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1. Introduction 

 
1.1 Antibiotics and resistance mechanisms 

Antibiotic drugs are low molecular weight compounds able to selectively kill or inhibit the 

growth of bacteria.1 The majority of antibiotics target the synthesis and assembly of the 

bacterial membrane and cell wall. The lipopeptide Daptomycin, naturally synthetized by other 

bacteria of the genus Streptomyces, generates pores in the cytoplasmic membrane causing cell 

depolarisation and death.2 Penicillin and cephalosporin (β-lactams) are able to inhibit the 

synthesis of peptidoglycan, the main component of bacterial cell-walls.3 Other groups of 

antibiotics inhibit important biological processes such as protein synthesis and DNA 

supercoiling making cell division impossible (Figure 1a).4 However, microorganisms can 

develop resistance to antibiotics arising concerns for healthcare systems worldwide. 

In order to better understand antibiotic resistance, it is important to focus on the biological 

nature of this phenomenon: Microorganisms, like any other biological entity on Earth, have to 

compete with others to ensure their survival in a specific ecological niche. There are different 

ways to successfully prevail over competitors, one of those being the synthesis and release of 

bio-active substances (antibiotics) in a substrate-rich environment.5,6 Nonetheless, bacteria are, 

in turn, able to develop defensive strategies which include restricted access, neutralisation and 

hydrolysis of the antibiotic compounds.7 Those bacteria that have adapted to grow in such a 

hostile environment (rich in antibiotics), would be those able to survive and reproduce. 

Therefore, the acquisition of antibiotic resistance is a process driven by natural selection.8 On 

the other hand, antibiotic-producing microorganisms can eventually modulate the structure of 

the biocidal molecule to elude their competitors’ defence mechanisms. This can be considered 

as a “pull and spring” phenomena, which leads to the selection of new antibiotic-producing and 

resistant strains.9 However, in infection treatment conditions bacteria are exposed to relatively 

high concentrations of antibiotics compared to those in nature, dramatically increasing the 

selective pressure.10 As a consequence, the emergence of new bacterial-resistant strains is more 

likely to occur.10 A random mutation that is advantageous for survival in an antibiotic-rich 

environment would be likely to be preserved in the cell line and eventually spread horizontally 

to other cells. 10 In fact, thanks to their high reproduction rate, bacteria are able to accumulate 

a considerable number of genetic mutations in a short period of time, which may result in the 

selection of resistance genes.11 The ability to transfer small circular DNA sequences, known as 

plasmids, can accelerate the acquisition of multiple resistance traits in other species.12 In 
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addition, bacteria can tackle the same antibiotic in different ways via convergent evolution 

(Figure 1b) making the rise of resistance traits even more probable.13 For example, two β- 

lactam resistant strains can neutralise β-lactams differently: One encodes for an enzyme able 

to degrade the antibiotic (i.e. β-lactamase),14 whereas another encodes for a protein able to 

irreversibly bind the antibiotic molecule (i.e. penicillin binding protein, PBP).15 

 

 
Figure 1. Schematic overview of microbial antibiotic resistance. a) Antibiotic drugs targets. The 

diagram indicates the main target routes of the most commonly used antibiotic drugs. b) Resistance 

mechanisms of bacteria. The diagram shows the different mechanisms of resistance induced by 

antibiotic drugs selective pressure. 

The co-evolution of antibiotic-producers and susceptible strains makes antibiotics very specific 

towards single molecular targets (e.g. quinolones inhibits DNA gyrase, rifampin inhibits RNA 

polymerase and tetracyclines inhibit ribosomes).16,17,18 As a consequence, site-target mutations 

are commonly observed in bacteria exposed to antibiotics.19 On the contrary, exposure to other 

biocidal substances which target multiple metabolic processes is unlikely to lead to the 

development of a high-level specific resistance response in bacteria.20 However, continuous 

exposure to sub-lethal concentrations of biocidal molecules can trigger a genetic response 

which, in turn, could induce the bacteria to have an increased tolerance towards them.20 The 

tolerance of a bacteria towards a biocidal substance also depends on the cell structure: In 

particular, the cell wall structure and chemical composition plays an important role in 
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protecting the bacterial cells.21 There are two major types of cell walls belonging to two 

categories of bacteria which can be differentiated by the Gram staining (crystal violet staining) 

referred to as Gram-positive and Gram-negative.22 The retention of crystal violet is determined 

by the amount of peptidoglycan present in the cell wall. Gram-positive bacteria possess a 

thicker cell wall, mostly composed of peptidoglycan, thus Gram-staining generates a dark 

purple colour (Figure 2a). Gram-negative bacteria possess a more complex cell wall consisting 

of two membranes, an external lipopolysaccharide layer and a thinner peptidoglycan layer 

which generates a pink colour. (Figure 2b) 

 

 
Figure 2. Structure and composition of bacterial cell walls. The Gram staining differentiates the two 

large groups of bacteria, Gram-positive (a) and Gram-negative (b), due to differential colouring of the 

cells: purple for gram-positive and pink for gram-negative. 

 

1.2 Mitigation strategies 

The discovery of antibiotics in the last century represents a milestone for humankind as it 

revolutionised modern medicine leading to an increase in life expectancy.23 However, the 

extensive use of antibiotics triggers the selection of multi drug resistance (MDR) bacterial 

strains. As such, the World Health Organisation (WHO) considers this phenomenon as one of 

the biggest threats to global health.24 To mitigate the onset of new MDR strains, the WHO 

recommends investing in research and development of new antibiotics, vaccines, diagnostics 

and alternative antimicrobial substances. 

The design of new antibiotics is essential as it helps to maintain the arsenal of employable 

molecules for which resistance has not yet been observed.25 The use of bioinformatics 

associated with rational design is boosting the drug discovery process. The ability to screen 
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large molecular libraries combined with protein structural analysis allows scientists to identify 

the key molecular factors associated with an antibiotic effect.26 However, new antibiotics will 

be still susceptible to the rise of resistance traits in bacteria and cannot prevent bacterial 

infection. As an alternative, vaccines are effective in preventing the spreading of infectious 

diseases but their development can be very slow and tortuous.27 The use of diagnostic tools can 

help to promptly detect the presence of MDR strains so that suitable treatment can be applied28, 

yet it does not prevent the infection itself, meaning that antibiotic treatments are still required. 

Alternative antimicrobial substances used as disinfectants (on tools and surfaces) or antiseptics 

(on biological matrixes) can directly prevent infections and, at the same time, bypass the 

induction of new resistance traits. In the next sub-chapters alternative substances such as 

biocidal chemicals and antimicrobial enzymes as well as biopolymers relevant for the design 

of enzyme-based antimicrobial materials will be reviewed. 

 

1.3 Biocidal chemicals 

The biocidal chemicals treated here will include only those relevant for biomedical applications 

such as alcohols, silver compounds, aldehydes, chlorine‐releasing agents, and hydrogen 

peroxide.29 Despite their lack in specificity towards bacteria, the use of these substances (also 

known as biocides) as antiseptics and disinfectants can be extremely useful to prevent and 

control infections.30 Unlike antibiotics, these chemicals have a much wider effect on cells by 

interfering with essential biological processes like membrane self-assembly and protein 

folding. Alcohols like ethanol, isopropyl alcohol, ethyl alcohol or propanol are commonly used 

as antiseptic and disinfectant substances due to their ability to denature proteins.31 Although 

alcohols are very efficient in killing vegetative microorganisms, they need to be used at high 

concentrations to exploit their antimicrobial activity (between 60 and 80% in water).31 

Silver ions (Ag+) are also widely used as an antiseptic substance for its known inhibitory effects 

towards bacteria and viruses. Although the mechanism of action is not fully understood, several 

studies have demonstrated that the antimicrobial effects are associated with the interaction of 

the Ag+ ion with thiol groups on proteins.32 Structural abnormalities in bacteria were observed 

after treatment with silver nitrate suggesting that Ag+ ions negatively affect membrane self- 

assembly.33 

Glutaraldehyde is an antimicrobial compound used as a disinfectant against bacteria, fungi and 

viruses.34 It is normally used as 2 wt.% solutions because of its sporicidal effect at this 



5 
 

concentration.34 This molecule possesses 2 aldehyde groups, each of which can react with an 

amino-group affecting the structure and physical-chemical characteristics of proteins and other 

biopolymers like chitin in fungi cell-walls.34 Nonetheless, glutaraldehyde is used only for niche 

applications (i.e. disinfection of medical tools) because of its cost and toxicity towards human 

cells.35 

Chlorine-releasing agents (CRAs) are also used as disinfectant with sodium hypochlorite 

(NaOCl) most commonly used. Sodium hypochlorite is mainly used as an efficient hard-surface 

disinfectant towards bacteria, fungi, and viruses. Despite many reports demonstrating its 

biocidal activity, the mechanism of action is not fully explained but the strong oxidative ability 

is likely to be involved in the process.36 The active agent is believed to be hypochlorous acid 

(HOCl) as the greatest antimicrobial activity is displayed when it is found mostly 

undissociated, a condition that is achieved in a sub-acid solution (between pH 4 and 7).36 

However, sodium hypochlorite can be dangerous if not used correctly, as it is a corrosive 

substance and can release the toxic chlorine gas (Cl2) when mixed with ammonia or acids.36
 

Another commonly used antimicrobial oxidant is hydrogen peroxide (H2O2), used both as 

antiseptic and disinfectant. H2O2 is normally commercialised at 30 wt.% in water but it was 

demonstrated that a bactericidal and sporicidal effect is displayed at lower concentrations (3 

wt.%).37 Being a reactive molecule, H2O2 slowly decomposes into water and oxygen, so for 

this reason it does not present a risk for the environment. Unlike for hypochlorite ions, enzymes 

capable of degrading H2O2 such as catalases and peroxidases are expressed in cells as a 

response to oxidative stress. In fact, some microorganisms can tolerate H2O2 more than others 

due to their ability to express a higher amount of these degradative enzymes in response to 

oxidative stress.38 Experiments conducted on the toxicity of H2O2 against E. coli showed a non- 

linear biocidal activity with the increase of H2O2 concentration in the growth medium. More 

bacteria were killed when challenged with lower concentrations of H2O2 (around 1 mM) 

compared to treatment with higher concentrations (≥ 20 mM) revealing a dual biocidal 

system.38 The damage to DNA is greater at lower concentrations, while there is no damage to 

the DNA when the H2O2 concentration increases.38 Yet, generalised oxidative damage to other 

macromolecules and metabolites is observed. This might be explained by the reaction of OH• 

with the excess of H2O2 which produces the superoxide ion (O2
•-), a less toxic reactive oxygen 

species.39 The ability of H2O2 to trigger differential biochemical responses at different 

concentrations can be an advantage for the treatment of infections. In fact, this characteristic 

could be useful to modulate its biocidal activity specifically towards bacteria. For example, 
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wounded mice treated with moderately concentrated H2O2 (10 mM) showed faster skin healing 

and delayed biofilm formation compared to those treated with a more concentrated solution 

(166 mM).40 In conclusion, each of the substances listed in Table 1 has a more or less specific 

area of application. Due to many favourable characteristics such as sustainability, activity at 

low concentrations, low cost, and effects on tissue regeneration, H2O2 is the most suited 

substance for both disinfecting and antiseptic applications. 

Table 1. Mode of use and effects of antimicrobial substances. Y = Yes; N = No 
 

Antimicrobial 

substance 

 

Mode of use Antimicrobial effects 

 

 

 
Ethanol 

Silver nitrate 

Glutaraldehyde 

CRAs 

 
Hydrogen peroxide 

Antiseptic Disinfectant Bacteriostatic Biocidal Sporicidal 

Y Y N Y N 

Y Y N Y N 

N Y N Y Y 

N Y N Y Y 

Y Y Y Y Y 

 

 

1.4 Antimicrobial enzymes 

Over the past decades, interest in the use of enzymes as alternative new antimicrobial sources 

has significantly increased.41 Enzymes present several features that may be desirable for their 

use as antimicrobial substances including biocompatibility, substrate specificity and tuneable 

activity.42 Three major groups of antimicrobial enzymes have been identified and classified for 

their catalytic activity: proteolytic, polysaccharide lytic and oxidative enzymes. 

1.4.1 Proteolytic enzymes 

Also known as proteases, these enzymes are able to breakdown proteins. Their antimicrobial 

mechanism is associated with the hydrolysis of specific proteins that are essential for the 

biofilm formation during bacterial infections.43 Among all, lysostaphin and bacteriophage 

lyases are the most studied antimicrobial proteases.44 Lysostaphin is able to hydrolyse the 

peptide bridge between two glycine residues (glycine-glycine endopeptidase) in peptidoglycan 

which is the major component of gram-positive bacterial cell walls.45 Due to their specificity 

for the hydrolysis site, lysostaphin is particularly effective towards Staphylococci including S. 
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aureus and Methicillin resistant S. aureus (MRSA).45 However, it has been observed that long 

exposure to sub-inhibitory concentrations of lysostaphin induced resistance in S. aureus 

towards the protein itself.46 Bacteriophage are viruses able to specifically infect bacteria and, 

for this reason, they possess several bacteria cell wall lytic enzymes essential for their 

pathogenesis.47 They have been successfully employed for the treatment of antibiotic resistant 

bacteria. They are considered a promising tool for the fight against antibiotic resistance because 

of their high specificity and for their low chance to induce resistance.44 However, such high 

specificity can be also a limitation as the bactericidal efficacy can be so narrow to be precluded 

to one species or even serotype.44 

1.4.2 Polysaccharide lytic enzymes 

These enzymes hydrolyse the linkage between sugars in polysaccharide chains, an important 

structural component in bacterial cell walls.42 This category includes lysozyme, alginate lyase 

and amylase. Lysozyme, extracted from egg white, is widely used as antimicrobial enzyme for 

its low cost and efficacy against gram-positive bacteria. It is present in birds, mammals and 

insects as part of general defence of the innate immune system.48 The antimicrobial mechanism 

of lysozyme is associated with the ability to hydrolyse the 1,4-beta glycosidic bonds in 

peptidoglycan between the residues N-acetyl-D-glucosamine and N-acetylmuramic acid.49 

Alginate lyase is another degrading enzyme able to catalyse the hydrolysis of the 

polysaccharide, alginate, a copolymer made of (1-4)-linked β-D-mannuronate and α-L- 

guluronate. Alginate lyase has been employed as coactive agent with antibiotics against P. 

aeruginosa in the treatment of cystic fibrosis.50 The antimicrobial effect of this enzyme is given 

by the degradation of alginate, which is synthesized and used by algae and other 

microorganisms as a structural polymer to form biofilms.51 Amylases catalyse the hydrolysis 

of starch into glucose. As for alginate, starch is used as a structural polymer for cell aggregation 

during biofilm formation.52 For this reason, commercially available amylases have been 

successfully used to inhibit biofilm formation during S. aureus growth.53 The use of 

polysaccharide degrading enzymes is rather effective when used as an adjuvant, hence, in 

combination with other substances such as proteases, silver nanoparticles or antibiotics.50,54,55 

1.4.3 Oxidative enzymes 

Every enzyme able to catalyse a redox reaction is part of this category. Some oxidative enzymes 

are relevant for their antimicrobial properties such as haloperoxidases and H2O2 producing 

enzymes. Haloperoxidases are enzymes able to generate potent antimicrobial species such as 
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hypochlorite and hypothiocyanite using H2O2 as a substrate to oxidise halides and 

pseudohalides (Schematic 1).56 An important type of haloperoxidases, named lactoperoxidase, 

is present in milk, tears, and the thyroid glands of many animals, as part the innate immune 

system.57 Lactoperoxidase serves as a natural antimicrobial preservative thanks to its ability to 

oxidise the thiocyanate anion (SCN-) into hypothiocyanite (OSCN-) and its conjugate 

hypothiocyanous acid (HOSCN).58 The antimicrobial activity of the hypothiocyanite species is 

related to the oxidation of sulfhydryl groups (SH) on the cytoplasmic membrane responsible 

for the correct transport of nutrients and other metabolites.59 

 

𝐻2𝑂2 + 𝑋− 
Haloperoxidase 

 

 𝐻2𝑂 + 𝑂𝑋− 
 
 

𝑋− = 𝐶𝑙−; 𝐵𝑟−; 𝐼−; 𝑆𝐶𝑁− 
 
 

Schematic 1. Simplified reaction of a haloperoxidase adapted as suggested by Höfler et al.60 

 
Since peroxidases require the presence of H2O2 as substrate, they are often used in combination 

with H2O2 producing enzymes such as glucose oxidase and cellobiose dehydrogenase 

(CDH).61,62 Glucose oxidase (GOx) is produced by fungi and some insects and catalyses the 

production of H2O2 by oxidising β-D-glucose to gluconic acid.63 The reaction mechanism 

involves the enzyme cofactor flavin adenine dinucleotide (FAD), able to accept 2 electrons and 

2 protons from β-D glucose to form FADH2. The presence of molecular oxygen in the reaction 

mixture allows the oxidation of FADH2 to FAD with the release of H2O2 (Schematic 2).64
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Schematic 2. Schematised enzymatic reaction of glucose oxidase adapted from “Glucose oxidase – An 

overview” by Bankar et al.65 

 
The natural occurrence of GOx produced in fungi is associated with biological functions such 

as growth inhibition of other competing microorganisms, assisting plant infection and 

enhancing the lignocellulolytic process.63 GOx expressed and extracted from Aspergillus niger 

is one of the most widely used enzymes, covering a huge spectrum of industrial applications. 

It is mostly employed for the fabrication of diagnostic products for glucose monitoring serum, 

in the food industry as a preservative and in wound care products.65 In contrast to polymer 

degrading enzymes, GOx manifests its antimicrobial activity by using glucose as the substrate 

to release H2O2, which easily diffuses in polymeric matrixes compared to long polysaccharide 

chains and proteins.66 This characteristic makes GOx desirable for designing enzyme-based 

antimicrobial hydrogel materials. Glucose is naturally present in body fluids, hence, it can 

migrate into the hydrogel and potentially be converted into the antimicrobial active compound 

which in turn diffuses towards the area to be treated.67 In addition, the use of cellulose for the 

fabrication of such hydrogel materials could provide the glucose necessary to initiate its 

antimicrobial activity. Similarly, cellobiose dehydrogenase (CDH) can be used as an H2O2- 

producing antimicrobial enzyme.68 Although the reaction product is the same, CDH catalyses 

the oxidation of cellobiose, the dimer of glucose. CDH is naturally produced by 

lignocellulolytic fungi and it functions as an electron transfer protein playing an important role 

in cellulose conversion processes.69 Unlike glucose oxidase, CDH possess an extra iron-based 

cofactor, the heme, in its cytochrome domain (CYT). Despite the fact that cellobiose oxidation 

is effectively carried out by the sole FAD cofactor in the catalytic domain, CYT is essential for 

cellulose lytic process, serving as electron donor for lytic polysaccharide monooxygenases 
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(LPMOs).70 Apart from the CYT and the catalytic domain, CDH possess a carbohydrate 

binding module (CBM) which is responsible for its interactions with cellulose (Figure 3).71 

 

Figure 3. Structural features of MtCDH and binding position on cellulose crystals. a) MtCDH crystal 

structure superimposed on semi-transparent surface. In pink the cytochrome domain (CYT), in blue the 

flavodehydrogenase domain (FAD) and in orange the cellulose binding domain (CBM). b and c) side 

views (180° rotation) of MtCDH bound to a cellulose crystal to highlight the positions of the CYT (pink), 

FAD (blue) and linker (green) domains. Figure adapted from “Structural basis for cellobiose 

dehydrogenase action during oxidative cellulose degradation”(CC-BY) by Tan et al.72 

The protein/carbohydrate interactions differ depending on the CBM amino acidic sequence and 

structure. There are 3 main categories of CBMs (type A, B and C) and also tens of different 

families related by the similarity in the sequence and structural folding of the CBM as 

schematised in Figure 4.71,73 

 

 
Figure 4. Schematic describing the affinity of CBM Types for different regions of a carbohydrate 

subtrate, as suggested by Nakamura et al.74 

 
 

i. Type A CBMs, also known as planar-type, bind crystalline regions of cellulose and 

chitin. The amino acid sequence is rich in aromatic residues which form a 

hydrophobic planar region able to interact with the polysaccharide crystallites. This 
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category includes different families such as CBM1 , CBM2, CBM3, CBM5 and 

CBM10 families. 

ii. Type B CBMs target single chain polysaccharides which are bound into a cleft 

structure (endo-type) that can accommodate longer conglomerates of sugars (4 or 

more saccharide units). This is the most abundant Type of CMBs and includes 

CBM6, CBM13 and CBM20 families. 

iii. Type C CBMs bind between 1 and 3 terminal units (exo-type) of polysaccharides 

with a pocket-shape binding site. This category includes CBM9 and CBM13 

families. 

