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Preface 

This Ph.D. thesis, entitled "Electrospun nanofiber membranes as supports for 

enzyme immobilization and its application in wastewater treatment," 

comprises the research carried out at the Department of Environmental and 

Resource Engineering, Technical University of Denmark, from 1st December 

2019 to 31st November 2022. This thesis was supported by the Novo Nordisk 

Foundation (NNF18OC0034918), and Danish Research Council (8022-

00237B), and China Scholarship Council. The research was performed under 

the main supervision of Associate Professor Wenjing Zhang (DTU Sustain) 

and the co-supervision of Professor Claus Hélix-Nielsen (DTU Sustain) and 

Professor Maher Abou Hachem (DTU Bioengineering) 

 

The thesis is organized in two parts: the first part puts into context the findings 

of the Ph.D. project in an introductive review; the second part consists of the 

papers listed below. 

 

 

I Zhao, D, Leth, M. L., Abou Hachem, Hélix-Nielsen, C., and Zhang, W. 

Thin-film composite biocatalytic Nanofibrous membranes for 

Pharmaceutical Residues Degradation: Performance, stability, and 

Continuity. Manuscript in preparation. 

 

II Zhao, D, Leth, M. L., Abou Hachem, Hélix-Nielsen, C., and Zhang, W. A 

novel eco-friendly degradable laccase-immobilized electrospun nanofibers 

targeting contaminant of emerging concerns. Manuscript in preparation. 

 

III Zhao, D., Leth, M. L., Abou Hachem, M., Aziz, I., Jančič, N., Luxbacher, 

T., Hélix-Nielsen, C., and Zhang, W. (2023). Facile fabrication of flexible 

ceramic nanofibrous membranes for enzyme immobilization and 

transformation of emerging pollutants. Chemical Engineering Journal, 

451, 138902. 
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In addition, the following publications, not included in this thesis, were also 

concluded during this Ph.D. study: 

 

IV Xu, M., Zhao, D., Zhu, X., Su, Y., Angelidaki, I. and Zhang, Y. (2021). 

Biogas upgrading and valorization to single-cell protein in a 

bioinorganic electrosynthesis system. Chemical Engineering Journal, 

426, 131837. 

 

V Wang, G., Hambly, A.C., Zhao, D., Wang, G., Tang, K. and Andersen, 

H.R. (2023). Peroxymonosulfate activation by suspended biogenic 

manganese oxides for polishing micropollutants in wastewater 

effluent. Separation and Purification Technology, 306, 122501. 

 

VI Qin J., Dou Y., Zhao D., Yang X., Andersen, H.R., Hélix-Nielsen, C., 

and Zhang, W. Encapsulation of Carbon-Nanodots into MOFs for 

Efficient Upcycling of Polyvinyl Chloride Plastics. Manuscript in 

preparation 
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Summary 

Life on earth depends on water, which covers 71% of the planet's surface. 

Despite this, the availability of freshwater is endangered by factors such as 

climate change and excessive extraction, unable to keep up with the rising 

global demand. Moreover, the discharge of vast quantities of wastewater by 

industry, municipalities, and agriculture worsens the shortage of water 

resources and poses a threat to human health due to pollution. Water treatment, 

thus, is crucial for ensuring a clean water supply in the future.  

Presently, wastewater treatment plants (WWTPs) face a challenge in 

monitoring and regulating contaminants of emerging concerns (CECs) due to 

their persistence and trace concentrations. The discharge of such compounds 

in the effluent can potentially have adverse effects on aquatic ecosystems and 

wildlife. To mitigate this issue, there is an increasing emphasis on employing 

advanced treatment technologies to reduce the discharge of CECs from 

WWTPs. However, due to their low concentrations, traditional treatment 

technologies like active sludge and moving bed biofilms have limited efficacy 

in removing CECs. In contrast, membrane technology has demonstrated high-

quality removal of CECs, which may result in concentrated pollutants. One 

potential solution is to incorporate enzymes into membrane technology, taking 

advantage of the eco-friendly biotransformation of CECs and regulating water 

quality.  

This thesis aims to investigate the potential of using three different types of 

membranes to immobilize enzymes, with a particular focus on adjusting the 

membranes' structure and functional groups. The initial phase of the research 

indicates the possibility and suitability of a polymer-based membrane system 

for enzyme immobilization. Specifically, the study used laccase, which was 

attached to nanofibers made of polyacrylonitrile (PAN), as well as a lab-

created nanofibrous membrane with a selective layer. Results suggested that 

introducing β-cyclodextrin into the fibers and incorporating –OH and –NH2 

functional groups into the membrane surface could enhance the enzymatic 

activity of the membranes. The immobilized enzyme also demonstrated greater 

thermal stability and a wider range of pH tolerance compared to free enzymes. 

The second part of the thesis focuses on the development of biodegradable 

materials and their potential for enzyme immobilization. Building on earlier 

research, a new process was utilized to produce biodegradable fibrous 

membranes, utilizing β-cyclodextrin as the primary material and citric acid as 
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a crosslinker. The study examined the ability to immobilize laccase in the 

molecular sieving structure of β-cyclodextrin, finding that the immobilized 

enzymes retained their catalytic activity. Implementing this biodegradable 

membrane system offers a solution to the plastic waste commonly associated 

with the disposal of polymeric membranes. 

Despite the potential benefits of biodegradable membranes as carriers for 

enzymes, concerns persist regarding their reusability and durability due to 

inconsistent material properties and limited shelf life. To address these issues, 

the third segment of the study focuses on developing ceramic membranes as 

enzyme carriers that are mechanically stable, recyclable, and flexible. The 

findings demonstrated that the flexible ceramic membranes achieve a high 

immobilization yield of 57.9 ± 0.5% with a specific activity of 0.53 ± 0.09 U 

mg-1. Furthermore, the membranes exhibited efficient removal of up to 95% of 

five emerging pollutants, providing the first proof of concept that laccase-

immobilized ceramic nanofiltration membranes could effectively transform 

emerging pollutants while being easy to retrieve, making them a promising 

option for environmental bioremediation processes. 
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Dansk sammenfatning 

Livet på jorden afhænger af vand, som dækker 71% af planetens overflade. På 

trods af dette er tilgængeligheden af ferskvand truet af faktorer såsom klima-

ændringer og overdreven udvinding, der ikke kan følge med den stigende glo-

bale efterspørgsel. Derudover forværrer udledning af store mængder spilde-

vand fra industri, kommuner og landbrug mangel på vandressourcer og udgør 

en trussel mod menneskers sundhed på grund af forurening. Vandbehandling 

er derfor afgørende for at sikre en ren vandforsyning i fremtiden. 

I øjeblikket står spildevandsrensningsanlæg (WWTP'er) over for en udfordring 

med at overvåge og regulere nyopdagede uønskede stoffer (CEC'er) på grund 

af deres vedholdenhed og sporstoffer. Udsivningen af sådanne forbindelser i 

spildevandet kan potentielt have negative virkninger på vandlevende økosyste-

mer og dyreliv. For at mindske dette er der en stigende vægt på at anvende 

avancerede behandlingsteknologier for at reducere udledningen af CEC'er fra 

WWTP'er. Dog har traditionelle behandlingsteknologier som aktivt slam og 

bevægelige biofilmbede begrænset effektivitet i at fjerne CEC'er på grund af 

deres lave koncentrationer. I modsætning hertil har membranteknologi demon-

streret højkvalitets fjernelse af CEC'er, men dette kan resultere i problemet 

med koncentrerede forureningsstoffer. En potentiel løsning er at inkorporere 

enzymer i membranteknologi, udnytte den miljøvenlige biotransformation af 

CEC'er og regulere vandkvaliteten. 

Denne afhandling har til formål at undersøge potentialet ved at anvende tre 

forskellige typer af membraner til transport af enzymer, med særligt fokus på 

at justere membranernes struktur og funktionelle grupper. Den indledende fase 

af forskningen indikerer muligheden og egnetheden af et polymerbaseret mem-

bransystem til enzymimmobilisering. Specifikt bruger studiet laccase, som er 

fastgjort til nanofibre lavet af polyacrylonitril (PAN), samt en selvskabt nano-

fibøs membran med en selektiv lag. Resultaterne antyder, at introduktionen af 

β-cyclodextrin i fibrene og inkorporeringen af –OH og –NH2 funktionelle grup-

per på membranoverfladen kan forbedre enzymatisk aktivitet i membranerne. 

Den immobiliserede enzym demonstrerer også større termisk stabilitet og et 

bredere pH-toleranceområde sammenlignet med frie enzymer. 

Den anden del af afhandlingen fokuserer på udviklingen af biologisk nedbry-

delige materialer og deres potentiale til enzymimmobilisering. Byggende på 

tidligere forskning anvendes en ny proces til at producere biologisk nedbryde-

lige fibermembraner ved hjælp af β-cyclodextrin som det primære materiale og 
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citronsyre som et tværforbinder. Studiet undersøger evnen til at immobilisere 

laccase i molekylsienestrukturen af β-cyclodextrin og finder, at de immobili-

serede enzymer bevarer deres katalytiske aktivitet. Implementering af dette bi-

ologisk nedbrydelige membransystem tilbyder en løsning på plastaffald, der 

ofte er forbundet med bortskaffelse af polymermembraner. 

Trods de potentielle fordele ved biologisk nedbrydelige membraner som bæ-

rere for enzymer, består bekymringer om deres genanvendelighed og holdbar-

hed på grund af inkonsekvente materialeegenskaber og begrænset holdbarhed. 

For at tackle disse problemer fokuserer den tredje del af undersøgelsen på at 

udvikle keramiske membraner som enzymerbærere, der er mekanisk stabile, 

genanvendelige og fleksible. Resultaterne viser, at de fleksible keramiske 

membraner opnår en høj immobiliseringsudbytte på 57,9 ± 0,5% med en spe-

cifik aktivitet på 0,53 ± 0,09 U mg-1. Derudover viser membranerne effektiv 

fjernelse af op til 95% af fem nye forurenende stoffer og giver den første kon-

ceptbevis for, at laccase-immobiliserede keramiske nanofiltreringsmembraner 

kan effektivt transformere nye forurenende stoffer, samtidig med at de er 

nemme at hente, hvilket gør dem til en lovende mulighed for miljømæssig bio-

remedieringsprocesser. 
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1 Introduction 

1.1 Water, resources, and Emerging pollutants 

While water covers 71% of the earth's surface, only approximately 3% is fresh 

water. Unfortunately, over two-thirds of this freshwater is frozen in glaciers 

and polar ice caps, leaving a minimal amount of freshwater, mainly as ground-

water. In fact, only 1% of freshwater is present as surface water that is available 

for human activities [1]. Although freshwater is considered a renewable re-

source, it cannot meet the ever-increasing demand for water due to population 

growth and economic development. Some highly populated and water-stressed 

areas are already experiencing water scarcity (WS). Approximately one-fifth 

of the world's population lacks access to potable water [2]. Many regions are 

already undergoing pervasive water scarcity conditions. Additionally, by 2050, 

areas including Northern and Southern Africa, the Middle East, and Central 

and Eastern Asia are projected to experience severe water scarcity conditions 

[3,4]. 

 

Figure 1.1 Water scarcity [4] 

Despite the growing water demand, water pollution aroused by human activi-

ties has worsened the situation. Annually, 12,500 tons of renewable freshwater 

is utilized for domestic, agricultural, and industrial applications, thereby re-
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sulting in contamination by a wide range of synthetic compounds [2]. An esti-

mated 80% of industrial and municipal wastewaters containing pharmaceuti-

cals, cosmetics, microplastics, and heavy metals are discharged into the envi-

ronment without prior treatment, posing a threat to both human beings and the 

ecosystem [5]. As a result, continuous effort is required to treat these 

wastewaters. Over the past three decades, various physical, chemical, and bio-

logical technologies such as flotation [6], precipitation [7], oxidation, carbon 

adsorption [8], membrane filtration [9], electrochemistry, and biodegradation 

have been developed and implemented in wastewater treatment plants 

(WWTPs) [10].  

 

Figure 1.2 General scheme of wastewater treatment [10]. Reprinted with per-

mission of Springer. 

WWTPs are crucial for pollutant removal, while the very fact is that they can 

also be hot spots for releasing recalcitrant compounds into the environment 

[11]. These contaminants, known as Contaminants of Emerging Concerns 

(CECs), are highly persistent at low concentrations (ng L-1 ~ μg L-1 range). 

They have the potential to cause negative effects on both the environment and 

human health. There are more than 700 CECs, including their metabolites and 

transformation products, that are reported to be present in the aquatic environ-

ment in Europe [12]. Common categories of CECs include pharmaceutical and 

personal care products (PPCPs), microplastics (MPs), endocrine-disrupting 

compounds (EDCs), and persistent organic pollutants (POPs). CECs are cur-

rently not included in (inter)national routine monitoring programs, and their 

fate, behavior, and ecotoxicological effects are not well understood. 
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1.2 Wastewater Treatment 

Conventional wastewater treatment consists of a combination of physical, 

chemical, and biological processes [13], following the listed sequence, as 

shown in Figure 1.2: (1) preliminary treatment; (2) primary treatment; (3) sec-

ondary treatment; (4) Tertiary treatment; and (5) treatment of sludge formed. 

However, most WWTPs are designed to remove nitrogen, phosphorus, and 

chemical oxygen demand from wastewater. Removal of the CECs through con-

ventional treatment processes remains limited. As a result, they can be released 

from point pollution sources, in particular, WWTPs. Many CECs are frequently 

detected in treated wastewater (Figure 1.3), and their concentrations could po-

tentially pose a threat to the environment [14]. 

 

Figure 1.3 Concentrations of each identified CEC in a) influent; b) effluent for 

all WWTPs [14]. Adapted with permission from Elsevier. 

Until now, reliable techniques to eliminate the CECs from wastewater are yet 

to be developed due to political, technological, and economic reasons. A few 

physicochemical and/or biological methods are evaluated and applied to the 

removal of pollutants from wastewater. This section presents an overview of 

the most relevant treatment technologies available. 
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1.2.1 Advanced oxidation processes (AOPs) 

Advanced oxidation processes (AOPs) are a practical solution for treating re-

calcitrant pollutants as they utilize highly reactive hydroxyl radicals (∙OH) to 

attack a broad range of organic pollutant molecules. This results in a series of 

oxidation reactions and eventually leads to the complete mineralization prod-

ucts of CO2 and H2O. Based on different possible processes for ∙OH generation, 

commonly used AOPs include: 1) photocatalysis, 2) Fenton oxidations, 3) 

plasma oxidation, and 4) ozonation, as shown in Figure 1.4. However, a limi-

tation of AOPs is the production of degradation intermediates that can be more 

toxic than the original compounds, posing a significant challenge to overcome.  

 

Figure 1.4 Hydroxyl radicals formed according to advanced oxidation tech-

nologies [15]. Reprinted with permission from Elsevier 

 

1.2.2 Physical treatment process 

Adsorption is a simple physical process for CECs elimination. The adsorption 

mechanisms of various adsorbents are associated with Van der Waal forces, 

electrostatic interaction, and hydrogen bonding [16]. The effectiveness of ad-

sorption is determined by the type of adsorbent material and the characteristics 

of the contaminants. In addition, reaction conditions such as pH, temperatures, 

and contact time significantly influenced the process. One of the most used 

adsorbents is activated carbon [17]. Advanced materials with a high specific 

surface area, such as graphene [18,19], carbon nanotubes [20,21], and metal-

organic frameworks (MOFs) [22,23], have also been investigated. However, 
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the high costs of adsorbent regeneration and disposal of waste adsorbent are 

the main constraints for this technique. 

Membrane processes have been widely developed in wastewater treatment pro-

cesses, including reverse osmosis (RO), microfiltration (MF), nanofiltration 

(NF), and ultrafiltration (UF), as depicted in Figure 1.5. Numerous studies 

[24–26] have reported efficient rejection of a wide range of CECs through pres-

sure-driven membranes. The permeation mechanisms of CECs through these 

membranes involve size exclusion, hydrophobic adsorption, and electrostatic 

repulsion, which rely on various factors, such as the compound's physicochem-

ical properties, solution chemistry, and membrane properties. Instead of using 

hydraulic pressure difference, forward osmosis (FO), which operates based on 

osmotic pressure differences between the draw solution (DS) and feed solution, 

is also a promising alternative for wastewater treatment [27,28]. Although 

membrane processes exhibit high CEC rejection rates, the concentrated pollu-

tants require further chemical treatment, and the membranes applied, mostly 

polymeric membranes, raise the environmental issue of plastic waste after use.  

 

Figure 1.5 Schematic diagrams of microfiltration, ultrafiltration, nanofiltra-

tion, and reverse osmosis [29]. Reprinted with permission from Elsevier 

 

1.2.3 Biological treatment processes 

Conventional activated sludge (CAS) is a widely used biological treatment for 

reducing organic matter in WWTPs [30]. The process involves adsorption and 

biodegradation, resulting in a broad range of removal efficiencies from nega-

tive to 100% (Figure 1.6). Possible reasons for the apparent negative efficien-

cies could be: Firstly, glucuronides of compounds from the human metabolites 
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might be CECs sources yet discovered [31]. As such, these conjugates can con-

vert to their parent compounds, leading to increased concentrations in treated 

effluents. Secondly, CECs enclosed in solids, such as fecal particles, could be 

gradually released during the biological treatment process.  

 

Figure 1.6 Schematic diagrams of microfiltration, ultrafiltration, nanofiltra-

tion, and reverse osmosis [32]. Reprinted with permission from Elsevier 
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Awareness is needed regarding the accumulation of adsorbed micropollutants 

and their by-products in sludge. Several studies have reported the frequent 

presence of CECs in sewage sludge and biosolids from WWTPs, with relatively 

high concentrations [33,34]. For instance, ciprofloxacin has been found in sew-

age sludge and biosolids from WWTPs at concentrations of up to 160 μg g-1 

dry weight [33]. As a result, advanced methods for sludge management and 

disposal are necessary to prevent the re-exposure of these pollutants to the en-

vironment. 

Enzymatic treatment is a highly effective and environmentally friendly method 

that has gained attention for transforming CECs [35,36]. Enzymes possess sev-

eral desirable properties compared to chemical catalysts, such as high effi-

ciency, selectivity, and mild operating conditions, which result in low energy 

consumption and cost reduction. Additionally, enzymes are biodegradable due 

to their natural origins, making them less environmentally harmful. A variety 

of enzymes, including hydrolases [37], lyases [38], and oxidoreductases [39], 

could be employed for the biotransformation of pollutants. 

 

Figure 1.7 Two types of membrane reactors: (a) a reactor combined with a 

membrane operation unit, (b) a reactor with the membrane acts as a catalytic 

and separation unit.[40]. Reprinted with permission from Elsevier 

However, most enzyme research is conducted using enzymes in a free form, on 

small laboratory scales, in artificial water, and with an extremely high concen-

tration of reactants. It is still challenging to apply these findings to actual 

wastewater treatment situations. Additionally, other factors, such as the non-

reusability of the enzymes and the susceptibility to environmental conditions, 

must also be considered when exploring potential applications. In order to 

overcome the limitations, biocatalytic membrane reactors (BMR), where bio-

chemical transformations catalyzed by enzymes are combined with permeation 

or mass transfer through the membranes, have been developed [40]. Biocata-

lysts can be suspended in solution or immobilized within the membrane matrix. 
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The first system (Figure 1.7a) consists of a traditional reactor equipped with a 

membrane separation unit, while enzymes in the reactor are hard to reuse and 

collect. On the other hand, biocatalytic membranes where biocatalysts are em-

bedded or immobilized in Figure 1.7b combine the benefits of bioremediation, 

and membrane technology markedly facilitates the reuse of immobilized en-

zymes.  

1.3 Oxidoreductases  

Oxidoreductases, including dehydrogenases, oxidases, oxygenases, and perox-

idases, can catalyze electron transfer from one molecule to another [41]. De-

hydrogenases, known as reductases, generally catalyze reversible reactions 

and, therefore, can be used for both oxidative and reductive biocatalysis. On 

the other hand, oxygenases, oxidases, and peroxidases facilitate irreversible 

oxidation reactions due to their high standard enthalpy change of reaction. Re-

search on utilizing oxidoreductases in chemical and pharmaceutical industries 

has gained widespread attention owing to their inherent selectivity and intri-

guing chemistry, including introducing oxygen from O2 into C–H bonds, func-

tionalizing C=C and C–N bonds, and oxidating alcohols, aldehydes, and aro-

matic compounds. 

 

Figure 1.8 Phylogenetic tree constructed with different sources of laccases and 

their applications in bioremediation [42]. Reprinted under the Creative Com-

mons CC BY license. 
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1.3.1 Laccase 

Laccases (benzenediol: oxygen oxidoreductase, EC 1.10.3.2), known as multi-

copper oxidases, were first discovered in the lacquer of the Japanese tree Rhus 

vernicifera by Yoshida in 1883 [43]. Since then, it has been reported that lac-

cases are widely distributed in nature (Figure 1.8) [42], such as higher plants, 

fungi, bacteria, and insects. They are model industrial enzymes with a broad 

range of substrate specificity towards synthetic dyes, chlorinated phenolics, 

and polycyclic aromatic hydrocarbons [44]. Therefore, it is possible to antici-

pate that enzymes produced by various organisms may have numerous appli-

cations in the field of water treatment. 

Laccases, belonging to the blue multicopper oxidase family, possess copper 

centers within their catalytic core. These enzymes have an active center with 

four copper atoms, which can be categorized into three groups based on their 

distinct spectroscopic properties (Figure 1.9). Type 1 (T1) site copper atom 

exhibits a strong absorption at 600 nm due to charge transfer from cysteine 

sulfur to the copper atom. This charge transfer contributes to the blue color of 

the laccase. Type 2 (T2) normal copper is invisible in the UV-Vis absorption 

spectrum. Type 3 coppers consist of a pair of Cu atoms in a binuclear confor-

mation and have a weak absorbance at 330 nm. The laccase-mediated oxidation 

process comprises three primary steps: Firstly, the T1 copper center acts as the 

primary electron acceptor site, accepting electrons from the reducing substrate. 

Secondly, electrons are subsequently transferred from T1 copper to the trinu-

clear T2/T3 copper cluster. Thirdly, electrons reduce molecular oxygen to wa-

ter at the trinuclear T2/T3 cluster.  

