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ABSTRACT 10 

Laccase is a kind of green biocatalyst which is widely distributed in nature. 11 

However, the application of free laccase was greatly limited due to the poor stability 12 

and low utilization. In order to prepare a carrier with abundant immobilized sites, 13 

magnetic dendrimer (MPG-x) grafted by PAMAM was constructed using 14 

amino-functionalized Fe3O4 as divergent nucleus in this study. Then the immobilized 15 

laccase MPG-2@GA-Lac and MPG-2@Cu2+ -Lac were prepared by glutaraldehyde 16 

crosslinking and copper chelating adsorption, respectively. The results showed that the 17 

two immobilized laccases showed better comprehensive stability than free laccase. 18 

Moreover, the activation of Cu2+ in the active center of laccase made MPG-2@Cu2+ 
19 

-Lac exhibit better stability. MPG-2@GA-Lac and MPG-2@Cu2+ -Lac retained 74.4% 20 

and 108.1% of the initial free laccase activity, respectively. Compared with 21 

MPG-2@GA-Lac, MPG-2@Cu2+ -Lac achieved better methyl orange (MO) removal 22 

over a wider pH and temperature range. This study is expected to further expand the 23 

application of laccase in the degradation of dye wastewater.  24 

KEYWORDS: magnetic nanoparticles, Polyaminoamide (PAMAM) dendrimers, 25 

immobilized laccase, MO removal 26 

 27 
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1. INTRODUCTION 29 

Laccase has been widely used in many fields such as food processing (1), 30 

biosensor (2), textile printing and dyeing wastewater treatment (3, 4) and biological 31 

bleaching (5). However, the application of free laccase was greatly limited due to   32 

the poor stability, low recycling efficiency and difficulty in separating from the 33 

reaction system (6). The emergence of enzyme immobilization technology had 34 

successfully solved these defects and greatly reduced the cost of application. Recently, 35 

an increasing variety of carriers and supports were used to immobilize enzyme,  36 

including chitosan (7), silica (8), nanotubes (9), metal-organic frameworks (MOFs) (10, 37 

11), covalent organic frameworks (COFs) (12), magnetic materials (13) and dendritic 38 

polymers (14). Among many immobilized carriers, magnetic nanomaterials with 39 

unique magnetic properties and low biological toxicity (15) was used universally. 40 

However, magnetic nanomaterials often need to be modified to add more 41 

functionalization sites for binding and reducing the agglomeration. Ran et al. (16) 42 

prepared a magnetic nanocore with putaminal structure Fe3O4@MoS2@PEI for laccase 43 

immobilization, whose loading capacity reached 120 mg/g, and the recovery rate of 44 

laccase activity reached 90%. Whatsmore, its degradation rate of carcinogenic organic 45 

pollutants in water was excellent. Li et al. (17) designed a functionalized 46 

Fe3O4@C nanoparticles and chelated with Cu2+ to immobilize laccase under mild 47 

conditions, which showed good stability and dye degradation ability. 48 

Polyamide-amine (PAMAM) dendrimer is a highly branched material composed 49 

of a central core, an internal "branch" and abundance outermost terminal groups (18). 50 

After modification, it can be used to encapsulate biological macromolecules (19), 51 

which was widely used in biopharmaceutical (20), drug delivery (21) and targeted 52 

therapy of cancer (22). Wang et al. (23) obtained an enzyme-facilitated nanogel carrier 53 

based on G-4 PAMAM dendrimer through covalent modification to achieve targeted 54 

drug delivery in cancer therapy. By repeated Michael addition and amidation reactions, 55 

dendritic polymers with different algebraic surfaces rich in rich in a large number of 56 
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amino groups can be obtained. Dendrimer with different surface functional groups can 57 

be obtained by further surface functionalization modification. Zhao et al. (24) used 58 

three kinds of amine reagents to graft dendrimers onto Fe3O4 to prepare different 59 

generations of Fe3O4@SiO2/PAMAM magnetic nanoparticles. The results showed that 60 

the immobilized enzyme showed higher enzyme activity and environmental tolerance 61 

than the free enzyme. In addition, dendrimers can be used to immobilize metal ions to 62 

obtain efficient metal catalysts or to achieve the adsorption and removal of metal ions. 63 

Fan et al. (25) synthesized PEI-modified microcrystalline cellulose PAMAM dendritic 64 

macromolecules (MCC-PAMAM-G2.5-PEI) by covalent bonding as a new bimetallic 65 

catalyst for supporting Pd2+ and Cu2+ ions. Compared with other reported catalysts, the 66 

catalyst showed milder reaction conditions, shorter reaction time and higher yield. 67 

Sohail et al.(26) synthesized PAMAM dendrimers by divergence method to achieve 68 

efficient removal of metal nickel. 69 

Although PAMAM dendrimers received extensive studies, there are few reports 70 

on the application of dendrimers in the immobilization of laccase. Hence, dendritic 71 

macromolecular nanocarriers with magnetic(Fe3O4@SiO2-NH2/PAMAM) were 72 

obtained by grafting different algebraic PAMAM dendrimer with magnetic Fe3O4 as 73 

core and surface amino functionalization, which were used for laccase immobilization. 74 

Crosslinking with and Cu2+, the stability and reusability of two immobilized laccases at 75 

different temperatures and pH values were compared. Finally, the removal efficiency 76 

of the two immobilized laccase in methyl orange solution was determined, and the 77 

degradation performance was evaluated. 78 

 79 

2. MATERIALS AND METHODS 80 

2.1 Materials 81 

Laccase was provided by SUNSON (Ningxia, China), Fe3O4, Tetraethyl silicate 82 

(TEOS), (3-aminopropyl) triethoxysilane (APTES), Methyl acrylate (MA), 83 

Diethylenetriamine (DETA), Iminodiacetic acid (IDA), Ammonia (25-28%), 84 
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Glutaraldehyde (50%), 2,2' -diazo-di-3-ethylbenzothiazolin-6-sulfonic acid (ABTS) 85 

were purchased from Aladdin Chemistry Co. Ltd (China). Methyl orange, Methanol, 86 