 
 

The presence of CBMs on proteins could be advantageous for the design of polysaccharide- 

based antimicrobial materials.75 In fact, an efficient binding of the antimicrobial enzyme on the 

polymeric support would be ideal for optimisation of the manufacturing process. The use of 

polysaccharides provides the opportunity to design supports with the natural ability to bind 

CBM possessing proteins. Also, polysaccharides are more abundant, low-cost, and easily 

processable than other biopolymers such as proteins, nucleic acids, polyphenols, and natural 

rubbers. For these reasons, polysaccharides were considered to be the most suitable 

biopolymers to be studied as the enzyme support in this work. 

 

1.5 Polysaccharides as support for enzyme immobilisation 

Polysaccharides are biological polymers consisting of long carbohydrate chains in which every 

unit is linked via O-glycosidic bonds. Due to their hydrophilic nature, polysaccharides can form 

highly hydrated polymer networks known as hydrogels. Polysaccharide-based hydrogels are 

employed in many fields such as cosmetics, controlled drug release, agriculture and 

biotechnology as well as supports for the immobilisation of enzymes. The immobilisation of 

enzymes via covalent or non-covalent bonding in hydrogels is a well-established technique to 

fabricate profitable bio-catalysts.76 The chemical and structural differences of each 

polysaccharide influence their self-assembly in aqueous media, and as a consequence hydrogel 

formation occurs under different conditions (e.g. temperature, pH and ionic strength).77 The 

most relevant polysaccharides used for enzyme immobilisation are briefly reviewed here. 

1.5.1 Chitosan 

Chitosan is a deacylated derivative of chitin (Figure 5) (a polysaccharide found in fungi and 

crustaceous exoskeleton) which bears primary amino groups, functional for enzyme binding. 
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Figure 5. Chitin deacetylation process used to produce chitosan, after Van Den Broek et al “Chitin and 

Chitosan - Properties and Applications”.78 

 
Chitosan is soluble in acqueus acidic conditions, creating solutions in which an enzyme can be 

dispersed, while it precipitates at pH ≥ 6.3 in the form of a hydrogel allowing enzyme 

entrapment (Figure 6).79 Its structurally responsive nature towards pH changes can be an 

advantage for the entrapment process but on the other hand it may lead to enzyme leakage for 

those applications where acidic conditions are required. However, chemical modification and 

cross-linking are often used to stabilise chitosan hydrogels for enzyme biocatalyst 

applications.80 

 

 
Figure 6. Enzyme entrapment into a chitosan hydogel. The chitosan dissolution is caused by the 

protonation of amino groups in acidic conditions. The enzymes can be dispersed into a chitosan solution 

which is precipitated at pH ≥ 6.3, allowing entrapment of the enymes into a hydrogel network. 

1.5.2 Starch 

Starch consists of two types of polysaccharide, amylose, and amylopectin, made of D-glucose 

units with different linkages, giving rise to different structures. Amylose is an α-helix 

structured polymer, with lower molecular weight than amylopectin, and its D-glucose units are 

all linked with a α-1,4-glycosidic bond. Amylopectin contains long D-glucose chains linked 
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with a α-1,4-glycosidic bond, together with branches formed via α-1,6-glycosidic bonds 

(Figure 7). Starch has been successfully used to entrap enzymes in its pure form, as a co- 

polymer (e.g. starch-cellulose acetate81 and starch-calcium alginate hybrids82) or in chemically 

modified cross-linked hydrogels such as dialdehyde starch (DAS) and starch polycaprolactone 

(SPCL).81 Due to its high solubility in water, pure starch is not ideal as an enzyme support, 

especially when high temperature is required. For this reason, chemical modifications are 

necessary to maintain an adequate material robustness.83 

 

 

 

Figure 7. Molecular structures (left hand side) and supramolecular arrangement (right hand side) of 

amylose and amylopectin, after “Starch – Methabolism and structure” by Nakamura.84 

 

1.5.3 Agarose 

Agarose is a polysaccharide, extracted from certain seaweed species, consisting of repeating 

units of agarobiose, a disaccharide composed of 3,6-anhydro-L-galactopyranose and D- 

galactose.85 It is soluble in hot water (≥ 85°C) but it easily precipitates when cooled down at 

room temperature forming a homogeneous gel network.86 Agarose hydrogels are extensively 

used in molecular biology to separate biomacromolecules such as DNA, RNA and proteins as 

well as in supports for cell growth in petri dishes.87 Thanks to the ability to retain proteins, 
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agarose hydrogels are also used as supports for the immobilisation of enzymes, mostly in a 

chemically modified form bearing an aldehyde group (glyoxyl-agarose).88 The presence of 

aldehydes allows the covalent binding of the enzymes to the polysaccharide via Schiff base 

formation with the primary amino-groups of lysine residues.88 

 

 
1.5.4 Alginate 

Alginates are salts of the polymer alginic acid; a structural polysaccharide usually extracted 

from the cell wall of brown algae. They are mostly used due to their ability to selectively 

precipitate when the polymer complexes with divalent cations. When alginic acid is complexed 

with a monovalent ion (e.g. sodium and potassium alginate) it is soluble in water while it 

precipitates when complexed with a divalent ion such as Ca2+, Ba2+and Fe2+.89 This 

characteristic makes alginate suitable for the immobilisation of cells and enzymes. Cells or 

enzymes can be first suspended into an alginate solution and then entrapped into a hydrogel 

via precipitation into a bath containing divalent ions. Despite its practicability, the entrapment 

of enzymes in calcium alginate hydrogel may be not very efficient due to protein leaching. 

Despite this, a dried alginate hydrogel containing fructosyltransferase was designed for the 

production of fructo-oligosaccharides from a concentrated sucrose solution.90 However, the 

enzyme leaching in that case was prevented by the extremely low water activity of the sucrose 

solution (100g/L).90 

1.5.5 Cellulose 

Cellulose is a biological polymer synthesized by a large variety of living organisms and it is 

the most abundant biopolymer on Earth.91 It is employed by plants as a structural polymer, 

mainly to rigidify the cell wall92, while in bacteria as Acetobacter xylinum, it is used as a 

support to recreate a suitable aerobic microenvironment for their growth.93 Cellulose has many 

desirable characteristics for use as an enzyme carrier such as low cost, versatility, 

biocompatibility and stability in a wide range of conditions. Chemically modified cellulose 

bearing functional groups (i.e. amino, epoxy and aldehydes groups) has been employed for the 

covalent immobilisation of enzymes.94 Unlike the other polysaccharides mentioned above, pure 

cellulose is particularly insoluble in water. Cellulose dissolution requires the use of specific 

solvents such as ionic liquids or strong alkali solutions, which would cause deactivation of 

enzymes when co-dissolved.95 However, CBM possessing enzymes can be efficiently adsorbed 

in cellulose hydrogels after precipitation so that the deactivation caused by co-dissolution is 
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avoided.96 In addition, cellulose may be used to release the substrate for antimicrobial enzymes 

(e.g. glucose oxidase and cellobiose dehydrogenase) when another cellulose degrading enzyme 

is present.68 Due to these characteristics, cellulose was chosen as the optimal biopolymer for 

the design of the sustainable enzyme-based antimicrobial materials presented in this thesis. 

 

1.6 Cellulose molecular and supramolecular structure 

From a chemical point of view, cellulose consists of β(1-4) linked D-cellobiose units with a 

degree of polymerisation (DP) which can vary depending on the source and the process used 

for its extraction/purification.91 Despite having the exact same formula (C6H10O5)n, cellulose 

and starch present two very distinct physical-chemical properties due to the different glycosidic 

bond, α-1-4 for starch and β-1-4 for cellulose (Figure 8). 

 

 

 
 

 
Figure 8. Difference in glycosidic bondings of starch and cellulose. The α-1-4 glycosidic bond in starch 

is responsible for the characteristic α-helix polymer arrangement. The β-1-4 glycosidic bond of 

cellulose is responsible for a linear arrangement which allows the formation of strong polymer/polymer 

hydrogen bonding. 

The β(1-4) linkage in cellulose is responsible for the reduced flexibility and the linear structure 

of the polymer. Cellobiose (the monomer of cellulose), possesses six hydrogen bond donors 

and nine hydrogen bond acceptors. Hence, several hydrogen bond patterns can be established, 

permitting the formation of several crystal structures (called allomorphs), namely: cellulose I, 

II, III, IV and their subcategories Iα, Iβ, IIIi, IVi, IIIii and IVii.
97,98 The allomorph found in 
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nature is cellulose I, consisting of a crystal structure in which single polymers are arranged in 

parallel to the reducing ends.97 However, cellulose is defined as a semi-crystalline material. 

Unlike highly crystalline polymers, cellulose is not entirely crystalline but also presents 

amorphous regions (Figure 9).99 

 

 
Figure 9. Representation of a cellulose nanoparticle which is composed of crystalline and amorphous 

regions. 

The degree of crystallinity depends on the biological source and the processing methods 

adopted to obtain the cellulose.100 For instance, the crystal structure can be interchanged upon 

artificial treatments, e.g. regeneration processes that convert cellulose I into cellulose II (Figure 

10). 

 

 
Figure 10. Schematic representation of cellulose/cellulose hydrogen bonding. The geometry of those 

bonds determines the structure of the crystals. a) Cellulose I is the crystal allomorph present in nature 

(synthesised by plants and bacteria) while b) the cellulose II allomorph is generated upon processing 

(i.e. dissolution and regeneration). 
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Regenerated cellulose is a recrystallised cellulose in allomorph II (with antiparallel arranged 

chains) formed after being dissolved into a suitable solvent.98 Cellulose dissolution can be 

achieved using imidazole based ionic liquids (ILs), e.g. 1-butyl-3-methylimidazolium chloride 

([BMIm][Cl]) and 1-ethyl-3-methylimidazolium acetate ([EMIm][OAc]) which are considered 

to be “green” solvents.101,102 The solvation mechanism is not yet fully understood but it likely 

involves the formation of more energetically stable hydrogen bonding between cellulose and 

the two ionic species compared to those of cellulose/cellulose.103 The electrostatic interactions 

between the IL ionic species could also play a role in cellulose dissolution by “pushing” apart 

single polymer chains.104 When a cellulose solution is put in contact with an antisolvent (e.g. 

water or ethanol) it quickly precipitates (phase inversion process) forming a highly hydrated 

polymer network known as a regenerated cellulose hydrogel (RCH).105 

1.7 Cellulose chemical modifications 

Cellulose self-assembly as well as reactivity towards other molecules (e.g., proteins) depends 

on its chemical features. Hence, the introduction of a particular chemical modification (Figure 

11) can be used to modulate cellulose for a specific use or application. For example, some 

chemical reactions have been employed for the production of stable colloidal cellulose 

dispersion such as grafting using glycidyl-trimethylammonium chloride (GTMAC) or 2,2,6,6- 

tetramethylpiperidine-1-oxyl radical (TEMPO) mediated oxidation. 

 

 

 

 
Figure 11. Some chemical modifications conducted on cellulose nanocrystals: a) cationization via 

reaction with epoxides bearing quaternary ammonium groups; b) periodate oxidation for the 
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production of dialdehyde cellulose; c) TEMPO mediated oxidation for the production of oxidised 

cellulose nanocrystals bearing a carboxyl group. 

These reactions generate charged groups on the cellulose nanocrystal surface such as 

quaternary ammonium and carboxyl groups respectively.106 The TEMPO mediated oxidation 

involves the use of a mixture of TEMPO, sodium bromide (NaBr) and sodium hypochlorite 

(NaClO) which catalyse the oxidation of cellulose hydroxyl groups introducing charged 

carboxylate groups in position C6 of the glucopyranose ring.107 GTMAC grafting consists of 

adding a positively charged quaternary ammonium (R-N(CH3)
+) on exposed OH groups on the 

cellulose nanofibrils, this reaction generates cationic cellulose nanofibrils (CCNF).108 The 

repulsive forces, caused by the presence of these charged groups on functionalised cellulose, 

allow the stabilisation of homogeneous colloidal dispersions. However, by changing the pH or 

salt concentration the cellulose charged moieties are neutralised, causing a sol-gel transition. 

Another cellulose modification involves the use of the strong oxidant sodium periodate 

(NaIO4), which introduces two aldehyde groups in position C2 and C3 forming dialdehyde 

cellulose (DAC).109 The presence of aldehyde groups on cellulose allows the formation of 

covalent bonds with nitrogen containing molecules (chitosan, proteins, etc.). 

 

 

1.8 Biomedical applications of cellulose 

The interest in cellulose-based materials for biomedical applications has constantly increased 

due to their low-cost, biodegradability, biocompatibility and physical-chemical flexibility.110 

Above all, bacterial cellulose (BC) is one of most important biopolymers used in biomedicine 

as it is already employed in many areas such as wound healing, drug release, regenerative 

medicine and microsurgery. Artificial blood vessels made of BC were produce by culturing 

Acetobacter xylinum in hollow tubes which served as a matrix for the deposition of cellulose 

polymers.111 BC grafted with aminoalkyl groups, showed a biocidal effect towards S.aureus 

and E. coli and biocompatibility towards adipose-derived mesenchymal stem cells, thus is 

promising for tissue engineering purposes.112 In addition, BC was found to have potential as a 

substitute for collagen in meniscus implants.113 However, large scale production of BC is rather 

challenging because of the intrinsic difficulties in standardising bacterial biosynthesis during 

fermentation. The use of stable cellulose dispersions represents a valid alternative for the 

production of advanced biomedical materials thanks to their availability and reliability. As 

mentioned above colloidal dispersions of cellulose nano fibrils (CNF) are obtained by adding 
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charged moieties on cellulose. Freeze dried CCNF foams were successfully used as 3D cell 

scaffolds thanks to their porosity and the electrostatic interactions (CCNF/cells) due to the 

presence of positively charged moieties.114 TEMPO oxidised cellulose nano fibrils (OCNF) 

have been also employed as a component in injectable and 3D printed biomedical device 

composite hydrogels.115,116 Their highly responsive rheological behaviour towards stress, pH, 

ionic strength and temperature make CNFs promising for drug delivery applications as 

well.117,118 However, highly responsive behaviour may be not ideal for other applications in 

which mechanical stability and reusability is desired. Regenerated cellulose hydrogels (RCH) 

instead present higher mechanical stability and they can be consistently produced in different 

shapes such as fibres, films and beads by phase inversion (Figure 12).119,120,121 

 

 
Figure 12. Schematic of cellulose regeneration processes for the formation cellulose hydrogels with 

different shapes. 

The porous structure of RCH is easily tuneable by changing some processing parameters. For 

example, the use of different antisolvents during the regeneration process produces changes in 

porosity at the nanoscale.122 The RCH porous structure provides a high surface area which can 

be used as a platform for the immobilisation of enzymes. Chemical modifications on RCH can 

be also applied to obtain a nanoporous reactive material able to bind molecules of interest. For 

example, periodate oxidised cellulose has aldehyde groups that can react with amino-groups of 

proteins allowing the formation of a covalent bond.123 Accordingly, DAC can be considered a 

universal platform for the immobilisation of nitrogen containing molecules (e.g. enzymes, 

antibodies, chitosan and collagen. For this reason, DAC cellulose has been successfully 
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employed in many biomedical applications including diagnostics, biosensing and synthesis of 

antimicrobial materials.124,125 

1.9 Thesis Synopsis 

The increasing interest in antimicrobial materials (e.g. wound dressings, food preservatives and 

health care products) to mitigate antibiotic overuse, drives the objectives of this project to 

examine the use of cellulose as a sustainable and biocompatible support for antimicrobial 

enzymes. Cellulose self-assembly can be modulated using chemical surface modifications 

and/or exposure to different environmental conditions (solvents, pH, temperature, salt 

concentration, etc.). The use of specific advanced solvents such as ionic liquids allows the 

dissolution of native cellulose. Such solutions can be precipitated in the form of a hydrated 

polymer network known as a RCH. In this work, the interactions between cellulose hydrogels 

and H2O2-producing enzymes were studied. Different cellulose chemical modifications were 

carried out in order to optimise the enzyme/cellulose interactions and the antimicrobial 

performance (H2O2 production as well as MDR bacteria growth inhibition). In particular, 

maximisation of interactions between the enzymes and the cellulose support is crucial for 

avoiding the loss of expensive enzymes during the manufacturing process. Different fabrication 

routes were followed in order to assess the feasibility of cellulose/enzymes hybrids as 

antimicrobial materials. For instance, the use of cationic cellulose nanofibrils (CCNF) as main 

component for the formation of novel core-shell hydrogel spheroids functionalised with 

glucose oxidase is described in Chapter 3. The electrostatic interactions between CCNF 

(positively charged) and the enzyme (negatively charged) allowed an efficient incorporation of 

enzyme into the spheroid hydrogel core where it was secured by the presence of a polyacrylic 

acid (PAA) semi-permeable membrane shell. The PAA spheroid shell (pore size ~ 12.6 kDa) 

allowed the exchange of the enzyme substrate (glucose) and products (H2O2 and gluconic acid) 

and prevented the enzyme from leaching (Chapter 3). A successful entrapment and preservation 

of the antimicrobial enzyme activity (for at least 8 days) in CCNF/PAA core-shell spheroids 

was achieved. Nonetheless, the semi-permeable nature of the spheroids makes them vulnerable 

to osmotic pressure changes which may lead to shrinkage or bursting (Chapter 3). For this 

reason, the use of more robust RCH was also examined. 

The development of a periodate oxidised RCH able to covalently bind enzymes and, at the 

same time, retain its antimicrobial activity is explored in Chapter 4. As result of cellulose 

periodate oxidation, DAC hydrogels with different degree of oxidation (DO) were obtained 
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and used as structural supports for the covalent binding of glucose oxidase. This study aims to 

identify the best parameters (i.e., pH and DO) for an efficient functionalisation of DAC beads 

to be used as antimicrobial materials. Covalent binding of the enzyme in the beads is achieved 

by reacting aldehyde groups present on DAC with non-protonated primary amines on the 

enzyme (Schiff base formation). The optimised enzyme-functionalised beads were found to 

produce antimicrobial levels of H2O2 able to inhibit the growth of pathogenic antibiotic 

resistance bacteria such as S. aureus, P. aeruginosa and MRSA (Chapter 4). 

