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Abstract  21 

Fungal enzyme-mediated systems have been widely employed for the degradation of 22 

environmental contaminants. However, the use of free enzymes is limited by the rapid loss of 23 

their catalytic activity, stability, and reusability, which further restricts their catalytic 24 

performance. In this work, we developed an enzyme immobilization platform by elaborately 25 

anchoring the fungal laccase onto arginine-functionalized boron nitride nanosheets (BNNS-26 

Arg@Lac). BNNS-Arg@Lac showcased enhanced stability against fluctuating pH values and 27 

temperatures, along with remarkable reusability across six consecutive cycles, outperforming 28 

free natural laccase (nlaccase). As a demonstration, a model pollutant of atrazine (ATR) was 29 

selected for proof-of-concept applications, given substantial environmental and public health 30 

concerns in agriculture runoff. By applying BNNS-Arg@Lac, the ATR degradation rate was 31 

nearly doubled that of nlaccase. Moreover, BNNS-Arg@Lac consistently demonstrated superior 32 

ATR degradation capabilities in synthetic agricultural wastewater and various mediator systems 33 

compared to nlaccase. Comprehensive product analysis unraveled distinct degradation pathways 34 

for BNNS-Arg@Lac and nlaccase, further elucidating the mechanism of the laccase-catalyzed 35 

ATR treatment. Overall, this research provides a foundation for the future development of 36 

enzymatic catalysts in tackling pollution problems and may unlock new potential for green and 37 

efficient environmental remediation and waste management strategies. 38 

 39 

Keywords: Herbicide, fungi, nanomaterials, bioremediation, biocatalysis 40 

Synopsis: Laccases on arginine-functionalized boron nitride nanosheets showcase improved 41 

enzyme stability and atrazine degradation, advancing enzyme-nanomaterial hybrids for 42 

environmental cleanup. 43 
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1. Introduction 44 

Fungal enzymes, such as laccases, peroxidases, and cytochrome P450s, have been 45 

increasingly recognized for their significant role in the biodegradation of xenobiotics.1–3 Among 46 

these enzymes, laccases have attracted growing attention in the bioremediation study due to their 47 

high reactivity and substrate versatility. Yet, a major setback of applying free laccase is the fast 48 

loss of enzymatic catalytic performance and stability when encountering environmental factors 49 

such as varied pH and fluctuating temperatures.4 To address that, the enzyme immobilization 50 

technique has been employed, which entails attaching, crosslinking, or entrapping enzymes onto 51 

a solid substrate or within a porous support matrix.2 Undergoing immobilization is expected to 52 

render several advantages over free laccases: (1) improved tolerance to harsh environmental 53 

conditions, including extreme temperatures and pH levels;5 (2) easy recovery of enzymes from 54 

treated wastewater or contaminated sites;6 (3) retained and augmented catalytic ability for 55 

targeted compound degradation.7 To successfully synthesize powerful immobilized laccases, 56 

selecting the appropriate supporting materials is a crucial aspect.8  57 

We envision that boron nitride nanosheets (BNNSs), also known as “white graphene”, are 58 

promising for laccase immobilization. BNNSs consist of a few atomic thickness layers of bulk 59 

hexagonal boron nitride (hBN)9 and resemble structures of graphene, with B atoms and N atoms 60 

substituting for C atoms. BNNSs offer several advantages for enzyme immobilization and 61 

environmental applications. BNNSs showed higher surface areas than hBN (BNNSs: 62 

~2,600 m2 g−1; bulk hBN: ~10 m2 g−1).10 Additionally, the remarkable chemical stability of 63 

BNNSs makes them suitable for use in a wide range of environments.11,12 Their high 64 

biocompatibility13 reduces concerns of secondary contamination. In order to enable better 65 

enzyme attachment on BNNSs, the exfoliation and functionalization process during the BNNSs 66 
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synthesis is necessary for increasing BNNSs solubility and providing covalent binding positions. 67 