CuSO4·5H2O, Anhydrous ethanol and Deionized water. All reagents were analytically 87 

pure and required no further purification. 88 

2.2 Preparation of amino-functionalized magnetic nanoparticles 89 

(Fe3O4@SiO2-NH2) 90 

Synthesis of Fe3O4@SiO2-NH2 based on the method described in a study by Chen 91 

et al. (27). 1.0 g of Fe3O4 was dispersed in 100 mL ethanol solution (80%), and Fe3O4 92 

was uniformly dispersed by ultrasound. Then the ammonia of 2 mL was added to the 93 

system, and 2 mL TEOS was added slowly while stirring, then reacted at 25 ℃ for 12 94 

h. The product was washed three times with 1:1 ethanol-aqueous solution to remove 95 

unreacted TEOS and the first reaction was finished. Subsequently, the product was 96 

dispersed in 100 mL ethanol solution (80%) again, 2 mL ammonia and 2 mL APTES 97 

was added successively while the solution was stirred continuously and reacted at 25 ℃ 98 

for 10 h. After washing with 1:1 ethanol-aqueous solution for several times, the surface 99 

amino modified magnetic nanoparticles were obtained after freeze-drying, which was 100 

named MPG-0. 101 

2.3 Preparation of magnetic dendrimer nanocarriers 102 

(Fe3O4@SiO2-NH2/PAMAM) 103 

Fe3O4@SiO2-NH2/PAMAM was synthesized according to methods described by 104 

Zhao et al.(24) and Unniganapathi et al.(28) with modification. The initial phase 105 

involves the Michael addition reaction. Initially, 0.5 g of MPG-0 was dispersed in 65 106 

mL of methanol solution and subjected to ultrasonic dispersion for 20 minutes. The 107 

solution was then cooled in an ice bath, followed by the slow addition of 15 mL of MA, 108 

with continuous stirring maintained. The mixture was allowed to react at 35 ℃ for 24 109 

hours. Subsequently, unreacted MA was removed by repeated methanol washing. The 110 

resultant half-generation product, obtained after freeze-drying, was designated as 111 

MPG-0.5. 112 
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The subsequent phase is the amidation reaction. For this step, 0.5 g of MPG-0.5 113 

was dispersed in 55 mL of methanol solution and subjected to ultrasonic dispersion for 114 

20 minutes. Thereafter, 25 mL of DETA solution was slowly added, with continuous 115 

stirring maintained, and the mixture was allowed to react at 35 ℃ for 24 hours. 116 

Unreacted DETA was removed by repeated washing with methanol solution, and the 117 

first generation product, obtained after freeze-drying, was labeled as MPG-1. 118 

By repeating the aforementioned procedures and suitably increasing the amounts 119 

of MA and DETA added, as well as extending the reaction time and temperature, 120 

magnetic tree-shaped macromolecular nanocarriers with higher algebras can be 121 

synthesized. These are referred to as MPG-x, where "x" denotes the different 122 

generations. 123 

2.4 Preparation of immobilized laccase 124 

A 20mg quantity of MPG-x was uniformly dispersed within a glutaraldehyde 125 

solution of designated concentration. Following a cross-linking reaction, which was 126 

allowed to proceed for a specified duration, the magnetic nanoparticles were isolated 127 

using a magnetic field. Subsequently, the nanoparticles were washed multiple times 128 

with disodium hydrogen phosphate-citric acid buffer (hereinafter referred to as the 129 

buffer solution) to ensure the complete removal of any unreacted glutaraldehyde. 130 

Thereafter, varying concentrations of laccase solution were introduced, and the 131 

immobilized laccase was recovered using a magnetic field after an adequate period of 132 

time. The immobilized laccase was then rigorously washed with the buffer solution 133 

until no detectable laccase remained in the supernatant. 134 

The construction of the copper ion chelate adsorption immobilized laccase was 135 

conducted according to Xia et al.(29). Initially, the surface of the carrier was 136 

carboxylated using a specific concentration of iminodiacetic acid, serving as a bridging 137 

agent. Subsequently, copper ions were affixed to the carrier surface through reaction 138 

with copper sulfate, thereby preparing the immobilized laccase via metal chelate 139 

adsorption. 140 
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2.5 Characterization 141 

The morphology and size of the carrier were examined using a scanning electron 142 

microscope (ZEISS Sigma 300, Germany). For the analysis of the elements present in 143 

the material, an energy dispersive X-ray spectrometer (DES) and an organic element 144 

analyzer (Elementar Vario EL cube, Germany) were employed. Fourier transform 145 

infrared spectroscopy (FT-IR, Nicolet 5700) was utilized to determine the functional 146 

groups within the materials. The crystal structure of the materials was observed with 147 

an X-ray diffractometer (XRD, MiniFlex600, Angle range 10° to 80°). To assess the 148 

magnetic properties of the material, a vibrating sample magnetometer (VSM, 149 

LakeShore 8600, USA) was used. Thermogravimetric analysis was carried out by 150 

means of a thermogravimetric analyzer (TGA/SDTA851e MET 600W). Lastly, X-ray 151 

photoelectron spectroscopy (XPS, ULVAC-PHI.INC, PHI5000 VersaprobeIII) was 152 

applied to analyze the element composition. 153 

2.6 Laccase activity and laccase loading assay 154 

Laccase activity is defined as the quantity of laccase necessary to oxidize 1 μmol 155 

of ABTS within a unit of time. For the laccase activity assessment, a laccase sample 156 

(comprising 0.1 mL of free enzyme or 10 mg of immobilized laccase) was introduced 157 

into a buffer solution adjusted to a specific pH. The mixture was then incubated at the 158 

optimal temperature for a duration of 5 minutes. Subsequently, 0.3 mL of a 1 mM 159 