However, the covalent cellulose/enzyme cross-linking may cause deleterious conformational 

changes of the enzyme, thus, a decrease in the activity. Moreover, all chemical modification 

routes may be harmful for the environment because of the intrinsic toxicity of the reagents used 

(GTMAC and periodate). In view of making enzyme functionalised cellulose materials more 

sustainable, an antimicrobial cellulose/enzyme system which exploits naturally present 

cellulose binding modules (CBM) in the enzyme was designed (Chapter 5). Some enzymes 

extracted from fungi, involved in environmental cellulose degradation, such as 

cellobiohydrolase and cellobiose dehydrogenase naturally possess CBM. The presence of 

CBM on the antimicrobial enzymes (for example cellobiose dehydrogenase) allows a non- 

denaturing and thermodynamically stable adhesion on the RCH supports. In particular, the 

work on CBM-possessing enzymes (Chapter 5) describes the design of a self-degrading 

material that exploits the cellulose as structural support for the enzymes and at the same time 

uses it as substrate for the production of H2O2 (Chapter 5). 

Despite the high binding affinity towards cellulose, naturally sourced CBM-possessing 

enzymes display a lower specific activity and higher production costs compared to other 

commercially available oxidative enzymes (i.e., GOx). Genetic recombination can be used to 

combine the high binding affinity of natural CBM-possessing enzymes with the high specific 

activity and low cost of commercial enzymes. In chapter 6, we describe the design and the 

synthesis of a chimeric enzyme consisting of a GOx catalytic domain and a CBM sourced 

from Trichoderma reseei cellobiohydrolase (TrCel7). The generation of such a chimeric GOx- 

CBM aims to reduce enzyme production costs while maximising H2O2 release and binding 

efficiency towards cellulose. The creation of a functional chimeric GOx-CBM would allow the 

design of more environmentally and economically sustainable cellulose/enzymes hybrid 

materials. 
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In conclusion, this PhD project aims to achieve a broad and comprehensive understanding of 

design rules for an efficient fabrication of cellulose/enzyme hybrids to be used as antimicrobial 

materials. The specific objectives of this PhD project were the examination and characterisation 

of the different enzyme functionalisation methods, listed in figure 13. As result of the 

experimental work various conclusions (Chapter 7) were drawn and suggestions for the future 

work were given (Chapter 8). 

 

 

 

 
Figure 13. Schematic indicating the main topics of this thesis and the links between them. For each 

Chapter, a brief description is added to highlight the main topic. 
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2. Methodologies 

 
2.1 Cellulose chemical modifications 

As already mentioned in the introduction, chemical modifications of cellulose may be used to 

modulate its physical-chemical properties. In this thesis, two major cellulose chemical 

modifications (GTMAC grafting and periodate oxidation) were used to design enzyme carriers. 

In the next two sections a detailed description of the reaction conditions and mechanisms will 

be reported. 

 

2.1.1 GTMAC grafting 

The GTMAC cellulose grafting forming CCNF is an etherification reaction (formation of an 

ether R-O-R’ group). The hydroxyl groups of cellulose react with the epoxide groups of 

GTMAC. The epoxide group is a very reactive cyclic electrophilic species which easily react 

with nucleophiles species such as hydroxyl groups. The nucleophilic attack on the hydroxyl 

groups, activated by alkaline conditions (Figure 14a), allows the epoxy ring opening (Figure 

14b) and the formation of an ether bonding (Figure 14c). 

 

 
Figure 14. Schematic of cellulose GTMAC grafting reaction where “Cell” is the cellulose substrate. a) 

Cellulose hydroxyl group activation. b) Nucleophilic attack and epoxy ring opening. c) GTMAC grafted 

cellulose. d) the side reaction GTMAC hydrolysis. 
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The amount of water used during the reaction strongly affects the final degree of substitution 

of CCNF as GTMAC is hydrolysed alongside grafting to the cellulose (Figure 14d).126 For this 

reason, the reaction has a higher yield when conducted in semi-dry conditions. The CCNF used 

in chapter 3 was prepared using 1 g of NaOH, 20 g of α-cellulose, 7.2 g of deionised water and 

36.4 g of GTMAC, this mixture was mixed into a sealed polypropylene bag and incubated at 

65 °C (in a water bath) for 4 hours. The reaction product was then dialysed (cut-off ~ 12 kDa) 

against deionised water in order to remove any residual reactants and side products. 

 

2.1.2 Periodate oxidation 

Periodate oxidation is a well-established reaction used in carbohydrate chemistry which allows 

the oxidation of vicinal diols into aldehydes. In the case of cellulose oxidation, the periodate 

ion selectively oxidises vicinal diols on C2 and C3 causing the opening of the glucopyranose 

ring (Figure 15) generating DAC. 

 

 
 

 
Figure 15. Schematic of cellulose periodate mediated oxidation. a) Cellulose structure. b) Reaction 

intermediates during oxidation of vicinal diols mediated by periodate. c) Dialdehyde cellulose 

structure. d) Hydrolysis of hydrated periodate ion to iodate ion. 

To produce the enzyme functionalised DAC beads (see chapter 4), regenerated cellulose beads 

(10 g) were reacted for 2 hours (under gentle mixing) with sodium periodate dissolved in water 

(40 mL) at different concentrations ranging from 10 to 100 mM. After the reaction DAC beads 
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were extensively washed with the distilled water until no periodate was detected (using UV 

absorption at 290 nm). 

 

2.2 Formation of cellulose-based materials 

 
2.2.1 CCNF/PAA spheroids 

The CCNF/PAA spheroids (chapter 3) were prepared by introducing the CCNF dispersion into 

a PAA bath. Specifically, a 2.0 wt % CCNF dispersion (pH 7) was loaded into a syringe (Figure 

16a) equipped with a polypropylene tip (gauge 21, inner diameter 0.513 mm) and dropped into 

a 50 mL PAA bath (0.1 wt % PAA aqueous solution) (Figure 16b). The height between the tip 

and the PAA bath interface was about 2 cm (Figure 16c). The spheroids were aged for 5 minutes 

into the PAA bath and then thoroughly rinsed in deionized water in order to remove the 

unbound PAA (Figure 16d). 

 

 
Figure 16. Schematic of CCNF/PAA spheroids fabrication process. a) CCNF dispersion loaded into a 

syringe equipped with a polypropylene nozzle. b) PAA bath for charge driven-complexation and 

consequent spheroid formation. c) Distance between the syringe nozzle and the PAA bath. d) Rinsing 

bath containing deionised water used to remove the unbound PAA on the spheroids. 

 

2.2.2 Regenerated cellulose beads 

The regenerated cellulose beads (chapter 4) were fabricated using the dropping apparatus 

shown in Figure 17. The cellulose solution (∼8 wt % in a DMSO/[EMIm][OAc] mixture, 

solvent ratio 70/30 w/w) was loaded into a syringe (Figure 17b) equipped with a 1.2 mm × 38 

mm stainless steel needle (Figure 17c) and extruded dropwise into an absolute ethanol bath 

(Figure 17f). The cellulose solution extrusion rate was controlled and automated with a syringe 

pump placed onto a lab lift (Figure 17g). The lab lift height was set to a suitable distance 

between the syringe needle and the ethanol bath (Figure 17e). 
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Figure 17. Schematic of cellulose bead regeneration process (dropping system). a) The syringe pump 

use to regulate the cellulose solution extrusion placed on a lab lift (g). b) The syringe loaded with the 

cellulose solution equipped with a stainless needle (c, d). e) The distance between the syringe needle 

and the ethanol bath (f). 

 

2.2.3 Regenerated cellulose films 

The regenerated cellulose films were prepared using cellulose solutions at various 

concentrations (from 6 to 10 wt.%) dissolved in a DMSO/[EMIm][OAc] mixture (solvent ratio 

70/30 w/w). Cellulose solutions were cast on a glass plate using an Elcometer 4340 Automatic 

Film Applicator (Figure 18a) with a distance of 600 μm between the blade and glass plate 

(Figure 18b) and then precipitated into an ethanol bath (Figure 18c). 

 

 
Figure 18. Schematic of regenerated cellulose film fabrication. a) The automatic film applicator used 

to evenly distribute the cellulose solution, the distance between the blade and the glass plate was set to 

0.6 mm (b). c) The ethanol bath used to regenerate the cellulose solution into hydrogel films. 
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2.3 Characterisation of enzyme-functionalised cellulose hydrogels 

One of the most important parts of this thesis work concerns the chemical/physical 

characterisation of cellulose hydrogels. Since cellulose is a highly insoluble biopolymer, the 

use of conventional characterisation techniques may be challenging. For example, well 

established direct characterisation methods such as nuclear magnetic resonance (NMR) 

spectroscopy, Fourier transform infrared spectroscopy (FTIR) and UV-Visible spectroscopy 

may require disruptive sample preparation and/or have low sensitivity. The same applies for 

the structural or morphological characterisation. In fact, the nanostructured cellulose/enzyme 

hydrogel network cannot easily be probed in its hydrated state nor can the nanoscopic patterns 

on the surface be easily measured. However, the use of indirect measurements, combined 

together, may help to elucidate chemical and structural changes upon cellulose processing and 

derivatisation. This chapter is divided into three sections, (physico-chemical analysis, 

morphological analysis, and enzyme efficiency), in which the techniques used will be briefly 

described. 

 

2.3.1 Physico-chemical analysis 

In this work two different types of modified cellulose were produced, GTMAC grafted cationic 

cellulose nano-fibres (CCNF) and dialdehyde cellulose (DAC). The GTMAC grafting involves 

the introduction of a positively charged quaternary ammonium group onto microcrystalline 

cellulose aiming to form CCNF. The addition of positively charged moieties profoundly affects 

the cellulose self-assembly in aqueous dispersions. For this reason, the quantification of the 

charged moieties (degree of substitution) is essential for studying CCNF electrostatic 

interactions with other charged molecules. In chapter 3 enzymes are entrapped in CCNF core- 

shell spheroids prepared via charge-driven complexation with a negatively charged polymer 

polyacrylic acid (PAA). 

The other chemically modified cellulose used in this work is DAC which is formed via 

oxidation of vicinal diols (from alcohol to aldehyde) mediated by periodate. This oxidation 

reaction does not produce any charged moieties, but it causes the opening of the glucopyranose 

rings (between carbon 1 and 4). In chapter 4 the aldehyde groups on cellulose were used as 

reactive moieties to bind and secure the glucose oxidase in hydrogel network. Methods used to 

determine the extent of functionalisation in both cases are described below. 

- Conductometric titration with AgNO3 
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The quantification of trimethylammonium chloride moieties on CCNF was performed by 

conductometric titration with AgNO3. The counter ion chloride (1:1 ratio with 

trimethylammonium group) precipitates in the presence of silver ions, reducing the 

conductivity until all chloride ions are consumed (equivalence point). The addition of more 

AgNO3 then causes an increment in conductivity (Figure 19). The amount (in moles) of AgNO3 

corresponding to the lowest point in the curve is equal to the amount of chloride ions. The 

amount of chloride is also equal to the amount of trimethylammonium present on the cellulose 

surface. 

 

 

 

 
Figure 19. Characteristic conductometric titration curve. This titration curve is used to determine the 

concentration of chloride ions in solution. 

- Aldehyde quantification on dialdehyde cellulose DAC after oximation 

 
The quantification of aldehyde groups on cellulose after periodate oxidation (degree of 

oxidation, DO) was conducted by acid-base titration. Firstly, the DAC is reacted with a 0.25 

M solution of hydroxylamine hydrochloride (oximation reaction) (Figure 20). 

 

 

 

 
Figure 20. Schematic of cellulose oximation reaction. Native cellulose upon periodate oxidation reacts 

with hydroxylamine hydrochloride via Schiff base formation, the HCl released in solution can be 

titrated with NaOH to determine the number of carbonyls generated by periodate oxidation. 
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Subsequently, the HCl released after the reaction of hydroxylamine hydrochloride with the 

aldehydes present on cellulose is titrated against a standard solution of sodium hydroxide. The 

NaOH added initially slightly increases the pH, then the pH suddenly rises until a second steady 

increase. Using the S-shaped curve obtained by this experiment the equivalence point can be 

extrapolated by plotting the first derivative dpH/dV against the NaOH volume (Figure 21). The 

moles of HCl released during the oximation reaction is stoichiometrically (1:1) equal to the 

moles of carbonyls on the DAC. 

 

 
Figure 21. Potentiometric acid-base HCl titration curves. The equivalent point shown in a pH/volume 

of NaOH plot (left hand side) and in a first derivative (dpH/dV)/volume of NaOH plot for a more precise 

determination of the equivalent point. 

- ζ-potential 

 
The zeta (ζ) potential refers to the electrical potential between the immediate surface of a 

colloidal particle and slipping plane (the interface between the mobile fluid and the fluid in the 

proximity of the particle) (Figure 22). The measurements rely on the mobility of the particles 

when an electric field is applied to the colloidal dispersion (electrophoretic mobility, Ue). The 

existence of a charged double layer close to the particle (the Stern layer and the diffuse layer) 

allows, when an electric field is applied, its migration, defining its hydrodynamic radius (radius 

of the particle with its charge layer) and the apparent charge at the slip plane. In other words, 

the measurement of the ζ-potential allows us to determine the net charge of the colloidal 

particles in suspension. 
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Figure 22. Schematic of an ideal colloidal particle surrounded by an electric double layer (above) and 

the potentials as function of the distance (below). 

Zeta potential measurements in this work were carried out on 0.02 wt % CCNF dispersions 

(chapter 3) and buffered enzyme solutions (1 mg/mL in 50 mM TRIS-HCl - 150 mM NaCl, 

pH 8) (chapter 6) in cells with copper electrodes, on a Malvern Zetasizer Nano ZS. The ζ- 

potential was measured as an average of four measurements from 100 scans each. The ζ- 

potential values were obtained from the average of three independent samples. 

 
- Cellulose enzymatic hydrolysis 

 
The biodegradability of cellulose is an essential parameter to ensure the sustainability of the 

materials studied in this work for all sort of future potential application. In order to assess the 

biodegradability of regenerated cellulose material an in vitro biodegradation test was used. A 

commercial cocktail of cellulose lytic enzymes (Carezyme 4500L® from Aspergillus sp.) was 

employed for the hydrolysis of pure regenerated cellulose (not chemically modified) and cross- 

linked regenerated cellulose. The cross-linking was achieved by suspending regenerated 

cellulose in an aqueous solution of 12 wt % glyoxal, molar ratio of 136:1 

glyoxal:anhydroglucose units (AUG), which was stirred for 3 h at 25 °C. The excess of glyoxal 

solution was separated using filter paper, then the cross-linking reaction was initiated at 160 

°C (Buchi glass oven, B-580) and sustained for 1 h. Pure and cross-linked regenerated cellulose 

beads (to a concentration of ~ 3 mg/mL in dry weight) were suspended in acetate buffer (0.1 

M, pH 5) containing the cellulase cocktail (1.2 g in 10 mL of buffered cellulose dispersion). 

The cellulose-enzyme mixture was incubated at 50 °C for 24 hours, aliquots were withdrawn 
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at specific time interval to study the degradation kinetics. In order to have a detailed kinetic 

profile, the two major reaction products (glucose and cellobiose) have been quantified using 

HPLC (Figure 23). Glucose and cellobiose, the main components produced by cellulose 

hydrolysis, were used as substrate molecules for the production of H2O2. In chapter 4 and 5 

two enzymes (GOx and CDH) served as active components for the functionalisation of bio- 

active H2O2 producing materials. 
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Figure 23. Enzymatic hydrolysis kinetics extrapolated using pure cellulose and cross-linked cellulose 

beads as substrate for the reaction. Solid and empty squares represent glucose while solid and empty 

circles represent cellobiose release into the supernatant during the reaction. The lines are guides to the 

eye. 

Both cellulose materials, pure and cross-linked, showed high levels of hydrolysis in 24 hours. 

The cellobiose concentration reaches its highest levels in the first 3 hours, after which it is 

completely converted to glucose. Interestingly, the pure cellulose seems to be less susceptible 

to the enzyme hydrolysis compared to cross-linked cellulose suggesting that the structural 

changes in the polymer network (caused by cross-linking) favour the enzyme hydrolysis, 

although it is not clear how these changes directly affect the enzymatic breakdown. 
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2.3.2 Morphological and structural analysis 

The morphology and structure of the materials used in this project has been one of the most 

challenging aspects to unveil. In fact, probing hydrated nanoporous materials is particularly 

challenging because of the very small length scales of the structured network (1-100 nm). The 

use of electron and optical microscopy, small angle x-ray scattering (SAXS), cryoporometry 

NMR and rheology can give insights about the material nanostructure. However, all these 

techniques have some limitations. For this reason, a correlative approach in which the 

information obtained from each of these techniques were combined to draw a comprehensive 

picture of the material studied. 

- Scanning electron microscopy (SEM) 

 
SEM is a technique applied to all sort of materials to resolve their morphology at a nanoscopic 

scale. Its working mechanism relies on the use of a focused electron beam (primary electrons) 

which generate a signal by interacting with the sample of interest. The interaction of primary 

electrons (PE) with the samples can produce several types of signals namely secondary 

electrons (SE), back-scattered electrons (BSE), characteristic x-rays and transmitted electrons 

(Figure 24). 

 

 
Figure 24. Schematic of the working principle of a scanning electron microscope. The figure shows the 

signals generated by the interaction of primary electrons with matter.127 

Most scanning electron microscopes are equipped with a detector able to detect SE, hence, 

those are used by the software to produce the microphotographs. Depending on the type of 

instrument and the quality of the sample the resolution may vary but generally SEM images 

can reach resolutions >1 nm. The high resolution of SEM images is due to a highly localised 

SE signal corresponding to the region in space where the primary electrons impact the sample 
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surface. For this reason, SEM analysis is normally used for the morphological characterisation 

of the sample surface. Scanning electron microscopes can be also equipped with BSE electron 

and characteristic x-ray detectors. These two detected signals are used, in combination with the 

SE signal, in analytical SEM to correlate the morphology with atomic composition of the 

material analysed. The number of BSE reaching the detector is proportional to the atomic 

number (z) along with the characteristic x-ray emitted which identifies the elemental 

composition. In other words, SEM techniques can be very powerful as they can reveal the 

nanostructure with a very high resolution and, at the same time, give an indication of the atomic 

composition of a material. However, it can present also some downsides depending on the type 

of material and the information needed. For example, the samples need to be extremely dry to 

be analysed because of the vacuum environment required for the electron beam chamber. The 

highly hydrated materials used in this work need to go through a sample preparation procedure 

which alters the initial structure, i.e. drying process. In chapter 4, the SEM analysis of dried 

periodate oxidised cellulose hydrogels can provide information about the network structural 

changes caused by the oxidation of hydroxyl groups. The comparison of freeze-dried hydrogel 

beads photomicrographs showed clear differences in the internal porosity suggesting an 

increased polymer flexibility upon cellulose periodate oxidation. However, the porosity 

observed in those images does not reflect the internal porosity in hydrated conditions as 

discussed in chapter 4. Scanning electron micrographs shown in this thesis were obtained using 

a JEOL SEM648OLV microscope. The samples were flash frozen in liquid nitrogen and 

lyophilized using a MiniLyotrap (LTE scientific). Prior to imaging, the samples were gold 

coated (Edwards sputter coater, S150B) for 5 min. 

- NMR Cryoporometry and DSC thermoporometry 

 
NMR and DSC porometry techniques are used to measure the nanoporosity in solid materials 

imbibed by a liquid phase. Both depend on the phase transition (from solid to liquid) of the 

liquid imbibing the solid network. Here we will describe two techniques which rely on two 

different working principles, NMR cryoporometry and differential scanning calorimetry (DSC) 

thermoporometry. 

In liquid state NMR, the signal is detected only in presence of liquid materials, while no signal 

can be detected when samples is in a completely solid state (frozen). The NMR cryoporometry 

experiment consists of cooling down the sample below the freezing point of the liquid, once 

all the liquid is frozen, the temperature of the sample is gradually increased until complete 
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melting has occurred. The NMR signal intensity, and the corresponding temperature are 

recorded during the gradual melting of the liquid present in the material pores (Figure 25). 