 

Figure 1.9 Representation of the copper catalytic site of Trametes versicolor 

laccases (RCBS—Protein Data Bank code 1GYC). His and Cys refers to histi-

dines and cysteíne. Pink spheres refers to te copper atoms [45]. Reprinted under 

the Creative Commons CC BY license. 
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In general, laccases oxidize substrates into free radicals. These free radicals 

and unstable chemical products initiate domino reactions, leading to complex 

chemical transformations [46]. The reaction with laccases can give rise to the 

production of quinoid derivatives or homomolecular dimers [47] through in-

termolecular nucleophilic attack by the radicals (Figure 1.10).  

 

Figure 1.10 Formation of homomolecular and heteromolecular dimers [47]. 

Reprinted with permission from Springer Nature 

Over 15 commercial laccase products are utilized in the food [48], paper [49], 

and textile industries [45,50]. One of the most successful applications is the 

bleaching of indigo-stained denim [51]. Unfortunately, the complex composi-

tion of organic matter and salt, and the pH values of contaminant media largely 

limit commercial laccase applications for water treatment. Additionally, the 

large-scale production of laccases poses a constraint on their application in 

water treatment. 
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1.3.2 Laccase immobilization 

As previously stated, although free enzymes exhibit high catalytic efficiency, 

their non-reusability and susceptibility to deactivation in industrial conditions 

pose challenges to their utilization in water treatment. Targeting the aforemen-

tioned problems, enzyme immobilization, a process of attaching enzymes to 

support or matrix, has attracted growing attention owing to several advantages, 

including the ability to retrieve the catalyst, increased durability under harsh 

conditions, and continued utilization in enzymatic processes [52]. Enzyme im-

mobilization techniques involve adsorption, covalent binding, entrapment and 

encapsulation, and cross-linked aggregate, as listed in Table 1.1. 

Table 1.1 Comparison of different enzyme immobilization methods 

Binding 

method 

Adsorption Encapsula-

tion 

Entrapment Covalent 

Binding 

Cross-

linking 

Complexity Simple Difficult Difficult Difficult Difficult 

Binding 

force 

Variable Weak Weak Strong Strong 

Enzyme 

leakage 

Yes Yes Yes No No 

Large diffu-

sion barrier 

No Yes Yes No No 

Cost Low Moderate Moderate High Low 

Adsorption is a common and simple technique for enzyme immobilization, 

where enzymes are attached to the outer surface of supporting materials. The 

attractive interactions between enzymes and support normally involve hydro-

gen bonding, van der Waals forces, hydrophobic interactions, ionic bonding, 

and metallic chelation interactions. Little damage is applied to enzymes during 

this adsorption process. However, its shortcomings are obvious, including en-

zyme leakage [53], the clogged catalytic site of enzymes, non-specific adsorp-

tion of products, residual contaminants, and other substances [54]. 

Covalent binding is achieved through covalent bonds between functional 

groups of residual amino acid from enzyme surfaces and substrate materials or 

bi-functional reagents that attach enzymes at one side and substrate on the other 

side. It has been reported that many amino acid functional groups could be 

considered reactive enough to participate in covalent bonds formation, such as 

amino groups of lysine or arginine, the carboxyl group of aspartic acid or glu-

tamic acid, sulfhydryl group of cysteine, phenolic of tyrosine, the hydroxyl 

group of serine or threonine, and guanidine of arginine [55]. Generally, strong 

interactions between enzymes and substrates enhance stability and reusability 
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due to increased enzyme rigidity. At the same time, chemical reactions confirm 

that the catalytic sites of enzymes remain unaffected, which ensures immobi-

lized enzymes with higher activities [56]. Therefore, it, by far, has been the 

most effective technique for enzyme immobilization. 

Different from the adsorption and covalent binding method, entrapment and 

encapsulation provide another pathway for enzyme immobilization [57]. In the 

case of immobilization by encapsulation or entrapment, the biomolecule is 

physically inserted into the pores of the supporting material while maintaining 

its original structure. The advantages of entrapment and encapsulation are fast, 

cheap, and mild conditions required for the reaction process. The support ma-

trix, in addition, protects the enzyme from microbial contamination. However, 

the disadvantage of these techniques is the mass transfer limitation [58]. 

Cross-linked enzyme aggregates [59], as a type of immobilization, involve con-

catenating enzymes to each other to form three-dimensional complex enzyme 

aggregates instead of forming an enzyme monolayer on top of supporting ma-

terials, which increases the promising extent of enzyme loading. The most 

commonly used cross linkers are glutaraldehyde-ethylene diamine polymers, 

glutaraldehyde, dextran aldehyde, and toluene diisocyanate [53,54]. High en-

zyme loading compensates for the loss of enzyme activity caused by cross-

linking reactions and finally represents a high overall enzymatic reaction ac-

tivity. Several studies [60,61] could be found to covalently attach cross-linked 

enzyme aggregates to PS/PSMA nanofibers via glutaraldehyde treatment. Both 

enzyme stability and initial reaction activity showed highly improved with neg-

ligible damage to enzymes. 

 

1.3.3 Choice of membrane material and structure 

Previous research has explored various types of support for enzyme immobili-

zation, including nanofibers [62], nano/microspheres [63], beads [64], gels 

[65], and capsules [66]. Considering the functions of the membrane (carrier 

material for enzyme immobilization and separation layer in the reactor), the 

choice of membrane materials is supposed to fulfill the following characteris-

tics:  

1) High surface area providing sufficient active sites for enzyme immobi-

lization 

2) Functional groups with strong interactions with the enzymes 
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3) Suitable mechanical strength fit for the actual wastewater treatment  

4) Easy to scale up 

Up to date, diverse types of nano-materials have been found to fit those re-

quirements, such as mesoporous silica [67], nanoparticles [68], nanotubes [69], 

and nanofibers [70–72]. These nanomaterials with extremely high specific sur-

face area display a highly efficient immobilization rate distinguishing from 

those of other materials. Yet some shortages are still not to be neglected. For 

instance, mesoporous silica [73] usually encloses enzymes on the inner surface 

leading to low enzyme activities. Nanoparticles and nanotubes suffer from re-

cycling and certain concerns of health and environmental issues [68]. Nano-

fibers with high porosity and interconnectivity are easier to fabricate and mod-

ify, standing out of those mentioned materials. Regarding this, electrospun 

nanofibers, as enzyme carriers coupled with membrane reactors, have attracted 

much attention in recent years. The process of electrospinning is widely 

acknowledged as the most effective and facile method [74] for producing nan-

ofibers with controlled fiber diameters and morphology from synthetic and nat-

ural polymers [23,75], polymer alloys [76], and polymers containing nanopar-

ticles [77], active agents, metals [23], and ceramics [73,74]. Selected samples 

for electrospun nanofiber as enzyme carriers in wastewater treatment have 

shown in Table 1.2. 
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Table 1.2. Selected samples for electrospun nanofiber as enzyme carriers in wastewater treatment   

Enzyme species Fiber types Immobilization Pollutants Removal rate (%) Ref 

Laccase Biochar-PAN Covalent binding Chlortetracycline, Diclofenac  63.3%, 72.7%  [78] 

Laccase PAN/PVDF/Cu Covalent binding 2,4,6-trichlorophenol 95.4% [79] 

Laccase PDLLA Encapsulation Phenanthrene, Naphthalene 86.6%, 80.2% [80] 

Laccase 
Vinyl-modified 

PAA-SiO2 
Covalent binding Triclosan 65%  [81] 

Laccase PLCL 
Encapsulation and ad-

sorption 
Naproxen and Diclofenac Over 90%  [82] 

Laccase 
PA6/CHIT nano-

fibers 
Covalent binding Bisphenol A, 17α-ethinylestradiol 92% and 96% [83] 

Laccase PMMA/Fe3O4 Covalent binding Tetracycline 100% and 94% [71] 

Laccase  TiO2/PES  Covalent binding - - [84] 

Horseradish peroxi-

dase 
Fe3O4/PAN 

Adsorption and cova-

lent binding 
Phenol 85% [85] 

Horseradish peroxi-

dase 
PLGA/F108 Encapsulation Pentachlorophenol  83% [86] 

Hydrolase PCL Entrapment Neurotoxin 81% [87] 
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1.4 Objectives and thesis structure 

This work intends to investigate different materials for enzyme immobilization 

with a particular focus on adjusting the membranes' structure and functional 

groups and the potential use of laccase-immobilized membranes in CECs de-

pletion. The specific aims are listed below: 

Aim 1 obtains a fundamental understanding of laccase, laccase immobiliza-

tion, and biocatalytic membranes. 

Aim 2 investigates different materials from polymer to ceramics adapted to 

enzyme immobilization  

Aim 3 utilizes obtained biocatalytic membranes in dead-end and cross-flow 

filtration membrane setups and studies the potentiality for CECs elimination. 

 

1.5 Outline of the Thesis 

The thesis is based on the three studies presented in Paper I-III. The thesis is 

written with the presentation of the background research of each study, neces-

sary experimental information, and discussions outlined in each chapter so that 

a reader can easily follow. 

Chapter 1 presents the current situation in water and an overview of possible 

treatment techniques applied in WWTPs for CECs removal as well as general 

information about laccases, an industrial enzyme. Specifically, it describes the 

structure of laccases, different immobilization techniques, and the materials 

that can be used as enzyme carriers. 

Chapter 2 elucidates the experimental work and characteristic techniques 

employed in Paper I-III to facilitate the comprehension of the results presented 

in the subsequent chapters. 

Chapter 3 discusses laccase immobilization on designed polymeric fibrous 

membranes (Paper I). Compared with free laccase activity, the apparent activ-

ity, chemical stability, and thermal resistance are discussed. Additionally, the 

chapter makes an attempt to utilize the laccase-immobilized membrane and a 

thin-film composite membrane as a system in cross-flow filtration mode for 

CECs depletion. 
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Chapter 4 designs a novel biodegradable nanofiber mat using the findings 

from Chapter 3, as outlined in Paper II. The objective of this design is to ad-

dress the problem of plastic waste. The resulting biodegradable membranes are 

analyzed using SEM, FTIR spectrum, and enzyme assays. Furthermore, the 

potential applications of these biodegradable membranes are evaluated and dis-

cussed. 

Chapter 5 presents a novel approach to fabricating flexible ceramic mem-

branes and applies the obtained for enzyme immobilization, as described in 

Paper III. Additionally, the chapter utilizes the laccase-immobilized mem-

brane and a commercial microfiltration membrane as a system in dead-end fil-

tration mode for CECs depletion. 

Chapter 6 summarizes the obtained knowledge and future perspectives for 

biocatalytic membrane applications. 
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2 Methodology  

Main experimental work and characteristic techniques are elucidated to facili-

tate the comprehension of the thesis, including membrane fabrication and char-

acterization, enzyme assays, and CECs depletion performances. 

2.1 Membrane fabrication  

2.1.1 Electrospun nanofibrous membranes  

Electrospinning is a versatile technique for generating uniform nanofibrous 

membranes with controlled fiber diameters and morphology from synthetic and 

natural polymers. As depicted in Figure 2.1a, this process involves a metallic 

needle spinneret, a syringe pump, a high-voltage power supply, and a ground 

collector. Initially, a solution of polymer, sol-gel, or composite is placed in the 

syringe, forming a droplet at the needle tip. Upon applying high voltage, the 

droplet stretches into a Taylor-cone structure and then transforms into an elec-

trified jet. The jet is further elongated, whipped, and solidified into nanofibers, 

which accumulate on the collector to form a nonwoven fibrous mat. Since each 

needle generates only one polymer jet, needle-based electrospinning is limited 

by low productivity. Needle-less electrospinning, instead, using different spin-

nerets, produces fibers directly from an open liquid surface. Figure 2.1b de-

picts a needless electrospinning setup with a wire-shaped motionless spinneret. 

 

Figure 2.1 a) Needle-based, b) Needless electrospinning setups 

 

2.1.2 Nanofiber-supported thin-film composite membranes (TFCs) 

Interfacial polymerization (IP) has been utilized for the fabrication of func-

tional materials [88]. This process typically involves the reaction of two active 

monomers, namely diamine and acyl chloride, at the interface of water and oil  

(Figure 2.2). The rapid polymerization leads to the formation of a thin polymer 
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film. The monomers within the two solutions subsequently become partitioned, 

and the polymerization slows down due to monomer diffusion through the film. 

As the film thickness grows, the reaction ultimately halts due to the increasing 

diffusion barrier. 

 

Figure 2.2 Interfacial polymerization. a) Schematic representation of the in-

terfacial polymerization process with membrane. b) The reaction schemes of 

interfacial polymerization involved in the thesis 

 

2.2 Membrane characterization  

2.2.1 Microscopy 

Identifying the morphology, structure, and material components is an essential 

factor in the material study. Here, scanning electron microscopy (SEM) and 

confocal laser scanning microscopy (CLSM) are demonstrated, as depicted in 

Figure 2.3. SEM is an advanced microscopy technology using a beam of elec-

trons to generate high-resolution images of the material surface. As the primary 

electrons interact with atoms of the sample, various signals are produced, in-

cluding secondary electrons (SE), backscattering electrons (BSE), X-rays, and 

visible light. Among these, secondary and backscattered electrons are com-

monly employed, with secondary electrons revealing morphology and topog-

raphy and backscattered electrons highlighting composition contrasts in multi-

phase samples.  

CLSM is an optical imaging technique that enhances the optical resolution and 

contrast of micrographs during image formation. This is achieved by illumi-

nating the specimen with a laser beam and using a confocal pinhole to eliminate 
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out-of-focus light, resulting in a sharp and highly-contrasted image. CLSM is 

particularly useful in visualizing and analyzing the structure and function of 

biological specimens. 

 

Figure 2.3 Schematic of a) SEM microscope components. b) CLSM micro-

scope components 

 

2.2.2 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR is a powerful analytical technique that enables the identification and 

characterization of the chemical composition of various specimens by measur-

ing the absorption of infrared light. In FTIR, a beam of infrared radiation is 

directed through the specimens, making it particularly useful for analyzing 

transparent samples. In Fourier Transform Infrared Attenuated Total Reflec-

tance (FTIR-ATR), the infrared radiation is directed onto a crystal in contact 

with the sample to be analyzed. The radiation partially penetrates the sample, 

interacting with its surface, causing a decrease in the intensity of reflected ra-

diation. FTIR-ATR is often favored over FTIR for analyzing solid or semi-

solid samples, providing a representative sample spectrum without sample 

preparation. 

 

2.2.3 Zeta-potential  

Zeta potential is an indicator of surface charge in membrane study and de-

scribes the difference in electrical potential between the membrane surface and 

the surrounding fluid. The streaming potential method is used to determine the 

zeta potential of the membranes.  
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2.3 Enzyme Assays 

2.3.1 Laccase loadings  

The amount of immobilized laccase is calculated by the amount of protein re-

maining in the immobilization supernatant compared to the total protein. The 

protein concentrations in solutions were determined by the Bradford method 

on a microplate reader. The total amount (m) of the immobilized enzyme (μg) 

was calculated as follows: 

𝑚 = (𝐶0 − 𝐶𝑟)𝑉 − ∑ 𝐶w𝑉w                            (1) 

Where, 

C0  : the enzyme concentrations in the initial stock, [μg mL-1] 

Cw : the enzyme concentrations in washing buffer, [μg mL-1] 

Cr  : the enzyme concentrations in the residual solution, , [μg mL-1]  

V,Vw : volumes of the enzyme solution and washing buffer, [mL] 

 

Figure 2.4 Schematic enzyme immobilization process 

 

2.3.2 Laccase activity 

To determine the apparent enzyme activity (A) of either an enzyme solution 

(Afree) or a fiber (Afiber), the initial slope of the absorbance versus time curve 

(Abs420 min-1) was used to calculate it. The enzyme activity was measured in 

units (U), where one unit of enzyme activity (U) was defined as the amount of 

enzyme necessary to convert 1 μmol of ABTS per minute under the given assay 

conditions (μmol min-1). 

𝐴 =
𝛼×𝑉Total

𝜀×𝑑
                                 (2) 

Where, 
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VTotal: the volume of total assay, [μL]  

α  : the absorbance per minute at 420 nm, [min-1],  

d  :  the light path of the assay, [cm]  

ε  :  the molar absorption coefficient of ABTS at 420 nm, 36,000 M -1·cm-1. 

The specific activity of free enzyme (SAfree), specific activities of the immobi-

lized enzyme (SAimm) and fiber (SAfiber) were defined as the enzyme activity 

of enzyme solution per weight of free enzyme (U mg-1 enzyme), enzyme activ-

ity of fiber per weight of immobilized enzyme (U mg -1 enzyme) and support 

membrane(U g-1 fiber) separately. 

𝑆𝐴free =
𝐴free

𝑀free
                             (3) 

𝑆𝐴𝑖𝑚𝑚 =
𝐴fiber

𝑀imm
                              (4) 

𝑆𝐴fiber =
𝐴fiber

𝑀fiber
                             (5) 

Where, 

Mfree  :  the amount of free enzyme in the assay, [mg] 

Mimm  : the amount of immobilized enzyme on tested fiber, [mg] 

Mfiber  : the mass of tested fibers, [g] 

 

2.3.3 Optimum pH and thermal inactivation curve 

To assess the impact of pH on laccase activity, the free and immobilized en-

zymes were examined at pH 3.5-6.5 in 20 mM NaOAc, and their absorbance at 

420 nm was measured at 25°C. Additionally, a thermal-irreversible inactiva-

tion test was carried out to assess the stability of both the free and immobilized 

enzymes at 50°C.  

 

2.3.4 Kinetic parameters  

The apparent Michaelis-Menten kinetic parameters of both free and immobi-

lized enzymes are obtained by determining the specific activity of the enzymes 

using various concentrations of ABTS ranging from 0.1 to 5 mM: 

𝜐 = 𝑉max
[𝑆]

𝐾m+[𝑆]
                              (6) 
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1

𝑉
=  

𝐾m

𝑉max[𝑆]
+

1

𝑉max
                            (7) 

Where, 

υ   :  the initial reaction rate  

[S] :   substrate concentration, [mM] 

Vmax  :  the apparent maximum rate of the bio-catalyst  

Km  :  the apparent Michaelis–Menten constant, [mM] 

 

2.4 Membrane filtration setups 

The thesis involves two kinds of filtration modes: dead-end filtration and cross-

flow filtration. 

  

Figure 2.5 Schematic of a) dead-end filtration setup, b)cross-flow filtration 

setup 

 

The concentrations of EPs were analyzed by High-Performance Liquid Chro-

matography–Mass Spectrometry (HPLC-MS). The depletion efficiency (D) 

was calculated as 

𝐷 =
𝐶EP0−𝐶EP

𝐶EP0

 × 100%                           (8) 

Where, 

CEP0 :  EP concentrations in initial solutions, [μg L-1] 

CEP :   EP concentrations in the permeate, [μg L-1] 
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3 Polymeric Membranes for Laccase 

Immobilization and CECs Depletion 

Chapter 3 will implement a laccase-assisted polymeric membrane system for 

laccase immobilization. This chapter is related to Paper I. 

 

3.1 Introduction and Motivation 

Bio-catalytic degradation of recalcitrant micropollutants with enzymes such as 

laccase offers an environmentally appealing option to traditional filtration and 

adsorption methods. Numerous studies [23,89,90] have been dedicated to im-

mobilizing laccases onto various membrane supports. Polymeric membranes 

are favored for membrane-based water treatment applications due to their ease 

of processing and inexpensive manufacturing cost, making them the most com-

monly utilized materials. Lante et al. [91] successfully adsorbed laccases onto 

polyethersulphone membranes by recirculating enzyme solution through. Hou 

et al. [77] covalently immobilized laccases onto the TiO2 sol-gel coated poly-

vinylidene fluoride (PVDF) membrane, where nearly 80% of the original lac-

case activity was preserved. Costa et al. efficiently immobilized laccases over 

polysulfone membranes blended with functionalized carbon nanotubes [92]. 

However, the enzyme performance of each membrane above was limited to a 

batch study. 

Herein, we developed a novel enzyme immobilization strategy to build a bio-

catalytic membrane reactor with efficient degradation performance. For this 

purpose, Polyacrylonitrile (PAN), with good stability and mechanical proper-

ties, was chosen as the primary material for electrospinning [78]. Besides, β-

cyclodextrin (CD) was employed as an additive material due to its remarkable 

adsorption property on protein and pollutants resulting from its cone-shaped 

structure and unique hydrophilicity [93]. Several steps of functionalization and 

modification were applied to introduce functional groups into the polymer fi-

bers. This is the first study to employ scalable biocatalytic membranes and a 

self-constructed TFC membrane in a cross-flow filtration arrangement for the 

purpose of transforming emerging contaminants. 
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3.2 Experimental Design 

As shown in Figures 3.1a-b, the electrospun PAN NFMs and PAN/β-CD 

NFMs are obtained by electrospinning. The obtained PAN/β-CD membranes 

were further functionalized by following steps: 1) Amidoxime synthesis was 

achieved by immersing 0.32 g PAN/β-CD NFMs in 100 mL 0.15 M hydroxyl-

amine aqueous solution at 65 °C for two hours. The pH value of the solution 

was adjusted to 7 by the addition of Na2CO3. The obtained NFMs were washed 

with distilled water three times and vacuum-dried overnight at 40 °C. 2) To 

perform the silanization treatment, the treated membranes were immersed in a 

100 ml ethanol solution containing 10% (w/w) of (3-Aminopropyl)triethox-

ysilane (APTES) and heated to 70 °C for two hours. The resulting NFMs were 

then washed thrice with distilled water and dried overnight at 40 °C. Afterward, 

the functionalized NFMs were placed in a laccase solution with a concentration 

of 5 mg mL-1 (by weight) in 50 mM NaOAc buffer, pH 4.5, and incubated at 

25 °C for one hour, followed by a transfer to a 4 °C fridge for 24 hours. Figure 

3.1c illustrates the process of preparation of a thin-film composite (TFC) mem-

brane by interfacial polymerization of polyamide onto the electrospun PAN 

NFMs. Finally, the biocatalytic membranes and the thin-film composite mem-

branes were tested in a cross-flow filtration membrane cell. The PAN, PAN/β-

CD, amidoxime treated PAN/β-CD, and silanized PAN/β-CD NFMs are la-

beled as M1, M2, M3, and M4 NFMs, respectively. 