ABTS solution was added to initiate the reaction (resulting in a total system volume of 160 

3 mL). The laccase activity was determined by quantifying the alteration in absorbance 161 

at a wavelength of 420 nm, measured before and after a 3-minute interval. The laccase 162 

activities for both free and immobilized laccase were calculated using Eq. 1, Eq. 2 and 163 

Eq. 3 (30, 31): 164 Free laccase activity (U/mL) = ∆OD × N × VT × 1000∆t × ε × L × VL  Eq. 1 

  Expressed activity of immobilized laccase (U/g biocatalyst)= ∆OD × VT × 1000∆t × ε × L × M0  

Eq. 2 
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  Specific activity of immobilized laccase (U/g protein)= ∆OD × VT × 1000∆t × ε × L × M1  

Eq. 3 

In this context, ΔOD/Δt is employed to denote the change in absorbance per unit 165 

time. VT represents the total volume (mL) of the laccase reaction. VL indicates the 166 

volume (mL) of the laccase solution added. The extinction coefficient of ABTS at 420 167 

nm, denoted as ε (is 36000 L⋅mol−1⋅cm−1). M0 refers to the mass (g) of the immobilized 168 

laccase. M1 represents the protein content (g) of the immobilized laccase. L is the 169 

optical path (cm) through the colorimetric dish. 170 

The relative activity is calculated using Eq. 4: 171 Relative activity = AiAmax × 100% Eq. 4 

In this context, Ai denotes the laccase activity measured per batch, expressed in 172 

units of U/g or U/mL. Meanwhile, Amax represents the maximum laccase activity 173 

measured per batch, also quantified in U/g or U/mL. 174 

    The protein content within the supernatant was assessed through the Coomassie 175 

brilliant blue method. The protein content is computed using Eq. 5: 176 Laccase loading (mg/g)  = (C0 − C1) × Vm  Eq. 5 

Where C0 represents the laccase concentration in the initial solution (expressed in 177 

mg/mL), C1 denotes the laccase concentration in the supernatant following the reaction 178 

(expressed in mg/mL), and m signifies the mass of the carrier (measured in grams). 179 

2.7 Study on the stability of immobilized laccase 180 

The stability of both free and immobilized laccase was assessed by examining the 181 

effects of varying pH (ranging from 2.0 to 7.0) and temperature (spanning from 25 ℃ 182 

to 65 ℃) on laccase activity. Test samples underwent a 5-minute reaction under 183 

different conditions, after which laccase activity was quantified employing the 184 

aforementioned formula. 185 

To evaluate the operational stability of immobilized laccase, the enzyme was 186 
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reacted in a buffer at its optimal temperature and pH for 5 minutes, followed by the 187 

addition of 1 mM ABTS to initiate the reaction. Upon completion, the immobilized 188 

laccase was isolated using a magnet, and residual ABTS+ was removed with a buffer 189 

wash. Subsequently, fresh buffer and ABTS solution were added to commence the 190 

subsequent cycle. 191 

The storage stability of free and immobilized laccase was investigated by storing 192 

them at 4 ℃ for a duration of 22 days. The maximum laccase activity exhibited by 193 

both free and immobilized forms was designated as 100% for comparative purposes. 194 

2.8 Removal of MO by immobilized laccase 195 

The degradation capacity of immobilized laccase was assessed employing MO as 196 

the substrate. Specifically, 20 mg of MPG-2@GA-Lac or MPG-2@Cu2+
-Lac was 197 

introduced into 10 mL of methyl orange aqueous solution, with concentrations ranging 198 

from 10 mg/L to 50 mg/L. Subsequently, 100 µL of ABTS (1 mM) was added to 199 

facilitate the reaction, which was then agitated under optimal conditions. At regular 200 

intervals, the supernatant was isolated, and its absorbance was measured at 463 nm 201 

using a UV-Vis spectrophotometer. Following this, the immobilized laccase was 202 

washed with buffer solution at its optimal pH, and 10 mL of MO aqueous solution was 203 

reapplied for subsequent degradation cycles. The entire degradation experiment was 204 

conducted over six cycles. 205 

The removal efficiency was calculated as Eq. 6: 206 Remove efficiency = C0−C1C0 × 100% Eq. 6 

Where C₀ represents the concentration of the initial methylene blue (MO) aqueous 207 

solution, and C₁ denotes the concentration of the MO aqueous solution after a certain 208 

reaction time. 209 

In order to investigate the MO degradation efficiency of two immobilized 210 

laccases under different conditions, the degradation kinetics was analyzed 211 

systematically. The degradation kinetics models are expressed as Eq. 7: 212 CtC0 = e−kt
 Eq. 7 
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Where Cₜ is the equilibrium concentration of MO at the reaction time t (mg/L); C₀ 213 

is the initial concentration of MO (mg/L); and k is the rate constant of 214 

pseudo-first-order kinetics. 215 

 216 

3. RESULTS AND DISCUSSION 217 

3.1 Characterization of magnetic dendrimer carriers and immobilized laccase 218 

The SEM images of Fe3O4 before and after modification are presented in Fig.1. 219 

From Fig.1(A), it can be observed that Fe3O4 displays a spherical or ellipsoidal 220 

nanoparticle morphology, with a relatively pronounced agglomeration tendency. Fig.1 221 

(B, C) depict the images of MPG-0 and MPG-2@Cu2+ respectively. It is evident that 222 

the modified magnetic materials remained the nanoscale. In comparison to Fe3O4, both 223 

MPG-0 and MPG-2@Cu2+ exhibit larger particle sizes, while the agglomeration 224 

phenomenon is also moderately improved (31). As illustrated in Fig.1(D, E), the 225 

presence of newly added elements C, N, and Si in the energy-dispersive X-ray 226 

spectroscopy (EDS) spectrum confirms the successful amino functionalization of the 227 

surface of Fe3O4 particles. Furthermore, the detection of the element Cu indicates the 228 

successful chelation of Cu2+. 229 

 230 

Fig.1. SEM of (A) Fe3O4, (B) MPG-0 and (C) MPG-2@Cu2+, EDS of (D) MPG-0 231 

and (E) MPG-2@Cu2+. 232 
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. 233 