 

 
Figure 25. NMR cryoporometry melting plot. The figure shows the increasing in NMR signal depending 

on the water melting. Water contained in the pores has a lower melting point compared to the bulk 

water.128 

The material porosity can be extrapolated by using the Gibbs–Thomson equation (Equation 

1) which correlates the melting point depression of the liquid with the actual pore size. 

 

 
 

Eq. 1 ∆𝑇  𝖺 
𝑃 

(𝑟−𝑠) 

 
 

 

The melting point depression (∆𝑇) is directly dependent on the intrinsic liquid constant (𝑃) 

divided by the radius of pores (𝑟) subtracted the size of the non-freezing liquid shell in 

proximity of the solid network (𝑠). The choice of the liquid imbibing the materials (adsorbate) 

is crucial as the melting point significantly affects the pore size range detectable. Adsorbates 

with a higher melting point are preferred for the characterization of bigger pores while liquids 

with a lower melting point are more suitable for the characterization of smaller pores. 

Cyclohexane is often used adsorbate in NMR cryoporometry experiments for its low melting 

point (6.47 °C) and the wider range of pores that can be probed while water (0 °C) is more 

suitable for probing very small pores (≤ 5 nm in diameter).128 For the cellulose hydrogel 

systems used in this work (predominant porosity between 10 and 60 nm in diameter)122, 

cyclohexane would be theoretically the best adsorbate. However, the strong interactions 

between cellulose and water (originally present in the hydrogel) did not allow a proper solvent 
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exchange (from water to cyclohexane). Moreover, the high volatility of cyclohexane (boiling 

point 80.74 °C) made the preservation of the initial hydrogel porosity difficult, hence, water 

was used as adsorbate. The nanoporosity of cellulose hydrogel beads obtained by cellulose 

dissolution in DMSO/[EMIm][OAc] (70:30) and regeneration in ethanol was characterized. 

Cellulose hydrogel beads were found to have a diverse porosity profile which depended on the 

cellulose concentration in the DMSO/[EMIm][OAc] solution (6, 8 or 10 wt.%). The porosity 

showed an inverse proportionality with the cellulose concentration (Figure 26) indicating that 

the internal mesostructure can be tuned by the modulation of initial cellulose solution. 

 

 
Figure 26. Pore size distribution in regenerated cellulose beads. The porosity changes dramatically as 

function of the initial cellulose concentration in solution prior to phase inversion process 

(regeneration). Pore size distribution between 0 and 6 nm (inset). 

The information about the nanoporosity was also useful to ensure proper diffusion of substrates 

and products in the enzyme-functionalized materials (chapter 4 and 5). However, this work 

produced only preliminary results which guided sample preparation for the more complex 

samples reported in chapter 4 and 5. 

- NMR cryoporometry sample preparation and instrument settings. 

 
The ethanol, residual ionic liquid and DMSO, present in freshly prepared cellulose hydrogel 

beads were first exchanged to MilliQ water. This solvent exchange was achieved by soaking 

the beads in abundant water and repeating the procedure until only water could be observed in 

the NMR signal. Prior to the cryoporometry experiment the excess of water on the surface of 

beads was removed to avoid an over abundant signal from free water during the melting 

process. The 1H NMR signal was recorded on a 400 MHz Bruker Avance spectrometer 
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equipped with a 5 mm BBO probe, the cooling gas was the boil-off from liquid nitrogen, and 

a BVT3200 temperature control device (precision of ± 0.1 K) was used. The actual sample 

temperature was calibrated using methanol.129 A simple spin echo pulse sequence was used, 

with an echo time of 2.2 ms, to ensure minimal suppression of signal from liquid water and 

complete suppression of signals from both the solid cellulose network and frozen water.130 

Measurements were performed by decreasing the temperature to 218 K in order to freeze the 

sample, followed by a gradual increase of the temperature stepwise by 5 K until 258 K, 1 K 

until 267 K, 0.2 K until 271 K, and finally 0.1 K until reaching the bulk melting temperature 

(273 K). At each increment, signals were recorded after reaching thermal equilibrium using a 

waiting time of 20 min. 

- DSC thermoporometry 

Differential Scanning Calorimetry (DSC) is an analytical technique which involves the 

detection of small changes in the amount of heat required to raise the temperature of a sample. 

These changes, thermodynamically speaking, represent the energy that the system absorbs 

(endothermic) or releases (exothermic) during a specific physicochemical phenomenon. The 

phenomena detectable by DSC are varied and they may concern a wide spectrum of 

applications, ranging from material science to biotechnology. Conceptually, a DSC instrument 

consists of two furnaces in which a reference and a sample are heated up. In the furnaces are 

placed thermometers which allow measurement of the temperature of the furnace itself against 

that of the sample. The presence of a thermoporometry reference is required as a background, 

in this way the sample to analyse will be the only component responsible for the exothermic 

and endothermic peaks. Two classical examples of processes studied with DSC are thermal 

transitions (e.g., melting point or glass transition) and protein stability (e.g., denaturation and 

re-assembly).131 As for NMR-cryoporometry, the porosity of a nanostructured material can be 

extrapolated by detecting the amount of melting water at specific temperatures (DSC).132 In 

DSC thermoporometry, the endothermic transition from solid to liquid is detected. During the 

melting process, the heat flow towards the sample is measured along with a gradual increase 

of the temperature. The measurement cannot be set to be arbitrarily slow as it relies on transient 

heat flows of the latent heat of fusion, thus, the resolution in pore size is limited compared to 

the NMR technique.133 To extrapolate the pore size distribution, the Gibbs–Thomson equation 

is employed, as for NMR cryoporometry. 

This technique was used to extrapolate the changes in pore size distribution of cellulose 

hydrogel beads after the periodate oxidation reaction (cellulose beads used in chapter 4). The 
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resulting DAC beads showed a reduction in size which was proportional to the periodate 

concentration used during the reaction suggesting a rearrangement of the cellulose network 

(chapter 4). However, the only useful results were obtained from DACb-100, the rest of 

samples did not show any isolated melting peak before bulk water melting point (273 K). This 

may be due to the sole presence of bigger pores which could not be detected using this 

technique (Figure 27). Nonetheless, if we compare the DACb-100 value obtained from DSC 

with those obtained from NMR cryoporometry (8 wt. % unmodified beads) a reduction higher 

than 2-fold, in average pore size (from ~ 30 to ~ 13 nm) was observed after periodate oxidation. 

 

 
Figure 27. DSC pore size distribution plots. The only sample which showed a distinct melting peak 

before the melting of bulk water was in the most oxidised dialdehyde cellulose beads, DACb-100. This 

result suggests a rearrangement of cellulose fibrils caused by the periodate oxidation. 

- DSC Cryoporometry sample preparation and instrument settings 

Samples of around 100 mg of wet DAC beads (excess of water removed) with a different degree 

of oxidation obtained from reaction with periodate (see chapter 4) were inserted into the DSC 
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chamber. The specimens were tested in a MicroSC microcalorimeter from Setaram with the 

data acquisition program Calisto. The thermal profile consists of cooling down the cell to -25 

°C (which is the minimum achievable by the apparatus) then leaving it to equilibrate for 10 

min. Then the cell was heated up at 0.01 °C/min or 0.05 °C/min to 5 °C. Alternatively the cell 

can be first heated up to -10 °C at higher rate (0.5 °C/min) then the heating rate is lowered at 

0.01 °C/min up to 5 °C. The data collected then consists of a vector of sample temperature and 

heat flow between -25 °C (or -10 °C) and 5 °C. Two components contribute to the heat flow 

signal: the heat capacity of the specimen and the heat of fusion.132 As porosity is dependent on 

the water melting profile, only the heat of fusion was useful here, so the heat capacity 

contribution was removed by the software. 

- SAXS 

Small Angle X-ray Scattering (SAXS) is a scattering technique used to obtain information 

about the structure of substances at a mesoscopic scale (1-100 nm). SAXS relies on the use of 

a monochromatic X-ray beam directed to the samples held in quartz cuvettes. The incident X- 

rays can be absorbed, transmitted or reflected by the sample.134 X-rays that are scattered by 

samples are detected by a detector placed at a certain distance. Larger distances allow the 

detection of X-rays scattered with a smaller angle (SAXS) while smaller distances detect X- 

rays scattered with a wider angle (WAXS) (Figure 28). 

 

 
Figure 28. Schematic representation of scattering experiments. The figure indicates the working 

principle of scattering experiments, the detector distance determines the type (their angle range) of 

electrons scattered. The inset shows a simplified schematic of scattering vectors and how 𝑞 value is 

geometrically extrapolated.135 

The information about scattering angles (𝜃), obtained in a scattering experiment are 

transformed into 𝑞 vector values using (Equation 2). The values 𝑘 and 𝑘′, represent the initial 
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and the scattered vector, 𝜆 is the wavelength, while 𝜃 represents half the angle of a scattered 

X-ray. 

 

 

Eq. 2 |𝑞| = |𝑘 − 𝑘′| = 
4𝜋 sin 𝜃

 
𝜆 

 
 

 

SAXS data can be fitted with mathematical models, tailor made for specific geometrical 

architectures.136 Hydrogels can be studied to give important information such as mesh size, 

aggregates size, structural fractal dimensions and conformational changes of proteins 

entrapped in the gel matrix. The effective radius of gyration (Rg) of aggregates in a gel network 

can be calculated using the Guinier approximation (Equation 3), which correlates the natural 

logarithm of the intensity 𝑙𝑛(𝐼) with 𝑅𝑔 and 𝑞 vector. 

 

 
 

Eq. 3 𝑙𝑛(𝐼) = 𝑙𝑛(𝐼𝑜) − 
(𝑞2𝑅𝑔

2) 
 

3 
 
 

 

Moreover, it is possible to probe fractal structured networks (i.e. hydrogels) at different length 

scales using SAXS techniques by defining their fractal dimension (𝐷). The factors that define 

the structure self-similarity at different length scale give information about the type of fractal 

aggregation. In colloid science, fractals can be defined as a hierarchical system in which the 

structure of primary particles is preserved in the objects resulting from their aggregation 

(Figure 29). The variables of a fractal systems can be mathematically derived as in equation 4. 
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Figure 29. Different magnified fractal objects observed at (1, 10 and 100 X). Rg indicates the radius of 

gyration of the cluster and Rp the radius of the primary particle. Figure adapted from reference Moore 

et al. 2015.137 

 

 
 

Eq. 4 𝑖 𝖺 ( 
𝑅𝑔   

𝐷 
) 

𝑅𝑝 

 
 

 

Where 𝐷 is the fractal dimension, i the number of primary particles in the object, 𝑅𝑔 and 𝑅𝑝 

the radius of gyration (of the aggregates) and primary particles, respectively. 

 
The SAXS technique can be also used to extrapolate important information about the structure 

of proteins in solutions. Characteristic parameters such as radius of gyration and molecular 

weight can be directly obtained from the protein scattering patterns.138 Moreover, using 

bioinformatics tools it is possible to determine a low-resolution structure from scattering 

patterns of a monodisperse protein solution.139 In this thesis, SAXS was used to evaluate the 

radius of gyration, size, and low-resolution structure of a recombinant antimicrobial glucose 

oxidase (GOx-CBM) (chapter 6). The GOx-CBM solutions (3 mg/mL in 0.1 M TRIS-HCl 

buffer, pH 8) were held in a quartz capillary (1 mm wide), and a buffer background was 

subtracted before data analysis. SAXS data were acquired on an Anton-Paar SAXSpoint 2.0, 

equipped with a copper source (Cu Kα, λ = 1.542 Å) and a 2D EIGER R series Hybrid Photon 

Counting (HPC) detector. The distance between the sample and the detector was set to 556.9 

mm to cover a q-range between 0.05 and 5 nm-1. 

- Uniaxial deformation rheology 

 
The evaluation of some rheological properties (e.g. macromolecular interactions and resistance 

to stress) is fundamental to assess the usability of soft materials such as hydrogels for specific 
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applications. The simultaneous recording of the axial force and uniaxial deformation of a soft 

material (Figure 30) is one of the simplest experiments in material sciences. Generally, this 

technique is used in materials chemistry to evaluate effect of certain manufacturing parameters 

on the mechanical resistance of soft materials. 

 

 

Figure 30. Schematic of uniaxial compression experiments. The beads are uniaxially compressed while 

the axial force is recorded. 

For example, the reaction conditions during polymer cross-linking such as reactant 

concentration, time, and temperature, may dramatically modify the mechanical properties of 

the final material. In this work basic comparative studies on the behaviour of the cellulose 

hydrogel materials upon compression were performed. These allowed us to select the most 

promising variants of the prepared materials, optimised to be robust and stable over a wide 

range of conditions. The mechanical stability of dialdehyde cellulose beads were also tested 

after GOx-functionalisation at a range of different pH to visualise the chemical damage caused 

by the alkaline environment (chapter 4). 

The concentration of cellulose in solution prior to regeneration has also an effect on the 

mechanical properties of the regenerated cellulose films. Uniaxial deformation of enzyme- 

functionalised cellulose films showed a proportional hardening in the low strain range which 

was directly proportional to the cellulose concentration (chapter 5). As confirmed by 

microscope images, the porosity of regenerated cellulose films is also dependent on cellulose 

concentration suggesting a strict correlation between porosity and mechanical properties. 

(Figure 31).140 
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Figure 31. Strain hardening behaviour of cellulose beads upon uniaxial compression. The hydrogel 

network porosity may play a role in the hardening process. This graph was extrapolated from the 

uniaxial compression data obtained from cellulose beads analysed in chapter 4. 

 

2.4 Characterisation of cellulose/enzyme hybrid bioactivity 

The introduction of enzymes into a cellulose hydrogel matrix allowed the conversion of a 

mostly inert material into a functional bio-active hybrid. The bioactivity of cellulose/enzyme 

hybrids relies on the bio-catalytic activity of the enzymes. Specifically, all cellulose/enzyme 

hybrid materials designed herein have the ability to produce the antimicrobial molecule 

hydrogen peroxide (H2O2). The bio-active efficiency of the hybrid materials was assessed using 

different methods, some involved the quantification of H2O2 produced while others studied the 

inhibitory effects on pathogenic bacterial strains. In this section, the methods used for the 

evaluation of bioactivity and antimicrobial properties of the designed materials are described. 

2.4.1 Enzyme activity 

One of the most important parameters to consider for the evaluation of the bio-active properties 

of materials is the enzyme activity. The activity of enzymes can be expressed in katal which is 

the official unit for the international system (SI) (Equation 5), in Units (U) which is a more 

practical way of quantifying it (Equation 6) and in specific activity (𝑈/𝑚𝑔) that takes into 

account the absolute amount of enzyme (Equation 7). 
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Eq. 5 𝑘𝑎𝑡𝑎𝑙 = 
𝑚𝑜𝑙 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 

𝑠𝑒𝑐𝑜𝑛𝑑 

 

Eq. 6 𝑈𝑛𝑖𝑡 (𝑈) = 
𝜇𝑚𝑜𝑙 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 

𝑚𝑖𝑛𝑢𝑡𝑒 
 

Eq. 7 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 
𝑈

 
𝑚𝑔 𝑜𝑓 𝑒𝑛𝑧𝑦𝑚𝑒 

 
 

 
The unit of enzyme activity recommended by the International Union of Pure and Applied 

Chemistry (IUPAC) is the “enzyme unit” (U). Specifically, it is the amount of enzyme that 

catalyses the conversion of one micromole of substrate into product per minute under the 

specific conditions used for the assay method. However, enzyme activity is a measure relative 

to the amount of active enzyme present during the assay, hence depends on certain conditions 

(which should be specified). To determine the absolute activity of a certain enzyme formulation 

it is necessary to use another common unit, called specific activity. The enzyme specific 

activity considers the mass of enzyme used to generate a measured activity and it is expressed 

as units per mg of enzyme (𝑈/𝑚𝑔). It is important to mention that enzyme formulations are 

generally not pure, hence, the mass of the enzyme needs to be extrapolated from the total mass 

of solid in the formulation. There are several ways to calculate the absolute enzyme 

concentration which often exploit the use of UV-Vis spectrophotometry. 

- Ultraviolet-visible light spectroscopy 

 
Ultraviolet-visible light (UV-Vis) spectroscopy is an analytical technique which relies on the 

absorption of light in a spectrum range from ultra-violet to visible wavelengths (typically from 

190 nm to 800 nm). The light absorption is due to the excitation of molecules with π-electrons 

or non-bonding electrons to a higher energetic state, in higher anti-bonding orbitals. The 

absorption of these molecules is quantified by detecting the variation in intensity of 

monochromatic light passed through the sample (held in a cuvette). Assuming the initial 

intensity of a monochromatic beam as 100%, the detector is able to determine the light absorbed 

during the passage through the sample (𝐼𝑖/𝐼0) (Figure 32). 
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Figure 32. Schematic of a UV-Visible spectrophotometer instrument. The white light is converted in a 

monochromatic beam which passes through the samples. The light adsorbed by the sample is recorded 

by a detector and displayed in software which allows background subtraction, graphical visualisation, 

and analysis.141 

Using UV-Vis it is possible to determine the concentration of proteins in solution by UV 

adsorption of the aromatic residues (tyrosine and tryptophan) at 280 nm. The equation which 

describes the relationship between the absorbance of a specific molecule with its concentration 

is called the Beer-Lambert equation (Equation 8). 

 

 
Eq. 8 𝐴 = ελ𝑙 𝑀 

 
 
Where 𝐴 is the absorbance and it represents the detected intensity divided by the initial 

intensity, 𝜀𝜆 stands for the “molar extinction coefficient” (M−1 ⋅ cm−1) which illustrates how 

strongly a chemical species attenuates light, 𝑙 is the “pathlength” which is the distance crossed 

by light in the sample and finally M which is the molar concentration of the compound in 

solution. 

This technique can also be used to indirectly quantify molecules that do not absorb light in 

those wavelengths. In this report such an indirect method, the Bradford assay, has been used to 

quantify proteins. Proteins are quantified using a dye (Coomassie brilliant blue) which absorbs 

at a specific wavelength (595 nm) only when it forms non-covalent binding with the carboxylic 

groups of a protein’s side groups. This means that the number of bound dye molecules are 

directly proportional to the absorbance at 595 nm. In order to have reliable results it is necessary 

to create a calibration curve (known mass against detected adsorption) using the specific 

protein of interest or the standard protein Bovine Serum Albumin (BSA). BSA is considered a 

good standard protein thanks to its stability and colour yield which produce highly reproducible 
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response patterns.142,143 UV-Vis spectroscopy was also used to determine the activity of H2O2- 

producing enzymes as described below in the next two sections. 

- H2O2-producing enzyme activity 

All enzyme functionalised materials used in this work have in common the ability to produce 

H2O2. Depending on the characteristics of each material, different methods for the 

quantification of H2O2 were used. For example, H2O2 released from PAA/CCNF spheroids and 

CBH/CDH regenerated cellulose films was quantified using a fluorometric assay. This method 

consists of oxidising 10-Acetyl-3,7-dihydroxyphenoxazine (Amplex® red) into the fluorescent 

resorufin. The enzyme horseradish peroxidase (HRP) catalyses the oxidation of Amplex® red 

to resorufin using H2O2 (produced by glucose oxidase) as electron acceptor. Resorufin 

fluorescence can be detected by exiting the sample at a wavelength of 540 nm 

spectrofluorometer and detecting at 590 nm (Figure 33). 