One promising method is using amino acids to facilitate the process. Amino acids can interact 68 

with boron nitride via covalent bonds (Lewis acid-base between N atom and hydrophilic 69 

carboxylic group) and van der Waals forces (π–π interaction between R groups).14,15 The 70 

combination of amino acids can increase the dispersion of BNNSs in water24 and provide 71 

functional groups (amine group) at the same time.14,16 Therefore, it is logical to propose that 72 

amino-acid functionalized BNNSs can serve as a representative platform to immobilize laccase, 73 

which can be further used in environmental remediation efforts. 74 

As an extensively used herbicide, atrazine (ATR) has drawn our attention as a model 75 

contaminant. The wide usage of ATR over the years for controlling broadleaf weeds in 76 

commercial crops has resulted in its accumulation in soils, groundwater, and crops.17,18 Given its 77 

role as an endocrine disruptor and its carcinogenic potential,18–21 the presence of ATR leads to 78 

enduring environmental concerns. Many approaches for ATR elimination have been deployed, 79 

such as physicochemical (e.g. adsorption), chemical (e.g. Fenton/Fenton-like reactions, 80 

electrochemical, and photocatalysis), and biological solutions.17,22–25 Under the umbrella of 81 

biological methods, laccases can catalyze reactions that are responsible for ATR degradation. For 82 

example, plant laccases as oxidases have shown to be capable of oxidizing the ethyl side of 83 

ATR.26 Fungal laccases generally have high redox potential which makes them more favorable 84 

than plant or bacterial laccases.2 Nevertheless, little is known about detailed studies of fungal 85 

laccase-mediated ATR degradation systems and underlying mechanisms. Therefore, ATR serves 86 

as an ideal model contaminant for understanding the environmental implication of BNNSs 87 

immobilized laccases. 88 
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To fill these knowledge gaps, we synthesized an enzyme-catalyst involving immobilized 89 

laccase onto amino acid functionalized BNNSs and investigated its ability to degrade ATR. 90 

Laccase was immobilized on arginine-functionalized BNNSs (BNNS-Arg). We assessed the 91 

performance of the resulting catalyst, BNNS-Arg@Lac, in degrading ATR across a range of 92 

simulated water chemistries and compared it with natural laccase (nlaccase). The comprehensive 93 

degradation pathways have also been proposed. This work demonstrated that BNNS-Arg@Lac 94 

holds significant potential to be applied in natural and engineered environments for 95 

contamination treatment. 96 

2. Materials and Methods 97 

Materials and Chemicals. Bulk hexagonal boron nitride powder (hBN) was purchased from 98 

MSE Supplies. All chemicals were purchased from Thermo Fisher Chemical or Sigma Aldrich 99 

unless otherwise stated. Crude laccase extract from Pycnoporus sp. SYBC-L327,28 was gifted by 100 

Dr. Qingguo Huang, University of Georgia.  101 

Synthesis of amino acid-functionalized BNNSs. Amino acids, arginine (Arg), tryptophan (Trp), 102 

cysteine (Cys), aspartic acid (Asp), and Serine (Ser), were selected based on their different R-103 

side chain properties. Different amino acids (1.5 g) were dissolved in deionized (DI) water (15 104 

mL) at 50 °C for 10 min. Then, 0.5 g bulk hBN powder was added to each amino acid solution, 105 

followed by 4-h ultrasonication (Thermo Fisher, 40 kHz). All post-ultrasonicated samples were 106 

centrifuged at 2,000 rpm for 5 min. The supernatant was then filtered by 0.2 μm nylon 107 

membrane, washed with 100 mL DI water, and oven-dried at 60 °C. Different mass ratios of 108 

hBN powder:amino acids and different ultrasonication times were also examined for 109 

optimization. Finally, BNNSs functionalized by Arg (BNNS-Arg) were selected. 110 
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Preparation of activated BNNS-Arg. To activate BNNS-Arg by N-ethyl-N′-(3-111 

(dimethylamino)propyl)carbodiimide /N-hydroxysuccinimide (EDC/NHS) crosslinking system, 112 