(A) displays the FT-IR spectra of the magnetic particles. The peaks observed at 234 

567 cm-1 for Fe3O4, MPG-0, and MPG-2 correspond to the characteristic absorption 235 

peaks of Fe-O, as reported by He et al. (32). The broad and prominent peaks at 3340 236 

cm-1 are primarily attributed to the bending vibrations of N-H and the intermolecular 237 

hydrogen bonds of -NH2. The peaks at 460 cm-1 for both MPG-0 and MPG-2 represent 238 

the characteristic absorption peaks of Fe-O-Si, suggesting the successful coating of 239 

SiO2 on the surface of Fe3O4. The peaks at 1083 cm-1 and 956 cm-1 correspond to the 240 

symmetric and asymmetric bending modes of Si-O-Si, respectively, indicating the 241 

successful amino-functionalization modification on the surface of Fe3O4. Notably, new 242 

peaks at 1664 cm-1, 1596 cm-1, and 1439 cm-1 are clearly evident in MPG-2, which are 243 

associated with the stretching vibrations of the amide bond (C=O and C-N) and the 244 

bending vibration of N-H, respectively. These observations confirm the successful 245 

modification of the MPG-0 surface with polyamidoamine (PAMAM) dendrimers (33, 246 

34). 247 

The X-ray diffraction (XRD) patterns of Fe3O4, MPG-0, and MPG-2 are 248 

presented in Fig.2(B). The prominent peaks observed at 30.2°, 35.6°, 43.3°, 53.9°, 249 

57.5°, and 63° correspond to the (220), (311), (400), (422), (511), and (440) crystal 250 

planes of Fe3O4 (PDF#98-000-0294), respectively, according to He et al.(32). Notably, 251 

in the XRD patterns of both MPG-0 and MPG-2, these peaks remain unshifted, 252 

suggesting that the surface functionalization of Fe3O4 and the subsequent PAMAM 253 

dendrimer modification do not alter the crystalline structure of the Fe3O4 particles. 254 

The TGA results of the materials are presented in Fig.2(C). From 30 ℃ to 324 ℃, 255 

the weight loss of Fe3O4 was 5.07%, primarily attributed to the evaporation of water 256 

within Fe3O4. At 800 ℃, Fe3O4 exhibited a weight loss of 6.27%. The weight loss of 257 

MPG-0 at 800 ℃ (7.1%) was predominantly due to the thermal decomposition of the 258 

silane coupling agent on the surface of Fe3O4, thereby successfully confirming the 259 

aminofunctionalization of the Fe3O4 surface (with the silane coupling agent accounting 260 
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for approximately 0.83%). In comparison to MPG-0, MPG-1 and MPG-2 exhibited 261 

greater weight loss (approximately 8.07% and 8.51%, respectively), primarily due to 262 

the decomposition of their dendritic molecular structures caused by high temperatures 263 

(33), indicating the successful preparation of magnetic dendritic macromolecular 264 

carriers with different algebraic structures. The higher weight loss observed in 265 

MPG-2@GA-Lac and MPG-2@Cu2+
-Lac signifies the realization of laccase fixation 266 

on the carrier. 267 

The magnetic properties of Fe3O4 before and after modification were examined 268 

utilizing a vibrating sample magnetometer. As depicted in Fig.2(D), the saturation 269 

magnetization of Fe3O4 attained 68.9 emu/g. Meanwhile, the modified magnetic 270 

nanoparticles MPG-0 and MPG-2 exhibited saturation magnetization values of 45.3 271 

emu/g and 42.9 emu/g, respectively. This reduction in saturation magnetization serves 272 

to further substantiate the success of the functionalization modification and PAMAM 273 

dendrimer modification. Upon immobilizing laccase, the saturated magnetization of 274 

MPG-2@GA-Lac and MPG-2@Cu2+
-Lac decreased to 36.8 emu/g and 36.3 emu/g, 275 

respectively, signifying the successful immobilization of laccase on the surface of the 276 

carriers. Simultaneously, the high level of saturation magnetization facilitated the 277 

facile separation of the magnetic nanoparticles from the reaction system, thereby 278 

streamlining subsequent operations (34). 279 
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 280 

Fig.2. (A) FT-IR of Fe3O4, MPG-0 and MPG-2. (B) XRD patterns of Fe3O4, 281 

MPG-0 and MPG-2. (C) TGA analysis of Fe3O4, MPG-0, MPG-1, MPG-2, 282 

MPG-2@GA-Lac and MPG-2@Cu2+
-Lac. (D) Magnetization curves of Fe3O4, MPG-0, 283 

MPG-2, MPG-2@GA-Lac and MPG-2@Cu2+
-Lac. 284 

The X-ray Photoelectron Spectroscopy (XPS) analysis of the magnetic 285 

nanoparticle MPG-2 is presented in Fig.3. Specifically, Fig.3(A) displays the complete 286 

spectrum of MPG-2, wherein elements such as C, O, N, Fe, and Si are all distinctly 287 

detectable. Referring to Fig.3(B), the peaks observed at 283.9 eV, 286.1 eV, and 287.2 288 

eV within the C 1s region correspond to the C-C groups resulting from 289 

functionalization in MPG-2, as well as the C-N and C=O groups within the amide 290 

bonds of the PAMAM dendrimer, respectively. These findings corroborate the 291 

successful preparation of the modified magnetic nanoparticles. 292 

In Fig.3(C), the three peaks identified in the O 1s spectrum are attributed to iron 293 

oxides (529.5 eV), SiO2 (530.9 eV), and the C=O group (532.5 eV) within the 294 

PAMAM dendrimer. This confirms the successful coating with silica and modification 295 