 
Figure 3.1 Schematic illustration of needle-based electrospinning a), enzyme 

immobilization b), and thin-film composite membrane fabrication.  
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3.3 Membrane Characterisation 

Figures 3.2A-C depict the morphology of M2, M3, and M4 NFMs. Compared 

with M2 NFMs, shown in Figure 3.2A, surface-treated M3 and M4 NFMs 

maintained a smooth and uniform structure with a fiber diameter distribution 

at 450 ± 130 nm, 465 ± 120 nm, and 452 ± 159 nm. The addition of β-CD, 

amidoxime treatment, and silanization did not change the surface morphology 

of the NFMs. Figures 3.2D-F show the surface and cross-section of the TFC 

membrane. The thin nanofiber nonwoven matt with high porosity and low tor-

tuosity reduced the severity of internal concentration polarization.  A continu-

ous polyamide film was expected to adhere on top of the nanofiber matt, con-

sistent with the results from Figure 3.2D. The nanofibers were partially em-

bedded in the top layer, indicating a tight polyamide adhesion to the nanofibers. 

In addition, wrinkles were noticed on the surface, which the shrinkage of the 

polyamide layer might cause during the thermal treatment. From the cross-sec-

tion image (Figures 3.2E-F), the polyamide layer and TFC membrane thick-

nesses were 155 ± 5 nm and 25 ± 1 μm, respectively.  

 

Figure 3.1 A-C) SEM image of M2, M3, and M4 NFMs. D) Surface SEM 

image of TFC NFMs. E-F) Cross-section SEM images of TFC NFMs with dif-

ferent magnifications. G) FTIR-ATR spectrum of M1, M2, M3, and M4 NFMs. 

Figure 3.2G reveals differences between the electrospun fibers before and af-

ter surface functionalization. The prominent peaks of PAN at 2243, 2925, and 

1452 cm-1 can be ascribed to the stretching vibrations of cyano groups (−C≡

N) and the stretching and bending vibrations of methylene groups (−CH2−), 

respectively [94]. Characteristic peaks for β-CD were observed at 1628 cm-1, 

1152 cm-1, 1078 cm-1, and 1031 cm-1, assigning to bending vibration of hy-

droxyl groups (O−H), stretching vibrations of glycosidic linkage (C−O−C), 

stretching vibrations of C−C bond, and stretching vibrations of C−H bonds 

from cyclodextrin ring [93,95]. A new peak formed on M3 NFMs at 1597 cm-

1, corresponding to C−N stretching bonds, and weakened cyano groups at 2243 
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cm-1, indicated that some cyano groups were converted into –C(NH2)=NOH 

groups. Following the silanization process, absorption peaks at approximately 

1050 cm-1 corresponded to Si–O–C and Si–O–Si. It is likely that these peaks 

were caused by the extensive chain of the Si–O–Si network from the APTES 

molecules. 

 

3.4 Enzyme Characterization  

Figure 3.3A shows the specific activity of biocatalytic membranes. It was ob-

served that M3 NFMs exhibited the highest values in terms of unit weight and 

area of the membrane. The amount of protein immobilized onto the fiber was 

difficult to quantify in M2-M4 NFMs, where the β-CD interfaces the Bradford 

and BCA reagent. Therefore, enzyme performance in this study was mainly 

focused on the apparent specific activities of fibers. 

 

Figure 3.3 A) Specific activity of different fibers in terms of weight and area. 

B-C) Total enzyme activity in the residue solution, washing buffer, immobi-

lized fibers, and the calculated lost activity with different NFMs and different 

mass ratios of enzyme stock. D) The pH-dependent relative activity of both 

free laccase and laccase-immobilized M3 NFMs and free laccase. E) Thermal 

inactivation kinetics of laccase-immobilized M3 NFMs and free laccase. F) 

Relative activity of laccase-immobilized NFMs with recycling usage.  
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M3 and M4 NFMs showed a high enzyme activity of fiber loss, correlated to 

the high protein load. However, M3 NFMs exhibited the highest enzyme activ-

ity of fiber (112 ± 5 U m-2), corresponding to 8% of total activity, as shown in 

Figure 3.3B. The decrease in activity could be due to the overcrowding of 

immobilized enzymes on the fibers, supported by the results in Figure 3.3C. 

When the enzyme load was reduced by 50%, fiber retained 86% of the activity, 

while activity losses decreased from 70% to 62%. A significant loss of fiber 

activity was observed when the enzyme load was further reduced.  

In Figures 3.3D-E, the impact of pH and thermal treatment on both free and 

immobilized laccase on M3 NFMs is presented. Immobilized laccase demon-

strated more than 60% of its optimum activity within a wider pH range as com-

pared to the free enzyme. The optimum pH values of both free and immobilized 

laccase were found to be the same at 4.5. The residual activity of immobilized 

laccase was observed to be 67%, while it was only 53% for the free laccase 

after heating for 120 minutes at 50°C. These results indicated that immobiliza-

tion enhanced the thermal stability of laccase compared to its free form. Addi-

tionally, the repeated use of immobilized laccase is presented in Figure 3.3F, 

demonstrating up to 95% retention of initial activity after five cycles of reuse.  

 

3.5 Enzymatic membrane system performance  

The enzymatic membrane system was applied with a laccase-immobilized M3 

membrane and a lab-made TFC membrane. The CECs depletion performance 

involved both separation and biocatalytic reaction. Both the concentrations of 

selected CECs were measured in both retentate and permeate. Figure 3.4A de-

picts the increased concentrations of both diclofenac (DCF) and mefenamic 

acid (MFA) during the filtration process with the TFC membrane. Different 

from the performance of a TFC membrane, the additional layer of a biocatalytic 

membrane led to a decrease in the concentrations of CECs in the feed (reten-

tate) side, which indicated a valid enzymatic reaction in the system (Figure 

3.4B). Notably, the depletion of both DCF and MFA in the permeate side was 

> 85%, largely improved by adding a biocatalytic membrane to the membrane 

system (Figure 3.4C).  
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Figure 3.4 CECs concentrations in the retentate A) with a TFC membrane, B) 

with a TFC and catalytic membrane. C) CECs depletion in the permeate. 

 

3.6 Conclusions  

Laccase immobilization onto functionalized PAN/β-CD NFMs was success-

fully achieved, and the potential of using biocatalytic NFMs for CECs deple-

tion was investigated. The findings suggested that incorporating β-cyclodextrin 

into the fibers and introducing –OH and –NH2 functional groups onto the mem-

brane surface could enhance the enzymatic activity of the membranes. Further-

more, the enzyme immobilization process was found to promote the biocatalyst 

performance, broadening the range of pH and improving the thermal tolerance 

of immobilized enzymes, which indicates a great potential for industrial appli-

cation. Additionally, compared to free enzymes, the ability to recycle biocata-

lysts offers an economic advantage due to the high cost of bio-catalyst produc-

tion. Our work demonstrates the feasibility of applying laccase-immobilized 

membranes to filtration systems for the removal of CECs, as evidenced by the 

high depletion efficiency observed for two selected CECs. 
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4 Biodegradable Membranes for Laccase 

Immobilization and CECs Depletion 

This chapter will implement a new material, flexible ceramic membranes, for 

laccase immobilization. This chapter is related to Paper II.  

 

4.1 Introduction and Motivation 

Inspired by earlier research, the observation that introducing β-cyclodextrin 

(CD) into the fibers enhanced the specific activity of enzyme-immobilized 

NFMs has drawn our attention. β-CD is a naturally occurring compound found 

in starch, characterized by a distinctive toroidal cavity with a hydrophobic 

interior and a hydrophilic exterior. This peculiar structure functions as a 

supramolecular complexation agent for a wide range of molecules, including 

poorly soluble drug molecules [96] and large polymer chains that form 

pseudorotaxanes [97]. As such, β-CD polymers have gained significant 

attention in research due to their high surface-to-volume ratio and high 

functional β-CD content, which are highly advantageous in environmental 

applications. 

Herein, we designed insoluble biodegradable NFMs for enzyme 

immobilization to build a biocatalytic membrane reactor with efficient 

degradation performance. The biodegradable NFMs, utilizing HP-β-

cyclodextrin as the primary material, citric acid as a crosslinker, and polyvinyl 

alcohol (PVA) as a spinning polymer, were fabricated by electrospinning 

followed by thermal cross-linking. The highly insoluble NFMs have a potential 

for laccase immobilization. This is the first study to employ scalable insoluble 

biodegradable cross-linked HP-β-cyclodextrin NFMs as laccase carriers for 

emerging contaminant transformation applications.  
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4.2 Experimental Design 

As shown in Figure 4.1, the electrospun HP-β-CD NFMs were obtained by 

electrospinning. The spinning solutions contained different ratios of PVA, HP-

β-CD, and CA. The obtained HP-β-CD membranes were thermally cross-linked 

at high temperatures for four hours. The cross-linked HP-β-CD membranes 

with different conditions are listed in Table 4.1. Then the membranes were 

soaked into a 5 mg mL-1 (by weight) laccase solution in 50 mM NaOAc buffer, 

pH 4.5, incubated for one hour at 25 °C, and then transferred to 4 °C for 2, 6, 

12, and 24 h. CECs depletion experiments were individually performed by 

treating the membranes (36 cm2) with a 250 mL CECs mixture with each con-

centration of 200 μg L-1 as a function of time. 

 

Figure 4.1 Schematic illustration of laccase-immobilized insoluble β-CD 

NFMs and their catalytic performance in a batch study. 

The solubility experiment was conducted, where the fiber mats were soaked in 

1 mM NaCl aqueous solution for 24 h. Afterward, the mats were taken out of 

the water and vacuum dried until a constant weight was achieved. The insolu-

ble fraction (%) water uptake (WU) and in-plane swelling ratio (SR) was de-

termined as follows: 

Insoluble fraction(%) =
𝑊𝑖

𝑊0
× 100%                   (8) 

WU =
𝑊𝑎−𝑊𝑑

𝑊𝑑
                           (9) 

SR =
𝐿𝑎−𝐿𝑑

𝐿𝑑
                           (10) 

Where, 

W0, Wi  : the fiber weight of initial and after drying, [mg] 

Wa, Wd  : the weight of wet and dry fibers, [mg]  

La and Ld  : the length of the wet and dry membranes, [cm] 
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4.3 Membrane Characterization 

Figures 4.3A-B depict the morphology of HP-β-CD and cross-linked NFMs. 

The ribbon structure of the HP-β-CD nanofibers was noticed, and the surface 

of the NFMs was smooth without any apparent porous textures, suggesting 

steady water evaporation during the electrospinning. No significant difference 

in fiber diameter was observed before and after thermal crosslinking. The av-

erage diameters of HP-β-CD and cross-linked NFMs are 883 ± 58 nm and 850 

± 103 nm. The success of the cross-linking process was validated through sta-

bility tests in water (Figure 4.2C). Upon contact with water, HP-β-CD rapidly 

dissolved, while the cross-linked fibers remained insoluble, demonstrating 

their enhanced stability. Additionally, pH was found that influence the mem-

brane morphology.  

 

Figure 4.2 Characterization of HP-β-CD and cross-linked NFMs. A-B) SEM 

images of β-CD NFMs before and after thermal treatment. C) Water treatment 

of HP-β-CD and cross-linked NFMs. D-F) SEM images of cross-linked HP-β-

CD NFMs after 24 h treatment in aqueous solutions with different pH at 4.5, 7, 

and 9. 

Figures 4.2D-F depict that the cross-linked NFMs maintained their structure 

in an acidic or moderate pH. In contrast, the NFMs poorly maintained their 

shapes in an alkaline condition, where breakage, defects, and frizziness were 

observed. In addition, a noticeable increase in the fiber diameter was observed 

with the raising of pH values, whereas the fibers aggregated owing to their 

hydrophilic nature. The fiber diameter distribution treated in pH 4.5, 7, and 9, 
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compared with the pristine NFMs (850 ± 103 nm), was 1065 ± 75 nm, 1570 ± 

406 nm, and 1593 ± 251 nm. The percentage increase of average fiber diameter 

with different pH at 4.5, 7, and 9 were determined as 0.26, 0.85, and 0.87, 

correspondingly. It should be noticed that the swelling ratio of cross-linked 

NFMs was as high as 0.26 ± 0.02. Therefore, it is difficult to fit these NFMs 

into a membrane mold.  

 

4.4 Enzyme Characterization  

High enzyme activity of fiber (Afiber) loss, correlated to reaction time, is ob-

served on cross-linked NFMs. Nonetheless, the apparent activity of cross-

linked fibers only reached 3% of the total activity input, as shown in Figure 

4.3A. A possible reason for the high activity loss may be the unreacted citric 

acid released from the fibers, resulting in a pH shift in the residue solution. 

Immobilized laccase on the cross-linked NFMs exhibited a potential for re-

peated use. The fibers maintained over 80% of initial activity after three-time 

testing. However, during the fierce washing process, fractions of fibers were 

washed off and left in the washing solution, leading to a sharp drop in fiber 

activity (Figure 4.3B).  

Figures 4.3D-E illustrate the impact of pH and thermal treatment on free and 

immobilized laccase on cross-linked NFMs. The optimum pH values of the free 

and immobilized laccase were found to be 4.5 and 5.0, respectively. This shift 

in optimum pH towards a higher value, in agreement with the literature [98], 

may be attributed to the presence of acidic cross-linkers in the NFMs, resulting 

in the surface of the support being more acidic than the buffer solution. The 

enzyme immobilization resisted enzyme denaturation, with the immobilized 

laccase retaining more than 30% of its optimal activity at a wider range of pH 

values. Improved thermal stability was also observed where the residual activ-

ity of immobilized laccase was 72.5 ± 3.1% as compared to 50.7 ± 0.4% for 

free laccase after heating for 120 min at 50 °C. 
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Figure 4.3 A) Total enzyme activity in the residue solution, washing buffer, 

immobilized fibers, and the calculated lost activity with different immobiliza-

tion times. B) Relative activity of laccase-immobilized NFMs with recycling 

usage. C) The pH-dependent relative activity of Lac-C2-190 NFMs and free 

laccase. D) Thermal inactivation kinetics of Lac-C2-190 NFMs and free lac-

case.  

 

4.5 Enzymatic membrane system performance  

The cross-linked HP-β-CD NFMs have shown a certain degree of depletion 

outcomes on both CECs due to the adsorption properties. Within three hours, 

about 20% and 56% of DCF and MFA were removed, whereas the biocatalytic 

membranes largely enhanced the depletion performance to 60% and 89%, cor-

respondingly (Figures 4.4A-B). Additionally, up to 90% of the initial depletion 

efficiency was retained three times of reuse on both CECs (Figures 4.4C-D).  



47 

 

 

Figure 4.4 Membrane depletion efficiency of A) DCF, B) MFA; Depletion 

efficiency of the reused membrane of C) DCF, D) MFA. 

 

4.6 Conclusions  

We successfully produced biodegradable cross-linked β-cyclodextrin NFMs. 

These membranes possessed high insolubility and could resist different sol-

vents such as water, ethanol, DMAc, and n-hexane, indicating their potential 

applications in various fields. We also investigated the catalytic activities of 

immobilized laccase using these NFMs as enzyme carriers. The results showed 

that the immobilized laccase had better stability compared to the free enzyme, 

particularly with higher resistance towards neutral pH, making it suitable for 

industrial applications. However, we need to consider their key features before 

applying these NFMs, particularly their high water uptake and swelling ratio, 

which suggests that batch reactors with full contact with substrate compounds 

may be more appropriate than fixed membrane modules. These biodegradable 

NFMs offer a solution to the environmental issue of disposing of contaminated 

polymeric modules as plastic waste. Overall, our study demonstrates a prom-

ising potential for using biodegradable NFMs for CECs treatment. 
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5 Ceramic Membranes for Laccase 

Immobilization and CECs Depletion 

This chapter will implement a new material, flexible ceramic membranes, for 

laccase immobilization. This chapter is related to Paper III.  

 

5.1 Introduction and Motivation 

As discussed in Chapters 3 and 4, polymeric membranes are widely used ow-

ing to their easy processability and low manufacturing cost. However, it is im-

portant to consider environmental and economic factors when disposing of 

these membranes or recycling them. As a result, there has been a push to reduce 

the use of non-biodegradable polymers and explore alternative materials like 

biodegradable polymers and inorganic materials. Nevertheless, inorganic 

membranes often have drawbacks such as being expensive, difficult to prepare, 

brittle, and rigid, which limit their practical use [99]. A novel flexible self-

standing ceramic nanofiber membrane was fabricated by electrospinning for 

the first time in 2002 [100], and subsequent studies have revealed the relation-

ship between length-to-diameter (L D-1) ratios and the flexibility of the nano-

fibers [101]. The superior flexibility of ceramic membranes has promoted ap-

plications in various fields of thermal insulation [102], sensors [103], and bat-

tery separators [104], but rarely in water treatment. 

In this study, we presented a simple and effective method for flexible ceramic 

membrane fabrication and applied the materials as enzyme carriers in water 

treatment. Our approach involved a one-step co-deposition process using pol-

ydopamine (PDA) and polyethyleneimine (PEI). To the best of our knowledge, 

this is the first report on the development of highly flexible and efficient bio-

catalytic ceramic membranes that can be readily scaled up for the removal of 

emerging contaminants 
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5.2 Experimental Design 

As shown in Figure 5.1, the electrospun flexible ceramic membranes are ob-

tained by the sol-gel method by following steps: 1) Preparation of a spinning 

solution containing poly(vinyl alcohol) (PVA) and tetraethyl orthosilicate 

(TEOS); 2) Electrospinning the solution into ceramic precursor fibers; 3) Cal-

cination at high temperature in order to eliminate the organic components. 

Three different approaches were used to functionalize SiO2 NFMs. These in-

cluded silanization treatment, dopamine coating, and co-deposition of PDA 

and PEI. After the treatment, the resulting NFMs were designated as SiO2-SA, 

SiO2-PD, and SiO2-PE, respectively. The functionalized membranes were then 

washed with water and dried overnight at 40 °C. Following this, the membranes 

were immersed in a laccase solution in 50 mM NaOAc buffer (pH 4.5) for one 

hour at 25 °C and transferred to 4 °C for 24 h. Finally, the resulting biocatalytic 

membranes were tested in a dead-end filtration membrane cell.

 

Figure 5.1 Schematic illustration of laccase-immobilized SiO2 NFMs prepara-

tion. 
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5.3 Membrane Characterization 

Figures 5.2a-d depict the morphology of calcined SiO2, SiO2-SA, SiO2-PD, 

and SiO2-PE NFs. SiO2 calcined fibers were smooth and uniform in a narrower 

fiber diameter distribution at 168 ± 40 nm (Figure 5.2e). The surface morphol-

ogy of SiO2-SA exhibited the existence of thin films in between fibers. In com-

parison to silanization, both the dopamine coating and co-deposition methods 

introduced particles onto the surfaces of the fibers, thus elevating the rough-

ness of the nanofibers. Furthermore, the inclusion of PEI also affected the de-

velopment of PDA aggregates. According to previous reports, PEI can form 

covalent bonds with the phenyl group of dopamine, which in turn hinders the 

PDA from self-aggregating. This impacts the composition and morphology of 

the NFMs [105]. 

 

 

Figure 5.3. a-d) SEM image of SiO2, SiO2-SA, SiO2-PD, and SiO2-PE NFMs. 

e) Fiber diameter distribution of calcined SiO2 nanofibers. f-g) Cross-section 

SEM image of precursor nanofiber membrane and calcined SiO2 nanofiber 

membrane. h) LCSM image of Lac-SiO2-PE. The green fluorescence signal is 

from fluorescence-labeled enzymes. The scale of the unlabeled bar is 10 µm. 

Figures 5.2f-g reveal differences between the electrospun fibers before and 

after surface functionalization. Compared to the pristine SiO2 membrane, SiO2-

SA showed a new band at 922 cm-1, indicating the presence of Si−O and amino 

groups due to APTES conjugation. The characteristic shoulder peak of PDA at 

1351 cm-1 in both SiO2-PD and SiO2-PE spectra was assigned to indole ring 

CNC stretching. Successful grafting of PEI onto the membrane was confirmed 

by a characteristic peak at 1382 cm-1 attributed to CH2 bending. To visualize 
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the distribution of immobilized laccase on SiO2-PE NFMs, laccase was fluo-

rescence-labeled before immobilization, and confocal laser scanning micros-

copy was employed. Figure 5.2h displays an ultrafine fiber that emits green 

fluorescence when exposed to excitation light. It is clear from the observation 

that the process of immobilization led to a uniform distribution of laccase mol-

ecules on the surfaces of the fiber. 

 

5.4 Enzyme characterizations  

Figure 5.3a shows fiber-dependent changes in protein amount distribution. 

The pristine SiO2, SiO2-SA, SiO2-PD, and SiO2-PE NFMs could achieve 

24.9%, 7%, 30%, and 57.9% of the total protein immobilized onto the fibers, 

respectively. A similar finding was observed in Figure 5.4b that the SiO2-PE 

NFMs showed the highest specific activity of fibers (6.4 ± 1.1 U g-1 mem-

brane), indicating that more enzymes were immobilized on the same weight of 

membrane pieces. While there were slight differences in the functionalized 

NFMs, the specific activity of the immobilized enzymes was the most notable 

distinction. The highest value was obtained by SiO2-PE NFMs, which was 0.53 

± 0.09 U mg-1enzyme.  

 

Figure 5.3 a) Enzyme amount distribution in residue solution, washing buffers 

and immobilized fiber during the immobilization b) Specific activity of fiber 

(SAfiber) and specific activity of immobilized laccase (SAimm) on different fi-

brous membranes. c-d) Total residue activity in the residue solution, washing 



52 

 

buffer, immobilized fibers, and the calculated lost activity with different NFMs 

and mass ratios of enzyme stock. e) The pH-dependent relative activity of Lac-

SiO2-PE NFMs and free laccase. f) Thermal inactivation kinetics of Lac-SiO2-

PE NFMs and free laccase.  

SiO2-PE NFMs showed a correlation between high protein load and high en-

zyme activity loss of fiber (Afiber). Despite this, the membrane type still exhib-

ited the highest enzyme activity of fiber (6.4 ± 1.1 U g-1 membrane), which 

was only 6% of the total activity, as illustrated in Figure 5.3c. The decrease in 

activity could potentially be attributed to the crowding of immobilized en-

zymes on the fibers, as indicated by the findings in Figure 5.3d. When the 

enzyme load was reduced by 50%, the fiber could maintain 80% of its activity, 

resulting in a decrease in activity losses from 56% to 47%. Thus it is crucial to 

optimize the enzyme load on the fiber in order to achieve maximum yield of 

immobilized active enzyme per unit mass of membrane. 