 

 

 

 
Figure 33. Horseradish peroxidase mediated oxidation of 10-Acetyl-3,7-dihydroxyphenoxazine 

(Amplex® red) to resorufin. This reaction is used for the quantification of H2O2 in solution released by 

enzyme-functionalised materials. The product of the reaction, the resorufin, is a fluorescent molecule 

which emits light (at 590 nm) after being exited (at 540 nm).144 

This method was chosen because of the very high sensitivity, as it is able to detect low 

concentrations of H2O2 (detection limit 19 nM)145, and for the ability to emit fluorescence from 

a solid material (solid state fluorometry). A highly sensitive method was necessary for assaying 

the activity of GOx entrapped in the PAA/CCNF spheroids (chapter 3) as the enzyme 

concentrations used were low. The concentration of H2O2 produced in functionalised cellulose 

films (chapter 5) was instead measured in situ by recording the fluorescence directly emitted 

from the hydrogel. However, HRP and Amplex® red may be not convenient to use for their 

expense and instability during storage. For this reason, for the quantification of H2O2 at higher 

concentrations used a simpler and more economic assay based on the reaction with iodide ion 
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(I-) and the consequent production of triiodide ion (I3
-). The concentration of triiodide ion, 

which has yellowish colours and adsorbs at 350 nm, is linearly correlated with the initial 

concentration of H2O2. With an appropriate calibration curve using known amounts of H2O2 it 

is possible to estimate concentrations between 10 µmol and 1 mM. This assay was used to 

quantify the H2O2 released from GOx functionalised DAC beads (chapter 4). 

 

2.4.2 Agar diffusion test (antimicrobial assay) 

The agar diffusion test is one of the simplest methods to determine the susceptibility of 

microorganisms towards a specific compound. It has been used for the evaluation of antibiotic 

efficacy against specific strains for selecting the appropriate treatment of bacterial infections 

(Kirby-Bauer test). The method relies on the inhibition of bacterial growth caused by the 

diffusion of the antimicrobial compound into an agar gel in which bacterial are inoculated. 

Growth inhibition is detected as a “zone of inhibition” or “inhibition halo” which is a circular 

area surrounding the source of antimicrobial substance (figure 34a). The size of the inhibition 

halo is directly proportional to the susceptibility of the microorganism to that particular 

compound. However, the presence of an inhibition halo does not provide precise information 

about the bactericidal or bacteriostatic properties or about the antimicrobial mechanism of 

action. Nonetheless, clinical trials have demonstrated great benefits from a therapy based on 

the antibiogram (Kirby-Bauer test) of the causative agent.146 In this work, a modified version 

of the agar diffusion test was used to determine the susceptibility of four bacterial strains after 

exposure with enzyme-functionalised cellulose beads (chapter 4). In the standardised Kirby- 

Bauer test, the antibiotic substance is imbibed in a Whatman assay disk and placed on the 

bacterial suspension. For testing the enzyme-functionalised beads this method is not applicable 

for two reasons (1) the fast water evaporation from the hydrogel would deactivate the enzyme 

(2) diffusion of substrate (glucose) and antimicrobial product (H2O2) would be not permitted. 

In order to optimise the assay a 12 mm hole was punched in the agar gel, then bacteria 

suspensions were inoculated in the plate. After the inoculation of bacteria, the 12 mm hole was 

filled with a buffered solution containing glucose and finally the enzyme-functionalised beads 

were introduced into the hole immediately prior to incubation (figure 34b). 
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Figure 34. Graphical representation of the Kirby-Bauer standardised test and its modified version used 

in chapter 5 for determining the susceptibility of bacteria towards GOx-functionalised beads. 

 

2.5 Recombinant gene technologies 

The recombinant gene technologies are the set of techniques used to engineer a DNA construct. 

The modulation of recombinant DNA construct allows researchers to study the effects of 

certain modifications on protein structure and functionality.147 In order to produce a modified 

protein, it is necessary to design and engineer a recombinant gene which contains the genetic 

information able to be encoded by a host organism.147 In this thesis, recombinant gene 

technologies were used to produce a chimeric glucose oxidase which combines its enzyme 

catalytic activity with the ability to bind cellulose (GOx-CBM chimera) (chapter 6). In the next 

subchapters, the relevant molecular biology methodologies used in this thesis will be described 

in detail. 

 

2.5.1 Overlap extension polymerase chain reaction (OE-PCR) 

The OE-PCR is a variant of the classic PCR which allows the introduction of additional DNA 

fragments to a DNA template sequence.148 The extension of the template sequence is permitted 

by the use of specifically designed primers. The primers must have a template-complementary 

part able to initiate the DNA polymerisation and a “overhanging” part which will be 

incorporated into the initial sequence (Figure 35).148 
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Figure 35. Schematic of OE-PCR. The DNA template sequence can be extended using Overhang 

primers which contain the desired sequences for the modulation of DNA constructs. 

The preparation of GOx-CBM constructs required the use of specific overhang primers (Table 

2) with melting temperature ranging from 63 to 65°C. The GOx-CBM constructs fragments 

were amplified following the Phusion High-fidelity DNA polymerase (New England Biolabs) 

protocol. 

 

 
Table 2. List of primers used for the production of DNA GOx-CBM constructs. 

Primer code Primer sequence 

 
GOxFw [1] 

 

 
GOxRv [2] 

 

 
GOx-CBMRv [3] 

 

 
GOx-L23-CBMF1Rv [4] 

 
GOx-L11-CBMF2Fw [5] 

ACAACTAATTATTCGAAACGATGCAAACTCTTTTGGTTTCTTCC 

CTTG 

CCCTGAAAATAAAGATTCTCTTGCATAGAAGCGTAATCCTCCA 

AGA 

CCCTGAAAATAAAGATTCTCCAAACATTGAGAATAGTAAGGGT 

TCAAAACTTGA 

CCACCACATTGACCGTAATGAGTACCAGGTGGGTTACCACC 

CATTACGGTCAATGTGGTGGTATTGG 
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In brief, 50 µL of reaction mix containing 30 ng of gDNA, or 10 ng of plasmid as templates, 

25 pmol of each primer, 0.2 mM dNTP Mix, 1 unit of Phusion polymerase, and 1X Phusion 

polymerase buffer was used with the following PCR steps: (1) 30 s at 98 °C, 1 cycle; (2) 10 s 

at 98 °C, 30 s at 62−63 °C, followed by 20 s at 72 °C; 25 cycles; (3) 10 min at 72 °C, 1 cycle. 

The resulting amplified products were purified using GeneJET Genomic DNA Purification Kit 

(Thermo Fisher Scientific) according to the manufacturer’s specification. The amount of DNA 

was quantified using a Nanodrop™ 1000 spectrophotometer (Thermo Scientific V3.6). 

 

2.5.2 Gibson assembly and transformation in E. coli 

The Gibson assembly is a cloning method used for joining several DNA fragments in a single 

step isothermal reaction.149 The reaction is based on the ability of a specific enzyme mixture 

(exonuclease, DNA polymerase and DNA ligase) to link together DNA fragments with 

adjacent overlap sequences (~20-40 base pair). For the synthesis of GOx-CBM constructs 

(chapter 6) a homemade Gibson assembly mix was prepared based on the Gibson’s original 

protocol.149 All DNA modifying enzymes were purchased from New England Biolabs while 

Tris−HCl, Polyethylene glycol (PEG8000), Dithiothreitol (DTT), β-Nicotinamide adenine 

dinucleotide (NAD) and nucleotides (dNTPs) were purchased from Sigma-Aldrich. 

To prepare the master mix 100 μL of 5X isothermal reaction buffer (500 mM Tris−HCl, pH 

7.5, 250 mg/mL PEG8000, 50 mM MgCl2, 50 mM DTT, 5 mM NAD and 1 mM of each 

dNTPs) were combined with 50 μL Taq ligase (40 U/μL), 2 μL T5 exonuclease (1 U/μL), 

6.25 μL Phusion polymerase (2 U/μL) to a final volume of 375 μL. For long term storage, the 

solution was kept at -20 °C in 15 μL aliquots. For the reaction, 100 ng of linearized pPICZα-A 

vector (linearised with PmeI, New England Biolabs) was added to the 15 μL Gibson assembly 

mix with a 2-fold excess of amplified DNA fragments (produced using OE-PCR) and incubated 

for 1 h at 50 °C. 5 μL of the resulting constructs were transformed in E. coli competent cells 

using the heat shock method (42 °C for 30 s). Positive clones were confirmed using PCR after 

growing single colonies in a zeocin enriched (25 μg/mL) Luria Bertani (LB) medium. 

 

2.5.3 Pichia pastoris transformation and protein expression 

For the expression of the GOx-CBM chimeric enzymes P. pastoris was used as host organisms. 

The unicellular fungi P. pastoris is the ideal host for the expression of the GOx-CBM chimeras 

owning to its capacity to form disulphide bonds and glycosylate proteins during synthesis 

(essential for a correct folding).150 Moreover, P. pastoris is potentially employable for large 
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scale protein production due to its ability to be grown at high cell density in bioreactors.150 The 

P. pastoris overexpressing strains used in this work (chapter 6) were produced via genetic 

transformation through cell electroporation as described in the next paragraph. 

Prior to transformation of P. pastoris ~ 10 µg of each the pPICZα-A::GOx-CBM constructs 

were produced by growing E. coli transformed strains (100 mL of LB medium enriched with 

zeocin) and linearised using the PmeI restriction enzyme. P. pastoris X-33 competent cells 

were prepared according to the instruction provided by Invitrogen. Cells were grown in a yeast 

peptone dextrose medium (YPD) (see Appendix A) to a 1-2 optical density (at 600 nm) and 

pelleted by centrifugation (1500 xg, 5 min). The cells were washed with sterile water (twice), 

pelleted, and resuspended in 0.1 M LiCl; 10 mM DTT; 0.6 M sorbitol; 10 mM Tris−HCl pH 

7.5 for 30 min at room temperature.151 This cell suspension was pelleted and resuspended in a 

1 M sorbitol solution to reach a cell concentration of ~ 1000 cells/mL. The resulting 1M sorbitol 

cell suspension was then mixed with 10 µg of linearised pPICZα-A::GOx-CBM constructs and 

electroporated with 1500 V for 5 ms using a Gene Pulser Xcell (Biorad). The electroporated 

cells were grown in a YPD medium supplemented with 1 M sorbitol (YPDS) and 0.2 mg/mL 

zeocin at 30 °C for 3 days (see Appendix B for the whole protocol) 

To isolate single colonies, P. pastoris cells were inoculated in YPDS agar plates containing 

different concentrations of zeocin ranging from 100 µg/mL to 500 µg/mL. For the protein 

expression, P. pastoris single colonies were first grown in a Buffered Glycerol-complex 

Medium [BMGY] until an OD = 2-6 (log phase) was reached. Then, the protein expression 

was initiated by exchanging the growth medium to buffered Methanol-complex Medium 

[BMMY] (see appendix A). The selection of overexpressing strains was performed by 

evaluating the amount of enzyme (Bradford method) and its activity (HRP-Amplex red 

method) in the medium after cell separation by centrifugation (2000 xg for 5 min). 

 

2.6 Summary 

This chapter contains a comprehensive compendium of the methodologies used in this thesis. 

The experimental details of the techniques used, their working principles and theoretical 

aspects have been covered. 

As mentioned at the beginning of the chapter, the characterisation of cellulose/enzyme hybrids 

is very complex. In fact, characterisation at the nanoscale requires cross-checking of data 

obtained from different techniques. The chapter can be conventionally split in four sections. 
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The first section described the material preparation methods such as cellulose chemical 

modifications and formation of cellulose-based materials. The second section illustrated the 

material physico-chemical and structural characterisation techniques (physico-chemical and 

structural) which include titration, ζ-potential, SEM, NMR and DSC thermoporometry. The 

third section outlined the methods used to characterise the enzyme-functionalised cellulose 

materials such as H2O2 production and antimicrobial efficacy. The fourth section described the 

methodologies used for the manipulation of the recombinant gene constructs used for the 

expression of GOx-CBM chimeric enzymes. 

The next thesis section will consist of three published manuscripts (chapter 3, 4, and 5), each 

one introduced by a commentary, and one section containing work on the design and synthesis 

of GOx-CBM chimeric enzymes (chapter 6). The commentaries will guide the reader through 

the most significant results which intersect with the aims and objectives of the thesis as 

described in chapter 1. 
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3. Immobilization of enzymes via entrapment into a 

semipermeable core-shell cationic cellulose hydrogel 

spheroid 

 
This chapter describes the preparation of core-shell spheroids based on the interfacial 

complexation of negatively charged polyacrylic acid (PAA) with positively charged CCNF, 

loaded with glucose oxidase (GOx). The introduction of the GOx was obtained via physical 

entrapment in the CCNF hydrogel prior to complexation with PAA. Enzyme physical 

entrapment can be advantageous as it does not require the use of chemical cross-linker, thus 

reducing the manufacturing costs and environmental impact. However, even though enzyme 

entrapment methods are widely employed in several applied fields,152 they still present critical 

issues mostly related to the weak and reversable enzyme/support interactions.153 Enzyme 

leakage is the most significant downside of this method. 

Similar previous work on the physical entrapment of GOx (and other enzymes) has been 

focused on the preparation of functionalized alginate hydrogel beads.154,155 These hydrogel 

beads were obtained from precipitation of sodium alginate solution into a water bath rich in 

divalent cations (generally Ca2+).156 However, alginate beads appear to be more applicable for 

controlled release applications as gel network can be affected by changes in pH, ionic strength 

and temperature.157 Also, the absence of a semipermeable outer membrane would favour the 

leakage of the entrapped enzymes if those are not covalently bound to the support. Despite the 

inefficacy to secure proteins and smaller molecules, alginate gels have been shown to be 

promising for the immobilization of multicellular systems and yeasts.158,159 

In this work we intended to benefit from the advantages of hydrogel entrapment (e.g. simplicity 

and sustainability) while avoiding the loss of activity caused by enzyme leakage during storage. 

The charge-driven complexation of the PAA/CCNF system allowed the formation of a semi- 

permeable membrane (allowing permeation of molecules ≤12.6 kDa) on the outside of the 

spherical hydrogels. Glucose oxidase, with an approximate size of 160 kDa was efficiently 

confined in the core-shell spheroids as demonstrated by the preservation of enzyme activity 

over time. In fact, GOx activity was maintained at an almost constant level for 8 days, and 

reuse of the same material for 4 catalytic cycles also suggests the preservation of the enzyme 

stability. Despite the successful enzyme retention into the hydrogel matrix, the spheroids 

displayed some limitations regarding the enzyme loading and the material robustness. In fact, 
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GOx activity did not increase linearly with the amount of enzyme loaded into the spheroid. A 

saturation of enzyme activity (≈ 60 mU/mL of GOx/CCNF dispersion) was observed at a GOx 

concentration of 50 µg/mL, thus limiting the enzyme loading and consequently the H2O2 

production rate. By comparison, the enzyme loading in GOx-functionalized DACb (chapter 4) 

was between 100 and 200 µg/bead (1 bead corresponds to an approximate volume of 5 µL). 

GOx-loaded spheroids were stable in their buffer over time and in a broad range of salt 

concentrations (from 10 to 1000 mM NaCl). However, they were not as robust as the 

regenerated cellulose beads used in chapter 4, thus not easy to handle due to their susceptibility 

to breaking. In the following chapter, therefore, the use of regenerated cellulose beads as 

scalable and robust support for manufacturing of enzyme-based bio-active material is 

described. 
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ABSTRACT: Through charge-driven interfacial complexation, we produced milli- 
meter-sized spheroidal hydrogels (SH) with a core−shell structure allowing long-term 
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SH was dependent on the osmotic pressure of the aging media. Swelling could be 
suppressed by increasing the ionic strength of the media as this enhanced interfibrillar 
interactions and thus strengthened the outer gel membrane. We further validated a 
potential application of SH as reusable matriXes for glucose oXidase (GOX) 
entrapment, where the SH work as microreactors from which substrate and product are freely able to migrate through the SH  
shell while avoiding enzyme leakage. 
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■ INTRODUCTION 

Segregative phase separation is a common phenomenon 
observed upon miXing of oppositely charged polyelectrolytes.1 
When two oppositely charged polyelectrolytes are miXed, they 
spontaneously form a polyelectrolyte-rich segregated phase, 
named a complex coacervate or complex precipitate, and a 
polyelectrolyte-poor coexisting phase containing mainly 
uncomplexed polyelectrolytes. This behavior is the conse- 
quence of the favorable miXing enthalpy and increased entropy 
due to counterion release.2,3 Chollakup et al. established a 
phenomenological-based difference between complex coac- 
ervates and complex precipitates, the first being liquid-like 
while the second is solid-like.4 Since the first theoretical 
description of charge-driven polyelectrolyte complexation by 
Voorn and Overbeek,1 many studies focused on the 
applicability of the theory for well-defined polyelectrolyte- 
based systems.2,5 Nevertheless, complex coacervates and 
complex precipitates produced by miXing of soluble poly- 

 
 

precipitates with the coexisting phase.2,4,5,7 For instance, 
Hamad et al. demonstrated that by increasing the ionic 
strength, the coacervate exhibited a more liquid-like behavior; 
they attributed this to the lowering of the electrostatic 
attraction between oppositely charged moieties, thus facilitat- 
ing chain motion.5 

The charge-driven complexation of polyelectrolytes and 
colloids has been broadly employed for the fabrication of 
capsules and drug carriers.8,9 This method exploits the labile 
nature of the physical cross-links to fabricate materials with 
mechanical properties that depend on external stimuli (e.g., pH 
and ionic strength). Charge-driven complexation has been 
successfully extended to two immiscible phases, often termed 
interfacial complexation.10,11 In this case, one charged species 
is solubilized or dispersed in one phase (e.g., water), with an 
oppositely charged species in the second immiscible phase 
(e.g., oil); the two species then complex across the liquid− 
liquid interface. This method has been shown to form strong 

electrolytes with dispersed colloidal miXtures have also been 
reported.3 The formation of complex coacervates or precip- 
itates depends on the molar ratio, f = c+/(c+ + c−), between the 

positively (c+) and negatively (c−) charged moieties, where f = 
0.5 corresponds to a 1:1 stoichiometric ratio while f > 0.5 and f 

interfaces,12 resulting in the formation of stable emulsions and 
microcapsules.10,11 

Analogously to the interfacial complexation method, we 
utilize the charge-driven complexation of cationic cellulose 
nanofibrils (CCNF) and poly(acrylic acid) (PAA) as a simple 

< 0.5 correspond to the excess of polycation or polyanion,    

respectively.5,6 Spruijt et al. showed that independent of the 
polycation/polyanion molar ratio, the coacervate maintains an 
equimolar ratio (f ≅ 0.5), and the excess polyelectrolyte stays 
in the coexisting phase.6 Ionic strength and pH are also crucial 
factors in the formation and stability of coacervates or 
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methodology to fabricate millimetric spheroidal hydrogels 
(SH) with long-term stability in aqueous and saline media; this 
method relies on the formation of a complex precipitate at the 
SH/water interface, with a solid-like shell (SH-shell), and a 
liquid-like core (SH-core) composed of uncomplexed particles. 
Similar core−shell structures have been previously reported, 
for instance, by coextruding an alginate solution around a 
second liquid phase and precipitating the core−shell droplet 
into a divalent cation bath (sometimes termed ionotropic 
gelation13), leading to the gelation of the alginate around a 
liquid core.14,15 Although these structures have long-term 
stability in water, they have a limited life span in the range of 
just a few minutes when stored in a monovalent electrolyte 
solution, even at concentrations as low as 10 mM, due to 
alginate dissolution.14 The use of charge-driven complexation 
for the production of core−shell structures at the micro- and 
nanoscale has been broadly reported,16 while to our knowl- 
edge, stable macroscopic core−shell porous hydrogels have 
only been reported using a combination of ionotropic gelation 
and charge-driven complexation of oppositely charged 
species.17−19 Macroscopic core−shell hydrogels offer applica- 
tions in tissue engineering, cell culture, and controlled delivery 
of active excipients. Core−shell hydrogels are potential 
microreactors for biocatalysis from which substrate and 
product are freely able to migrate through the shell while 
avoiding enzyme leakage. In contrast to common micro- 
reactors containing covalently immobilized enzymes on a 
substrate, the physical enzyme entrapment in the liquid-like 
core enables high-performance biocatalysis due to the fast 
diffusion of targeted species (e.g., product and substrate) from 
and/or into the hydrogel while overcoming drawbacks related 
to costs, laborious purification procedures, and preservation of 
the native enzymatic conformation.20−22 Driven by the 
potential applications of SH in biotechnology applications, 
we investigate the structure−property relationship of cellulose- 
based SH in relevant conditions and provide a proof-of- 
concept application of SH as matriXes for enzyme entrapment. 