with dendritic macromolecules. Similarly, Fig.3(D) reveals peaks at 397.9 eV and 296 
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399.8 eV within the N 1s region, which correspond to primary and secondary amines 297 

in the PAMAM dendrimer, respectively. This suggests that a substantial number of 298 

amino groups have been successfully grafted onto the surface of the magnetic 299 

nanocarriers. 300 

In the Fe 2p spectrum of Fig.3(E), the peaks observed at 710.6 eV and 723.9 eV 301 

correspond to the characteristic peaks of the Fe 2p3/2 and Fe 2p1/2 oxidation states, 302 

respectively, which is consistent with the XPS patterns characteristic of known Fe3O4 303 

materials (35). Lastly, the Si 2p spectrum in Fig.3(F) displays a single peak at 101.6 eV, 304 

which is confirmed to correspond to the Si-O-Si group. 305 

 306 

Fig.3. (A) Full range XPS spectrum of MPG-2 particles; (B)- (F) local 307 

magnification spectra of C 1s, O 1s, N 1s, Fe 2p and Si 2p, respectively. 308 

3.2 Effect of different generation on immobilization of laccase  309 

As illustrated in Table 1, there is an observed increase in the content of C and N 310 

elements within the carrier as the generation progresses. In principle, one would expect 311 

the concentration of the N element to rise exponentially with the augmentation in the 312 

number of generations. However, the practical concentration of this element diverges 313 

from the anticipated exponential increase, attributable to steric impediments 314 

encountered during the synthesis procedure (36). With advancing generations, the 315 

potential for grafting additional amino groups onto the carrier surface escalates, 316 

thereby offering an increased number of immobilization sites. Notwithstanding, the 317 
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loading of laccase did not exhibit a significant upsurge from MPG-2 to MPG-3, due to 318 

steric constraints encountered during the immobilization process. As a result, MPG-2 319 

was designated as the preferred immobilized carrier for laccase (32). 320 

 Table 1. Elemental composition analysis of MPG-x and its loading capacity. 321 

3.3 Optimization of immobilized laccase conditions 322 

The optimization of the laccase immobilization process involved several key 323 

parameters: cross-linking agent concentration, immobilization time, initial laccase 324 

concentration, pH, temperature, and the concentration of Cu2+. As illustrated in Fig. 325 

4(A), both the loading capacity and activity of laccase increased with the rise in 326 

glutaraldehyde concentration, peaking at 1% (v/v). Beyond this concentration, however, 327 

overcrosslinking and the inherent toxicity of glutaraldehyde led to a decline in both 328 

loading capacity and enzyme activity (32). Fig.4(B) demonstrates that as 329 

immobilization time increased, more laccase was loaded onto the carrier, reaching 330 

maximum loading and activity after 3 hours. Further extension of immobilization time 331 

did not enhance loading due to the limited binding sites on the carrier surface and 332 

resulted in decreased activity from excessive cross-linking. According to Fig. 4(C), 333 

increasing the amount of added laccase enhanced both loading and activity until the 334 

optimal addition of 0.7 mL/mL was reached. Beyond this point, although more laccase 335 

could be immobilized, its activity diminished due to excessive aggregation on the 336 

carrier surface, leading to steric hindrance that impeded full contact between laccase 337 

and substrate (37). Additionally, pH and temperature were critical factors affecting 338 

laccase immobilization. Fig.4(D) and Fig.4(E) showed that laccase activity peaked at 339 

pH 3.0 and 30°C, beyond which excessive alkalinity or elevated temperatures could 340 

Sample N content (%) C content (%) Laccase loading (mg/g) 

MPG-0 0.15 0.29 32.4 ± 2.1 

MPG-1 0.38 0.58 43.5 ± 1.6 

MPG-2 0.53 0.84 48.9 ± 0.9 

MPG-3 0.61 0.95 50.7 ± 1.1 
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damage the protein structure of laccase. As depicted in Fig.4(F), the laccase activity 341 

attained its peak when the concentration of Cu2+ was 0.07 M. 342 

 343 

Fig.4. Effects of glutaraldehyde concentration (A), immobilized time (B), 344 

concentration of laccase (C), pH (D), temperature (E) and concentration of Cu2+ (F) on 345 

laccase loading and relative activity. 346 

As illustrated in Table 2, under the optimal immobilization conditions, the laccase 347 

loading of MPG-2@GA-Lac and MPG-2@Cu2+
-Lac was determined to be 48.9 mg/g 348 

and 50.6 mg/g, respectively. Correspondingly, the immobilization efficiencies were 349 

recorded at 77.5% and 80.4%, respectively. The incorporation of the transition metal 350 

ion Cu2+ did not markedly enhance the laccase loading capacity, potentially 351 

attributable to the restricted number of binding sites on the surface of the immobilized 352 

carrier. Nonetheless, Cu2+ was found to activate the active site of laccase, thereby 353 

improving the activity of the immobilized laccase compared to GA, as evidenced by 354 

the increased activity recovery from 74.4% to 108.1% (38). 355 

 Table 2 The immobilization capacity of carriers and the activity of immobilized 356 

laccase. a 
357 

 358 

 359 

 360 

 361 
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 362 

a represent the protein content of free laccase is 178 mg/L, and the activity of free 363 

laccase is 1557.8 U/g protein. 364 

3.4 Stability of free laccase and immobilized laccase 365 

In this study, the stability of immobilized laccase and free laccase at different pH 366 

and temperature, thermal stability at 50 ℃ and reusability were studied to evaluate the 367 

performance of immobilized laccase. 368 

Fig.5(A) showed that the optimal temperature for free laccase and 369 

MPG-2@GA-Lac was 50 ℃, whereas for MPG-2@Cu2+
-Lac was 40 ℃. Between 25 ℃ 370 

and 50 ℃, the molecular thermal movement of free laccase increased the contact 371 

between the laccase and the substrate, and thus showed higher laccase activity (31). 372 