Figures 5.3e-f describe the effect of pH and thermal treatment on free and 

immobilized laccase on SiO2-PE NFMs. The immobilized laccase exhibited 

optimal activity retention of over 40% within a wider pH range compared to 

the free enzyme. The optimal pH value of the free and immobilized laccase 

was 4.5 and 4.0, respectively. This apparent pH shift, in accordance with the 

literature [106], might be due to the high charge density of SiO2-PE NFMs 

changing the microenvironment around the enzyme. Furthermore, the thermal 

stability of the immobilized laccase was observed to be improved, as evidenced 

by the retention of 82.4 ± 1.2% of residual activity after heating for 120 min at 

50 °C, in comparison to only 53.0 ± 0.01% for the free laccase. 

 

5.5 Enzymatic membrane system performance  

As illustrated in Figure 5.4a, the control membrane demonstrated adsorption 

properties for selected CECs, in particular clarithromycin and bicalutamide, as 

evidenced by the ability of both mentioned CECs to achieve over 70% deple-

tion. The biocatalytic membrane was found to further enhance the depletion of 

CECs, and promising depletion outcomes (≥95%) for selected EPs were 

achieved. Notably, Lac-SiO2-PE NFMs showed stable performance for the se-

lected EPs, with transformation efficiency maintained above 90% even after 

being reused three times (Figure 5.4b). 
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Figure 4.4 Membrane performance on EPs removal. a) Depletion efficiency by 

control membranes and lac-SiO2 NFMs. b) Cycling performance of lac-SiO2 

NFMs.  

 

5.6 Conclusions  

Our work presented a simple method to fabricate scalable and flexible ceramic 

membranes, overcoming the bottlenecks of conventional ceramic membranes, 

including brittleness and complex production procedures. Further, laccases 

were successfully immobilized onto functionalized SiO2 NFMs. It was found 

that the biocatalyst's performance in terms of loading and stability was signif-

icantly impacted by both the immobilization procedure and the properties of 

the immobilized support. Our findings revealed that the Lac-SiO2-PE NFMs 

enabled high protein loading (57.9 ± 0.5%), improved stability compared to the 

free enzyme, and allowed for biocatalyst recycling. The study also highlighted 

the promising potential of Lac-SiO2-PE NFMs in addressing the environmental 

issue of discarding contaminated polymeric modulus through the reuse of bio-

catalytic membranes. Overall, we demonstrate the potential of flexible ceram-

ics in membrane filtration for environmental remediation purposes. 
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6 Conclusion and Future Perspective 

The thesis was motivated by the increasing demand for advanced treatment 

technologies to reduce the discharge of CECs from WWTPs. Based on Papers 

I-III, the focus was on creating new materials, ranging from polymers to ce-

ramics, to serve as carriers for enzymes, investigating their catalytic perfor-

mance, and demonstrating the potential of using laccase-immobilized mem-

branes in water treatment. The main findings are summarized below: 

1. PAN/β-CD NFMs were fabricated and designed for laccase immobiliza-

tion. The addition of β-CD into the M3 NFMs led to the highest specific 

activity of 7.1 ± 0.5 U g-1
fiber and improved stability compared to the free 

enzyme. We successfully demonstrated the feasibility of applying lac-

case-immobilized membranes in a cross-flow filtration system, which 

led to high depletion efficiency for two common CECs. Our research is 

the first to investigate the laccase-immobilized membrane, together with 

a thin-film composite membrane, in this area. 

2. Building on the previous work, we studied and characterized cross-

linked insoluble β-CD NFMs. Cross-linked β-CD NFMs, used in laccase 

immobilization, have several advantages, including high tolerance in 

acidic conditions and are an environmentally-friendly biodegradable 

material. However, the main challenges were their high swelling degree 

and water uptake. To meet the feasibility of real-scale treatment, specific 

efforts were directed towards this, prioritizing them over ongoing labor-

atory-scale studies. 

3. We fabricated functionalized SiO2 NFMs and used them for enzyme im-

mobilization for the first time. The results showed that the immobiliza-

tion procedure and the properties of the immobilized support signifi-

cantly affected the biocatalyst performance in terms of loading and sta-

bility. Our research successfully attained a high protein load (57.9 ± 

0.5%) and enhanced stability, while also demonstrating the recyclability 

of the membrane carrier. In summary, our findings underscored the 

promising potential of enzyme-immobilized ceramics in the removal of 

EPs during wastewater treatment. The straightforward method employed 

to fabricate scalable and flexible ceramic membranes in our study over-

comes the challenges posed by traditional ceramic membranes, includ-

ing brittleness and a complicated production process. 
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Nanostructured materials incorporated with immobilized enzymes have shown 

significant potential for enzymatic wastewater treatment technology. However, 

there is still a long way to go before practical applications can be achieved. 

Large-scale production of enzymes is critical for making biocatalysts more 

commercially viable and cost-effective. However, this process involves vari-

ous complexities, such as production, separation, and purification. The lack of 

commercial availability of enzymes presents significant technical and eco-

nomic challenges to large-scale enzymatic treatment processes. While recom-

binant DNA technology could be a potential solution to reduce costs, it has not 

yet been widely implemented at the industrial level.  

One of the challenges in using enzymes for wastewater treatment is the un-

known products of enzymatic reactions in a complex environment. Many stud-

ies focused on removing a specific pollutant from a synthetic solution. Alt-

hough the toxicity of pollutants like diclofenac and naproxen was shown to be 

reduced after laccase treatment, in some cases, the products of enzymatic reac-

tions could be more toxic than the original compounds, which defeats the pur-

pose of water treatment. For example, adding syringaldehyde to laccase treat-

ment of a broad range of antibiotics resulted in a time-dependent increase in 

toxicity [107]. Another challenge is the disposal of membrane carriers. Alt-

hough immobilization extends enzyme stability and reusability, the lifetime of 

modules is limited by the decay of the immobilized enzyme. Therefore, the 

practical application of immobilized enzymes in large-scale industrial pro-

cesses can be facilitated by the ability to reuse the polymeric support once the 

enzyme becomes inactive. Reversible covalent immobilization of enzymes can 

be investigated in the future [108]. 

In addition to these challenges, many current studies deal with high concentra-

tions of contaminants, whereas most environmental compartments typically 

have much lower concentrations in the range of ng to μg·L -1. This creates dif-

ficulties in transferring experimental results to practical applications, particu-

larly in WWTPs. To overcome this challenge, two strategies are proposed: 1) 

Onsite WWTPs can be implemented at point sources, such as hospitals and 

pharmaceutical industries, where contaminant concentrations are high; 2) En-

zymatic treatment of contaminants can be used as a treatment process for con-

centrated wastewater streams. However, pre-treatment steps, such as FO, UF, 

and RO, are required to concentrate contaminants. 

Hence, an environmentally friendly and cost-effective enzymatic treatment for 

WWTPs requires much more in-depth research. 
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Text S1. Materials 18 

Table S1. Twenty common emerging pollutants  19 

 Emerging pollutants CAS Number 
Molecular weight 

(g/mol) 
Formula Supplier 

1 Diclofenac sodium salt 15307-79-6 318.13 C14H11Cl2NNaO2 
Sigma-Aldrich 

2 Mefenamic acid 61-68-7 241.29 C15H15NO2 
Sigma-Aldrich 

 20 

  21 



3 
 

Text S2. Operation of cross-flow filtration 22 

The flow diagram of the dead-end filtration system with the ceramic membrane is shown in 23 

Figure S1. 24 

 25 

Figure S1. Cross-flow filtration diagram 26 

 27 

Figure S2. Cross-flow filtration setups 28 

 29 
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Text S3. Thermal inactivation kinetics 30 

The thermal inactivation data for free and immobilized laccase was plotted for zero (residual 31 

activity versus time), first (natural logarithm of the residual activity versus time) and second-order 32 

(reciprocal activity versus time). The rate constant kinact [h
-1] for first-order thermal inactivation 33 

was determined from the slope of the inactivation time: 34 

𝑙𝑛 (
𝐴𝑡

𝐴0
) =  −𝑘𝑖𝑛𝑎𝑐𝑡𝑡                 (1) 35 

𝑡0.5 =  
𝑙𝑛(2)

𝑘𝑖𝑛𝑎𝑐𝑡
                  (2) 36 

Where At is the residual activity that remains after heating the enzyme for time t, and A0 is the 37 

initial enzyme activity before heating. The half-time of thermal inactivation (t0.5) was determined 38 

by equation S2. 39 

 40 

  41 
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Text S4. SEM image of the back of the polyamide layer.  42 

 43 

Figure S3. A) SEM image of the back of the polyamide layer. B) SEM image of the yellow 44 

square area 45 

 46 
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Abstract 18 

Biocatalytic nanofibrous membranes have recently become a popular choice for bioreactors due 19 

to their high specificity, prolonged reusability, increased stability, and low-cost separating unit. 20 

They have been utilized in various fields, such as biosensing and wastewater treatment. In this 21 

study, a novel technique was investigated that involved covalently immobilizing laccases on 22 

functionalized electrospun nanofibers containing β-cyclodextrin. The non-polar cavity of β-23 

cyclodextrin can encapsulate various hydrophobic guest molecules. The incorporation of β-24 

cyclodextrin into the fibers and the introduction of –OH and –NH2 functional groups onto the 25 

membrane surface can enhance the enzymatic activity of the membranes. Moreover, the 26 

immobilization process has been shown to improve the performance of the biocatalyst. In 27 

particular, the immobilized enzymes exhibit a broader range of pH, enhanced thermal tolerance, 28 

and high reusability with 90% of the initial after five cycles, making them highly suitable for 29 

industrial applications. In this work, the biocatalytic membranes were applied with a lab-made 30 

thin-film composite membrane. The addition of a biocatalytic membrane largely enhanced the 31 

performance of pharmaceutical depletion, where over 85% of pharmaceuticals in the permeate 32 

were achieved. Overall, our study highlights the tremendous potential of biocatalytic membrane 33 

systems in removing pharmaceuticals during wastewater treatment. 34 

Keywords: Laccase, Electrospun fibrous membrane, Immobilization, Biodegradation 35 

  36 
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 38 
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1. Introduction 40 

In recent decades, the release of pharmaceutical active compounds (PhACs) has drawn emerging 41 

concerns because of consistent detection and potential ecotoxicological consequences regarding 42 

public health and aquatic ecosystems.1 Mefenamic acid (MFA), a non-steroidal anti-inflammatory 43 

drug (NSAID), has been widely prescribed to decrease pain and blood loss from menstrual periods. 44 

Unfortunately, the conventional wastewater treatment plants (WWTPs) based on activated sludge2 45 

and moving bed biofilms3 present an unmet need for removing resistant micropollutants. As a 46 

result, MFA has been frequently detected in wastewater effluents4, and the effluents have been 47 

identified as one of the primary sources of pharmaceuticals in the environment.5 To date, efforts 48 

have been proposed and investigated, including activated carbon adsorption6,7, advanced oxidation 49 

processes (AOPs)8–10, and membrane separation11,12. Nevertheless, several challenges, such as 50 

absorbent regeneration, toxic by-product formation, and disposal of the retentate, need to be 51 

addressed before applying these methods at a large scale. 52 

Recently, enzymes have attracted attention for pharmaceutical detoxification mainly due to their 53 

high selectivity, mild reaction conditions, and minimal environmental impact.13–15 Laccases 54 

(1.10.3.2, p-diphenol: dioxygen oxidoreductases), a type of oxidative enzyme containing four 55 

copper atoms in the active site, could oxidize a broad range of phenolic compounds16,17 The 56 

mechanism for laccase-induced treatment involves the oxidation of pollutants to free radicals or 57 

quinones that subsequently undergo polymerization and partial precipitation. However, free 58 

laccases are very sensitive to pH and temperature, and their applications present some drawbacks 59 

related to their limited stability, difficult recovery, and reusability, which results in high 60 

operational costs.18–20 61 
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Alternatively, immobilization of enzymes in or on membranes has been considered an effective 62 

way to avoid the aforementioned limitations. Numerous studies have been dedicated to 63 

immobilizing laccases onto various supports. Lante et al.21 successfully adsorbed laccases onto 64 

polyethersulphone membranes by recirculating enzyme solution through. Hou et al.22 covalently 65 

immobilized laccases onto the TiO2 sol-gel coated polyvinylidene fluoride (PVDF) membrane, 66 

where nearly 80% of the original laccase activity was preserved. Costa et al.17 efficiently 67 

immobilized laccases over polysulfone membranes blended with functionalized carbon nanotubes. 68 

However, the enzyme loadings of each strategy above were relatively low due to the limited active 69 

sites of the support. 70 

Regarding this, electrospun nanofibrous membranes (EFMs) can be one of the options. The 71 

ultrafine nanofibers with diameters ranging from a few nanometers to several micrometers 72 

obtained by electrospinning show their unique advantages benefit from high porosity and specific 73 

surface area, diverse choices of spinning materials, low cost, and various methods for further 74 

modifications.23–25 Xu et al.26 used nano-copper incorporated polyacrylonitrile (PAN)/PVDF 75 

EFMs as carrier materials, and the enzyme showed significantly better performance on 2,4,6-76 

trichlorophenol removal. Interestingly, EFMs are also used as sorbents in various organic pollutant 77 

extraction23,27,28. However, the subsequent treatment for the adsorbed contaminants is still a huge 78 

dilemma. Therefore, thin-film composite NFMs will be a considerable material, providing a 79 

platform combining biocatalytic reactions with membrane separation as adsorbed and sedimentary 80 

contaminants separated by the active layer of the composite membrane provide an enriched 81 

substrate environment for enzymes. In return, enzymes immobilized on the fibers degrade the 82 

pollutants limiting the membrane fouling and prolonging the usage of membrane modules.  83 
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To achieve this, we employed a novel enzyme immobilization strategy to build a biocatalytic 84 

membrane reactor with high enzymatic activity, degradation performance, and long-time usage. 85 

For this purpose, PAN, with good stability and mechanical properties, was chosen as the primary 86 

material for electrospinning29. Besides, β-cyclodextrin (β-CD) was employed as an additive 87 

material as its remarkable adsorption property on protein and pollutants resulting from its cone-88 

shaped structure and unique hydrophilicity.27 In order to introduce functional groups into the 89 

polymer fibers, several steps of functionalization and modification were applied. Activity and 90 

stability of the immobilized enzyme were examined under different immobilization process 91 

parameters (e.g., pH and temperatures). The enzyme-based material was then employed in the 92 

membrane filtration to remove two commonly detected pharmaceuticals, mefenamic acid (MFA) 93 

and diclofenac (DCF).  94 

2. Materials and methods 95 

2.1. Chemicals and materials 96 

Laccase from Trametes versicolor (EC 1.10.3.2, ≥0.5 U/mg), β-cyclodextrin (β-CD), 2,2’-azino-97 

bis(3-ethyl-benzothiazoline-6-sulfonic acid: ABTS), diclofenac (DCF), mefenamic acid (MFA), 98 

polyacrylonitrile (PAN, Mw 150,000), piperazine (PIP), trimesoyl chloride (TMC), 99 

hydroxylamine hydrochloride, glutaraldehyde (GA, 50 wt.% in H2O), sodium acetate (NaOAc), 100 

acetic acid (HAc), methanol (HPLC grade, 99.9%), ethanol absolute (99.8%), hexane (99.8%), (3-101 

Aminopropyl)triethoxysilane (APTES, 99%), N, N-dimethylacetamide (DMAc, 99%) were 102 

obtained from Sigma-Aldrich.  103 

2.2. Experimental procedures 104 

Figure 1. illustrates the main process of laccase-immobilized NFMs production, including 105 

electrospinning, surface functionalization, laccase immobilization, and interfacial polymerization. 106 
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The laccase-immobilized membrane and a thin-film composite membrane were transferred into a 107 

membrane cell for membrane performance.  108 

2.2.1. Preparation of electrospun nanofiber membranes(NFMs). 109 

The spinning solution of PAN NFMs contained 7 wt% of PAN in DMAc, and the solution of PAN/ 110 

β-CD NFMs was prepared by adding 3.5 g PAN, and 1.5 g of β-CD was added to 45 g DMAc. 111 

Both solutions were stirred overnight at room temperature before the electrospinning. The 112 

electrospinning was carried out by a needle-based electrospinner (NS+, Inovenso, Turkey), 113 

corporate with a precision air Conditioner (NS AC150, Elmarco, Czech Republic). The solution 114 

was filled in a 10 mL syringe and fed through a stainless steel needle with an inner diameter of 0.8 115 

mm at a constant rate of 0.7 mL/min. The spinning voltage and tip-to-collector distance were 116 

applied to 13.7 kV and 15 cm, respectively. The temperature and relative humidity were set at 117 

25 °C and 30 %. The electrospun PAN and PAN/β-CD nanofibers were collected on a siliconized 118 

paper set with a constant speed of 100 rpm, and the acquired nanofibers were then stored in a 119 

vacuum oven for two h at 40 °C to clear up the solvent completely.  120 

2.2.2. Surface modification of PAN/ β-CD NFMs 121 

The surface of PAN/ β-CD NFMs was modified by following two steps: 122 

i) Amidoxime synthesis was achieved by immersing 0.32 g PAN/β-CD NFMs in 100 mL 0.15 M 123 

hydroxylamine aqueous solution at 65 °C for two h. The pH value of the solution was adjusted to 124 

7 by the addition of Na2CO3. The obtained NFMs, labeled as M-AO, were washed with distilled 125 

water three times and subsequently vacuum-dried overnight at 40 °C.  126 

ii) Silanization treatment was performed by immersing obtained M-AO in 100 ml of 10 % (w/w) 127 

APTES ethanol solution at 70 °C for two hours. The resulting NFMs were washed with distilled 128 

water three times and vacuum-dried overnight at 40°C. 129 
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The PAN, PAN/β-CD, amidoxime treated PAN/β-CD, and silanized PAN/β-CD NFMs are labeled 130 

as M1, M2, M3, and M4 NFMs, respectively. 131 

 132 

Figure 3.1 1 Schematic illustration of needle-based electrospinning a), enzyme immobilization 133 
b), and thin-film composite membrane fabrication. 134 

2.2.3. Preparation of thin-film composite membrane 135 

The thin-film composite membrane was prepared by interfacial polymerization of polyamide onto 136 

the electrospun PAN NFMs. The PAN NFMs were firstly soaked in PIP aqueous solutions with 137 

different concentrations for 5 min. Subsequently, the membrane was placed on the glass plate, and 138 

the excess aqueous solution was gently removed with an air knife. Nest, the membrane was 139 

immersed in a 0.4% (w/w) TMC hexane solution for 1 min and dried by an air-knife for 15 seconds 140 

to remove the excess organic solution. The resulting membrane was cured at different temperatures 141 
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for 5 min to further carry out the polymerization reaction. Finally, the detached membrane from 142 

the glass plate was washed and stored in Miliq H2O. 143 

  144 

Figure 2. Interfacial polymerization reaction 145 

2.2.4. Laccase immobilization and enzyme assays 146 

Laccase immobilization on the modified NFMs was performed as described in our previous work. 147 

With minor modifications. Briefly, each modified membrane (36 cm2) was immersed in a 5 mg 148 

mL-1 (by weight) laccase solution in 50 mM NaOAc buffer, pH 4.5, and incubated for one hour at 149 

25 °C, and subsequently transferred to 4 °C for 24 h. Next, the laccase immobilized membrane 150 

was washed three times with the same buffer and stored at 4 °C. NFMs for enzyme assays were 151 

cut before the immobilization. The laccase activity in the initial immobilization bath, the residual 152 

after immobilization, and the wash fractions were determined spectrophotometrically using ABTS 153 

as the substrate. Specifically, 10 μL enzyme stock or 0.25 cm2 of the laccase-immobilized 154 

membrane was added to 0.5 mM ABTS solution in 20 mM NaOAc buffer, pH 4.5, and the reaction 155 

mixture (300 μL) was incubated in a microtitre plate for 10 min after a 30-second rotary agitation 156 

at 25 °C, and the absorbance at 420 nm was monitored continuously. 157 

Subsequently, the effect of pH on laccase activity was evaluated by testing both the free and 158 

immobilized enzyme prepared in 20 mM NaOAc at pH 3.5-6.5 and monitoring the absorbance at 159 

420 nm at 25 °C. Furthermore, a thermal inactivation assay at 40, 50, and 60°C was performed to 160 
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investigate the stability of both the free and immobilized enzymes. An Eppendorf tube containing 161 

980 μl NaOAc buffer (50 mM) was preheated for 5 min. 20 μl of 5 mg ml-1 enzyme solution (by 162 

weight) was added to the preheated buffer solution and incubated at a selected temperature. Then, 163 

100 μl aliquots were collected at 10, 20, 30, 60, 90, and 120 min and stored on ice. Next, the 164 

residual activity was assayed using the standard assay described above at 25 °C. For the 165 

immobilized enzyme, three pieces of immobilized fibers were assayed before heating, and the 166 

same fiber was washed thoroughly. Thereafter, the washed fiber was incubated in a water bath at 167 

the same temperature for 10 min, stored on ice, and assayed for the remaining activity. This was 168 

repeated with new pieces of fibers at 20, 30, 60, 90, and 120 min.  169 

2.2.6. Membrane performance on pharmaceutical degradation  170 

To investigate the catalytic membrane performance of the thin-film composite membrane set, 171 

cross-flow membrane filtration was conducted, as shown in Figure S1-2. The active membrane 172 

area was 26 cm2, and a gear pump was used to recirculate the retentate solution. 450 mL 173 

pharmaceutical mixture (with 1 mg L-1 of each pharmaceutical) in Miliq H2O, including 174 

mefenamic acid and diclofenac, was used as a feed solution. The pressure applied in the cross-175 

flow filtration was set as 2 bar. Duplicate samples were taken at different reaction times and filtered 176 

through 0.2 μm PTFE filters into 2 mL vials. Subsequently, acetonitrile was added as a quenching 177 

reagent. 178 

2.3. Characterization and analytical procedures 179 

2.3.1. Characterization of NFMs. 180 

The microstructure of the electrospun NFMs and thin-film composite membrane were analyzed by 181 

field emission scanning electron microscopy (Quanta FEG 250, FEI, USA) at an accelerating 182 
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voltage of 5 kV. The chemical structure of each NFM was analyzed by Fourier transform infrared 183 

spectroscopy-Attenuated Total Reflectance (FTIR-ATR, Bruker, Germany).  184 

2.3.2. Determination of enzyme loading and activity. 185 

The protein concentrations in solutions were determined by the Bradford method on a microplate 186 

reader (Synergy H1, Agilent Technologies, USA). The amount of immobilized enzyme (m) was 187 

calculated as: 188 

𝑚 = (𝐶0 − 𝐶)𝑉 − ∑ 𝐶w𝑉w                   (1) 189 

where C0, Cw, and C represent the enzyme concentrations [μg mL-1] in the initial stock, washing 190 

buffer, and residue solution, respectively, V and Vw are volumes of the enzyme solution and 191 

washing buffer (mL). Free enzyme activity (Afree), [U mL-1], the laccase-immobilized fiber activity 192 

in terms of membrane weight (Afiber,w), [U g-1
fiber], and area (Afiber,a), [U m-2], were obtained as: 193 