100 mg BNNS-Arg was added into 10 mL 2-(N-morpholino)ethanesulfonic acid (MES) buffer 113 

(pH 6). The ratio of 2:1 of EDC:NHS was then added (0.1 g EDC + 0.05 g NHS per 10 mL 114 

solution), followed by continuous stirring at room temperature for 4 h. The solution was filtered, 115 

washed, and dried. The dry powder was collected for further immobilization experiments. 116 

Laccase immobilization on activated BNNS-Arg (BNNS-Arg@Lac). One mL purified natural 117 

laccase (nlaccase) (purified method in supporting information) was mixed with 100 mg 118 

EDC/NHS-activated BNNS-Arg in 10 mL 0.1 M Na-PO4 buffer (pH 3). The solution was stirred 119 

overnight at 30 °C, collected, and then vacuum-filtered. The solid sample was washed with DI 120 

water for non-immobilized nlaccase and dried at room temperature in the fume hood. After that, 121 

the generated BNNS-Arg@Lac activity was analyzed by 2,2'-azino-bis(3-ethylbenzothiazoline-122 

6-sulfonic acid) (ABTS) assay (see supporting information). The process of synthesizing 123 

BNNS-Arg@Lac was shown in Figure 1A. 124 

Characterization methods. The morphology of bulk BN powder, BNNS-Arg, and BNNS-125 

Arg@Lac was characterized by scanning electron microscope (SEM; Phenom Pharos G2 126 

Desktop FEG-SEM, Thermo Fisher), transmission electron microscopy (TEM; FEI Tecnai T12, 127 

Tecnai), and high-resolution transmission electron microscopy (HRTEM; Talos F200C G2, 128 

Thermo Fisher). For SEM samples, all materials were dried and sputter-coated with Pt. TEM and 129 

HRTEM samples were resuspended in ethanol and dried on Lacey carbon support. The elements 130 

on the material surfaces were detected by SEM equipped with an energy dispersive X-ray 131 

detector (EDS) (Phenom Pharos G2 Desktop FEG-SEM, Thermo Fisher). The detailed structures 132 

were studied by X-ray diffraction (XRD; D8 Discover Powder X-ray Diffractometer; Bruker), 133 
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Fourier transform infrared microscopy (FTIR; Nicolet™ iS™ 10 FTIR Spectrometer, Thermo 134 

Fisher), and X-ray photoelectron spectroscopy (XPS). 135 

Evaluation of pH stability, thermal stability, and reusability of BNNS-Arg@Lac. The 136 

catalytic ability to oxidize ABTS was used to evaluate the pH stability, thermal stability, and 137 

reusability of BNNS-Arg@Lac. BNNS-Arg@Lac and natural laccase were incubated in ABTS 138 

solutions with pH values ranging from 2.5 to 7. The relative activities at various pH values were 139 

normalized to activities at their optimum pH (pH 3). To determine the thermal stability, 140 

temperatures from 20 °C to 70 °C were utilized and both BNNS-Arg@Lac and natural laccase 141 

were incubated at certain temperatures for 10 hours. For the reusability test, 20 mg of BNNS-142 

Arg@Lac was incubated with 2 mM ABTS and reused by high-speed centrifugation (20,000 g). 143 

Then the pellets were resuspended into fresh 2 mM ABTS solution to start a new catalytic cycle. 144 

Atrazine degradation catalyzed by BNNS-Arg@Lac. All degradation experiments were 145 

conducted in 250 mL Erlenmeyer flasks at 30 °C, 120 rpm, containing 50 mL Na-PO4 buffer (pH 146 

3), 10 mg/L ATR, and 150 U/L nlaccase and BNNS-Arg@Lac (20 μM mediator or synthetic 147 

agricultural water). The initial ATR concentration was selected based on previously reported 148 

studies.29–32 For sampling, 500 μL samples were extracted and filtered through 0.22 μm filters. 149 