■ MATERIALS AND METHODS 
Fabrication of  Spheroidal Hydrogels. Preparation of the 

CCNF via grafting of the glycidyltrimethylammonium chloride 
(GTMAC) (≥90%, Sigma-Aldrich) was conducted as previously 
described using α-cellulose (product number C8002, Sigma- 
Aldrich)23 following the semidry protocol of Zaman et al.,24 resulting 
in a degree of substitution of 26% as measured by conductometric 
titration (presented in the Supporting Information, Figure S1).25 

To fabricate the SH, a 2.0 wt % CCNF dispersion (pH 7) was 
extruded, dropwise (17.8 ± 0.2 μL), into 50 mL of 0.1 wt % PAA 
(Sigma-Aldrich, Mv ∼ 450 kDa) aqueous solution by using a syringe 
equipped with a blunt end polypropylene dispensing tip (Fisnar Inc., 
gauge 21, inner diameter 0.513 mm, the tip positioned at ca. 2 cm 
from the PAA solution−air interface), and the SH was aged for 5 min 
except where stated otherwise. A maximum of 50 SH were produced 
using the same PAA bath to ensure a large excess of the polyanion 
(estimation of f presented in the Supporting Information). The SH 
were thoroughly rinsed in deionized (DI) water (18.2 MΩ cm) to 
remove any excess PAA before every experiment. All the experiments 
were conducted at pH 7 excepted where stated otherwise. Under 
these conditions, PAA bears a negative charge due to the RCOO− 
moiety,26 while CCNF bears a positive charge due to the NR4

+ 
group.24,27A schematic representation of the SH fabrication and their 
structure is presented in Figure 1. 

Imaging. To image the SH-shell, the SH were fractured on a glass 
slide, and images were acquired by using an optical microscope 
(Brunel Ltd. SP200 equipped with a Canon EOS 1300D). The 

Figure 1. Schematic representation of the SH fabrication in the PAA 
solution and their structure. 

 
 

intensity profile (in arbitrary units) as a function of distance was 
measured by using the “plot profile” tool in ImageJ.28 

Leakage and Retention of Surface-Active Molecules. The 
retention of amphiphilic nonionic species within the SH was probed 
via surface tension (Du Nouy ring method). A series of 2.0 wt % 
CCNF dispersions were loaded with 500 μM Pluronic F-127 (Mw = 
12.6 kDa) (F-127), 5 μM 2-hydroXyethylcellulose (Mw ∼ 380 kDa, 
2HEC-380, Sigma-Aldrich), or 0.5 μM 2-hydroXyethylcellulose (Mw 
∼ 1300 kDa, 2HEC-1300, Sigma-Aldrich). The SH were produced as 
previously described, and, a specific number of SH aged for 3 days in 
50 mL of 100 mM NaCl solution (respectively 1, 3, and 3 SH for the 
F-127, 2HEC-380, and 2HEC-1300). The concentration of the 
amphiphilic species in the CCNF dispersion, as well as the number of 
SH aged in the same vial, was chosen to (i) allow detection at the 
water−air (W/A) interface, (ii) avoid saturation of the W/A interface, 
and (iii) be as low as possible to avoid significant change in the SH 
structure. Then, the W/A surface tension (γ) of the aging media was 
measured before and after SH breakage by using the Du Noüy ring 
method (Sigma 701 instrument, Attension, Sweden, equipped with a 
9.58 mm platinum ring and a vessel of 66 mm in diameter). Breakage 
of the SH was conducted by employing a homogenizer (Ultra Turrax, 
IKA T25 digital, 30 s at 6500 rpm). Unloaded SH were employed as 
controls to ensure that the SH on their own did not affect γ before or 
after breakage. The data presented were obtained from two separate 
repeat experiments. 

Swelling Rate. Immediately after the fabrication of the SH, their 
swelling was monitored by placing them in quartz cuvettes (1 × 1 
cm2) containing 1 mL of different continuous phases (DI water, 0.1 
wt % PAA, and 1000 mM NaCl solution) and pictured over time (by 
using a drop shape analyzer, DSA30R). From the pictures, the area of 
the SH (A, in piXels) was obtained through image analysis conducted 
using the “analyze particles” tool in ImageJ28 and normalized as Ai/A0, 
where Ai is the area at time = i and A0 the area at time = 0. In the case 
of the SH rupture, the expelled aggregates were not considered as part 
of Ai; only the shell remnants were measured, giving large variation in 
Ai after rupture due to irregular changes in osmotic pressures between 
the SH-core and the media. The presented data were obtained from 
three separate experiments. 

Osmotic Pressure. To study the effect of the osmotic pressure of 
the continuous media (Πm) on the swelling properties of the SH, the 
swelling ratio (SR) of the SH aged in different media was obtained 
gravimetrically as SR = WSH/Wdroplet, where WSH is the weight of a 
single SH and Wdroplet is the weight of a droplet of the CCNF 
dispersion used to fabricate SH. To obtain WSH, the SH were 
removed from the aqueous media and placed in a weighing boat, and 
the excess of water was removed with the aid of a filter paper prior to 
measurement. A SR of >1, <1, and =1 corresponds to swelling, 
deswelling, and equilibrium, respectively. SH were separately aged in 
2 mL solutions containing various concentrations of either NaCl or 
poly(ethylene glycol) (PEG) (Mn = 0.4 kDa, Sigma-Aldrich, Lot 
#BCBN5570 V) for 3 days at room temperature. Concentrations of 
NaCl and PEG were chosen to generate similar osmotic pressures, 
Πm. The Πm of NaCl solutions was calculated by using the van’t Hoff 
equation, Πm = MRT, where M is the molarity (mol/L), R is the gas 
constant (8.31 × 103 Pa L/(mol K)), and T is the temperature (K). 
The Πm of PEG solutions was instead calculated by using the 
empirical equation derived by Stanley and Strey.29 The data shown 
are the average of five separate experiments. 
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Figure 2. (a) Images of the SH suspended in DI water before rupture, at the time of rupture, and after 500 and 800 s from rupture (top left, top 
right, bottom left, and bottom right, respectively). (b) Optical microscope image of the SH-shell (top) and the intensity profile of the SH-shell 
cross section as indicated by the white dotted line (bottom). (c) γ as a function of time for SH loaded with 2HEC-1300 (top), 2HEC-380 (center), 
and F-127 (bottom), before (filled line) and after rupture (dashed line). The standard deviation of duplicate samples is indicated by the shadow. 

 

Oscillatory Rheology. The rheological measurements of 2.0 wt % 
CCNF hydrogels (prepared by diluting the CCNF stock dispersion 
with DI water and a 2.5 M NaCl solution) were performed by using a 
stress-controlled rheometer (Discovery HR3, TA Instruments) 
equipped with a sandblasted stainless-steel plate−plate geometry 
(40 mm). Strain sweep experiments were conducted at 1 rad s−1 
angular frequency, and the tan δ (tan δ = G″/G′, G′ being the storage 
modulus and G″ the loss modulus) was obtained from the linear 
viscoelastic region. The reported values are obtained from duplicate 
samples. 

ζ-Potential. The ζ-potential measurements were performed using 
a Malvern Zetasizer Nano ZSP (Malvern, UK), and the ζ-potential 
was evaluated via the Smoluchowski approXimation. The Smolu- 
chowski approXimation is independent from the particle shape for the 
case of ka >10, where 1/k is the Debye length and a is the radius of 
the rod. This means that for particles with a small double layer and 
large a the Smoluchowski equation can be used independently from 
the particle shape. For the present case of CCNF at different NaCl 
concentrations, the Smoluchowski equation is expected to be in its 
limits of validity only in the absence of NaCl (where 1/k would be on 
the order of a few nanometers) while gaining reliability upon NaCl 
addition where the Debye length thins and the case of ka >10 is 
satisfied.30,31 

CCNF dispersions were prepared at 0.02 wt % at different NaCl 
concentrations and placed in the folded capillary electrode cell, and 
the ζ-potentials measured as an average of four measurements from 
100 scans each. The ζ-potential values reported here were obtained 
from the average of three separate samples. 

prepared by pouring, dropwise, 50 mL of 0.1 wt % PAA solution into 
25 mL of 0.5 wt % CCNF dispersion under continuous stirring, 
allowing complete complexation of the oppositely charged moieties 
(and excess of uncomplexed PAA (f ≅ 0.19)). The complex 
precipitate was compressed between two stainless-steel plates with 
the aid of a rheometer (Discovery HR3, TA Instruments) to form a 
film of ∼1 mm thickness and thoroughly rinsed with DI water to 
remove any excess of uncomplexed PAA, prior to aging in a 
concentration series of NaCl solutions. After 48 h aging SAXS 
measurements were performed. The wet films were removed from 
their media, placed in a film holder, and measured in air. The time 
between sample loading and measurement was kept below 5 min 
(allowing for hutch search and motor movement), avoiding significant 
drying of the sample. The SAXS pattern of the 2.0 wt % CCNF 
dispersion was obtained after loading the suspension into glass 
capillary tubes (Capillary Tube Supplies Ltd.) of 1.5 mm external 
diameter. All the scattering data were background subtracted and 
transmission corrected; for the CCNF dispersion the SAXS pattern 
was corrected for the capillary and solvent contribution. CCNF−PAA 
films were modeled as fractal aggregates composed by cylindrical 
building blocks of radius R, length L corresponding to the 
characteristic node-to-node distance between cylinders, mass fractal 
dimension D, and a correlation length of the aggregate ξ, which 
defines the fractal length scale (i.e., aggregate size). This model 
couples the form factor of randomly oriented homogeneous cylinders, 
Pcyl(q) = Pcyl(q,R,L), with a structure factor, S(q) = S(q,ξ,D), 
describing a fractal structure as derived by TeiXeira,32 to compute the 
scattering intensity I(q):33,34 

Small-Angle X-ray Scattering (SAXS). SAXS measurements on 
films of CCNF−PAA complexes that mimic the droplet interface were 

I(q) ∝ Pcyl(q)S(q)   (1) 

performed at Diamond Light Source (Didcot, OXfordshire, UK), on 
the I22 beamline (beam energy E = 12.4 keV and wavelength λ = 1 
Å). The data were collected by using a Pilatus P3-2M (silicon hybrid 
piXel detector, DECTRIS) with a total acquisition time of 7 s (as an 
average of multiple frames of 100 ms). The CCNF−PAA film was 

To reduce the number of fitting parameters, R was extracted from the 
fitting of the scattering pattern of CCNF dispersion at 2.0 wt % in the 
high-q region by using the Pcyl(q) model (scattering pattern of CCNF 
in Figure S2). It was then fiXed to 2.0 nm for the study of the CCNF− 
PAA films this length scale being in close agreement with our 
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Figure 3. Aging of SH in (a) DI water, (b) 1000 mM NaCl, and (c) 0.1 wt % PAA. SH images are shown on the top of the graphs in line with the 
time evolution indicated by the x-axis. Dotted lines indicated the region where the linear fittings were adopted to calculate the swelling rate, 

k = d(Ai / A0) 
. Image of the 24 h SH aged in 0.1 wt % PAA solution shown as an inset in (c). 

previous study.23 Background subtraction and data treatment were 
performed using the Irena package35 while data analysis was done 
using the NIST SANS Analysis package36 from which the described 

mM. Even when tested at 80 °C in 100 mM NaCl solution, the 
SH did not undergo significant changes. On this ground, the 
structure-to-stability relationship of the SH was evaluated as a 

model was used without further modification, both within IGOR Pro 
(Wavemetrics, Inc.). 

Enzyme Entrapment and Activity. The enzyme retention 
within the SH matriX was studied by using SH loaded with glucose 
oXidase (GOX) (EC 1.1.3.4, from Aspergillus niger, 100−250 units/mg, 
Mw ∼ 160 kDa). The SH were fabricated as previously described, 
employing 2.0 wt % CCNF dispersions containing GOX concen- 
trations of 3.1, 6.2, 12.5, 25.0, 50.0, and 75.0 μg/mL. A GOX stock 
solution, prepared in phosphate buffer (100 mM, pH 6), was used to 
reach the specific concentrations required. The GOX-loaded SH were 
thoroughly rinsed in DI water and immersed in a reaction well 
(Costar 48-well plate) containing 125 μL of phosphate buffer (100 
mM, pH 6). Afterward, the well plate was placed on an orbital shaker, 
and an aqueous glucose solution (D-(+)-glucose, 99%, Sigma-Aldrich) 
was added to reach a final concentration of 44 mM in 500 μL. To 
quantify the produced H2O2, aliquots of the continuous media (20 
μL) were withdrawn every 5 min (for 25 min) and miXed with 
horseradish peroXidase, HRP (EC Type II, EC 1.11.1.7, from 

function of aging media at different osmotic pressures, Πm. 
At first, the morphological evidence of the core−shell 

structure of the SH was obtained upon breakage of the SH in 
DI water (Figure 2a). The SH-shell did not redisperse over the 
probed time due to the strong CCNF−PAA complexation. 
Contrarily, the structure within the SH-core slowly dispersed 
over time, indicating the presence of uncomplexed CCNF. The 
presence of a core−shell structure suggests that at the moment 
in which the CCNF dispersion is extruded, dropwise, into a 
PAA aqueous solution the CCNF−PAA complexation at the 
interface of the droplet-shaped CCNF dispersion (see Figure 
1) is fast, and the resulting SH-shell hinders further migration 
of the PAA into the SH-core. Moreover, because of the liquid- 
like properties of the extruded CCNF dispersion, the 
uncomplexed CCNF in the SH-core also preserved the 
liquid-like feature. Microscope imaging of the SH-shell (Figure 

horseradish, 150−250 units/mg solid), phosphate buffer, and Amplex 
Red (ThermoFisher Scientific) to reach final concentrations of 7.5 U/ 
mL, 20 mM, and 5 μg/mL, respectively. The product of Amplex Red 
oXidation, resorufin, produced in a 1:1 stoichiometric ratio with H2O2 
was quantified by using fluorescence spectroscopy; the samples 
measured in a black 96-well plate by using a plate reader (FLUOstar 
Omega, BMG-LABTECH, excitation and emission of 540 and 590 
nm, respectively). The H2O2 concentration was calculated by using a 
standard curve employing known concentrations (provided by 
ThermoFisher Scientific and confirmed by titration against potassium 
permanganate). The GOX activity was determined by the conversion 
rate of the substrate (glucose) into the reaction product (H2O2) per 
unit time and per unit volume (U mL−1). 

The reusability experiment was performed by cyclically monitoring 
the activity of the GOX-loaded SH upon repetitive catalytic cycles 
(four cycles) over a time span of 8 days. Freshly prepared SH, 
utilizing the GOX-loaded CCNF dispersion made on day 1, were 
employed as control samples. All the samples were stored at 4 °C, and 
the GOX-loaded SH were thoroughly rinsed before and after each 
catalytic cycle and separately stored in 1.5 mL phosphate buffer (100 
mM, pH 6). The reported values were obtained from the average of 
three independent samples. 

■ RESULTS AND DISCUSSION 
Structure and Stability. The stability of the SH was found 

to be strongly dependent on the aging media. The SH swell in 
DI water while acquiring long-term stability (several months) 
in a media containing concentrations of NaCl greater than 10 

2b) displayed a thickness of ca. 1 μm, confirming that the SH 
could be well depicted by a core−shell structure, containing 
uncomplexed CCNF in the core and a CCNF−PAA complex 
across the SH/water interface, composing the SH-shell 
(depicted in Figure 1). On the basis of the phenomenological 
characterization of Chollakup et al., we define the CCNF− 
PAA complexation across the SH/water interface as a complex 
precipitate.4 

Solutes can pass through the SH-shell if their size is similar 
or smaller than the typical mesh size of the SH-shell; this 
threshold is herein termed the cutoff size of the SH-shell. To 
qualitatively assess the cutoff size, the SH were loaded with 
surface-active molecules, and their leakage was investigated by 
probing γ of the media containing unbroken or broken SH 
(Figure 2c). Although the amphiphilic molecules were chosen 
to avoid strong interactions (e.g., electrostatic) with the 
building blocks of the SH, to highlight the effect of their Mw on 
their entrapment/release, selective interactions cannot be ruled 
out. In addition, it must be noticed that this technique does 
not probe the release kinetics of the loaded amphiphilic 
species; rather, it solely enables evaluation of their leakage or 
entrapment. Adsorption of the surface active molecules in 
these systems to the W/A interface will be influenced by 
several factors such as their concentration, amphiphilicity, and 
Mw, and so this study does not provide a means to evaluate 
release kinetics. F-127, having a Mw of 12.6 kDa, displayed 
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Figure 4. (a) Swelling ratio (SR) as a function of Πm for NaCl (top) and PEG (bottom) solutions along with images of SH with PEG. Data points 
are labeled with concentration of NaCl (mM) and PEG (wt %). Data points for the SH at PEG concentrations ≤1.74 wt % (including SH in DI 
water) were not acquired due to the pronounced swelling and fracture of the SH-shell as displayed by the gray background. (b, top) ζ-potential 
measurements and (b, bottom) tan δ of the 2.0 wt % CCNF hydrogels shown as a function of NaCl concentration. The lines are drawn to guide the 
eye. 

 

complete release, as shown by almost superimposable γ curves 
before and after breakage, with, in both cases, a strong decrease 
of the air−water surface tension due to the presence of F-127 
at the interface. Contrarily, the probed amphiphilic molecules 
with Mw ≥ 380 kDa (2HEC-380 and 2HEC-1300) did not leak 
from the SH matriX, as indicated by the unchanged γ ≈ 72 
mN/m before breakage, while a sudden drop is observed after 
breakage due to adsorption of the released amphiphilic 
molecules to the W/A interface. This experiment revealed 
the semipermeable nature of the SH-shell and the ability of the 
SH to encapsulate large macromolecules while allowing small 
molecules to permeate through. Moreover, the unreleased 
molecules with Mw ≥ 380 kDa from the SH further suggest 
that the PAA (Mv ∼ 450 kDa) used to create the complex 
precipitate cannot migrate through the SH-shell after it has 
been formed. 

The SH swelling rate in media containing DI water, 1000 
mM NaCl, and 0.1 wt % PAA was monitored to gain 
information regarding the SH stability over time. The SH aged 
in DI water showed remarkable swelling over time (t) up to 
fracture, occurring at ca. 2400 s, clearly noticeable by the 
spillage of the CCNF dispersion from the SH, as well as 
scattered Ai/A0 data points over time (Figure 3a). This 
phenomenon suggests that the SH swelling occurs by 
stretching and thinning of the SH-shell up to the formation 

of localized fracture points, from which the liquid-like CCNF 
dispersion present in the SH-core spills out. Moreover, the 
presence of a liquid-like SH-core supports the hypothesis that 
the CCNF−PAA complexation solely occurs across the SH− 
water interface, with the resulting SH-shell shielding the PAA 
penetration into the SH-core. 