𝐴free =
𝛼×𝑉Total

𝑉Enzyme ×𝜀×𝑑
                    (2) 194 

𝐴fiber,w =
𝛼×𝑉Total

𝑀fiber×𝜀×𝑑
   or  𝐴fiber,a =

𝛼×𝑉Total

𝐴fiber×𝜀×𝑑
            (3) 195 

𝑆𝐴free =
𝐴free

𝐶free
                   (4) 196 

where VTotal, VEnzyme are the volume of total assay and enzyme solution, [μL], Mfiber is the mass of 197 

tested membrane [g], Afiber is the area of the tested membrane [g], α is the absorbance per minute 198 

(determined by linear regression) at 420 nm [min-1], d is the light path of the assay [cm], and ε 199 

represents the molar absorption coefficient of ABTS at 420 nm, 36,000 M-1·cm-1. One unit of 200 

enzyme activity [U] was defined as the amount of enzyme which converts 1 μmol of substrate per 201 

minute under the assay conditions. 202 

2.3.4. Determination of EPs degradation efficiency 203 
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The concentrations of EPs were analyzed by High-Performance Liquid Chromatography–Triple 204 

Quadrupole Mass Spectrometry (1290 Infinity II-6470 LC-QQQ, Agilent Technologies). The 205 

conversion efficiency (D) was calculated as follows: 206 

𝐷 =
𝐶EP0−𝐶EP

𝐶EP0

 × 100%                 (6) 207 

where CEP0 and CEP are the EP concentrations in solutions before and after degradation 208 

experiments. 209 

2.3.5. Separation performance of membranes 210 

A laboratory-scale cross-flow membrane filtration system was used to characterize the separation 211 

performance of thin-film composite membranes. The water flux (J) was calculated using the 212 

following equation: 213 

𝐽 =
𝑉

𝐴∆𝑡
                   (8) 214 

where V is the volume of permeate water, [L]; A is the effective area of the membrane, [m2]; and 215 

Δt is the permeation time, [h]. 216 

3. Result and discussion 217 

3.1. Membrane morphology and chemical structure 218 

Figure 3.2A-D depicts the morphology of M1, M2, M3, and M4 NFMs. With the addition of β-219 

CD, M2 NFMs compared with M1 NFMs, a slight decrease in fiber diameter was noticed. Surface-220 

treated M3 and M4 NFMs maintained a smooth and uniform structure in a fiber diameter 221 

distribution at 450 ± 130 nm, 450 ± 130 nm, 465 ± 120 nm, and 452 ± 159 nm correspondingly. 222 

The addition of β-CD, amidoxime treatment, and silanization did not change the surface 223 

morphology of the NFMs.  224 
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The chemical structures and compositions of PAN/ β-CD nanofibers were characterized by FTIR-225 

ATR. Figure 3G presents FTIR spectra of M1, M2, M3, and M4 NFMs. The prominent peaks of 226 

PAN at 2243, 2925, and 1452 cm-1 can be ascribed to the stretching vibrations of cyano groups 227 

(−C≡N)30 and the stretching and bending vibrations of methylene groups (−CH2−), respectively. 228 

Characteristic peaks for β-CD were observed at 1628 cm-1, 1152 cm-1, 1078 cm-1, and 1031 cm-1, 229 

assigning to bending vibration of hydroxyl groups (O−H), stretching vibrations of glycosidic 230 

linkage (C−O−C), stretching vibrations of C−C bond, and stretching vibrations of C−H bonds from 231 

cyclodextrin ring31. A new peak formed on M3 NFMs at 1597 cm-1, corresponding to C−N 232 

stretching bonds, and weakened cyano groups at 2243 cm-1, indicated that some cyano groups were 233 

converted into –C(NH2)=NOH groups32. After the silanization, absorption peaks at about 1050 cm-234 

1 corresponding to Si–O–C and Si–O–Si were observed, probably due to the long chain of the Si–235 

O–Si network originating from APTES molecules.  236 

 237 

Figure 3. A-D) SEM image of M1, M2, M3, and M4 NFMs. E) FTIR-ATR spectrum of M1, M2, 238 

M3, and M4 NFMs. 239 

Figure 4 shows the surface and cross-section of the TFC membrane. The thin nanofiber nonwoven 240 

matt with high porosity and low tortuosity reduced the severity of internal concentration 241 
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polarization. A continuous polyamide film was expected to adhere on top of the nanofiber matt, 242 

consistent with the results from Figure 4A-D. The nanofibers were partially embedded in the top 243 

layer, indicating a tight polyamide adhesion to the nanofibers. By tuning the conditions of 244 

interfacial polymerization, different morphologies of the polyamide layer were achieved. Ridge-245 

and-valley structures were observed (Figure 4A). The formation of these structures was found to 246 

be related to the concentration of PIP monomers and temperatures of thermal treatment. With the 247 

decrease in the monomer concentration and thermal treatment temperature, the surface of the 248 

polyamide layer turned out to be smoother. The interfacial polymerization reaction between PIP 249 

and TMC is an exothermic reaction producing heat, which could vaporize organic solvent to 250 

promote the formation of hollow nodules. Honeycomb-shaped pores can be observed on the back 251 

of the polyamide selective layer with a ridge-and-valley structure (Figure S3). That is because the 252 

rapid-formed polyamide film interrupted the gas to escape from the interface side. The vapor 253 

instead releases to the substrates to unsealing the nanovoids33,34. From the cross-section image 254 

(Figure 4E-F), the polyamide layer and TFC membrane thicknesses were 155 ± 5 nm and 25 ± 1 255 

μm, respectively.  256 

 257 
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Figure 4. Surface morphology of TFC membranes prepared with different conditions: A) 1 wt% 258 

PIP solution, 70°C, B) 0.4 wt% PIP solution, 70°C, C) 0.4 wt%PIP solution, 60°C, D) 0.4 wt%PIP 259 

PIP solution, 55°C. Cross-section morphology of TFC membrane with different magnifications: 260 

E) ×10,000, F) ×1,000. 261 

3.2. Optimization of laccase immobilization 262 

Figure 4A shows the specific activity of biocatalytic membranes. It was observed that M3 NFMs 263 

exhibited the highest values in terms of unit weight and area of the membrane. The amidoxime 264 

reaction transferring cyano groups into hydroxyl groups and amine groups largely increased active 265 

sites for laccase immobilization. Similar findings were found in amidoxime-treated PAN NFMs32. 266 

However, after the salinization treatment, the specific activity of biocatalytic NFMs was decreased. 267 

The possible reason for the finding could be the self-aggregates of APTES, competing with the 268 

active sites with laccase. The amount of protein immobilized onto the fiber was difficult to quantify 269 

in M2-M4 NFMs, where the β-CD interfaces the Bradford and BCA reagent, which was also 270 

noticed in other studies35. Therefore, enzyme performance in this study was mainly focused on the 271 

apparent specific activities of fibers.  272 

High enzyme activity of fiber (Afiber) loss, correlated to the high protein load, is observed on M3 273 

and M4 NFMs. Nonetheless, M3 NFMs exhibited the highest enzyme activity of fiber, 274 

corresponding to 8% of total activity, as described in Figure 4B. The decrease in activity observed 275 

may be due to the immobilized enzymes becoming crowded on the fibers, as indicated in Figure 276 

4C. The activity of the fiber is preserved at 86% when the enzyme load is reduced by 50%, while 277 

the loss of activity declines from 70% to 62%. Excessive enzyme loading results in protein-protein 278 

interactions, which restrict the flexible stretching of enzyme conformation, leading to steric 279 

hindrance and enzyme inactivation36. Under molecular crowding conditions, the enzyme molecule 280 
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may find it challenging to adopt its optimal conformation for substrate binding and product release. 281 

Further reduction in enzyme load leads to a significant decline in fiber activity. 282 

 283 

Figure 4 A) Specific activity of different fibers in terms of weight and area. B) Total residual 284 

enzyme activity in the residue solution, washing buffer, immobilized fibers, and the calculated lost 285 

activity with different NFMs. C) Total residual enzyme activity in the residue solution, washing 286 

buffer, immobilized fibers, and the calculated lost activity with different enzyme stock. 287 

3.3. Stability of the immobilized laccase 288 

The impact of pH on the relative activities of free and immobilized laccase on M3 NFMs is 289 

illustrated in Figure 5A. Immobilized laccase exhibited over 60% of its optimal activity across a 290 

wider pH range than the free enzyme, although the optimal pH values for both forms were identical 291 

at 4.5. These findings suggest that the immobilized laccase has better chemical stability than its 292 
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free form, as it can tolerate a neutral pH range, making it a promising candidate for enzymatic 293 

applications in water treatment. Meanwhile, Figure 5B shows the thermal inactivation kinetics for 294 

both free and immobilized laccase. A0 and A indicate the initial and remaining enzyme activity of 295 

the free or immobilized enzyme. After 120 minutes of heating at 50 °C, the residual activity of the 296 

immobilized laccase was 67%, compared to 53% for the free laccase. These data suggest that 297 

immobilization enhances the thermal stability of laccase, consistent with the observation that 298 

immobilization enhances an enzyme's resistance to high temperatures. 299 

 300 

Figure 5 A) The pH stability of laccase-immobilized M3 NFMs and free laccase. B) Thermal 301 

inactivation kinetics of laccase-immobilized M3 NFMs and free laccase.  302 
 303 
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Figure 6 Relative activity of laccase-immobilized NFMs with recycling usage.  305 

The recovery and reuse of catalysts are crucial benefits of enzyme immobilization. To assess the 306 

operational stability of the immobilized laccase over multiple cycles, the residual activity of the 307 

enzyme was measured after incubation with ABTS, as depicted in Figure 6. Remarkably, the 308 

immobilized enzyme retained up to 95% of its initial activity after undergoing five cycles of reuse, 309 

indicating its excellent operational stability. 310 

3.4. Removal of emerging pollutants 311 

The enzymatic membrane system was applied with a laccase-immobilized M3 membrane and a 312 

lab-made TFC membrane. The pharmaceutical depletion performance involved both separation 313 

and biocatalytic reaction. Both the concentrations of selected pharmaceuticals were measured in 314 

both retentate and permeate. The volume of the membrane performance was set at 450 mL. During 315 

the filtration process, the TFC membrane retained about 50% of pharmaceuticals. Therefore, as 316 

the feed tank volume decreased, the retained pharmaceuticals led to an increased concentration of 317 

both diclofenac (DCF) and mefenamic acid (MFA), as demonstrated in Figure 7A. The permeate 318 

flux of the TFC membrane was calculated at 17.96 ± 5.2 L m-2 h-1.  319 

 320 

Figure 7 Pharmaceutical concentrations in the retentate A) with a TFC membrane, B) with a TFC 321 
and catalytic membrane. 322 
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Different from the performance of TFC membranes, the additional layer of a biocatalytic 323 

membrane decreased the concentrations of pharmaceuticals in the feed (retentate) side (Figure 324 

7B). The immobilized laccase on the NFMs effectively reacted with the substrate molecules on the 325 

retentate side. Within two hours, the concentration of DCF and MFA reached 0.41 mg mL-1 and 326 

0.3 mg mL-1 separately. Notably, the depletion of both DCF and MFA in the permeate by the TFC 327 

membrane side reached 52%, and 65%, separately. Higher depletion of pharmaceuticals was 328 

achieved by over 85%, largely improved by adding a biocatalytic membrane to the membrane 329 

system (Figure 8). Overall, the biocatalytic membrane system was able to remove pharmaceuticals 330 

effectively. However, this type of pharmaceutical depletion performance involves complex 331 

mechanisms, including biocatalytic reaction and membrane separation. As the biocatalytic 332 

membrane was kept exposed to the substrates, where the biocatalytic reaction continuously 333 

happened, the concentration of the substrate compounds on the retentate side was largely 334 

influenced by the performance scale and the contact time with the biocatalysts.  335 

 336 

Figure 8 Pharmaceutical depletion in the permeate. 337 

 338 

 339 
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4. Conclusion 340 

The immobilization of laccase onto functionalized PAN/β-CD NFMs was successfully 341 

achieved, and the potential of biocatalytic NFMs for pharmaceutical depletion was explored. 342 

The results indicate that the incorporation of β-cyclodextrin into the fibers and the 343 

introduction of –OH and –NH2 functional groups onto the membrane surface can enhance the 344 

enzymatic activity of the membranes. Moreover, the immobilization process has been shown 345 

to improve the performance of the biocatalyst. The immobilized enzymes exhibit a broader 346 

range of pH and enhanced thermal tolerance, making them highly suitable for industrial 347 

applications. Additionally, the ability to recycle the biocatalyst provides an economic 348 

advantage over free enzymes, which are expensive to produce. The feasibility of using laccase 349 

immobilized membranes in filtration systems has been demonstrated by the high depletion 350 

efficiency achieved with two selected pharmaceuticals. Overall, our study highlights the 351 

tremendous potential of biocatalytic membrane systems in the removal of pharmaceutical s 352 

during wastewater treatment. 353 
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Abstract 18 

Enzymatic membranes, integrating the benefits of membranes and enzymes, have gained attention 19 

in wastewater treatment. However, disposing of these plastic membranes is not environmentally 20 

sustainable. As a result, researchers have explored the use of biodegradable polymeric membranes 21 

as carriers for enzyme immobilization. One such material is β-cyclodextrin (β-CD), a natural 22 

compound derived from starch with a unique toroidal cavity with a hydrophobic interior and a 23 

hydrophilic exterior. These materials offer a high surface-to-volume ratio and biodegradability, 24 

making them a promising alternative. In this research, we have synthesized biodegradable 25 

crosslinked HP-β-CD NFMs to immobilize laccase. The β-cyclodextrin based nanofibers were 26 

characterized using FTIR and SEM to evaluate their structural and morphological properties. The 27 

crosslinked HP-β-CD NFMs were highly insoluble in various solvents, including water, ethanol, 28 

DMAc, n-Hexane, and toluene, indicating their potential in various applications. Laccase 29 

immobilization on the crosslinked HP-β-CD NFMs was achieved through adsorption and was 30 

found to remarkably enhance the stability of the enzyme, particularly with higher resistance 31 

towards neutral pH. The immobilized laccase on the crosslinked NFMs also showed potential for 32 

repeated use, with over 80% of initial activity maintained and effective in depleting >80% of two 33 

emerging pollutants (diclofenac and mefenamic acid) after three times of use. This is the first study 34 

to employ scalable insoluble biodegradable crosslinked HP-β-cyclodextrin NFMs as laccase 35 

carriers and highlights the promising potential of biodegradable NFMs for the treatment of 36 

emerging pollutants 37 

Keywords: Laccase, Biodegradable membrane, Immobilization, Cyclodextrin polymer 38 
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1. Introduction 43 

Emerging pollutants (EPs), including distinct pharmaceuticals, personal care products, polycyclic 44 

aromatic hydrocarbons as well as pesticides, are persistent compounds in the environment at trace 45 

concentrations and exposure to these EPs might have detrimental effects on both environment and 46 

human beings [1–4]. The usage of these compounds has been increasing considerably; however, 47 

there are no guidelines or standards regarding the disposal and discharge of EPs in existing 48 

wastewater treatment plants (WWTPs) at present [5]. Efforts to address these emerging concerns 49 

have been applied, e.g., EP removal during water treatment, such as activated sludge adsorption 50 

[6] and membrane filtration [7]. However, even though a high EP adsorption on activated sludge 51 

and membrane filtration is accomplished, further treatment is required in both cases, including 52 

post-treatment of enriched EPs in the sludge and retentate of the membrane process. Therefore, a 53 

green and environmentally friendly process chemically transforms the pollutants, making further 54 

treatment of concentrated pollutants a necessity. 55 

Enzymatic electrospun membranes where biocatalysts are embedded or immobilized have drawn 56 

significant attention. Among known biocatalysts, laccases (benzenediol: oxygen oxidoreductase, 57 

EC 1.10.3.2) are the most promising group for industrial application due to their broad activity on 58 

substrates that includes synthetic dyes, chlorinated phenolics, and polycyclic aromatic 59 

hydrocarbons [8–10]. The high specific area of the nanofibers largely improves the enzyme 60 

immobilization yields. Apart from increasing the surface area, another strategy is to enhance the 61 

electron transfer rate between substrates and laccase, thereby increasing the catalytic efficacy of 62 

the immobilized enzymes [11–13]. Furthermore, spacers that tether the enzyme to the membrane 63 

surface [14,15], conferring higher flexibility and possibly active site accessibility, are commonly 64 

employed in enzyme immobilization. Spacers such as glutaraldehyde, ethylenediamine, 65 
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hexamethylenediamine, and poly(ethylene glycol) have been shown to provide high relative 66 

activity compared to conjugation directly to the support [16,17]. Notably, the durability of 67 

biocatalytic membranes is largely limited by enzyme catalytic performance. Therefore, 68 

contaminated biocatalytic membranes without catalytic activities are required to be taken into 69 

consideration. However, most enzyme carrier materials are non-degradable polymers, such as 70 

polyacrylonitrile, poly(vinylidene fluoride), and polystyrene, which may cause an extra burden to 71 

the environment by discharging the used polymeric membrane as plastic waste. Much effort has 72 

been applied to addressing the problem. Dan et al. [18] successfully developed flexible ceramic 73 

membranes as enzyme carrier materials. However, the complex fabrication processes involving 74 

high temperatures to eliminate polymeric sacrifice content possess high energy consumption. 75 

Another strategy to avoid plastic waste is to incorporate natural biodegradable compounds into the 76 

membranes, such as cellulose [19], chitosan [20], nano clay, and β-cyclodextrin (CD). Electrospun 77 

blend membranes of polyurethane, amidoxime polyacrylonitrile, and β-cyclodextrin have been 78 

developed as enzyme carriers and found high catalytic activity and resistance against the variations 79 

of temperature and pH value than the free laccase [21]. 80 

Inspired by the previous research, CD, a natural compound from starch possessing a unique 81 

toroidal cavity with a hydrophobic interior and hydrophilic exterior, has drawn our attention. This 82 

unique structure acts as a supramolecular complexation agent for a broad spectrum of molecules, 83 

ranging from small, poorly soluble drug molecules to large polymer chains forming 84 

pseudorotaxanes. CD polymers have attracted considerable research interest as such materials 85 

combine the benefits of a high surface-to-volume ratio and high functional CD content. CD 86 

polymers have been heavily utilized in environmental applications. One of the applications is to 87 

scavenge textile dyes and polycyclic aromatic hydrocarbons from water. The crosslinked CD 88 
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polymers demonstrated rapid scavenging of pollutants with a maximum adsorption capacity of 692 89 

mg g−1 [22]. 90 

Herein, we designed insoluble biodegradable NFMs for enzyme immobilization to build a 91 

biocatalytic membrane reactor with efficient degradation performance. The biodegradable NFMs, 92 

utilizing HP-β-cyclodextrin as the primary material, citric acid as a crosslinker, and polyvinyl 93 

alcohol (PVA) as a spinning polymer, were fabricated by electrospinning followed by thermal 94 

crosslinking. The highly insoluble NFMs have a potential for laccase immobilization. This is the 95 

first study to employ scalable insoluble biodegradable crosslinked HP-β-cyclodextrin NFMs as 96 

laccase carriers for emerging contaminant transformation applications. 97 

2. Materials and methods 98 

2.1. Chemicals and materials 99 

Laccase from Trametes versicolor (EC 1.10.3.2, ≥0.5 U mg-1), sodium acetate (NaOAc), acetic 100 

acid (HOAc), 2,2’-azino-bis(3-ethyl-benzothiazoline-6-sulfonic acid: ABTS), poly(vinyl alcohol) 101 

(PVA, Mw 89,000~98,000 Da), hydroxypropyl-beta-cyclodextrin (HP-β-CD), citric acid, 102 

diclofenac (DCF) sodium salt, mefenamic acid (MFA) were purchased from Sigma-Aldrich. Milli-103 

Q water (Millipore Milli-Q system; 18.2 MΩ cm resistance) was used during the experiments. 104 

Solvents used in this work are listed in supporting material T1.  105 

2.2. Experimental procedures 106 

2.2.1. Fabrication of electrospun HP-β-CD nanofiber membranes (NFMs) 107 

Figure 1 illustrates the fabrication process of the crosslinked HP-β-CD NFMs. 100-150% (w/w) 108 

of HP-β-CD was dissolved in water, and 20% (w/w) of citric acid was added with respect to the 109 

HP-β-CD content. 10 g 5% (w/w) PVA was slowly added to the HP-β-CD solution. The mixed 110 

solution was homogenized by mixing for six hours at room temperature. The electrospinning was 111 
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carried out by a needle-based electrospinner (NS+, Inovenso, Turkey), corporate with a precision 112 

air Conditioner (NS AC150, Elmarco, Czech Republic). The solution was filled in a 10 mL syringe 113 

and fed through a stainless steel needle with an inner diameter of 0.8 mm at a constant rate of 0.8 114 

mL/min. The spinning voltage and tip-to-collector distance were applied to 15.3 kV and 10 cm, 115 

respectively. The temperature and relative humidity were set at 25 °C and 30 %. The electrospun 116 

nanofibers were collected on aluminum foil set with a constant speed of 200 rpm, and the acquired 117 

nanofibers (HP-β-CD NFMs) were then stored in a vacuum oven for two hours at 40 °C to clear 118 

up the solvent completely. The fibers were heated in a vacuum oven at 140 °C, 170 °C, and 190°C 119 

for four hours to obtain the water-insoluble electrospun fibers for the thermal crosslinking. The 120 

crosslinked HP-β-CD membranes with different conditions are listed in Table 1.  121 

