolor 

Trametes 

versicolor 

Storage stability >30 d 25 d >10 d >21 d - - >30 d 

pH stability 3.0~8.0 3.0~5.0 - 3.0~9.0 - 2.5~4.0 3.0~8.0 

Thermal stability 20~60 °C 20~60 °C 20~80 °C 30~70 °C 20~70 °C 30~70 °C 30~60 °C 

Reusability 6  3  5  3 2 7 10 

Reference [37] [38] [39] [40] [41] [42] This work 

Despite the excellent reusability and storage stability of the developed LacN@Cu/HAP-BC 
composites, a gradual loss of residual activity was observed after ten consecutive reuse cycles. Several 
factors may account for this decline, including desorption of surface-loaded LacN nanoflowers, trace 
copper leaching, pore blockage by catalytic intermediates, and irreversible protein denaturation [43,44]. 
Among these, the gradual detachment of partially immobilized LacN from the carrier surface is 
considered the most likely primary cause, consistent with general observations in enzyme 
immobilization studies. Nevertheless, the composites remain highly promising for practical bioresource 
and environmental applications. Their high storage stability and reusability render them suitable for 
continuous-flow packed-bed bioreactors in wastewater treatment or lignocellulosic biomass 
pretreatment. Furthermore, the use of low-cost, waste-derived materials (e.g., porcine bone and rape 
straw) aligns well with the circular bioeconomy concept and facilitates scalability. To advance toward 
real-world implementation, future research should focus on (1) application to real industrial wastewater 
containing mixed refractory pollutants such as chlorophenols and bisphenol A, (2) scale-up studies in 
continuous-flow packed-bed bioreactors, and (3) systematic economic analysis of the entire 
immobilization and operation process. The robust performance data obtained in the present work—
including 10-cycle reusability and 30-day storage stability—provide a solid preliminary foundation for 
these subsequent investigations. 

4. Conclusions 

This study successfully constructed highly stable and reusable laccase biocatalysts by immobilizing 
laccase-inorganic hybrid nanoflowers (LacN) onto two copper-doped hydroxyapatite/biochar supports 
(Cu/nHAP-BC and Cu/pHAP-BC), with preparation conditions systematically optimized via 
single-factor tests and Box–Behnken response surface methodology to ensure high catalytic activity and 
firm binding. Structural characterizations confirmed that flower-like LacN was firmly anchored on the 
porous supports, with well-preserved HAP crystallinity and multivalent copper sites that enhance 
electron transfer and protect the enzyme from conformational damage. Kinetic analysis revealed 
elevated Km and reduced vmax in the immobilized systems, attributable to moderate diffusion resistance 
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and steric effects from the carrier, yet the synergistic catalytic contribution of copper active sites 
compensated for the slight loss in substrate affinity, maintaining favorable overall efficiency. The 
composite catalysts exhibited outstanding comprehensive performance: after 30 d of storage, 
LacN@Cu/nHAP-BC and LacN@Cu/pHAP-BC retained 81.35% and 76.70% of their initial activities, 
respectively, while their thermal half-lives at 65 °C were 3.0–3.5 times longer than that of free laccase; 
moreover, they maintained high relative activity over 10 consecutive reuse cycles, outperforming most 
reported immobilized laccase systems. This synergistic strategy effectively overcomes the poor stability 
of free laccase and the difficulty of recovering pure LacN, while using waste-derived raw materials 
reduces costs and enhances environmental friendliness. Collectively, these findings establish 
LacN@Cu/HAP-BC as a low-cost, readily accessible, and highly stable biocatalytic candidate for 
environmental remediation. Future work will focus on evaluating its performance in continuous-flow 
packed-bed bioreactors and its degradation efficiency toward real refractory pollutants in complex 
industrial wastewater matrices, alongside techno-economic assessment of the entire immobilization and 
operation process to facilitate industrial translation. 
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