After mixing with acetonitrile (1:1, v/v), filtered samples were analyzed by high-pressure liquid 150 

chromatography (HPLC, Thermo Fisher) with a ZORBAX Eclipse Plus C18 column (150 mm × 151 

4.6 mm, 5 μm, Agilent) and a UV detector at 220 nm. The analytic method was based on 152 

previous work:29 Under isocratic conditions, the mobile phase was acetonitrile:water at 50:50 153 

with a flow rate of 0.6 mL/min. The inhibition effects of chlorophyll a synthesis in model algal 154 

strain, Chlorella vulgaris was performed for detoxication study (see supporting information). 155 
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Analytical identification of degradation products. Samples were taken at 0, 4, 8, 12, and 24 h 156 

for intermediates and end-product analysis. In general, 500 μL samples were first 0.22 μm 157 

filtered. Next, filtered samples containing enzymes were injected through Zeba™ Spin Desalting 158 

Columns (7K MWCO, Thermo Fisher), and elutes were saved. Then samples were analyzed 159 

using LC/MS-QTOF (Agilent 6545) for product identification based on their mass-to-charge 160 

ratio (m/z) (details in supporting information). 161 

3. Results and Discussion 162 

Synthesis and Characterization. We proposed a single-step exfoliation and functionalization of 163 

BNNS using the amino acids-assisted ultrasonication method. A variety of amino acids with 164 

different side chain structures (Arg: positively charged; Trp: hydrophobic; Cys: S-containing; 165 

Asp: negative charged; Ser: polar uncharged) were tested. Different from previously reported 166 

work,14 instead of Trp, Arg showed higher BNNS dispersion, yield, and stable solubility in water 167 

(Figure S1). The more efficient exfoliation could be both the more favorable adsorption energy 168 

between Arg analog and boron nitride nanomaterials through π-stacking interactions, based on 169 

the theoretical calculation,33 and a much higher solubility of Arg than Trp at the same 170 

concentration. Therefore, after the optimization of Arg: bulk hBN ratio and ultrasonication time 171 

(see Table S1), we proceeded with Arg for the following BNNS synthesis to form BNNS-Arg.  172 

After synthesis, the morphology as prepared BNNS-Arg and bulk hBN were examined by 173 

scanning electron microscopy (SEM), transmission electron microscopy (TEM), and high-174 

resolution transmission electron microscopy (HRTEM). Under SEM (Figure 1B and 1E), 175 

BNNS-Arg showed reduced size (~0.1 μm) and thickness (~1 nm) compared to bulk hBN (size: 176 

~1.5 μm; thickness: ~60 nm). As shown in Figure 1C and 1F, the TEM images presented that 177 

after arginine facilitated exfoliation and function, BNNS-Arg exhibited 2D structure as well as 178 
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fewer layers compared to bulk hBN. The thinner structure of BNNS-Arg was further confirmed 179 

by HRTEM results (Figure 1D and 1G). The contrast of bulk hBN to the background was higher 180 

than BNNS-Arg, which showed the thicker nature of bulk hBN. These results demonstrated the 181 

effective BNNS exfoliation. After laccase immobilization, formed BNNS-Arg@Lac still 182 

presented the same morphology as BNNS-Arg, which confirmed the nanosheet structure of our 183 

catalysts. Moreover, element mapping has been conducted to verify the successful linkage 184 

between laccase and BNNS-Arg, for BNNS-Arg only B, N, C, and O were observed on the 185 

surface (Figure S2). However, in addition to these elements, laccase-exclusive elements: Cu and 186 

S were also observed on BNNS-Arg@Lac, which demonstrated laccase has been loaded on the 187 

BNNS-Arg surface (Figure 1H-N). 188 
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 189 

To further uncover the structural information and successful laccase immobilization of 190 

BNNS-Arg@Lac, the XRD analysis, FTIR, and XPS were performed. As shown in Figure 2A, 191 

two characteristic diffraction peaks were observed at 26.7o and 42.1o for both BNNS-Arg and 192 