 MPVA (g) MHP-β-CD (g) MCA (g) Temperaturea 

C1-140 0.5 15 3 140 

C2-140 0.5 10 2 140 

C3-140 1 10 2 140 

C1-170 0.5 15 2 170 

C2-170 0.5 10 2 170 

C3-170 1 10 2 170 

C1-190 0.5 15 2 190 

C2-190 0.5 10 2 190 

C3-190 1 10 2 190 

a refers to the temperature of thermal crosslinking  122 

 123 

Figure 1 Schematic illustration of crosslinked HP-β-CD membranes fabrication. 124 
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 125 

2.2.3. Laccase immobilization and enzyme assays 126 

Laccase immobilization on the modified NFMs was performed as described by Lee et al.[23] with 127 

minor modifications. Briefly, the membrane (36 cm2) was immersed in a 5 mg mL-1 (by weight) 128 

laccase solution in 50 mM NaOAc buffer, pH 4.5 and incubated for one h at 25 °C, and 129 

subsequently transferred to 4 °C for 2, 6, 12, and 24 h. Next, the laccase immobilized membrane 130 

was washed three times with the same buffer and stored at 4 °C. NFMs for enzyme assays were 131 

cut before the immobilization. The laccase activities in the initial immobilization bath, the residual 132 

after immobilization, and the wash fractions were determined spectrophotometrically using ABTS 133 

as the substrate. Specifically, 10 μL enzyme stock or 0.25 cm2 of the laccase-immobilized 134 

membrane was added to 0.5 mM ABTS solution in 20 mM NaOAc buffer, pH 4.5, and the reaction 135 

mixture (300 μL) was incubated in a microtitre plate for 10 min after a 30-second rotary agitation 136 

at 25 °C, and the absorbance at 420 nm was monitored continuously. 137 

Subsequently, the effect of pH on laccase activity was evaluated by testing both the free and 138 

immobilized enzyme prepared in 20 mM NaOAc at pH 3.5-6.5 and monitoring the absorbance at 139 

420 nm at 25 °C. Furthermore, a thermal inactivation assay was performed to investigate the 140 

stability of both the free and immobilized enzymes. An Eppendorf tube containing 980 μl NaOAc 141 

buffer (50 mM) was preheated at 50°C for 5 min. 20 μl of 5 mg ml-1 enzyme solution (by weight) 142 

was added to the preheated buffer solution and incubated at 50 °C. Then, 100 μl aliquots were 143 

collected at 10, 20, 30, 60, 90, and 120 min and stored on ice. Next, the residual activity was 144 

assayed using the standard assay described above at 25 °C. For the immobilized enzyme, three 145 

pieces of immobilized fibers were assayed before heating, and the same fiber was washed 146 

thoroughly. Thereafter, the washed fiber was incubated in a water bath at 50 °C for 10 min, stored 147 
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on ice, and assayed for the remaining activity. This was repeated with new pieces of fibers at 20, 148 

30, 60, 90, and 120 min.  149 

2.2.4. EPs degradation by free enzyme and laccase-immobilized membranes 150 

To investigate the catalytic performance of laccase immobilized crosslinked HP-β-CD membranes, 151 

a 250 mL EP mixture (with 200 μg L-1 of each EP) in Miliq H2O, including mefenamic acid and 152 

diclofenac, was used as feed solution in a batch study. The active membrane area was 36 cm2. 153 

Duplicate samples were taken at different reaction times, filtered through 0.2 μm PTFE filters into 154 

2 mL vials. Subsequently, acetonitrile was added as a quenching reagent. 155 

2.3. Characterization and analytical procedures 156 

2.3.1. Characterization of NFMs. 157 

The microstructure of the electrospun fibers was analyzed by field emission scanning electron 158 

microscopy (Quanta FEG 250, FEI, USA) at an accelerating voltage of 5 kV. The chemical 159 

structure of each NFM was analyzed by Fourier transform infrared spectroscopy-Attenuated Total 160 

Reflectance (FTIR-ATR, Bruker, Germany).  161 

2.3.2. Solubility Test of Crosslinked HP-β-CD membranes 162 

For the solubility experiment, squares of 6 cm2 of the fiber mats were immersed in deionized water. 163 

After 24 h, the fiber mats were removed from the deionized water and placed in a vacuum oven to 164 

dry until constant weight. The insoluble fraction (%), water uptake (WU), and in-plane swelling 165 

ratio (SR) were determined as follows: 166 

Insoluble fraction(%) =
𝑊𝑖

𝑊0
× 100%              (1) 167 

WU =
𝑊𝑎−𝑊𝑑

𝑊𝑑
                 (2) 168 

SR =
𝐿𝑎−𝐿𝑑

𝐿𝑑
                  (3) 169 
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Where W0, Wi were defined as the fiber weight of initial and after drying, [mg]; Wa, Wd were 170 

defined as the weight of wet and dry fibers, [mg]; La and Ld were the lengths of the wet and dry 171 

membranes, [cm] 172 

Additionally, the solvent resistance of the fibers was demonstrated by immersing the fibers into 173 

various solvents for 24 h. The effect of pH on crosslinked NFMs was evaluated by immersing the 174 

fibers at different pH of an aqueous 1 mM NaCl solution. The pH of the KCl solution was adjusted 175 

to 4.5, 7, and 9 by adding either 50 mM HCl or NaOH. 176 

2.3.2. Determination of enzyme activity. 177 

The enzyme activity (A) of enzyme solution (Afree) or fiber (Afiber) was calculated from the initial 178 

slope of the obtained absorbance versus the time curve (Abs420 min-1). One unit of enzyme activity 179 

(U) was defined as the amount of enzyme which converts 1 μmol of ABTS per minute under the 180 

assay conditions (μmol min-1).  181 

𝐴 =
𝛼×𝑉Total

𝜀×𝑑
                    (4) 182 

where VTotal is the volume of total assay and enzyme solution (μL), α is the absorbance per minute 183 

at 420 nm, determined by linear regression (min-1), d is the light path of the assay, estimated by 184 

assay volume, and the single well area of the microplate (cm), and ε represents the molar absorption 185 

coefficient of ABTS at 420 nm, 36,000 M-1·cm-1.  186 

The specific activity of the enzyme immobilized fiber (SAfiber) were defined as the enzyme activity 187 

of fiber per weight of support membrane (U g-1 fiber). 188 

𝑆𝐴fiber =
𝐴fiber

𝑀fiber
                 (5) 189 

where Mfiber is mass of tested fibers, [g]. 190 

2.3.4. Determination of EPs degradation efficiency 191 
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The concentrations of EPs were analyzed by High-Performance Liquid Chromatography–Triple 192 

Quadrupole Mass Spectrometry (1290 Infinity II-6470 LC-QQQ, Agilent Technologies). The 193 

conversion efficiency (D) was calculated as: 194 

𝐷 =
𝐶EP0−𝐶EP

𝐶EP0

 × 100%                 (5) 195 

where CEP0 and CEP are the EP concentrations in solutions before and after degradation 196 

experiments. 197 

3. Result and discussion 198 

3.1. Membrane morphology and chemical structure 199 

Figure 1 depicts the morphology of pristine and crosslinked HP-β-CD NFMs with different ratios 200 

of PVA and HP-β-CD. Figure 1A-B exhibited the morphology of C1 NFMs with the highest 201 

content of HP-β-CD. The membrane consisted of a large number of beads and particles, but barely 202 

any fiber structures were observed. The possible reason for beads and particle formation during 203 

the electrospinning could be the high viscosity of the solution and an extremely low ratio of PVA. 204 

With the decrease of HP-β-CD content and increase of PVA, enhancing the electrospinnability of 205 

the solution, smooth and uniform nanofibers were observed in both C2 NFMs and C3 NFMs, as 206 

shown in Figure C and Figure E. Both fibers were noticed with a ribbon structure instead of 207 

cylinder structure. The fiber diameters of C3 NFMs were 1.6 times increased than that of C2 NFMs. 208 

After the thermal crosslinking treatment at 190°C, both pristine C2 and C3 NFMs maintained intact 209 

fiber structures but with a slight decrease in the fiber diameters from 883 ± 58 to 850 ± 103 nm 210 

and 1418 ± 188 to 1413 ± 182 nm, separately. The fiber distribution on pristine and crosslinked 211 

C2 and C3 NFMs is depicted in Figure S2. 212 
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 213 

Figure 2 SEM images of A, B) pristine C1 NFMs with different magnifications. C, D) pristine 214 

C2 NFMs and crosslinked C2-190 NFMs, E, F) C3 NFMs and crosslinked C3-190 NFMs  215 

The stability of crosslinked HP-β-CD NFMs was found to be influenced mainly by the pH of the 216 

aqueous solution. Figure 3 depicts the morphology difference after treating the C2-190 NFMs in 217 

aqueous solutions with different pH values.  218 
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 219 

Figure 3 Morphology and fiber diameter distribution histograms of C2-190 NFMs treated in 220 

aqueous solutions with different pH values: A, B) Untreated; C, D) pH = 4.5; E, F) pH = 7; and 221 

G, H) pH = 9. 222 
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 223 

Notably, pH values play a significant role in fiber diameters. After immersing the fibers in the 224 

different aqueous solutions for 24 h, the diameters of the fibers were found to have various degrees 225 

of swelling, and it turned out that with the increase of pH values, the swelling degree of fiber 226 

diameter was increased consistently. The fiber diameter distribution treated in pH 4.5, 7, and 9, 227 

compared with the pristine C2-190 NFMs (850 ± 103 nm), was 1065 ± 75 nm, 1570 ± 406 nm, 228 

and 1593 ± 251 nm. In addition, another finding is that in an alkaline solution, defects and edges 229 

were observed. The fibers tended to aggregate together, indicating the poor resistance of the fibers 230 

in the alkaline condition. 231 

FTIR was used to investigate the possible chemical bond formation and secondary interactions, 232 

indicating the differences between the electrospun fibers before and after the thermal crosslinking 233 

process. As depicted in Figure 3, in the spectra of pristine HP-β-CD NFMs, the −OH vibration 234 

band in alcohol groups between 3000-3600 cm−1 and asymmetric and symmetric streching bands 235 

of −CH2 were observed at 2982 cm−1 and 2926 cm−1, respectively. C–O–C vibration streching 236 

bands at 1156 cm−1, C−O streching bands at 1032 cm−1 and  were observed. The characteristic 237 

peaks at 951, 1032, and 1156 cm–1 were observed. The peak at 945 cm–1 is due to the R-1,4-bond 238 

skeleton vibration of β-CD, and the peak at 1032 cm–1 corresponds to the antisymmetric glycosidic 239 

νa(C–O–C) vibrations. The peak at 1156 cm–1 corresponds to the C–H vibration. Similar 240 

absorption bands were also seen in the crosslinked NFMs. The degree of crosslinking was 241 

determined from the absorbance ratio (A 1082/A 1033) in this region of the spectrum. After 242 

thermal treatment, an increase of about 6% was observed in the A 1082/A 1033 ratio for 243 

crosslinked HP-β-CD NFMs when compared to pristine NFMs. FTIR analysis revealed the shift 244 

of a characteristic corresponding to the symmetric stretching bands of −CH2 at 2916 cm−1 and C = 245 
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O stretching vibration of the crosslinker at 1720 cm−1, whereas the pristine HP-β-CD showed at 246 

2922 cm−1 and 1735 cm−1 (Figure 4B-C).  247 

 248 

Figure 4 A) FTIR-ATR spectrum of pristine and crosslinked HP-β-CD NFMs. B) Enlargement 249 

of wavenumber region from 3150 to 2550 cm–1. C) Enlargement of wavenumber region from 250 

2000 to 1400 cm–1. 251 

3.2. Solubility of Crosslinked HP-β-CD NFMs 252 

The swelling behavior of the crosslinked films was observed by the change in film area after being 253 

wetted with 1mM NaCl aqueous solution for 24 h. Table 2 lists the water intake, insoluble fractions, 254 

and in-plane swelling ratio of different HP-β-CD NFMs. Notably, the insoluble fraction of NFMs 255 

was largely influenced by the temperature of thermal crosslinking. The increase in temperature 256 

intensifies the crosslinking degree of the HP-β-CD and citric acid. The insoluble fraction of the 257 

crosslinked C2-170 NFMs and C2-190 NFMs increased from 82.3% to 86%.  258 

Table 2. Water uptake, in-plane swelling ratio, and insoluble fraction of different HP-β-CD NFMs. 259 

 pH Temperature (°C) WU SR Insoluble fraction (%) 

C2 NFMs 7 170 2.1 0.05 82.3 

4.5 190 3.3 0.04 86.7 

7 190 2.3 0.04 86.0 

9 190 4.6 0.07 81.8 

C3 NFMs 7 170 2.2 0.05 80.1 

4.5 190 3.0 0.04 83.8 

7 190 2.3 0.04 84.2 

9 190 4.9 0.06 80.3 

 260 
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Similarly, the same trend of increase in the insoluble fraction of the crosslinked C3 NFMs was 261 

observed, but the value was slightly lower than crosslinked C2 NFMs. The change in pH values 262 

influenced the swelling ratio and water uptake of crosslinked NFMs. In accordance with the result 263 

of fiber diameter, both crosslinked C2 and C3 NFMs exhibited the highest water uptake and in-264 

plane swelling ratio, indicating poor resistance to the alkaline solutions. Overall, C2-190 NFMs 265 

were the best candidates considering the insoluble fractions.  266 

The solubility of C2-190 NFMs in different solvents was investigated, as shown in Figure 5. The 267 

crosslinked nanofibers strongly resist various solvents, including DMAc, DMSO, and ACN, 268 

indicating a strong potential use of these NFMs in the industrial industry. 269 

 270 
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 271 

Figure 5. Solubility test for C2 NFMs in various solvents. 272 

3.2. Optimization of immobilization  273 

Enzyme activity is a crucial parameter to evaluate the support materials and immobilization 274 

performance. In order to optimize the activity of biocatalytic NFMs, the reaction time and mass 275 

ratio of enzyme to fibers were adjusted. Figure 6. exhibits total residual enzyme activity in the 276 
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residue solution, washing buffer, immobilized fibers, and the calculated lost activity with different 277 

immobilization times. High enzyme activity of fiber (Afiber) loss is observed, correlated to the 278 

reaction time between laccase and NFMs. The highest enzyme activity of fiber was achieved to 279 

0.0012 U g-1fiber after a 12-hour reaction time. Nevertheless, the highest enzyme activity of fiber 280 

only corresponded to 3% of total activity, as described in Figure 6A. One of the possible reasons 281 

could be attributed to the crosslinked materials, where unreacted citric acid could be released from 282 

the fibers, resulting in a pH shift in the residue solution. The high activity loss may be correlated 283 

to crowding of immobilized enzymes on the fibers, which is consistent with the results in Figure 284 

6B. Fiber maintains 56% of the activity while the enzyme load is reduced by 50%, while activity 285 

losses decline from 78% to 73%. Further reduction of enzyme load led to a significant loss of fiber 286 

activity. Therefore, optimizing the reaction time is essential to maximize the yield of 287 

immobilization active enzyme per membrane mass in this study. 288 

 289 

Figure 6. A) Total residual enzyme activity in the residue solution, washing buffer, immobilized 290 

fibers, and the calculated lost activity with different immobilization times. B) Total residual 291 

enzyme activity in the residue solution, washing buffer, immobilized fibers, and the calculated lost 292 

activity with different enzyme stock. 293 
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3.3. Stability of the immobilized laccase 294 

Recovering and reusing the catalysts is one of the advantages of enzyme immobilization. In order 295 

to elucidate this, laccase immobilized C2-190 NFMs were repeatedly incubated with ABTS, and 296 

the catalytic activity was measured and the results are illustrated in Figure 7a. The fibers 297 

maintained over 80% of initial activity after three-time testing. However, only around 60% of the 298 

initial activity of the immobilized enzyme was retained after five cycles of reuse. A possible 299 

explanation could be the loss of fiber fractions washed off and left in the washing solution, leading 300 

to a sharp drop in fiber activity during the fierce washing process. The results demonstrated that 301 

laccase immobilized on NFMs offers high operational stability but the poor mechanical properties 302 

limit the potential use of NFMs.  303 

Figure 7B shows the effect of pH on the relative activities of free and immobilized laccase on C2-304 

190 NFMs. The optimum pH values of the free and immobilized laccase were 4.5 and 5.0, 305 

correspondingly. This apparent pH shift to a higher value, in accordance with the literature [24,25] 306 

can be explained by the acidic crosslinkers in the NFMs resulting to the surface of the support 307 

more acidic than the buffer solution. Enzyme immobilization resisted enzyme denaturing that the 308 

immobilized laccase maintained more than 30% of its optimum activity at a higher range of pH 309 

values. Similar observations were noticed for laccase immobilized on PAN/O-MMT composite 310 

nanofiberss, and the optimum pH was found to be 3.0 for free laccase as compared to 3.5 for 311 

immobilized laccase [24].  312 

  313 
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 314 

Figure 7. A) Relative activity of laccase-immobilized NFMs with recycling usage. B) The pH 315 

stability of Lac-C2-190 NFMs and free laccase. C) Thermal inactivation kinetics of Lac-C2-190 316 

NFMs and free laccase.  317 

 318 
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With regard to thermal stability, thermal inactivation kinetics for free and immobilized laccase 319 

was studied (Figure 7C). A0 and A refer to the initial and remaining activity of the free or 320 

immobilized enzyme. The residual activity of immobilized laccase was 72.5 ± 3.1% as compared 321 

to 50.7 ± 0.4% for free laccase after heating for 120 min at 50 °C. Thermal inactivation data were 322 

modeled with first-order kinetics, with coefficients of Determination (COD) of 0.99 and 0.98 for 323 

free and immobilized laccase, respectively. The thermal inactivation rate constant (kinact) decreased 324 

two-fold for the immobilized enzyme (0.15 h-1) as compared to the free laccase (0.33 h-1), which 325 

corresponds to an increase in the half-time of thermal inactivation (t1/2) at 50 °C from 2.1 h to 4.3 326 

h. These data revealed improved thermal stability of the immobilized laccase compared to the free 327 

form, which is consistent with the observation that the enzyme's resistance to high temperatures is 328 

greatly increased by immobilization [18,26]. 329 

3.4. Removal of emerging pollutants 330 

The occurrence of EPs is commonly found in wastewater treatment plants (WWTPs) effluent at 331 

concentrations ranging from low ng L-1 to a few μg L-1. The occurrence of DCF and MFA are 332 

found in a range of 3.04−411 ng L-1 and 3.65−13.9 ng L-1 separately in the effluents of the WWTPs 333 

[27]. However, the extremely low concentration of the EPs challenges both the detection and 334 

catalytic performance of the biocatalytic materials. Therefore, our study focuses on removing EPs 335 

by the enzymatic reaction, which is considered a post-treatment process. Figure 8A-B depicts the 336 

EPs depletion by crosslinked C2-190 NFMs and lac-C2-190 NFMs. The pristine NFMs have 337 

shown about 18% and 57% of depletion outcomes on DCF and MFA due to the adsorption 338 

properties within three hours. After the enzyme immobilization, the biocatalytic membranes 339 

notably largely enhanced the depletion outcomes, where 60% of DCF and 89% of MFA were 340 

effectively transformed.  341 
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 342 

Figure 8. Membrane depletion efficiency of A) DCF, B) MFA; Depletion effi-ciency of reused 343 

membrane of C) DCF, D) MFA. Pristine membrane refers to C2-190 NFMs; Enzymatic membrane 344 

refers to Lac-C2-190 NFMs. 345 

Additionally, the reusability of lac-C2-190 NFMs for EPs removal was tested. As illustrated in 346 

Figure 8C-D, immobilized laccase displayed stable performance for DCF and MFA; up to 90% 347 

of the initial depletion efficiency was retained three times of reuse on both compounds. A slight 348 

decrease in depletion efficiency of DCF and MFA was noticed as the active sites of immobilized 349 

laccase may be covered by the reaction products and inhibited during repeated use of the 350 

membranes, which would lead to lower activity.  351 

4. Conclusion 352 
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We have successfully produced crosslinked β-cyclodextrin NFMs that are biodegradable. These 353 

membranes possess high insolubility and can resist different solvents such as water, ethanol, 354 

DMAc, and n-hexane, indicating that they have potential applications in various fields. We also 355 

investigated the catalytic activities of immobilized laccase using these NFMs as enzyme carriers. 356 

The results showed that the immobilized laccase had better stability compared to the free enzyme, 357 

particularly with higher resistance towards neutral pH, making it suitable for industrial applications. 358 

However, we need to consider some aspects before applying these NFMs, particularly their high 359 

water uptake and swelling ratio, which suggest that batch reactors with full contact with substrate 360 

compounds may be more appropriate than fixed membrane modules. These biodegradable NFMs 361 

offer a solution to the environmental issue of disposing of contaminated polymeric modules as 362 

plastic waste. Overall, our study demonstrates the promising potential of biodegradable NFMs for 363 

pollutant treatment. 364 
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Text S1. Materials 20 

Table S1. Solvent properties  21 

 Emerging pollutants HSPa εb Supplier 

1 H2O 16 80 - 

2 Acetonitrile (ACN) 18 37.5 Sigma-Aldrich 

3 n-hexane 0.0 1.89 
Sigma-Aldrich 

4 
Dimethylacetamide 

(DMAc) 
11.5 37.8 

Sigma-Aldrich 

5 
Dimethyl sulfoxide 

(DMSO) 
16.4 45 

Sigma-Aldrich 

6 Ethanol 8.8 24 
Sigma-Aldrich 

7 Methanol 12.3 33 
Sigma-Aldrich 

a refers to the Hansen Solubility Parameter  22 

b refers to the dieletric constant 23 

 24 

 25 

 26 

 27 
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Text S2. Water treatment of HP-β-CD and cross-linked NFMs. 30 

 31 

Figure S1. Optical images of A-B) HP-β-CD in contact with H2O; C-D) Cross-linked NFMs in 32 

contact with H2O  33 

 34 

Text S3. Thermal inactivation kinetics 35 

The thermal inactivation data for free and immobilized laccase was plotted for zero (residual 36 

activity versus time), first (natural logarithm of the residual activity versus time) and second-order 37 

(reciprocal activity versus time). The rate constant kinact [h
-1] for first-order thermal inactivation 38 

was determined from the slope of the inactivation time: 39 

𝑙𝑛 (
𝐴𝑡

𝐴0
) =  −𝑘𝑖𝑛𝑎𝑐𝑡𝑡                 (1) 40 
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𝑡0.5 =  
𝑙𝑛(2)

𝑘𝑖𝑛𝑎𝑐𝑡
                  (2) 41 

Where At is the residual activity that remains after heating the enzyme for time t, and A0 is the 42 

initial enzyme activity before heating. The half-time of thermal inactivation (t0.5) was determined 43 

by equation S2. 44 

 45 

Text S4. Fiber distribution of pristine and crosslinked nanofibers.  46 

 47 

Figure S2. Fiber diameter distribution of :A, B) pristine C2 NFMs and crosslinked C2-190 48 

NFMs, C, D) C3 NFMs and crosslinked C3-190 NFMs  49 

 50 
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A B S T R A C T   

Biocatalytic nanofibrous membranes, integrating the benefits of membranes and enzymes, have drawn attention 
in wastewater treatment because of their efficient catalytic performance and operational catalytic stability. 
However, these membranes are typically polymeric membranes, and their fate as plastic waste is not considered 
environmentally sustainable. By contrast, ceramic-based membranes are considered more environmental- 
friendly due to their low-risk recycling and disposal procedures, but the brittleness of these membranes limits 
their implementation. Here, we report the fabrication of high flexibility SiO2 biocatalytic nanofiber membranes 
(NFMs) and their previously unreported application in emerging pollutant bioremediation. We used a com-
mercial laccase (EC 1.10.3.2) as a model biocatalyst to evaluate the impact of different strategies to improve the 
catalytic properties of the NFMs in terms of enzyme load and apparent activity per membrane weight. Enzyme 
immobilization with the co-deposition of polydopamine (PDA) and polyethyleneimine (PEI) resulted in the best 
immobilization yield (57.9 ± 0.5 %) and apparent activity of 6.4 ± 1.1 U g− 1 membrane. Compared to the free 
enzyme, the fabricated bio-catalytic membranes maintained 80 % of residual activity after five cycles. In 
addition, the membranes exhibited > 95 % depletion of the five emerging pollutants diclofenac, mefenamic acid, 
benzefabrite, bicalutamide, and clarithromycin. The successful fabrication of flexible biocatalytic ceramic 
membranes holds promise as a new technological platform for sustainable wastewater treatment and brings 
novel insights into a previously less explored realm of membrane applications.   