The SH aged in 1000 mM NaCl solution showed minimal 
swelling up to ca. 1200 s, after which a steady state was reached 
(Figure 3b). When SH were aged in the 0.1 wt % PAA 
solution, the swelling rate was constant over the experimental 
time, and no fracture of the SH-shell was observed up to 24 h 
(Figure 3c, inset). It is expected that upon swelling the increase 
in stress along the SH-shell would induce fractures as 
previously described for DI water. However, the suppressed 
fracture of the SH-shell upon continuous SH swelling in 0.1 wt 
% PAA indicates that upon generation of new surface area the 
uncomplexed CCNF of the SH-core is exposed to the SH/ 
water interface and quickly complexes with PAA in the aging 
media, the PAA acting as a “patch”. 

Comparison of the three aging media showed that the 

swelling rate of the SH, as captured by k = d(Ai / A0) 
, was 

substantially greater for DI water compared to the 0.1 wt % 
PAA and 1000 mM NaCl media, respectively (values of k (s−1) 
shown in Figure 3). In principle, these dissimilarities could be 
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Figure 5. (a) SAXS patterns of the CCNF−PAA films at different NaCl concentration fitted using a model of fractal cylinders. The scheme depicts 
the rod-like CCNF and parameters used in the model of fractal cylinders. (b) L (top) and D (center) values obtained by fitting of the fractal model 
to the SAXS data. The line is drawn to guide the eye. (b, bottom) Schematic representation of the possible mechanism of CCNF aggregation upon 
NaCl addition. 

 
justified by the mismatch of the osmotic pressure in the SH 
(ΠSH) and Πm. However, for the case of 1000 mM NaCl, 
electrostatic interactions between the charged moieties of the 
SH (NR4

+ and RCOO− for CCNF and PAA, respectively) and 
the electrolyte-rich media need to be accounted for. In this 
regard, colloidal stability has often been described as the 
balance between repulsive electrostatic forces and attractive 
forces, where ionic strength diminishes electrostatic repulsion 
between particles, leading to dominant attractive forces. 
Specifically for the case of rod-like particles, it has been 
shown that their assembly, induced by the increase of ionic 
strength, leads to the formation of a percolated network with 
pronounced elastic properties.37,38 

As such, to evaluate the role of the osmotic pressure of the 
media on the SH stability, a systematic study of the SH 
swelling behavior was conducted in media containing different 
concentration ranges of NaCl or PEG at comparable values of 
Πm. The use of nonionic poly(ethylene glycol) (PEG) allowed 
the investigation of the SH swelling behavior due to changes in 
osmotic pressure, Πm. Contrarily, the use of NaCl coupled 
changes in Πm and charge screening of both CCNF and PAA. 
The SH-shell enables the retention of CCNF, present in the 
SH-core, while allowing migration of both NaCl and PEG. It is 
expected that a mismatch in osmotic pressure as ΠSH > Πm 
leads to water migration from the media toward the inside of 
the SH, resulting in a swelling ratio, SR > 1, while a mismatch 
in osmotic pressure as ΠSH < Πm would lead to an opposite 
trend and a SR < 1. However, the SH did not exhibit 
substantial swelling or deswelling over a large span of NaCl 
concentrations, and consequently Πm, tested; the SR ≅ 1 
(Figure 4a, top). Because different swelling behaviors are 
expected upon changes in Πm, we hypothesize, based on the 
swelling theory of ionic polymeric networks, that the increase 
of ionic strength gradually weakens CCNF−PAA binding but 
enhances the CCNF interactions due to charge screening and 
hydrophobic or hydrogen bonding interactions between the 
cellulose particle surfaces, augmenting the elasticity of the 
network and suppressing both swelling and deswelling.39 To 

 
test the hypothesis, a concentration series of a nonionic 
polymer, PEG, solutions were prepared to match the Πm of the 
NaCl solutions. As expected, the use of PEG revealed a clear 
transition from a swelling (Πm below ≅5 × 105 Pa, ≅6.26 wt % 
PEG ) to a deswelling regime upon increasing Πm above 5 × 
105 Pa (Figure 4a, bottom), a missing feature for the case of 
the NaCl containing media. The lack of further swelling at the 
lower PEG concentrations (≤1.74 wt %) and the sedimented 
CCNF at the bottom of the vial indicated that swelling 
occurred up to the SH-shell fracture. As such, this experiment 
revealed that the swelling and deswelling of the SH could be 
either modulated via the osmotic pressure of the uncharged 
medium or even strongly suppressed through modulation of 
the ionic strength in the media, supporting our hypothesis. The 
remarkable survival of the SH in 100 mM NaCl solution at 80 
°C also demonstrates the strong interactions present in the 
shell of these capsules in the presence of electrolyte. 

The strength of the SH arises from both the shell and the 
core; hence, the two contributions must be considered 
separately. Because the SH-core is PAA-free, the effect of 
NaCl on the SH-core was probed through ζ-potential and 
oscillatory rheology measurements of the 2.0 wt % CCNF 
hydrogels (not in the SH form) to gain information about 
interfibrillar interactions within the SH-core (Figure 4b). The 
ζ-potential of CCNF was found to decrease upon NaCl 
addition, indicating neutralization of the positively charged 
moieties via electrostatic screening as previously reported for 
similar systems.37,38 It is noted that the value of |ζ-potential| = 
30 mV sets an empirical threshold between repulsive 
(electrostatic dominated) and attractive (van der Waals and 
hydrogen bonds dominated) regimes and finds its root in the 
Derjaguin−Landau−Verwey−Overbeek (DLVO) theory.40 
Noticeably, addition of 10 mM NaCl was sufficient to 
overcome the repulsive electrostatic regime, leading to 
enhancement of attractive interfibrillar attractions.40 

The tan δ of the CCNF hydrogels followed a similar trend as 
for ζ-potential, indicating the formation of a more pronounced 
gel-like interconnected network upon addition of NaCl, as 
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previously observed for similar systems.37 These results 
support the hypothesis of network strengthening in the SH- 
core due to charge screening and augmented CCNF−CCNF 
interactions. However, the properties of the solid precipitated 
SH-shell upon NaCl addition were not directly assessed. 

Because insights into the SH-shell structure at the 
nanometer length scale are very complicated to obtain in 
situ, we mimicked the SH-shell structure by preparing CCNF− 
PAA films aged at different NaCl concentrations and probing 
their microstructure via SAXS (Figure 5a). All the SAXS 
patterns displayed similar high-q patterns, associated with the 
CCNF cross section, as for the pure CCNF (Figure S2), 
confirming the main contribution of CCNF to the scattering 
intensity in the CCNF−PAA films as well as unvaried CCNF 
cross section upon addition of NaCl. 

A pronounced difference between samples was noticeable in 
the intermediate-q and low-q range. In these ranges, greater 
length scales than the CCNF cross section are probed (e.g., 
persistence length). The SAXS patterns did show the absence 
of a Guinier region (a plateau in the low-q region), indicating 
that the characteristic dimension of the object is not fully 
probed. Moreover, the low-q slopes substantially diverged from 
a q−1, slope which is associated with scattering from dilute 
solutions of elongated objects, indicating a pronounced level of 
interactions between CCNF.37 

To better compare the SAXS patterns, the CCNF−PAA 
were modeled as fractal aggregates composed of cylinders, 
resembling CCNF, as building blocks.32 (as schematically 
represented in Figure 5a, inset). In this model, the contribution 
of the PAA is not included due to its negligible contribution to 

polyelectrolytes.4,5,7,43−45 Specific instances of (i) were 
provided by Hamad et al.5 and Spruijt et al.,7 who found an 
increase in mesh size and a more pronounced liquid-like 
behavior in polyelectrolyte miXtures upon an increase of ionic 
strength due to diminishing polycation−polyanion attractive 
forces. The case of additional aggregation (ii) upon addition of 
NaCl has been reported by Dautzenberg and co-workers,43−45 
termed secondary aggregation, and mainly attributed to the 
presence of strong ionic groups and a mismatch in charge 
density between the oppositely charged polyelectrolytes. 
Similarly, it is possible that, for the CCNF−PAA complexation 
the enhanced aggregation of the fibrillar particles upon NaCl 
addition arises due to the charge screening of neighboring, 
uncomplexed, charged moieties of CCNF, allowing these to 
aggregate further (schematic in Figure 5b, bottom). It is noted 
that the pattern of increasing D upon NaCl addition does not 
apply to the case of 0 mM NaCl, where D displayed a greater 
value than in the 50−500 mM NaCl range. This may be 
addressed by the substantially smaller building blocks of the 
network, as captured by the characteristic node-to-node 
distance between fibrils, L, in the absence of NaCl, which 
would allow better packing and consequently a denser 
network. 

SH as Microreactors for Biocatalysis. Hydrogel beads 
have been broadly exploited for the encapsulation and release 
of active components.46 Nonetheless, the long-term entrap- 
ment of macromolecules has been stressed as an outstanding 
challenge, limiting their application and reusability.47,48 On this 
ground, we investigated the entrapment of a model enzyme, 
GOX, within SH by monitoring its catalytic activity. As 

the scattering intensity. This is justified by the greater CCNF expected, the GOX activity increased as a function of the 

wt % in the CCNF−PAA film (composed by ca. 10.5 times the 
amount of CCNF compared to PAA, on a dry basis, as 
estimated for a 1:1 stoichiometric ratio (f = 0.5) between the 
oppositely charged moieties (see the Supporting Information 
for an estimation of f)). The L yielded by the model, 
corresponding to the characteristic node-to-node distance 
between CCNF (Figure 5a, inset), did not show a pronounced 
variation in the 50−1000 mM NaCl range, indicating that the 
characteristic node-to-node distance of the fractal network is 
constant. However, a smaller value of L was obtained in the 
absence of NaCl (Figure 5b, top), suggesting that the presence 
of electrolyte weakens PAA−CCNF interactions, allowing 
some initial network expansion in the presence of NaCl. It is 
noted that the value of the correlation length of the aggregate, 
ξ, was found to be much greater (at least by 1 order of 
magnitude) than the values of radius of gyration, Rg, of the 
cylindrically shaped CCNF (Rg

2 = (radius2/2) + (length2/ 
12)),41 indicating that both L and D are independent of the 
value of ξ (values of ξ in Figure S3).36 

The mass fractal dimension, D, scales with the number of 
ij ξ yz

D
 

concentration loaded into the SH. More interestingly, the 
activity of the GOX-loaded SH approached a plateau at higher 
concentrations, suggesting limited substrate diffusion into the 
SH matriX (Figure 6). The 50 μg/mL GOX-loaded SH were 

 
 

 

 

Figure 6. Catalytic activity of GOX-loaded SH as a function of the 
initial GOX concentration in the CCNF dispersion (employed for the 
production of the SH); the line is drawn to guide the eye. Inset 
displays the activity of GOX-loaded SH upon catalytic cycles and as a 
function of storage time (4 °C) expressed in days. 

primary CCNF particles, i, as i ∝ j R z , assessing the density    
k g { 

of CCNF within ξ.42 The values of D obtained from the fractal 
model followed a gradual increase with increasing NaCl 
concentration from 50 to 1000 mM, indicating aggregation and 
densification of CCNF (Figure 5b, center, and schematic in 
Figure 5b, bottom). In the literature, the response of 
oppositely charged polyelectrolytes to subsequent addition of 

employed to test their reusability over a time span of 8 days 
(Figure 6, inset). The GOX activity showed excellent retention 
of activity upon storage and catalytic cycles with only a 
minimal decay on the fifth day. The GOX activity measured on 
the eighth day was compared to a control sample of freshly 
prepared GOX-loaded SH, fabricated utilizing an 8 day vintage 

salt has been reported to (i) reduce aggregation up to GOX-loaded CCNF dispersion. The GOX activity in the 
dissolution, (ii) induce additional aggregation, or (iii) have a 
negligible effect depending on the characteristic of the 

control sample showed a similar value to the GOX-loaded SH 
on the eighth day, indicating that no significant GOX leakage 
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occurred upon storage or catalytic cycles. Moreover, the 
control sample showed a slightly lower value compared to the 
GOX-loaded SH on day 1, suggesting that the long-term GOX 
storage in aqueous media may be an influencing factor on its 
activity. The ability of the SH to retain enzymes for several 
days is a feature which differs from the previously reported 
alginate beads where substantial protein leakage occurred 
within a few hours.47,48 Moreover, the SH resilience in saline 
solutions, as demonstrated here by storage in phosphate buffer 
and NaCl differs from for instance, alginate beads which 
undergo dissolution under similar conditions.14,15,46 This 
highlights the potential of these SH in biotechnological 
applications. 

CONCLUSION 

This work aimed to characterize SH produced by a charge- 
driven interfacial complexation process. We found that via 
extruding, dropwise, a dispersion of positively charged cellulose 
nanofibrils, CCNF, into an aqueous bath containing negatively 
charged polymer, PAA, SH were formed. The SH were 
characterized by a liquid-like core, composed of uncomplexed 
CCNF and a solid-like shell formed by the CCNF−PAA 
complexation. The SH-shell did not redisperse in pure water 
and saline environments due to the strong CCNF−PAA 
complexation and possessed characteristic features of a 
semipermeable membrane, allowing the release of small 
macromolecules (≤12.6 kDa) while retaining larger ones. 
Moreover, the semipermeable nature of the SH-shell allowed a 
tunable swelling behavior of the SH according to the osmotic 
pressure of the continuous media. We found that insensitivity 
to swelling was achieved in saline media, associated with the 
enhancement of interfibrillar interactions in both the SH-core 
and the SH-shell. Furthermore, we validated the applicability 
of SH as suitable matriXes for physical enzyme entrapment, 
allowing the use and reuse of SH as microreactors from which 
substrate and product are freely able to migrate through the 
SH while avoiding enzyme leakage. 
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Chorvat́, D.; Nedeľa, V.; Tihlarí̌kova,́E.; Gericke, M.; Heinze, T.; 
Gemeiner, P. Polyelectrolyte Complex Beads by Novel Two-Step 
Process for Improved Performance of Viable Whole-Cell Baeyer- 
Villiger MonoXygenase by Immobilization. Catalysts 2017, 7 (11), 
353. 
(20) Laurenti, E.; dos Santos Vianna, A., Jr. Enzymatic Microreactors 

in Biocatalysis: History, Features, and Future Perspectives. Biocatalysis 
2016, 1 (1), 148−165. 

(21) Rodrigues, R. C.; Ortiz, C.; Berenguer-Murcia, Á.; Torres, R.; 
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(23) Calabrese, V.; Muñoz-García, J. C.; Schmitt, J.; da Silva, M. A.; 

Scott, J. L.; Angulo, J.; Khimyak, Y. Z.; Edler, K. J. Understanding 
Heat Driven Gelation of Anionic Cellulose Nanofibrils: Combining 
Saturation Transfer Difference (STD) NMR, Small Angle X-Ray 
Scattering (SAXS) and Rheology. J. Colloid Interface Sci. 2019, 535, 
205−213. 
(24) Zaman, M.; Xiao, H.; Chibante, F.; Ni, Y. Synthesis and 

Characterization of Cationically Modified Nanocrystalline Cellulose. 
Carbohydr. Polym. 2012, 89 (1), 163−170. 
(25) Hasani, M.; Cranston, E. D.; Westman, G.; Gray, D. G. 

Cationic Surface Functionalization of Cellulose Nanocrystals. Soft 
Matter 2008, 4 (11), 2238−2244. 
(26) Swift, T.; Swanson, L.; Geoghegan, M.; Rimmer, S. The PH- 

Responsive Behaviour of Poly(Acrylic Acid) in Aqueous Solution Is 
Dependent on Molar Mass. Soft Matter 2016, 12 (9), 2542−2549. 
(27) Courtenay, J. C.; Ramalhete, S. M.; Skuze, W. J.; Soni, R.; 

Khimyak, Y. Z.; Edler, K. J.; Scott, J. L. Insights into Cationic 

Cellulose Nanofibril Hydrogel Structure through NMR Spectroscopy 
and Small Angle Neutron Scattering. Soft Matter 2018, 14, 255−263. 
(28) Bourne, R.; Bourne, R. ImageJ. Fundam. Digit. Imaging Med. 

2010, 9 (7), 185−188. 
(29) Stanley, C. B.; Strey, H. H. Measuring Osmotic Pressure of 

Poly(Ethylene Glycol) Solutions by Sedimentation Equilibrium 
Ultracentrifugation. Macromolecules 2003, 36 (18), 6888−6893. 
(30) Morrison, F. Electrophoresis of a Particle of Arbitrary Shape. J. 

Colloid Interface Sci. 1970, 34 (2), 210−214. 
(31) Bakker, H. E.; Besseling, T. H.; Wijnhoven, J. E. G. J.; 

Helfferich, P. H.; Van Blaaderen, A.; Imhof, A. Microelectrophoresis 
of Silica Rods Using Confocal Microscopy. Langmuir 2017, 33 (4), 
881−890. 
(32) TeiXeira, J. Small-Angle Scattering by Fractal Systems. J. Appl. 

Crystallogr. 1988, 21 (6), 781−785. 
(33) Golosova, A. A.; Adelsberger, J.; Sepe, A.; Niedermeier, M. A.; 

Lindner, P.; Funari, S. S.; Jordan, R.; Papadakis, C. M. Dispersions of 
Polymer-Modified Carbon Nanotubes: A Small-Angle Scattering 
Investigation. J. Phys. Chem. C 2012, 116 (29), 15765−15774. 
(34) Chen, C.-Y.; Chan, S.-H.; Li, J.-Y.; Wu, K.-H.; Chen, H.-L.; 

Chen, J.-H.; Huang, W.-Y.; Chen, S.-A. Formation and Thermally- 
Induced Disruption of Nanowhiskers in Poly(3-Hexylthiophene)/ 
Xylene Gel Studied by Small-Angle X-Ray Scattering. Macromolecules 
2010, 43, 7305−7311. 
(35) Ilavsky, J.; Jemian, P. R. Irena: Tool Suite for Modeling and 

Analysis of Small-Angle Scattering. J. Appl. Crystallogr. 2009, 42 (2), 
347−353. 
(36) Kline, S. R. Reduction and Analysis of SANS and USANS Data 

Using IGOR Pro. J. Appl. Crystallogr. 2006, 39 (6), 895−900. 
(37) Schmitt, J.;  Calabrese, V.; Da Silva, M. A.; Lindhoud, S.; 

Alfredsson, V.; Scott, J. L.; Edler, K. J. TEMPO-OXidised Cellulose 
Nanofibrils; Probing the Mechanisms of Gelation: Via Small Angle X- 
Ray Scattering. Phys. Chem. Chem. Phys. 2018, 20 (23), 16012− 
16020. 
(38) Fukuzumi, H.; Tanaka, R.; Saito, T.; Isogai, A. Dispersion 

Stability and Aggregation Behavior of TEMPO-OXidized Cellulose 
Nanofibrils in Water as a Function of Salt Addition. Cellulose 2014, 21 
(3), 1553−1559. 
(39) Flory, P. J. Principles of Polymer Chemistry; Cornell University 

Press: Ithaca, NY, 1953; pp 576−594. 
(40) Schramm, L. L. Suspensions: Basic Principles. Adv. Chem. Ser. 

1996, 251, 21−22. 
(41) Hammouda, B. Parts A−G. In Probing Nanoscale Structures - 

The SANS Toolbox; National Institute of Standards and Technology 
Center for Neutron Research: Gaithersburg, MD, 2010; pp 1−326. 
(42) Lazzari, S.; Nicoud, L.; Jaquet, B.; Lattuada, M.; Morbidelli, M. 