BNNS-Arg@Lac, which is ascribed to the (111) and (200) face of boron nitrite, implying the 193 

arginine decoration and the subsequent laccase immobilization process of laccase did not change 194 

the host structure.15 From the FTIR, the fingerprint bonds of B-N stretching (1370 cm-1) and B-N 195 

 
Figure 1. Synthesis and structure characterization of BNNS-Arg@Lac. (A) Schematic illustration 

(not to scale) of the synthesis of BNNS-Arg@Lac. (B, E, and H) SEM images of bulk hBN, 

BNNS-Arg, and BNNS-Arg@Lac. (C and F) TEM images of bulk hBN and BNNS-Arg. (D and 

G) HRTEM images of bulk hBN and BNNS-Arg. (I-N) EDS mapping of BNNS-Arg@Lac.  
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bending (820 cm-1) can be observed in all BNNS-contained samples, which is contributed by the 196 

boron nitride substrate.16 The liquid nlaccase sample revealed C-O-C stretching (1099 cm-1), 197 

CONH peptide linkage (1630 cm-1), and an abundant O-H stretching peak that was contributed 198 

by H2O.34 Both BNNS-Arg and BNNS-Arg@Lac exhibited peaks corresponding to C-N bonds, 199 

O-H bending vibration of carboxyl groups, and C-O bonds, which overlapped with B-N 200 

stretching peaks (1370 cm-1). Owing to the addition of laccase, more C-N, O-H bending, and C-201 

O peaks presented in BNNS-Arg@Lac, leading to a greater reduction of B-N stretching peaks. It 202 

could be due to the coverage of laccase on the BNNS-Arg surface. Another evidence of nlaccase 203 

immobilized on BNNS-Arg was the observation of signature peaks of nlaccase: C-O-C stretching 204 

and CONH peptide linkage, in BNNS-Arg@Lac samples. Further chemical state and 205 

composition were identified by the XPS. Illustrated in Figure 2C, the XPS survey shows the 206 

presence of B 1s, C 1s, N 1s, and O 1s signals in both samples, which can be attributed to the 207 

incorporation of arginine within BNNS-Arg and additional amino acids in BNNS-Arg@Lac. 208 

Notably, the deconvoluted C1s spectra (Figure 2D) showed the difference in prominent bonds, 209 

C-C (sp2), C-O/C-N, and C=O. The BNNS-Arg@Lac spectra exhibited peak area ratios of 210 

28:20:15 for C-C, C-O/C-N, and C=O respectively, aligning with the typical bond ratios found in 211 

laccase's chemical architecture.35,36 Given the XPS surface detection limit and larger molecule 212 

size, laccase should represent the primary composition detected if it covered the surface.34 The 213 

peak emergence concurs with the anticipated bond chemistry inherent to the enzyme's structure. 214 

BNNS-Arg spectra indicated a diminution in the peak area ratio of C-O/C-N relative to C-C but 215 

with a similar ratio of C-C to C=O as arginine. It was likely due to the grafting of periphery 216 

arginine's C-O and C-N bonds onto the BNNS during exfoliation while C-C and C=O bonds 217 

were still detectable.14 Further, as shown in Figure S3, deconvolution of N1s spectra revealed 218 
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peaks corresponding to B-N and N-H, indicative of the BNNS bone structures. Despite the low 219 

abundance of Cu and S in laccase (Figure S4-S5), which resulted in no significant peaks for 220 

these elements, the observations were consistent with XPS spectral expectations. 221 

 222 

Stability and Reusability of BNNS-Arg@Lac. Environmental factors, such as fluctuations in 223 

pH and temperature, can compromise the stability of enzymes. Consequently, we tested and 224 

compared both nlaccase and BNNS-Arg@Lac catalytic ability towards ABTS across a wide 225 

 
Figure 2. Structure analysis of BNNS-Arg@Lac. (A) XRD spectra of BNNS-Arg and BNNS-

Arg@Lac. B: FTIR spectra of BNNS-Arg and BNNS-Arg@Lac. (C) XPS spectra of BNNS-Arg and 

BNNS-Arg@Lac. (D) Deconvoluted XPS spectra of C1s in BNNS-Arg and BNNS-Arg@Lac. 