1. Introduction 

Emerging pollutants (EPs) are persistent compounds in the envi-
ronment at trace concentrations, and exposure to these EPs might have 
detrimental effects on both environment and human beings [1,2]. These 
recalcitrant compounds, including distinct pharmaceuticals, personal 
care products, polycyclic aromatic hydrocarbons as well as pesticides, 
escape degradation by higher organisms to bioaccumulate and/or to 
exert toxic effects in terrestrial and aquatic ecological systems [3]. The 
usage of these compounds has been increasing considerably; however, 
there are no guidelines or standards regarding the disposal and 
discharge of EPs in existing wastewater treatment plants (WWTPs) at 
present [4]. Efforts to address these emerging concerns have been 

applied, such as EP removal during water treatment by activated sludge 
adsorption [5]. However, current WWTPs have not been designed for 
the efficient removal of EPs at low concentrations. Even though a high 
EP adsorption on activated sludge is accomplished, further treatment is 
required to prevent enriched EPs in the sludge from eventually entering 
the environment through landfills or as fertilizer. 

The transformation of pollutants catalyzed by enzymes is considered 
an environmental-friendly and highly efficient way of water treatment 
[6]. However, the feasibility of enzyme applications with enzyme in the 
free form suffers from high enzyme prices and irreversible enzyme 
inactivation, e.g., due exposure to denaturing conditions. The afore-
mentioned problems can be mitigated by immobilizing enzymes in/on 
various supports such as membrane materials. Membranes applied in 
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filtration [7] offer a promising strategy for EP capture, but it requires 
further chemical treatment of concentrated pollutants as a necessity for 
their disposal. Biocatalytic membranes with embedded or immobilized 
biocatalysts merge the benefits of bioremediation and membrane sepa-
ration and markedly facilitate the reuse of immobilized enzymes. 

Among known biocatalysts, laccases (benzenediol: oxygen oxidore-
ductase, EC 1.10.3.2) are model commercial enzymes with broad sub-
strate profile that includes synthetic dyes, chlorinated phenolics, and 
polycyclic aromatic hydrocarbons [8–10]. Several types [11,12] of 
laccase-immobilized membranes have been developed. These applica-
tions commonly utilize polymeric membranes as enzyme support which 
raises the environmental issue of discharging the contaminated mem-
brane modulus as plastic waste after use. Ceramics are promising and 
potentially more sustainable alternatives considering their recyclability; 
however, most applications notably avoid utilizing ceramics as mem-
brane materials due to their high production cost, complex fabrication 
schemes, and brittleness that deteriorates their performance compared 
to polymers [13]. To overcome the rigidness and brittleness of ceramics 
fabricated by common procedures, including hot-die casting, isostatic 
pressing, extrusion, and grouting, researchers have successfully pro-
duced flexible ceramics via needle-based electrospinning combined with 
a sol–gel process [14], followed by calcination [15]. Subsequent studies 
have revealed that ceramic nanofibers with high length-to-diameter (L 
D-1) ratios could alter the crystal size to enlarge the grain boundaries, 
reducing crack propagation and thus softening and reinforcing the 
fibrous materials. [16].The superior flexibility of ceramic membrane has 
promoted applications in battery separators [17] and oil separation 
[15], but not in emerging pollutant transformation to our knowledge. 

Herein, we developed a facile reinforcement fabrication strategy for 
flexible ceramic membranes and immobilized a model enzyme to 
generate biocatalytic membranes by one-step co-deposition of poly-
dopamine (PDA) and polyethyleneimine (PEI). This is the first study to 
employ scalable biocatalytic ceramic membranes with superior flexi-
bility and high catalytic efficiency for emerging pollutant trans-
formation applications. 

2. Materials and methods 

2.1. Chemicals and materials 

Laccase from Trametes versicolor (EC 1.10.3.2, ≥0.5 U mg− 1), sodium 
acetate (NaOAc), acetic acid (HOAc), 2,2′-azino-bis(3-ethyl-benzothia-
zoline-6-sulfonic acid: ABTS), tetraethyl orthosilicate (TEOS), poly 
(vinyl alcohol) (PVA, Mw 89,000 ~ 98,000 Da), phosphoric acid, 
dopamine hydrochloride, sodium (meta) periodate, tris(hydroxymethyl) 
aminomethane (Tris), (3-Aminopropyl)triethoxysilane (APTES, 99 %), 
polyethylenimine (branched, Mw ~ 800 Da by light scattering), ethanol 
absolute (99.8 %), acetonitrile (anhydrous, 99.8 %) were obtained from 
Sigma-Aldrich. 20 EPs are listed in Table S1 of the Supporting 
information. 

2.2. Experimental procedures 

2.2.1. Fabrication of electrospun SiO2 nanofiber membranes (NFMs) 
10 g of 10 % (w/w) PVA sol solution was slowly added to 30 g of 

silica gel with a mass composition of tetraethyl orthosilicate (TEOS): 
H3PO4: H2O = 1:0.007:1, and the composite solution was stirred for 
another 6 h before electrospinning. The electrospinning was applied by a 
continuous needle-less system (NS LAB, Elmarco, Czech Republic), 
corporate with a precision air Conditioner (NS AC150, Elmarco, Czech 
Republic) which generated electrospun nanofibers by a wire electrode. 
The composite solution was filled in a spinning carriage at a speed of 
100 mm s− 1. The spinning voltage and tip-to-support distance were 
applied to 37 kV and 17 cm, respectively. The temperature and relative 
humidity of electrospinning were set as 25 ◦C and 25 %. Then, the fibers 
were collected on a siliconized paper set with a speed of 5 mm min− 1. 

The precursor nanofibers were calcined at 800 ◦C for 2 h with a series of 
heat-up rates (5 ◦C min− 1 to 250 ◦C, followed by 1 ◦C min− 1 to 450 ◦C 
and 5 ◦C to 800 ◦C). 

2.2.2. Surface functionalization of SiO2 NFMs 
Three approaches were applied to functionalize the surface of SiO2 

NFMs:  

i) Silanization treatment was performed by immersing 0.16 g of 
SiO2 NFMs in 200 mL of 10 % (w/w) APTES ethanol solution at 
70 ◦C for 2 h.  

ii) Dopamine coating was to dip 0.16 g of SiO2 NFMs in 200 mL 10 
mM Tris buffer, 2 g/L of dopamine hydrochloride, 5 mM NaIO4, 
pH 8.5 for 12 h.  

iii) Co-deposition of polydopamine(PDA)/ polyethyleneimine 
(PEI) was applied by soaking SiO2 NFMs in a 1:1 (w/w) mixture 
of dopamine (2 g/L) and PEI for 12 h. Treated membranes were 
washed with water and vacuum dried overnight at 40 ◦C. 

The resulting NFMs were designated as SiO2-SA, SiO2-PD, and SiO2- 
PE, respectively. 

2.2.3. Laccase immobilization and enzyme assays 
Laccase immobilization on the modified NFMs was performed as 

described by Lee et al.[18] with minor modifications. Briefly, the 
membrane (64 cm2) was immersed in a 5 mg mL− 1 (by weight) laccase 
solution in 50 mM NaOAc buffer, pH 4.5, incubated for 1 h at 25 ◦C, and 
subsequently transferred to 4 ◦C for 24 h. Next, the laccase immobilized 
membrane was washed three times with the same buffer and stored at 
4 ◦C. The resulting biocatalytic NFMs were designated as Lac- SiO2-SA, 
Lac-SiO2-PD, and Lac-SiO2-PE NFMs, respectively. For enzyme assays, 
the NFMs (2 cm2) were cut into 8 pieces and immersed in 5 mg mL− 1 

laccase solution (50 mM NaOAc buffer, pH 4.5). The activity of the free 
laccase in the initial immobilization bath and the residual activity after 
immobilization, as well as the activities of the fibrous membrane with 
immobilized enzyme and the wash fractions, were determined spectro-
photometrically using ABTS as the substrate. Specifically, 10 μL laccase 
solution or 0.25 cm2 of the laccase-immobilized membrane was added to 
0.5 mM ABTS solution in 20 mM NaOAc buffer, pH 4.5, and the reaction 
mixture (300 μL) was incubated in a microtitre plate for 10 min after a 
30-second agitation at 25 ◦C. The absorbance at 420 nm was monitored 
continuously. 

Subsequently, the effect of pH on laccase activity was evaluated by 
testing both the free and immobilized enzyme prepared in 20 mM 
NaOAc at pH 3.5–6.5 and monitoring the absorbance at 420 nm at 25 ◦C. 
Furthermore, a thermal-irreversible inactivation assay was performed to 
investigate the stability of both the free and immobilized enzymes. An 
Eppendorf tube containing 980 μL 50 mM NaOAc buffer was preheated 
at 50 ◦C for 5 min. 20 μL of 5 mg ml− 1 enzyme solution in 50 mM NaOAc 
buffer was added to the preheated buffer solution and incubated at 
50 ◦C. Then, 100 μL aliquots were collected at 10, 20, 30, 60, 90, and 
120 min and stored on ice. Next, the residual activity was assayed using 
the standard assay described above at 25 ◦C. For the immobilized 
enzyme, 6x3 pieces of enzyme-immobilized fibers (as a technical trip-
licate for six measurements) were assayed before heating, and the same 
fiber pieces were washed thoroughly. Thereafter, the washed fibers were 
incubated in a water bath at 50 ◦C for 10, 20, 30, 60, 90, and 120 min, 
stored on ice, and assayed for the remaining activity. 

2.2.4. Eps transformation by free enzyme and laccase-immobilized 
membranes 

The free laccase activity was screened against a panel of 20 EPs to 
identify substrates converted by the enzyme. In short, 150 µL of 1.5 µM 
laccase was incubated with 200 μg L-1 of each EP in 50 mM NaOAc 
buffer, pH 4.5, in 3 mL total reaction volume for 24 h at room temper-
ature. After the screening, to further investigate catalytic membrane 
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performance, dead-end membrane filtration was conducted in a batch 
stirred cell (Amicon Model 8400, Millipore), as shown in Fig. S1. In 
order to control the same flux of the filtration, all the membranes were 
assembled with a commercial microfiltration membrane (MFG2, Alfa 
Laval, Denmark) in the testing cell. The volume of the stirred cell is 400 
mL with an internal membrane diameter of 7.6 cm. An aqueous solution 
containing five EPs (bicalutamide, mefenamic acid, diclofenac, clari-
thromycin, and bezafibrate), prepared in Milli-Q-H2O, was pumped 
through the membranes at 0.25 bar. For cycling mode, 500 mL synthetic 
EP solution was cumulatively pumped through the membrane during 
each cycle, and between the adjacent cycles, the membrane was washed 
thoroughly by Milli-Q-H2O. Functionalized SiO2 NFMs without laccase 
assembled with MFG2 were tested under the same conditions as the 
control experiment. 

Additionally, we carried the transformation reaction of the model 
EP, diclofenac, by laccase-immobilized NFMs. Diclofenac trans-
formation was carried out in a 500 mL borosilicate glass beaker at room 
temperature. 20.48 mg of laccase-immobilized NFMs (64 cm2) were 
soaked in freshly prepared 300 mL of 200 μg L-1 diclofenac solution in 
Milli-Q-H2O under vigorous stirring. Duplicate samples were taken at 
different reaction times and filtered through 0.2 μm PTFE filters into 2 
mL vials. Subsequently, acetonitrile was added as a quenching reagent. 

2.3. Characterization and analytical procedures 

2.3.1. Characterization of SiO2 NFMs 
The microstructure of the electrospun fibers was analyzed by field 

emission scanning electron microscopy (Quanta FEG 250, FEI, USA) at 
an accelerating voltage of 5 kV. A laser confocal scanning microscopy 
(TCS SP5, Leica, Germany) was used to observe the presence and dis-
tribution of the enzyme on the NFMs. Laccase was previously labeled 
with fluorescein isothiocyanate (FITC) by mixing 100 mg of laccase and 
10 μg FITC in sodium carbonate buffer solution (50 mM, pH 8.8) at 4 ◦C 
for 1 h in the dark and then dialyzed to remove residual FITC by gel 
filtration. Thereupon, labeled laccase was immobilized on the SiO2 
NFMs as described above (Section 2.2.3). The excitation and emission 
wavelengths of FITC were 492 and 518 nm, respectively. The chemical 
structure of each NFMs was analyzed by Attenuated Total Reflectance- 
Fourier transform infrared spectroscopy (ATR-FTIR, Bruker, Ger-
many). The zeta potential of the SiO2 NFMs was determined at different 
pH of an aqueous 1 mM KCl solution by the streaming potential method 
(SurPASS 3, Anton Paar, Austria). The NFMs were ground gently to 
obtain coarse granular particles, which were inserted into a sample 
holder for powder samples. A continuously decreasing pressure gradient 
was applied to the aqueous test solution between both ends of the 
granular powder sample, and the streaming potential was recorded 
simultaneously. The slope of the linear dependence of streaming po-
tential on pressure difference was converted to the zeta potential using 
the classical Smoluchowski equation. The pH of the KCl solution was 
adjusted automatically by adding either 50 mM HCl or KOH. 

2.3.2. Determination of enzyme loading and activity 
The protein concentrations in solutions were determined by the 

Bradford method (Fig. S2 of the Supporting information) on a micro-
plate reader (Synergy H1, Agilent Technologies, USA). The total amount 
(m) of the immobilized enzyme (μg) was calculated as: 

m = (C0 − Cr)V −
∑

CwVw (1) 

where C0, Cw, and Cr represent the enzyme concentrations (μg mL− 1) 
in the initial stock, washing buffer, and residual solution, respectively, V 
and Vw are volumes (mL) of the enzyme solution and washing buffer. 

The enzyme activity (A) of enzyme solution (Afree) or fiber (Afiber) was 
calculated from the initial slope of the obtained absorbance versus the 
time curve (Abs420 min− 1). One unit of enzyme activity (U) was defined 
as the amount of enzyme which converts 1 μmol of ABTS per minute 

under the assay conditions (μmol min− 1). 

A =
α × VTotal

ε × d
(2) 

where VTotal is the volume of total assay and enzyme solution (μL), α 
is the absorbance per minute at 420 nm, determined by linear regression 
(min− 1), d is the light path of the assay, estimated by assay volume, and 
the single well area of the microplate (cm), and ε represents the molar 
absorption coefficient of ABTS at 420 nm, 36,000 M− 1⋅cm− 1. 

The specific activity of free enzyme (SAfree) was defined as the 
enzyme activity of enzyme solution per weight of free enzyme (U mg− 1 

enzyme). The specific activities of the immobilized enzyme (SAimm) and 
fiber (SAfiber) were defined as the enzyme activity of fiber per weight of 
immobilized enzyme (U mg− 1 enzyme) and support membrane(U g− 1 

fiber) separately. 

SAfree =
Afree

Mfree
(3)  

SAimm =
Afiber

Mimm
(4)  

SAfiber =
Afiber

Mfiber
(5) 

where Mfree, is the amount of free enzyme in the assay (mg). Mimm 
and Mfiber are the amount of immobilized enzyme on tested fiber (mg) 
and the mass of tested fibers (g). 

2.3.3. Determination of kinetic parameters 
The Michaelis–Menten kinetic apparent parameters of free and 

immobilized enzymes were determined by calculating the specific ac-
tivity of free and immobilized enzymes using ABTS with different con-
centrations from 0.1 to 5 mM. The values of the kinetic parameters were 
determined graphically from the non-linear regression of the Michae-
lis–Menten kinetics: 

υ = Vmax
[S]

Km + [S]
(6)  

1
V
=

Km

Vmax[S]
+

1
Vmax

(7) 

where υ is the initial reaction rate, [S] is the substrate concentration, 
Vmax is the apparent maximum rate of the bio-catalyst. Km [mM] is the 
apparent Michaelis–Menten constant. 

2.3.4. Determination of EPs depletion efficiency 
The concentrations of EPs were analyzed by High-Performance 

Liquid Chromatography–Triple Quadrupole Mass Spectrometry (1290 
Infinity II-6470 LC-QQQ, Agilent Technologies). The depletion effi-
ciency (D) was calculated as. 

D =
CEP0 − CEP

CEP0

× 100% (8) 

where CEP0 and CEP are the EP concentrations in solutions (μg L-1) 
before and after the membrane process. 

3. Result and discussion 

3.1. Membrane morphology, flexibility, and chemical structure 

Fig. 1a shows the manufacturing scheme of flexible SiO2 NFMs. 
Specifically, a metastable silica sol containing TEOS and PVA was sub-
ject to rapid stretching and solidification due to solvent evaporation to 
generate the precursor NFs during the electrospinning process. Fig. 1b 
depicts a smooth and uniform morphology of precursor NFs. The addi-
tion of PVA solution enhanced the silica sol electrospinnability, and a 
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narrow fiber diameter distribution was obtained (251 ± 40 nm, Fig. 1c), 
and the thickness of the precursor NFMs was 60.0 ± 0.8 μm (Fig. 1d). In 
the following calcination step, the PVA and TEOS in precursor NFs 
decomposed in the air, accompanied by SiO2 grain growth. After calci-
nation at 800 ◦C, PVA was sacrificed to leave the flexible SiO2 NFs. As 
depicted in Fig. 1e, the calcined fibers appear shrunken in diameter 
without obvious fractures resulting in a narrower fiber diameter distri-
bution (168 ± 40 nm, Fig. 1f), while the calcined NFMs thickness 
remained unchanged compared to precursor NFs (Fig. 1g). Notably, 
compared with the brittleness of common ceramic membranes, the ob-
tained SiO2 NFMs in our work remained intact after multiple de-
formations, including folding, twisting, bending, and kneading without 
any damage (Fig. S3). The flexibility of NFMs enables further modifi-
cation and engineering of the membrane, such as functionalization and 
module design. 

To further functionalize the NFMs surface, we tested silanization, 
dopamine coating, and co-deposition of PDA and PEI to introduce amine 
groups onto the SiO2 nanofiber surface, as represented in Fig. 2a. The 
covalent attachment of functional organosilanes to silica and glass 
supports has proven to be efficient in immobilizing antibodies and 
cellular receptors in biosensors and adhesion layers in many applica-
tions [19]. The surface morphology of SiO2-SA revealed the presence of 
thin films between fibers. Compared with silanization, both dopamine 
coating and co-deposition approaches introduced particles onto the fiber 

surfaces, which increased the roughness of the nanofiber (Fig. 2b-d). It is 
possible that the rapid self-polymerization of dopamine aggregates on 
the fiber. In the co-deposition process, the addition of PEI altered the 
formation of PDA aggregates. As a result, a relatively uniform surface of 
SiO2-PE was obtained with a 1:1 mass ratio DA: PEI and a coating time of 
12 h (Fig. S4). It has been reported that PEI establishes covalent bonding 
with the phenyl group of dopamine, thereby preventing the PDA from 
self-aggregation, which impacts the composition and morphology of the 
NFMs [20]. Weight losses of dry SiO2-SA, SiO2-PD, and SiO2-PE were 
measured after the calcination at 800 ◦C to 0.9 ± 0.2 %, 13.2 ± 3.7 %, 
and 10.6 ± 0.7 %, respectively. 