When the temperature increased from 50 ℃ to 65 ℃, the laccase activity decreased 373 

rapidly because the protein structure was destroyed at high temperature. When the 374 

temperature reached 65 ℃, the relative activity of free laccase was only 21.6%. 375 

However, due to the protective effect of the carrier, MPG-2@GA-Lac still had 48.6% 376 

relative activity at 65 ℃. MPG-2@Cu2+
-Lac had strong binding with laccase due to 377 

 

Laccase 

immobilization 

Laccase activity 

Carrier 
Immobilization 

efficiency (%) 

Laccase 

loading 

(mg/g) 

Expressed 

activity (U/g 

biocatalyst) 

Specific 

activity (U/g 

protein) 

Activity 

retention 

(%) 

MPG-2@

GA-Lac 

77.5±1.6 48.9±0.9 56.8±2.1 1158.7±42.9 74.4±2.8 

MPG-2@

Cu2+
-Lac 

80.4±1.7 50.6±1.1 82.5±1.5 1683.1±29.6 108.1±1.9 
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the presence of transition metal ion Cu2+, which helped to further stabilize the 378 

conformation of laccase, and thus exhibits better relative activity than free laccase and 379 

MPG-2@GA-Lac at a wider temperature range (38). The relative activity of 380 

MPG-2@Cu2+
-Lac could still reach 58.4% at 65 ℃. 381 

As shown in Fig.5(B), the optimal pH of free laccase was 2.5, while that of 382 

MPG-2@GA-Lac and MPG-2@Cu2+
-Lac was 3.0. However, both MPG-2@GA-Lac 383 

and MPG-2@Cu2+
-Lac showed higher activity in a wide range of pH, because the 384 

immobilized carriers could better protect the conformation of laccase, thus reducing 385 

the effect of pH on laccase. When pH was greater than 3.0, the relative activity of free 386 

laccase was lower than that of MPG-2@GA-Lac, and when pH=5.5, the relative 387 

activity of free laccase was 13.7%, while that of MPG-2@GA-Lac and 388 

MPG-2@Cu2+
-Lac were 24.4% and 26.1%, respectively.  389 

Fig.5(C) showed the residual relative activity of MPG-2@GA-Lac and 390 

MPG-2@Cu2+
-Lac after 10 cycles. After repeated use for 5 cycles, the relative 391 

activities of MPG-2@GA-Lac and MPG-2@Cu2+
-Lac were 84.2% and 87.1%, 392 

respectively. After 10 cycles, the relative activity of MPG-2@GA-Lac and 393 

MPG-2@Cu2+
-Lac were 66.4% and 70.2%. Both immobilized laccase showed 394 

excellent recycling performance.  395 

Fig.5(D) showed the thermal stability of free laccase and two immobilized laccase 396 

at 50 ℃ and different time. After 1 h heat treatment, the relative activity of free laccase 397 

was 32.0%, that of MPG-2@GA-Lac decreased to 64.4%, but that of 398 

MPG-2@Cu2+
-Lac decreased by 16.7% only. After 5 h of heat treatment, the free 399 

laccase was basically inactivated, while the relative activity of MPG-2@GA-Lac and 400 

MPG-2@Cu2+
-Lac remained 20.3% and 39.32%, respectively. This indicated that the 401 

presence of immobilized carrier could protect the structure of laccase at high 402 

temperature, and the introduction of copper ions further stabilizes the spatial 403 

conformation of laccase itself. 404 



 

 

 

18 

 

 405 

Fig.5. Temperature stability (A), pH stability (B) and thermal stability at 50 ℃ (D) 406 

of free laccase, MPG-2@GA-Lac and MPG-2@Cu2+
-Lac. Reusability of 407 

MPG-2@GA-Lac and MPG-2@Cu2+
-Lac (C). 408 

The storage stability of laccase before and after immobilization was examined by 409 

placing free laccase and immobilized laccase at 4 ℃ for a duration of 22 days. The 410 

initial activity was defined as 100%. As depicted in Fig. 6, following 22 days of 411 

storage, the activity of free laccase diminished by more than half, with only 37.5% of 412 

the relative activity remaining. Conversely, MPG-2@GA-Lac and MPG-2@Cu2+
-Lac 413 

exhibited high activity even after 22 days, retaining 70.4% and 91.2% of the initial 414 

activity, respectively. These findings indicate that the immobilized carrier can 415 

effectively protect laccase and mitigate the loss of enzyme activity. Moreover, it was 416 

observed that the introduction of Cu2+ could further safeguard the spatial structure of 417 

laccase, thereby significantly reducing the loss of laccase activity (38). 418 
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 419 

Fig.6. The Impact of Storage Duration on the Activity of Free Laccase (pH=2.5, 420 

4 ℃) and Immobilized Laccase. 421 

3.5 Effects of parameters on MO removal 422 

As a crucial factor influencing laccase activity, pH has a direct impact on the 423 

ultimate degradation of MO. As presented in Fig. 7, an investigation was conducted 424 

into the MO removal capabilities of free laccase, MPG - 2@GA - Lac, and MPG - 425 

2@Cu²⁺-Lac at different pH values. 426 

As depicted in Fig. 7(A-E), free laccase demonstrated a rapid MO removal 427 

efficiency owing to its direct interaction with MO. At pH = 2.0 and pH = 6.0, the MO 428 

removal efficiency of free laccase reached 53.25% and 48.95%, respectively, 40 429 

minutes later, the removal efficiency tended towards equilibrium. After 3 hours, the 430 

MO removal efficiencies were 57.05% and 50.22%, respectively. 431 

In the case of immobilized laccase, due to the protective effect of the carrier, the 432 

contact efficiency between laccase and the substrate was lower than that of free laccase. 433 