 

https://doi.org/10.26434/chemrxiv-2024-lqj0v ORCID: https://orcid.org/0000-0002-4821-795X Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-lqj0v
https://orcid.org/0000-0002-4821-795X
https://creativecommons.org/licenses/by/4.0/


 13 

range of pH levels and temperatures. As illustrated in Figure 3A, both laccases showed optimal 226 

performance at a pH of 3. However, at conditions approaching a neutral pH, BNNS-Arg@Lac 227 

retained more activity, whereas natural laccase nearly lost all its activity when the pH was 228 

adjusted to 5.5. Given that most environmentally relevant reactions occur around 15 °C, the 229 

stability of enzymatic catalysts at these mild temperatures is crucial. We assessed the 230 

performance of the two laccase forms across a temperature range of 20 °C to 70 °C (Figure 3B). 231 

Within this mild temperature range, BNNS-Arg@Lac showcased the highest enzyme activity, 232 

underscoring its adaptability to natural conditions. In line with previous studies,37 nlaccase 233 

peaked in activity at 50 °C, but it is not an environmentally relevant condition. The enhanced 234 

stability in the face of changing natural conditions can likely be attributed to the interaction 235 

between laccase and arginine on BNNS. Many studies indicate that the covalent modification of 236 

enzymes with small molecules, such as natural amino acids, can bolster their stability.38,39 Thus, 237 

arginine might not only aid in the synthesis of the supporting material, BNNS, but also enhance 238 

the stability of the immobilized enzymes. 239 

The recyclability of BNNS-Arg@Lac has been evaluated through continuous separation 240 

and dispersion across multiple reaction cycles (Figure 3C). The secure peptide binding of 241 

laccase to BNNS-Arg minimizes potential leakage during separation, enhancing the reusability 242 

of BNNS-Arg@Lac, which was supported by previous research that reported a similar 243 

immobilization strategy.40 This high reusability could also potentially reduce the cost of our 244 

catalyst, BNNS-Arg@Lac, further showing the outperformance of this immobilization 245 

approach.40 246 
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 247 

Enhanced Degradation of Atrazine by BNNS-Arg@Lac. The ATR degradation reaction 248 

system was first established under laboratory conditions in a 0.1 M Na-PO4 buffer at pH 3 and 249 

30 °C to achieve better performance of catalysts. Within 24 h, BNNS-Arg@Lac showed ~69% 250 

of ATR degradation while nlaccase only showcased ~35% of ATR concentration reduction 251 

(Figure 4A). In abiotic control and inactive laccase control (Figure S6), ATR did not exhibit 252 

significant change. In the BNNS-Arg group, ATR concentration showed a slight reduction 253 

(~12%). This decrease might be ascribed to the partial ATR adsorption on the BNNS-Arg 254 

backbone. ATR has an electron lone pair on the N atom, which can be considered as a Lewis 255 

base. B on BNNS has a positive charge which can be leveraged as Lewis acid.12 The Lewis acid-256 

base interaction that occurred between ATR and BNNS-Arg backbone caused adsorption. The 257 

adsorbed ATR is likely to have increased access to the active centers of laccases on BNNSs, as 258 

the diffusion resistance between the bulk solution and the laccases can be mitigated by the 259 

synergistic effect of substrate adsorption.41 In addition, the enhanced stability of laccase after 260 

 
Figure 3. Stability and reusability study of BNNS-Arg@Lac and nlaccase. (A) Relative activity 

across pH ranges from 2.5 to 7, normalized to their activities at the optimal pH. (B) Thermal stability 

from 20 C to 70 °C, normalized to their activities at the optimal temperatures. (C) Reusability 

evaluation of BNNS-Arg@Lac after 6 consecutive cycles. Error bars represent the standard 

deviation of the means (n = 3). 
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immobilization may further enhance the ATR catalyzation by retaining the microenvironment of 261 

the active sites.42 Altogether, the overall ATR degradation was raised compared to nlaccase.  262 