FTIR was used to investigate the possible chemical bond formation 
and secondary interactions, indicating the differences between the 
electrospun fibers before and after surface functionalization. Hydrogen 
bonding, protonation of the amine on the silica surface, and covalent 
bonding mainly contribute to the interaction between APTES and 
SiO2[21]. As depicted in Fig. 2e, for the pristine SiO2 membrane, the 
absorption peaks at 804 cm− 1 were attributed to the bending vibration 
of the Si–O bond and two strong bands at 1083 cm− 1 and 1147 cm− 1 to 
asymmetrical Si–O–Si vibrations. A new band was observed as a sig-
nificant change in SiO2-SA at 922 cm− 1, corresponding to Si–O and the 
amino groups, attributed to the APTES conjugation [22]. It is well 
known that PDA exhibited good adhesion to various materials via co-
valent and non-covalent interactions. Electronic interaction between 

Fig. 1. a) A large-scale electrospun fibrous membrane (NFMs) production by needle-less electrospinning of tetraethyl orthosilicate (TEOS)/poly(vinyl alcohol) (PVA) 
solution, followed by a calcination process. b, e) SEM image of precursor nanofibers and calcined SiO2 nanofibers. c, f) Fiber diameter distribution of the precursor 
nanofibers and calcined SiO2 nanofibers. μ and σ refer to weighted arithmetic mean of fiber diameter and standard deviation, respectively. d, e) Cross-section SEM 
image of precursor nanofiber membrane and calcined SiO2 nanofiber membrane. 
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PDA and SiO2 was demonstrated.[23] PEI is strongly adsorbed onto the 
negatively charged silanol groups of SiO2 via electrostatic interactions. 
[24] Due to the planar cyclic and aromatic parts, the spectrum of SiO2- 
PD and SiO2-PE is composed of peaks between 2000 and 1300 cm− 1 

corresponding to NH and CN deformation modes (δNH and δCN). The 
characteristic shoulder peak of PDA in both spectra at 1351 cm− 1 is 
assigned to indole ring CNC stretching, highlighted in Fig. 2f. The 
presence of the indole features supports the melanin-like structures 
containing 5,6-dihydroxyindole/5,6-indolequinone units that exist in 
both membranes [25]. A characteristic peak at 1382 cm− 1 attributed to 
the CH2 bending confirmed the successful grafting of PEI onto the 
membrane. Bands around 1648, 1589, and 1552 cm− 1 were observed in 
both spectrums, corresponding to the deformation of primary amine 
groups [26], bending vibration of N–H bonds, and the stretching vi-
bration of the secondary amine groups [27]. The absorption intensity of 
both peaks was stronger for SiO2-PE than for SiO2-PD, which further 
confirmed the incorporation of the PEI into the membrane surface. The 
introduction of PEI increased the amine groups’ proportion to the 
membrane surface for enzyme immobilization. In order to visualize the 
distribution of immobilized laccase on SiO2-PE NFMs, laccase (fitc-lac) 
was fluorescence-labeled before the immobilization, and confocal laser 
scanning microscopy was employed. As shown in Fig. 2g, the ultrafine 
fiber emits green fluorescence under excitation light, and it is evident 
that the laccase molecules could be uniformly distributed onto the fiber 

surfaces during the immobilization. 

3.2. Optimization of immobilization 

3.2.1. Surface charge effect on protein loading 
The enzyme immobilization capacity was altered with different 

NFMs (Fig. 3a). Pristine SiO2 and SiO2-PD NFMs could achieve 24.9 % 
and 30 % of the total protein to be immobilized onto the fibers. Sur-
prisingly, the protein immobilization yield of SiO2-SA NFMs decreased 
to 7 %; by contrast, SiO2-PE NFMs instead could hold 57.9 % of protein 
bonded onto the surface. The distinct difference between membranes 
could be ascribed to the divergent surface charge values of both mem-
brane and enzyme. The theoretical isoelectric point of laccase from 
Trametes versicolor is 5.7 (ProtParam Tool). Fig. 3b shows the zeta po-
tential, which is a metric of the net surface charge, as a function of pH for 
each SiO2 NFM in a 1 mM KCl solution. Pristine SiO2 NFMs were 
negatively charged within a broad pH range from 3.3 to 7.0. Laccases are 
physically adsorbed onto the surface due to the electrostatic attraction 
and hydrogen bonding where silica acts as donors [28]. However, these 
non-covalent interactions between silica and enzymes are typically 
weak and reversible. The immobilized laccase was desorbed and leached 
out from the SiO2 pristine NFMs, which is why proteins can be detected 
in the washing buffers. 

By contrast, a sharp increase in the zeta potential of SiO2-SA NFMs 

Fig. 2. a) Schematics of fibrous membrane functionalization and laccase immobilization. b-d) SEM images of SiO2-SA, SiO2-PD, and SiO2-PE nanofibers. e-f) ATR- 
FTIR spectra of selected NFMs. g) A laser confocal scanning microscopy (LCSM) image of Lac-SiO2-PE. The green fluorescence signal is from fluorescence-labeled 
enzymes. The scale of the unlabeled bar is 10 µm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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(+20 mV) was observed and may explain the noticeable drop in protein 
loading due to repulsion between the strong positive charge of the 
membrane surface and enzymes. Amine groups grafted through PDA 
coating and co-deposition likewise introduced a positive charge to the 
membranes. With similar immobilization capacity, SiO2-PD NFMs 
exhibited a neutral charge at pH 4.5. Besides physical adsorption, co-
valent binding between support materials and laccase molecules mani-
fests during the immobilization process. The catechol groups of PDA can 
efficiently react with thiol and amine group of laccase via Schiff [29] and 
Michael addition reactions [11]. With the addition of the PEI, +12 mV 
zeta potential value was measured at pH 4.5, while the highest immo-
bilization yield was achieved due to the smaller diameter range of par-
ticle aggregates, especially compared with PDA coating. The fine and 
evenly distributed particles increased the roughness and thereby the 
surface area accessible for laccase immobilization. This unique surface 
topography with a higher specific area further enhanced the immobi-
lized enzyme capacity on SiO2-PE NFMs. Similar findings that modulate 

the microstructure of the surface have been reported to modify the 
immobilization outcome. [30,31]. 

3.2.2. Optimization of enzyme activity 
In addition to the protein concentration, enzyme activity is a crucial 

parameter in evaluating the support materials and immobilization per-
formance. According to the definition in Section 2.3.2, the specific ac-
tivities of the immobilized enzyme (SAimm) and fiber (SAfiber) were 
defined as the enzyme activity of fiber per weight of immobilized 
enzyme (U mg− 1 enzyme) and support membrane(U g− 1 fiber) sepa-
rately. As depicted in Fig. 3c, SiO2-PE NFMs exhibited the highest values 
on the specific activity of fiber, as more enzymes were immobilized on 
the same weight of membrane pieces. Besides the specific activity of 
immobilized enzymes, the functionalized NFMs demonstrated slight 
differences. SiO2-PE NFMs modified by the co-deposition method 
exhibited the best immobilization performance considering both 
enzyme load and activity. Apparent kinetic parameters for the free and 

Fig. 3. a) Enzyme amount distribution in 
immobilization solution after immobilization 
(residue solution), washing buffers and 
immobilized fiber during the immobilization 
b) Zeta potential as a function of pH for 
fibrous membranes at 1 mM KCl ionic 
strength. The intersection of the horizontal 
solid line with the curves depicts the iso-
electric point of each fibrous membrane. c) 
Specific activity of fiber (SAfiber) and specific 
activity of immobilized laccase (SAimm) on 
different fibrous membranes. d) Total 
enzyme activity of residue solution, washing 
buffer, immobilized fibers and calculated 
activity lost. Mass ratio of enzyme stock to 
membrane was set as 1:1 during the immo-
bilization process. e) Total residual enzyme 
activity in the residue solution, washing 
buffer, immobilized fibers, the calculated lost 
activity. The total fiber activity proportion 
with different enzyme stock to membrane 
mass ratio is shown as a scatter plot. The 
data are the arithmetic mean ± standard 
deviation of two independent replicates.   
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immobilized laccase (Lac-SiO2-PE NFMs), Vmax, and Km are listed in 
Table 1. The increase of Km value also indicated lower accessibility or 
affinity of the substrate to the active sites of the immobilized enzyme. 

The specific activity of the immobilized enzyme (0.53 ± 0.09 U 
mg− 1) was much lower than that of free laccase (16.13 ± 0.26 U mg− 1), 
which is not uncommon for immobilized enzymes due to a range of 
factors such as reduced enzyme flexibility[11], and/or conformational 
changes[32] or unfolding associated with the immobilization as well as 
crowding as will be discussed below. In addition, Fig. 3d depicts the 
distribution of activity along the immobilization process, including 
initial enzyme stock, washing buffers, and residual solution, which 
shows fiber-dependent changes in enzyme activity distribution. High 
enzyme activity of fiber (Afiber) loss, correlated to the high protein load, 
is observed on SiO2-PE NFMs. Nonetheless, this membrane type 
exhibited the highest enzyme activity of fiber (0.06 U), corresponding to 
6 % of total activity. A possible reason for the decrease in activity, 
despite the high protein load, may be the crowding of immobilized en-
zymes on the fibers. An optimization experiment on different relative 
enzyme loads provided support to this hypothesis. As shown in Fig. 3e, 
fiber maintains 80 % of the activity when the enzyme load is reduced by 
50 %, while activity losses decline from 56 % to 47 %. Further reduction 
of enzyme load, however, led to a significant loss of fiber activity. 
Therefore, optimizing the enzyme load on the fiber is important to 
maximize the yield of immobilization active enzyme per membrane 
mass. 

3.3. Stability of the immobilized laccase 

Fig. 4a shows the effect of pH on the relative activities of free and 
immobilized laccase on SiO2-PE. Immobilized laccase maintained>40 % 
of its optimum activity within a broader pH range than the free enzyme. 
The optimum pH value of the free and immobilized laccase were 4.5 and 
4.0, respectively. This apparent pH shift might be due to the higher 
charge density of SiO2-PE NFMs that changes the electrostatics in the 
microenvironment around the enzyme. Similar observations were 
noticed for laccase immobilized on bacterial microcrystalline cellulose, 
and the optimum pH was found to be 3.5 for free laccase as compared to 
2.5 for immobilized laccase [33]. 

With regard to thermal stability, thermal inactivation kinetics for 
free and immobilized laccase was studied (Fig. 4b). A0 and A refer to the 
initial and remaining enzyme activity of the free or immobilized 
enzyme. The residual activity of the immobilized laccase was 82.4 ± 1.2 
% as compared to 53.0 ± 0.01 % for the free laccase after heating for 
120 min at 50 ◦C. Thermal inactivation data were modeled with first- 
order kinetics, with coefficients of determination (COD) of 0.99 and 
0.98 for free and immobilized laccase, respectively. The thermal inac-
tivation rate constant (kinact) decreased threefold for the immobilized 
enzyme (0.1 h− 1) as compared to the free laccase (0.3 h− 1), which 
corresponds to an increase in the half-time of thermal inactivation (t1/2) 
at 50 ◦C from 2.3 h to 6.9 h. These data revealed improved thermal 
stability of the immobilized laccase compared to the free form, which is 
consistent with the observation that the enzyme’s resistance to high 
temperatures is greatly increased by immobilization [34]. 

One of the essential advantages of enzyme immobilization is 

Table 1 
Apparent activity and kinetic parameters of free and immobilized laccase.   

Specific activity (U mg- 

1enzyme) 
Km (mM)a Vmax (U mg¡1 

enzyme)b 

Free 
laccase 

16.13 ± 0.26 0.13 ±
0.01 

14.97 ± 0.07 

Lac-SiO2- 
PE 

0.53 ± 0.09 2.35 ±
0.72 

0.56 ± 0.19 

a Km [mM] is the apparent Michaelis–Menten constant; b Vmax is the apparent 
maximum rate of the bio-catalyst. 

Fig. 4. a) The pH stability of Lac-SiO2-PE NFMs and free laccase. b) Thermal 
inactivation kinetics of Lac-SiO2-PE NFMs and free laccase. Enzyme solution 
and Lac-SiO2-PE pieces (in 50 mM acetate buffer, pH 4.5) were incubated at 
50 ◦C for 2 h. c) Relative activity of Lac-SiO2-PE NFMs with recycling usage. A 
and A0 refer to remaining and initial activity of free or immobilized enzyme. 
Values were arithmetic mean ± standard deviation of two indepen-
dent replicates. 
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recovering and reusing the catalysts. In order to probe the operational 
stability over cycles of use, the residual activity of immobilized laccase 
was repeatedly measured following incubation with ABTS, and the re-
sults are illustrated in Fig. 4c. Up to 80 % of the initial activity of the 
immobilized enzyme was retained after five cycles of reuse. The loss of 
relative activity could be due to the irreversible inactivation of the 
enzyme cycles of reuse. The loss of relative activity could be due to the 
irreversible inactivation of the enzyme. 

3.4. Removal of emerging pollutants 

EPs are found in wastewater treatment plants (WWTPs) effluent at 
concentrations ranging from low ng L-1 to a few μg L-1 [35]. The 
occurrence of EPs and their removal has become a research focus in 
wastewater treatment. Considering the extreme-low pollutant concen-
trations accompanied by massive throughput in real wastewater treat-
ment plants, laccase-immobilized NFMs are considered a post-treatment 
process of wastewater after the filtration process, where most of the 
other pollutants are removed, and the EPs are concentrated. Therefore, 
we performed a series of experiments on high concentrated synthetic EP 
mixtures in Milli-Q-H2O to gain insight into the performance of laccase 
and laccase-immobilized NFMs. 20 EPs, including antibiotics, analge-
sics, blood pressure regulators, antidepressants, anti-inflammatory, and 
anti-corrosions, have been screened by free laccase (Fig. S5). Five 
compounds were efficiently transformed by the free laccase (>60 % 
transformation). Lac-SiO2-PE NFMs have revealed promising depletion 
outcomes (≥95 %) for all selected EPs (Fig. 5a), including diclofenac, 
one of the most recalcitrant components detected in aquatic media. 
Although the SiO2-PE NFMs as a reference also showed selectivity on 
these contaminants, possibly due to the adsorption effect on the mem-
brane, the complement of enzymatic NFMs further enhanced the 
transformation rates. 

Notably, Lac-SiO2-PE NFMs displayed stable performance for the 
selected EPs, with maintained transformation efficiency > 90 % after 
three times of reuse (Fig. 5b). The total depletion efficiency derives 
mainly from both enzyme biotransformation and adsorption. A slight 
decrease observed in depletion efficiency could be explained by 
decreasing the adsorption property of control membranes (Fig. S6). The 
depletion efficiency achieved by the control membranes decreased from 
25.9 % to 15.5 % in the 3rd cycle. Another possible reason for the slight 
decrease in depletion efficiency can be membrane fouling, which is 
inevitable, especially for membrane systems treating wastewater with a 
high concentration of pollutants. After 3 cycles of use, the NFM was 
slightly compressed due to the applied pressure but maintained its 
porous microstructure (Fig. S7). However, due to the repeated exposure 
of the NFMs to a high concentration of emerging pollutants, we observed 
the accumulation of emerging pollutants and/or their transformation 
products on/between the nanofibers, which may influence the catalytic 
performance of the immobilized laccase. Therefore, a back-washing is 
suggested in-between the membrane process. In addition, a batch study 
with Lac-SiO2 NFMs on the model EP Diclofenac was depicted in Fig. 5c. 
The transformation curve of diclofenac shows 90 % removal efficiency 
within an hour. 

To further evaluate the performance of Lac-SiO2 NFMs, Table 2 
summarizes the enzymatic membrane performance of this work and 
similar studies from other enzyme carriers. Quantitative comparison of 
enzyme reusability is difficult due to the different scales and experi-
mental conditions. Our study, as well as listed research, achieved to 
reuse of designed enzymatic membranes with high remaining activity. 
We attempt to apply lower substrate concentrations and filtration sys-
tems compared to previous research. However, the applied concentra-
tions of EPs are relatively higher than values expected in hospital and 
WWTPs effluents. Taking the actual concentration of diclofenac into 
consideration[40], the amount of treated diclofenac in this study is 
equivalent to 173 L of hospital effluents and 243 L of WWTPs effluents. 
Thus biocatalytic membranes are to be considered a treatment process of 

Fig. 5. Membrane performance on EPs removal. a) Depletion efficiency of 5 
selected EPs by control membranes and lac-SiO2 NFMs. b) Cycling performance 
of lac-SiO2 NFMs in 5 selected EPs mixture. c) Diclofenac transformation effi-
ciency (%) by Lac-SiO2-PE NFMs in a batch study. The data are arithmetic mean 
± standard deviation of two independent replicates. 
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wastewater using a concentrated wastewater stream. 

4. Conclusion 

We successfully immobilized laccase onto functionalized SiO2 NFMs. 
Both the immobilization procedure and the properties of the immobi-
lized support significantly impact biocatalyst loading and stability. The 
Lac-SiO2-PE NFMs enabled a high protein load (57.9 ± 0.5 %), improved 
stability compared to the free enzyme, and most importantly, allowed 
for bio-catalyst recycling. The feasibility of applying laccase immobi-
lized membranes into filtration systems has been demonstrated using 
five EPs with high depletion efficiency. Altogether, our work highlights 
the promising potential of Lac-SiO2-PE NFMs in EPs removal in waste-
water treatment. Our simple fabrication protocol of scalable and flexible 
ceramic membranes overcomes the key bottlenecks of conventional 
ceramic membranes, which are brittleness and complex production 
procedure. Finally, the implementation of flexible ceramics in mem-
brane filtration addresses an environmental concern with discarding 
contaminated polymeric modulus via reuse of the biocatalytic 
membranes. 
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Text S1. Materials 23 

 24 

Table S1. Twenty common emerging pollutants  25 

 Emerging pollutants 
CAS 

Number 

Molecular 

weight (g/mol) 
Formula Supplier 

1 Ciprofloxacin 
85721-

33-1 
331.34 C17H18FN3O3 

Sigma-Aldrich 

2 Clarithromycin 
81103-

11-9 
747.95 C38H69NO13 

Sigma-Aldrich 

3 Atenolol 
29122-

68-7 
266.34 C14H22N2O3 

Sigma-Aldrich 

4 
(±)-Metoprolol (+)-

tartrate salt 

56392-

17-7 
684.81 (C15H25NO3)2 C4H6O6 

Sigma-Aldrich 

5 Hydrochlorothiazide 58-93-5 297.74 C7H8ClN3O4S2 Sigma-Aldrich 

6 Sulfamethoxazole 
723-46-

6 
253.28 C10H11N3O3S 

Sigma-Aldrich 

7 Bezafibrate 
41859-

67-0 
361.82 C19H20ClNO4 

Sigma-Aldrich 

8 Carbamazepine 
298-46-

4 
236.27 C15H12N2O 

Sigma-Aldrich 

9 Diclofenac sodium salt 
15307-

79-6 
318.13 C14H11Cl2NNaO2 

Sigma-Aldrich 

10 Mefenamic acid 61-68-7 241.29 C15H15NO2 Sigma-Aldrich 

11 
Citalopram 

Hydrobromide 

59729-

32-7 
405.30 C20H21FN2O HBr 

Sigma-Aldrich 

12 
Venlafaxine 

hydrochloride 

99300-

78-4 
313.86 C17H27NO2 HCl 

Sigma-Aldrich 

13 
Sertraline 

hydrochloride 

79559-

97-0 
342.69 C17H17Cl2N HCl 

Sigma-Aldrich 

14 Iomeprol 
78649-

41-9 
777.09 C17H22I3N3O8 

Dr. Ehrenstorfer 

GmbH (germany) 

15 Ketoprofen 
22071-

15-4 
254.28 C16H14O3 

Sigma-Aldrich 

16 Bicalutamide 
90357-

06-5 
430.37 C18H14F4N2O4S 

Sigma-Aldrich 

17 1H-Benzotriazole 95-14-7 119.12 C6H5N3 Sigma-Aldrich 

18 5-Chlorobenzotriazole 94-97-3 153.57 C6H4ClN3 Sigma-Aldrich 

19 
5-Methyl-1H-

benzotriazole 

136-85-

6 
133.15 C7H7N3 

Sigma-Aldrich 

20 Clofibric acid 
882-09-

7 
214.65 C10H11ClO3 

Sigma-Aldrich 

 26 
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Text S2. Operation of dead-end filtration 28 

The flow diagram of the dead-end filtration system with the ceramic membrane is shown in 29 

Figure S1. 30 

 31 

Figure S1. Dead-end filtration diagram 32 

 33 
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Text S3. Bradford assay 35 

The Bradford assay was performed by mixing 20 μL of sample with 130 μL Pierce Coomassie 36 

plus assay reagent. After incubation 10 min at 25°C, the absorbancewas measured at 595 nm. The 37 

standard curve is shown as Figure S2  38 
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Figure S2. Standard curve for BSA 40 
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Text S4. Thermal inactivation kinetics 42 

The thermal inactivation data for free and immobilized laccase was plotted for zero (residual 43 

activity versus time), first (natural logarithm of the residual activity versus time) and second-order 44 

(reciprocal activity versus time). The rate constant kinact [h
-1] for first-order thermal inactivation 45 

was determined from the slope of the inactivation time: 46 

𝑙𝑛 (
𝐴𝑡

𝐴0
) =  −𝑘𝑖𝑛𝑎𝑐𝑡𝑡                 (1) 47 

𝑡0.5 =  
𝑙𝑛(2)

𝑘𝑖𝑛𝑎𝑐𝑡
                  (2) 48 

Where At is the residual activity that remains after heating the enzyme for time t, and A0 is the 49 

initial enzyme activity before heating. The half-time of thermal inactivation (t0.5) was determined 50 

by equation S2. 51 

 52 

Text S5. Determination of coating weight percentage 53 

The weight percentages of coatings were determined according to the following equation: 54 

𝐶(%) =  
𝑀𝑐−𝑀0

𝑀0
× 100                       (3) 55 

Where C(%) is the weight percentage of the coating, M0 and Mc are the mass of NFMs before 56 

and after the coating process. 57 
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Text S6. The flexibility tests on SiO2 NFMs 59 

 60 

 61 

Figure S3. The flexibility performance of SiO2 NFMs through various deformations: a-d) folding, twisting 62 

and bending and recovered NFMs, e-f) kneading and recovered NFMs. 63 

 64 
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Text S7. Surface optimization of SiO2-PE NFMs 66 

 67 

 68 

Figure S4. SEM images of SiO2-PE nanofibers with different coating conditions. The mass ratio of DA: 69 

PEI is 2:1, 1:1, and 1:2 from left to right. The coating time of each condition is a-c) 4h, d-f) 12h, and g-i) 70 

24h. The scale of the unlabeled bar is 1 µm. The optimized SiO2-PE is highlighted in the red box. 71 

 72 
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Text S8. Transformation efficiency of free laccase 75 

Figure S5 presented free laccase transformation rate on listed 20 EPs. 76 
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Figure S5. Eps transformation by free laccase 78 

Text S9. Depletion efficiency of Control membrane  79 

Figure S6 presented depletion efficiency of diclofenac achieved by control membranes on during 80 

the cycling experiment. 81 
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Figure S6. Diclofenac depletion efficiency during the cycling experiment.  83 
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Text S9. Morphology change on enzymatic NFMs after repeated used in filtration process.  86 

 87 

Figure S7. The SEM images of Lac-SiO2-PE NFMs after 3 operational cycles use in dead-end filtration 88 

with different magnifications: a) 1000X, b) 20 000X 89 

 90 

 91 
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