Consequently, the MO removal efficiency of immobilized laccase gradually increased 434 

with the extension of treatment time. When the pH increased from 2.0 to 3.0, the 435 

removal efficiency of immobilized laccase for MO improved gradually. At pH = 3.0, 436 

both MPG - 2@GA - Lac and MPG - 2@Cu²⁺-Lac achieved their optimal MO removal 437 
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efficiencies after 3 hours, which were 73.13% and 82.56%, respectively. However, as 438 

the pH increased, the MO removal efficiencies of MPG - 2@GA - Lac and MPG - 439 

2@Cu²⁺-Lac began to decline. At pH = 6.0, the MO removal efficiencies of MPG - 440 

2@GA - Lac and MPG - 2@Cu²⁺-Lac after 3 hours dropped to 65.88% and 68.5%, 441 

respectively, which were still 1.31 and 1.36 times higher than that of free laccase. This 442 

could be attributed to the fact that laccase was merely immobilized on the surface of 443 

the carrier and could still be directly exposed to the MO solution in a neutral 444 

environment, consistent with the results of the pH stability shown in Fig. 5(B). The 445 

results presented in Fig. 7 indicate that immobilized laccase can effectively enhance 446 

the MO removal efficiency of free laccase within the pH range under consideration. 447 

 448 

Fig.7. (A)-(E) Effects of free laccase, MPG-2@GA-Lac and MPG-2@Cu2+
-Lac 449 

on MO removal under different pH conditions (40 ℃, Initial MO concentration 450 

10mg/L). 451 

Temperature emerged as a pivotal factor influencing the expression of laccase 452 

activity. Consequently, the removal efficacy of MO by free laccase, MPG-2@GA-Lac, 453 

and MPG-2@Cu2+
-Lac across varying temperatures was also investigated, as 454 

illustrated in Fig. 8. The findings revealed that the efficiency of MO removal by both 455 

free laccase (within the initial 40 minutes) and immobilized laccase (within the initial 456 

60 minutes) exhibited a direct correlation with temperature. This phenomenon can be 457 

attributed to the facilitation of molecular thermal motion in a suitable high-temperature 458 
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environment, thereby accelerating the removal of MO (39). The removal efficiency of 459 

MO by free laccase neared equilibrium after 40 minutes, with the optimal removal 460 

efficiency reaching 63.33% after 3 hours. The removal efficiency of MO by 461 

immobilized laccases MPG-2@GA-Lac and MPG-2@Cu2+
-Lac demonstrated an 462 

increasing trend with rising temperature. Upon attaining 40 ℃, both MPG-2@GA-Lac 463 

and MPG-2@Cu2+
-Lac achieved their peak MO removal efficiencies after 3 hours, 464 

which were 72.8% and 82.45%, respectively. However, protracted exposure to elevated 465 

temperatures led to a decline in laccase activity, resulting in reduced MO removal 466 

efficiency. Notwithstanding, even at 55 ℃, the MO removal efficiencies for 467 

MPG-2@GA-Lac and MPG-2@Cu2+
-Lac remained at 64.51% and 68.4% after 3 hours, 468 

respectively. The results presented in Fig. 8 indicated that immobilized laccase could 469 

demonstrate superior MO removal capabilities across a broader temperature range 470 

compared to free laccase. 471 

 472 

Fig.8. (A)-(F) Effects of free laccase, MPG-2@GA-Lac and MPG-2@Cu2+
-Lac 473 

on MO removal at different temperatures (free laccase reaction pH=2.5, immobilized 474 

laccase reaction pH=3.0, initial MO concentration 10 mg/L). 475 

Finally, the impact of free laccase, as well as immobilized laccase 476 

MPG-2@GA-Lac and MPG-2@Cu2+
-Lac, on the removal of MO was examined by 477 

modulating the initial MO concentration, which ranged from 10 mg/L to 50 mg/L. The 478 

outcomes are presented in Fig. 9. It was observed that the removal efficiency of MO by 479 
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free laccase, MPG-2@GA-Lac, and MPG-2@Cu2+
-Lac diminished as the initial MO 480 

concentration increased. At an initial MO concentration of 10 mg/L, the removal 481 

efficiency after 6 hours for free laccase, MPG-2@GA-Lac, and MPG-2@Cu2+
-Lac 482 

were 59.68%, 74.55%, and 82.94%, respectively. As the MO concentration rose, the 483 

removal efficiency for all three decreased. Specifically, when the initial MO 484 

concentration for free laccase was 50 mg/L, the removal efficiency after 6 hours 485 

dropped to 30.92% due to the toxic influence of MO dye on the biological enzyme. In 486 

contrast, the immobilized laccase's activity was less affected by MO due to the 487 

protective carrier. Consequently, even at an initial MO concentration of 50 mg/L, 488 

MPG-2@GA-Lac and MPG-2@Cu2+
-Lac achieved removal efficiencies of 63.23% 489 

and 69.23% after 6 hours, respectively, which is 2.04 and 2.24 times higher than that of 490 

free laccase. These findings underscore the advantages of immobilized laccase. 491 

 492 

Fig.9. (A)-(E) Effects of free laccase, MPG-2@GA-Lac and MPG-2@Cu2+
-Lac 493 

on MO removal at different initial MO concentrations (free laccase reaction pH=2.5, 494 

immobilized laccase reaction pH=3.0, reaction temperature 40 ℃). 495 

Collectively, these results demonstrate that the MO removal efficiency of 496 

immobilized laccase surpasses that of free laccase across varying pH levels, 497 

temperatures, and initial MO concentrations. 498 

In addition, a systematic investigation was conducted on the degradation kinetics 499 

of two immobilized laccases, namely MPG-2@GA-Lac and MPG-2@Cu2+
-Lac. 500 
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Subsequently, the degradation kinetics curves of these two immobilized laccases for 501 

MO under diverse conditions were determined. As illustrated in Fig.10(A, D), pH 502 

exerts an influence on the surface charge properties of the immobilized laccase, 503 

thereby impacting the degradation efficiency. The degradation rate constants of 504 