Correspondingly, two predominant intermediates have been tentatively identified: 263 

hydroxyatrazine with an m/z of 198.13 and cyanuric acid with an m/z of 130.07 (Figure 4B).29,43 264 

From the initial timepoint (0 h), BNNS-Arg@Lac group has produced a higher level of 265 

hydroxyatrazine and faster production of cyanuric acid than nlaccase group. This result implied 266 

BNNS-Arg@Lac catalyzes ATR with a higher turnover rate. In addition, the observation aligned 267 

with previous reports of enzyme inhibition by ATR and similar s-triazine derivatives in human 268 

liver microsomes.44 Therefore, the disparity in degradation results could also stem from the 269 

product inhibition on nlaccase by other intermediates formed during ATR degradation.  270 

Next, we tested various common mediators in laccase-mediated reactions for degrading 271 

ATR, namely 1-hydroxybenzotriazole (HBT), 2,2,6,6-Tetramethylpiperidine 1-oxyl (TEMPO), 272 

guaiacol (GA), and syringaldehyde (SA). Mediators are a class of compounds that can be 273 

oxidized by laccase into intermediates early in the reaction, which then react with the non-274 

phenolic groups of the substrates.2 Of the four mediators examined, the HBT group in the 275 

BNNS-Arg@Lac system achieved the highest ATR removal (~96%), followed by GA (~52%), 276 

SA (~10%), and TEMPO (~5%). nLaccase showed the same order for ATR removal efficiency 277 

(HBT>GA>SA>TEMPO). However, even with the addition of mediators, nlaccase mostly 278 

showed a lower reduction in ATR concentration. By adding only HBT, ATR and HBT can also 279 

conjugate together, decreasing the ATR concentration (Figure S7).45 Although mediators like 280 

HBT can improve ATR degradation (for example for BNNS-Arg@Lac, with HBT, an ~96% 281 

degradation rate was achieved versus ~69% without it), the addition of HBT caused toxicity to 282 

chlorophyll a synthesis in the model organism, C. vulgaris (Figure S8). ATR, HBT, and their 283 
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mixture all showed inhibition to chlorophyll a synthesis compared with the control group in 284 

normal algal growth. Conversely, chlorophyll a synthesis was not significantly impacted when 285 

treated with BNNS-Arg@Lac and natural laccase in the presence of HBT, suggesting that they 286 

can alleviate the inhibitory effects of HBT. Nonetheless, mediators can complicate the 287 

degradation system and pose potential environmental concerns for practical applications. 288 

To further assess the practical potential of BNNS-Arg@Lac in more environmentally 289 

relevant conditions, experiments for ATR degradation were set up in prepared synthetic 290 

agricultural wastewater according to previous work46,47 (see supporting information for recipe). 291 

High levels of nitrogen and phosphorus characterize agricultural runoff.47,48 These elements are 292 

known to inhibit the activity of certain enzymes in the soil.49 Thus, the investigation of BNNS-293 

Arg@Lac performance in a more complex reaction system is important for its practical 294 

deployment. As illustrated in Figure 4D, BNNS-Arg@Lac still maintained superior ATR 295 

degradation performance compared to nlaccase. Yet, ATR degradation was still inevitably 296 

reduced, possibly due to the inhibitory effects of complex components on laccase activities. 297 

Collectively, our results endorsed BNNS-Arg@Lac as a more efficient catalyst for ATR 298 

degradation, even in conditions that closely mirror environmental scenarios. 299 
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 300 

Proposed Biodegradation Pathways by nLaccase and BNNS-Arg@Lac. For ATR 301 

biodegradation, we observed the distinct pathways during nlaccase and BNNS-Arg@Lac 302 

catalyzed reactions (Figure 5). In nlaccase group, after 4 h, ATR (C8H14ClN5) was presumably 303 

oxidized to C8H13ClN5OH and C8H13ClN5OH was further oxidized to C8H12ClN5(OH)2 at 12 h. 304 