MPG-2@GA-Lac and MPG-2@Cu2+
-Lac were found to be favorable within a neutral 505 

to slightly acidic environment. With the ascending of pH, the degradation rate 506 

constants initially increased and subsequently decreased, reaching their maximum at 507 

pH=3.0. The respective degradation rate constants Kobs were 0.030 and 0.033. An 508 

appropriate pH can enhance the microenvironment of the laccase, thereby augmenting 509 

the expression of laccase activity and the efficiency of MO degradation. 510 

A more detailed examination was carried out to explore the effect of temperature 511 

on the degradation efficiency of MO, and the corresponding results are presented in 512 

Fig.10(B, E). As the temperature rose, the degradation efficiency of the two 513 

immobilized laccases also increased. MPG-2@GA-Lac and MPG-2@Cu2+
-Lac 514 

attained their peak degradation rates at 55 ℃, with degradation rate constants Kobs of 515 

0.054 and 0.058, respectively. This may be attributed to the fact that high temperature 516 

accelerates the movement of MO molecules, thereby enhancing the contact between 517 

MO and the immobilized laccase. 518 

Finally, the effect of initial MO concentration on the degradation efficiency of 519 

immobilized laccase was investigated. The results were shown in Fig.10(E, F). The 520 

degradation efficiency of MO by MPG-2@GA-Lac and MPG-2@Cu2+
-Lac diminished 521 

as the initial MO concentration increased. At the initial MO concentration of 10 mg/L, 522 

the maximum degradation rate constants of MPG-2@GA-Lac and MPG-2@Cu2+
-Lac 523 

were 0.0245 and 0.0265, respectively. When the concentration of MO increased to 50 524 

mg/L, the degradation efficiency decreased significantly (with the degradation rate 525 

constants dropping to 0.0067 and 0.0074, respectively), which indicated that high 526 

concentration of MO might competitively inhibit the active sites of laccase, thus 527 

affecting the interaction between substrate and laccase (40). Nevertheless, the results 528 
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indicated that both MPG-2@GA-Lac and MPG-2@Cu2+
-Lac maintained a removal 529 

rate of MO exceeding 60%. 530 

The results demonstrate that MPG-2@Cu2+
-Lac displayed a significantly 531 

enhanced degradation efficiency in comparison to MPG-2@GA-Lac. It is postulated 532 

that Cu2+, serving as a crucial component of the active site of laccase, not only 533 

safeguards the conformational integrity of laccase under adverse conditions, but also 534 

engages in the electron exchange between laccase and the substrate (41). 535 

 536 

Fig.10. The degradation kinetics curve of MO for MPG-2@GA-Lac (A - C) and 537 

MPG-2@Cu²⁺-Lac (D - F) under various pH values, temperatures, and initial MO 538 

concentrations. 539 

Under the optimally defined degradation conditions, MPG-2@Cu2+
-Lac 540 

demonstrated a superior removal efficiency (9.43%) for methylene blue (MO) 541 

compared to MPG-2@GA-Lac, as illustrated in Fig.11(A). This observation may be 542 

ascribed to the synergistic interaction between metal ions and laccase, which 543 

accelerates the catalytic reaction, thereby enhancing the removal efficiency of MO (38, 544 

42). Furthermore, it can be observed from Fig.11(A) that the carrier MPG-2 exhibited 545 

minimal adsorptive capacity for MO, suggesting that the removal process primarily 546 

depends on the enzymatic degradation mediated by laccase. 547 

3.6 Reusability for removal of MO 548 

The reusability of immobilized laccase in the dye degradation process is a critical 549 
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parameter for assessing the performance of the immobilized laccase system. Therefore, 550 

this study investigated the cyclic degradation performance of MPG-2@GA-Lac and 551 

MPG-2@Cu2+
-Lac under the optimal conditions (pH 3.0, 40 ℃), as depicted in 552 

Fig.11(B). After six cycles of operation, the removal efficiency of MO by 553 

MPG-2@GA-Lac and MPG-2@Cu2+
-Lac decreased to 58.48% and 66.18%, 554 

respectively. This decline may be attributed to the shedding of laccase over successive 555 

cycles or the inhibitory effects resulting from substrate toxicity (40, 42). These 556 

findings collectively indicate that the immobilized laccase system possesses 557 

considerable reusability. 558 

 559 

Fig.11. (A) remove efficiency of MPG-2@Cu2+
-Lac and MPG-2@GA-Lac (initial 560 

MO concentration 10 mg/L, 40 ℃, pH=3.0). (B) reusability of MPG-2@GA-Lac and 561 

MPG-2@Cu2+
-Lac. 562 

 563 

4. CONCLUSION 564 

In this study, the surface of Fe3O4 nanoparticles was successfully functionalized 565 

with polyamidoamine (PAMAM) dendrimers through an amino-functionalization 566 

process employing a divergent approach. Following optimization, the optimal 567 

immobilization carrier was identified as the magnetic dendrimer (MPG-2), which was 568 

grafted with the second-generation PAMAM dendrimers. Two immobilized laccase 569 

preparations, MPG-2@GA-Lac and MPG-2@Cu2+
-Lac, were fabricated via 570 

glutaraldehyde cross-linking and cupric ion chelate adsorption, respectively, achieving 571 

laccase loadings of 48.9 mg/g and 50.6 mg/g. The corresponding activity recoveries 572 
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were 74.4% and 108.1%, respectively. These results demonstrated that 573 

MPG-2@GA-Lac and MPG-2@Cu2+
-Lac exhibited enhanced stability compared to 574 

free laccase. The removal efficiencies of MPG-2@GA-Lac and MPG-2@Cu2+
-Lac for 575 

10 mg/L of methylene blue (MO) reached 72.19% and 82.56%, respectively, after 3 576 

hours. Following six cycles of degradation, the removal efficiencies were maintained 577 

at 58.48% and 66.18%, respectively. The incorporation of Cu2+ significantly improved 578 

the stability of the immobilized laccase system and the removal efficiency of MO. The 579 

immobilized laccase system developed in this study exhibited a favorable removal 580 

effect on MO, indicating a broad application potential in the degradation of dye 581 

wastewater. 582 
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