At 8 h, we tentatively identified another intermediate (C8H14N5OH) generated from the 305 

dechlorination reaction. Then this intermediate was oxidized to another two products: C3N3(OH)3 306 

and C3N3H3O3. After 12 h, no significant products were generated in nlaccase group. In contrast, 307 

 
Figure 4. Degradation of ATR by BNNS-Arg@Lac and nlaccase. (A) ATR parent compound 

degradation by BNNS-Arg@Lac and nlaccase. Control groups included abiotic control and BNNS-

Arg adsorption group. (B) Formed products at m/z 198 and 130 by BNNS-Arg@Lac and nlaccase. (C) 

ATR degradation by BNNS-Arg@Lac and nlaccase with different commonly used mediators. (D) 

ATR degradation by BNNS-Arg@Lac and nlaccase in synthetic agricultural wastewater, sampling at 

0, 12, and 24 h. 
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in BNNS-Arg@Lac group, at 4 h, a dechlorination product, C8H14N5OH, was putatively 308 

identified and then oxidization products C3N3(OH)3 and C3N3H3O3 emerged in 8-h samples. At 309 

12 h, smaller molecules: C4N2H6O3 and C2N2H3O2 were tentatively identified as products. More 310 

products, such as C4H12N4OCl were putatively identified at the first 4 h and C5H8ClN5 appeared 311 

at 8 h and then was oxidized to C5H6ClN4OH. The end product profiles at 24 h illustrated that the 312 

BNNS-Arg@Lac group resulted in the production of a greater number of smaller compounds 313 

compared to using only nlaccase. This difference in compound composition may explain why 314 

samples subjected to 24-hour BNNS-Arg@Lac catalysis exhibited lower toxicity towards 315 

chlorophyll a synthesis in C. vulgaris (Figure S8). Two models were proposed by molecular 316 

docking (see supporting information and Figure S9). ATR binding affinity with nlaccase was -317 

5.3 kcal/mol. Because of the software limitation, the graphene-like nanosheet was used as the 318 

best representation of BNNSs.50 After the docking, ATR binding affinity with the immobilized 319 

laccase was increased to -10.3 kcal/mol. The modeling result indicated that the change in enzyme 320 

structure might be responsible for the different ATR degradation outcomes. 321 
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 322 

4. Environmental Implications 323 

The use of ATR to protect (predominantly) corn crops in the U.S. creates significant 324 

human health and environmental risks;51 we note that ATR is banned in the EU where it is 325 

manufactured.52 Our catalyst, BNNS-Arg@Lac, showed high efficacy in ATR degradation as 326 

well as excellent stability and enhanced reusability (relative to nlaccase) even in a complex 327 

(synthetic) agricultural wastewater. The green synthesis process of BNNS-Arg did not require 328 

any toxic organic solvents and laccase is immobilized using natural peptide bonds. More 329 

importantly, BNNS-Arg@Lac overcame the traditional bottleneck of enzymatic catalysts, i.e., 330 

rapid decline in catalytic activity and stability in real environmental conditions. Unlike free 331 

enzymes, which are non-recoverable post-use, BNNS-Arg@Lac retains most of its efficacy upon 332 

reuse up to 6 cycles tested herein. The ATR degradation result of BNNS-Arg@Lac also reduced 333 

secondary contamination, making by-products less harmful. BNNS-Arg@Lac catalyzed ATR 334 

 
Figure 5. Proposed degradation pathways by BNNS-Arg@Lac and nlaccase. Intermediates and end 

products were analyzed at 4, 8, 12, and 24 h. 
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degradation generated smaller molecules and better detoxification ability than its free 335 

counterpart. Therefore, enzyme immobilization as demonstrated herein is a promising approach 336 

to expand the potential of enzymes while being produced via a green chemistry process. 337 
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