Fractal-like Structures in Colloid Science. Adv. Colloid Interface Sci. 
2016, 235, 1−13. 
(43) Dautzenberg, H.; Karibyants, N. Polyelectrolyte Complex 

Formation in Highly Aggregating Systems. 1. Effect of Salt: 
Polyelectrolyte Complex Formation in the Presence of NaCl. 
Macromol. Chem. Phys. 1999, 200 (1), 118−125. 
(44) Dautzenberg, H.; Jaeger, W. Effect of Charge Density on the 

Formation and Salt Stability of Polyelectrolyte Complexes. Macromol. 
Chem. Phys. 2002, 203 (14), 2095−2102. 
(45) Dautzenberg, H.; Kriz, J. Response of Polyelectrolyte 

Complexes to Subsequent Addition of Salts with Different Cations. 
Langmuir 2003, 19 (13), 5204−5211. 
(46) Gombotz, W. R.; Wee, S. F. Protein Release from Alginate 

Matrices. Adv. Drug Delivery Rev. 2012, 64, 194−205. 
(47) Zhang, Z.;   Zhang,   R.;   Chen,   L.;   McClements,   D.   J. 

Encapsulation of Lactase (β-Galactosidase) into κ-Carrageenan- 
Based Hydrogel Beads: Impact of Environmental Conditions on 
Enzyme Activity. Food Chem. 2016, 200, 69−75. 
(48) Zhang, Z.; Zhang, R.; Zou, L.; McClements, D.  J. Protein 

Encapsulation in Alginate Hydrogel Beads: Effect of PH on Microgel 
Stability, Protein Retention and Protein Release. Food Hydrocolloids 
2016, 58, 308−315. 

Article 

https://dx.doi.org/10.1021/acsapm.9b01086?ref=pdf
https://dx.doi.org/10.1039/B600460C
https://dx.doi.org/10.1517/17425240902980162
https://dx.doi.org/10.1517/17425240902980162
https://dx.doi.org/10.1039/C4LC00482E
https://dx.doi.org/10.1039/C4LC00482E
https://dx.doi.org/10.1039/C4LC00482E
https://dx.doi.org/10.1039/c3sm52241e
https://dx.doi.org/10.1039/c3sm52241e
https://dx.doi.org/10.1039/C9SM01551E
https://dx.doi.org/10.1039/C9SM01551E
https://dx.doi.org/10.1155/2016/5062706
https://dx.doi.org/10.1155/2016/5062706
https://dx.doi.org/10.1155/2016/5062706
https://dx.doi.org/10.1039/C4SM02012J
https://dx.doi.org/10.1039/C4SM02012J
https://dx.doi.org/10.1039/b923783f
https://dx.doi.org/10.1039/b923783f
https://dx.doi.org/10.1016/j.cocis.2006.05.001
https://dx.doi.org/10.3390/catal7110353
https://dx.doi.org/10.3390/catal7110353
https://dx.doi.org/10.3390/catal7110353
https://dx.doi.org/10.1515/boca-2015-0008
https://dx.doi.org/10.1515/boca-2015-0008
https://dx.doi.org/10.1039/C2CS35231A
https://dx.doi.org/10.1039/C2CS35231A
https://dx.doi.org/10.1039/c3cs35495d
https://dx.doi.org/10.1039/c3cs35495d
https://dx.doi.org/10.1016/j.jcis.2018.09.085
https://dx.doi.org/10.1016/j.jcis.2018.09.085
https://dx.doi.org/10.1016/j.jcis.2018.09.085
https://dx.doi.org/10.1016/j.jcis.2018.09.085
https://dx.doi.org/10.1016/j.carbpol.2012.02.066
https://dx.doi.org/10.1016/j.carbpol.2012.02.066
https://dx.doi.org/10.1039/B806789A
https://dx.doi.org/10.1039/C5SM02693H
https://dx.doi.org/10.1039/C5SM02693H
https://dx.doi.org/10.1039/C5SM02693H
https://dx.doi.org/10.1039/C7SM02113E
https://dx.doi.org/10.1039/C7SM02113E
https://dx.doi.org/10.1039/C7SM02113E
https://dx.doi.org/10.1007/978-1-84882-087-6_9
https://dx.doi.org/10.1021/ma034079e
https://dx.doi.org/10.1021/ma034079e
https://dx.doi.org/10.1021/ma034079e
https://dx.doi.org/10.1016/0021-9797(70)90171-2
https://dx.doi.org/10.1021/acs.langmuir.6b03863
https://dx.doi.org/10.1021/acs.langmuir.6b03863
https://dx.doi.org/10.1107/S0021889888000263
https://dx.doi.org/10.1021/jp303582t
https://dx.doi.org/10.1021/jp303582t
https://dx.doi.org/10.1021/jp303582t
https://dx.doi.org/10.1021/ma1008034
https://dx.doi.org/10.1021/ma1008034
https://dx.doi.org/10.1021/ma1008034
https://dx.doi.org/10.1107/S0021889809002222
https://dx.doi.org/10.1107/S0021889809002222
https://dx.doi.org/10.1107/S0021889806035059
https://dx.doi.org/10.1107/S0021889806035059
https://dx.doi.org/10.1039/C8CP00355F
https://dx.doi.org/10.1039/C8CP00355F
https://dx.doi.org/10.1039/C8CP00355F
https://dx.doi.org/10.1007/s10570-014-0180-z
https://dx.doi.org/10.1007/s10570-014-0180-z
https://dx.doi.org/10.1007/s10570-014-0180-z
https://dx.doi.org/10.1021/ba-1996-0251
https://dx.doi.org/10.1016/j.cis.2016.05.002
https://dx.doi.org/10.1021/la0209482
https://dx.doi.org/10.1021/la0209482
https://dx.doi.org/10.1016/j.addr.2012.09.007
https://dx.doi.org/10.1016/j.addr.2012.09.007
https://dx.doi.org/10.1016/j.foodchem.2016.01.014
https://dx.doi.org/10.1016/j.foodchem.2016.01.014
https://dx.doi.org/10.1016/j.foodchem.2016.01.014
https://dx.doi.org/10.1016/j.foodhyd.2016.03.015
https://dx.doi.org/10.1016/j.foodhyd.2016.03.015
https://dx.doi.org/10.1016/j.foodhyd.2016.03.015


64 
 

4. GOx functionalized cellulose beads prepared via covalent 

binding: an amicrobial material to fight MDR bacteria 

 

As already mentioned in the last manuscript commentary (chapter 3), regenerated cellulose 

beads are a robust and scalable material,160 thus are attractive as supports for enzyme 

immobilization. In this chapter we describe the preparation of antimicrobial cellulose beads 

functionalized with GOx through covalent binding. The use of covalent immobilization 

methods has the advantage of securing the enzyme on the support making the functionalized 

material reusable.161,162 However, enzyme/cellulose covalent binding relies on the use of 

additional chemical reactions which may cause partial enzyme deactivation. 163,164 In addition, 

the reactants used may increase the manufacturing costs and environmental impact.165 

The preparation of the functionalized cellulose beads presented in this work was therefore 

conceived to reduce as much as possible the use of expensive and polluting chemicals. 

Cellulose beads were regenerated from a solution in which the solvents used, [EMIm][OAc] 

and DMSO, were recoverable.166,167 The cellulose oxidation, necessary to allow enzyme 

covalent binding, was conducted using very mild conditions; NaIO4 in aqueous solution 

(maximum concentration 100 mM) at 25°C for 2 hours under gentle agitation. The oxidation 

reaction resulted in the formation of dialdehyde cellulose beads, able to readily covalently bind 

enzymes via Schiff base (imine) formation between cellulose aldehydes and primary amino 

groups on the protein.123 The binding affinity of GOx towards unmodified cellulose is very low 

(see chapter 5), thus only a small amount of enzyme can be adsorbed. Nonetheless, the small 

amount of GOx adsorbed on beads produced the highest activity in freshly prepared samples 

but it quickly decreases after 1 week, thus justifying the use of covalent binding. In fact, the 

shelf-life is a crucial parameter for commercial antimicrobial material.168 

In this work the shelf-life was measured as activity retention over time. The activity of GOx 

activated cellulose beads was retained at least for two weeks, and the best performance was 

obtained for DACb bound at pH 6 and 8 due to the instability of the material when exposed at 

pH 10. In fact, the strong alkaline conditions are known to cause partial unfolding in GOx and 

chemical degradation in dialdehyde cellulose.169,170 Although the amounts of GOx loaded on 

the beads inhibited the MDR bacteria growth, the material manufacturing process used here is 

still inefficient because of the low binding affinity. In fact, the low binding affinity of GOx 

towards cellulose leads to a considerable enzyme wastage (enzyme remaining in solution after 
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adsorption step). For comparison, the adsorption of enzymes possessing cellulose binding 

modules (CBM) such as CBH and CDH from solution hovers around 95%, whilst for GOx 

adsorption stands around 20% (see chapter 5). This brought us to investigate the exploitation 

of CBMs as binding tags for the functionalisation of regenerated cellulose materials (chapter 

5), thus, combining the high adsorption efficiency of CBM possessing enzymes with the 

robustness and scalability of regenerated cellulose materials. 
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ABSTRACT: The extensive use of antibiotics over the last 
decades is responsible for the emergence of multidrug-resistant 
(MDR) microorganisms that are challenging health care systems 
worldwide. The use of alternative antimicrobial materials could 
mitigate the selection of new MDR strains by reducing antibiotic 
overuse. This paper describes the design of enzyme-based 
antimicrobial cellulose beads containing a covalently coupled 
glucose oXidase from Aspergillus niger (GOX) able to release 
antimicrobial concentrations of hydrogen peroXide (H2O2) (≈ 1.8 
mM). The material preparation was optimized to obtain the best 
performance in terms of mechanical resistance, shelf life, and H2O2 
production. As a proof of concept, agar inhibition halo assays 
(Kirby-Bauer test) against model pathogens were performed. The 
two most relevant factors affecting the bead functionalization process were the degree of oXidation and the pH used for the enzyme 
binding process. Slightly acidic conditions during the functionalization process (pH 6) showed the best results for the GO X/cellulose 
system. The functionalized beads inhibited the growth of all the microorganisms assayed, confirming the release of sufficient 
antimicrobial levels of H2O2. The maximum inhibition efficiency was exhibited toward Pseudomonas aeruginosa (P. aeruginosa) and 
Escherichia coli (E. coli), although significant inhibitory effects toward methicillin-resistant Staphylococcus aureus (MRSA) and S. 
aureus were also observed. These enzyme-functionalized cellulose beads represent an inexpensive, sustainable, and biocompatible 
antimicrobial material with potential use in many applications, including the manufacturing of biomedical products and additives for 
food preservation. 

■ INTRODUCTION 

Decades of extensive use of antibiotics have led to the 
emergence of multidrug-resistant (MDR) bacterial strains, 
considered as one of the most significant threats to human 
health worldwide.1,2 For example, methicillin-resistant Staph- 
ylococcus aureus (MRSA) alone, each year, kills more 
Americans than HIV, Parkinson’s disease, and homicide.3 
MDR bacteria associated with wound biofilms are particularly 

 

compounds.8,9 H2O2 triggers an oXidative cascade reaction 
able to cause DNA damage, major disruption in protein 
synthesis, and to phospholipid membrane arrangement.10 
Moreover, even low concentrations of H2O2 (at the micro- 
molar level) play a role in redoX-sensitive cell signaling, which 
can improve dermal healing while inhibiting the growth of 
some bacteria.11,12 For this reason, H2O2-producing enzymes 
have been investigated for potential use as a sustainable

concerning, owing to bacterial biofilms requiring between 4 
and 1000 times higher concentrations of antibiotics for 
eradication,4 especially in patients with chronic pathologies 
such as diabetes, cancer, or vascular diseases.5 To mitigate 
against the selection of additional MDR strains, it is essential to 
reduce antibiotic overuse, principally in those cases where 
infection prevention is achieved through antibiotic prophy- 
laxis.6 One strategy to reduce the risk of infection in wounds is 
the use of antimicrobial substances, an alternative to 
antibiotics, which do not trigger the selection of resistance 
traits in microorganisms.7 Hydrogen peroXide (H2O2) has a 
wide range of efficacy against viruses, bacteria, and fungi, which 
makes it one of the most commonly used biocidal 

alternative to antibiotics.13 Among these, glucose oXidase 
(GOX) from Aspergillus niger catalyzes the oXidation of β-D- 
glucose using molecular oXygen, producing H2O2 and gluconic 
acid.14 The combination of oXygen consumption and media 
acidification, owing to the generation of gluconic acid and the 
production of H2O2, make GOX applicable for antimicrobial 
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Scheme 1. General Approach to Creation of the Enzyme-Functionalized Dialdehyde Cellulose Beadsa 
 

aDetails are provided in the EXperimental Section. 

purposes.15 However, the use of free enzymes in solution 
presents critical disadvantages for many industrial applications 
such as high separation costs and reduced stability.16,17 In 
contrast, the immobilization of the enzymes into a suitable 
material may increase the stability in a wider range of 
conditions, confine the activity to a specific area, and mitigate 
enzyme deactivation upon storage.16 For these reasons, the use 
of immobilized enzymes as biocatalysts is particularly 
appealing. Cellulose/chitosan composite beads were employed 
for the immobilization of lipases, showing the feasibility of 
biopolymers as support materials.18 The use of cellulose as a 
support (both native and derivatized) for enzyme immobiliza- 
tion has been well established in a wide range of biomedical 
applications,19 owing to its biodegradability, low cost, and 

 
 

carbonate (S7795, Sigma-Aldrich, ≥ 98%), sodium bicarbonate 
(S5761, Sigma-Aldrich, ≥ 99.5%), 1-ethyl-3-methylimidazloium 
acetate [EMIm][OAc] (BASF Basionics, ≥ 95%), and DMSO (Alfa 
Aesar, ≥ 99%) were all used as received unless otherwise stated. 

Bacterial Strains and Growth Conditions. Methicillin-resistant 
Staphylococcus aureus (MRSA252), Staphylococcus aureus (strain 
H560), Pseudomonas aeruginosa (strain PAO1), and Escherichia coli 
(strain NCTC 10418) were obtained from the Jenkins Group 
Collection at the University of Bath. The bacterial strains were 
maintained  on  15%  (v/v)  glycerol  stock  at  −80  °C  and  plated onto 
Luria−Bertani (LB) agar for P. aeruginosa and E. coli and tryptic soy 
agar (TSA) for MRSA and S. aureus, as required to attain single 
colonies. To attain an overnight (ON) culture, a single colony from 
each culture was inoculated into 10 mL of LB broth for P. aeruginosa 
and E. coli and tryptic soy broth (TSB) for MRSA and S. aureus. Broth 

biocompatibility.20 The presence of hydroXyl moieties in 
cellulose can be used to add functional groups able to make the 
immobilization of GOX feasible.21,22 Periodate mediated 
cellulose oXidation generates aldehyde moieties that can be 
used to bind the enzyme lysines via imine formation, also 
known as a Schiff base.20 This well-established binding method 
has been used for the immobilization of proteins and enzymes 
on cellulose-based materials.23−25 The general approach to the 
creation of the GOX-functionalized beads herein used is shown 
in Scheme 1. Details are provided in the EXperimental Section 
below. This study explores the preparation of an enzyme/ 
cellulose hydrogel composite, in the form of beads, and its 
manufacturing optimization. In particular, the effect of pH on 
the enzyme binding affinity and activity retention upon storage 
was explored. In addition, the antimicrobial efficacy of GOX- 
functionalized beads against four important nosocomial 
bacterial strains (two Gram-negative and two Gram-positive) 
was determined by in vitro assays (adapted Kirby-Bauer test). 

cultures were grown at 37 °C for 18 h with 200 rpm shaking. 
Agar Inhibition Halo Test (Kirby-Bauer Test). The ON culture was 

grown as previously mentioned. Cultures were washed with phosphate 
buffered saline (PBS) (pH 7.4, 25 °C), and a subculture was made by 
diluting ON 1000-fold into fresh PBS. The subculture (500 μL) was 
inoculated onto agar, previously prepared by adding 20 mL of agar 
into a dish, and 12 mm diameter holes were bored into the middle of 
the agar gel. The desired number of functionalized beads in 200 μL of 
phosphate buffer (pH 6, 25 mM) either supplemented with glucose 
1 wt % or without glucose, were then added to the holes. Plates were 
incubated  statically  for  18  h  at  37  °C.  The  zone  of  clearance  was 
measured via image analysis and normalized through the deduction of 
the surface in square millimeters of the central well. Image analysis 
was conducted using ImageJ.26 

Preparation of Dialdehyde Cellulose Beads (DACbs). 
Cellulose Dissolution. To prepare a ∼8 wt % cellulose solution, 20 
g of microcrystalline cellulose (MCC) was first dispersed in 158.5 g of 
dimethyl sulfoXide (DMSO) with an overhead stirrer (900 rpm) at 
room temperature; then, 66.5 g of 1-ethyl-3-methylimidazolium 
acetate ([EMIm][OAc]) was added dropwise into the dispersion, and ■ the miXture was stirred for 4 h. The solvent ratio of DMSO/ 

EXPERIMENTAL SECTION 

Chemicals and Strains. Materials. Absolute ethanol (VWR 
Chemicals, ≥ 99.8), hydroXylamine hydrochloride (159417, Sigma- 
Aldrich, ≥ 99%), sodium hydroXide (1.06498, Supelco, ≥ 99.0%), 
hydrogen peroXide 30 wt % (VWR Chemicals), glucose oXidase from 
Aspergillus niger (G7141, Sigma-Aldrich) (GOX), horseradish 
peroXidase ∼150 U/mg (77332, Sigma-Aldrich), bovine serum 
albumin (05470, Sigma-Aldrich, ≥ 96%), Bradford reagent (B6916, 
Supelco), D-(+)-glucose (G8270, Sigma-Aldrich, ≥ 99,5%), micro- 
crystalline cellulose (435236, Sigma-Aldrich, LOT #MKCF1486), 
sodium borohydride (MFCD00003518, Acros Organics, ≥ 98%), 
sodium periodate (MFCD00003534, Acros Organics, ≥ 98,8%), 
sodium iodide (383112 Sigma-Aldrich, ≥ 99.5%), sodium acetate 
(S2889 Sigma-Aldrich, ≥ 99%), acetic acid (320099, Sigma-Aldrich, 
≥ 99.7%), sodium phosphate dibasic (S9763, Sigma-Aldrich, ≥ 99%), 
sodium phosphate monobasic (S3139, Sigma-Aldrich), sodium 

[EMIm][OAc] is 70/30 w/w. 
Bead Formation and Purification. The cellulose solution (8 wt %) 

was dropped from a 1.2 mm × 38 mm stainless steel needle into 
absolute ethanol using a syringe pump (KdScientific -210) set to a 
constant flow rate, such that individual droplets formed. The beads 
were  SoXhlet  extracted  with  ethanol  at  80  °C  for  at  least  24  h  to 
remove residual DMSO and [EMIm][OAc]. A solvent exchange into 
deionized water (DI) was achieved by soaking the beads in abundant 
DI water with at least three solvent replacements (the removal of 
ethanol is critical as enzyme conformation can be affected by the 
presence of denaturing agents). 

Cellulose Bead Oxidation. The cellulose beads (10 g) were 
suspended in 40 mL of sodium periodate (NaIO4) at different 
concentrations (10, 25, 50, and 100 mM) and reacted at 25 °C for 2 h 
under mild agitation. After the reaction, in order to remove the excess 
of NaIO4, the beads were separated using a stainless steel sieve and 
washed with deionized (DI) water until the absorption of supernatant 
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Table 1. Degree of Oxidation of Cellulose in Relation with the Periodate Concentration in the Reaction Vessel and Periodate/ 
Cellulose Molar Ratio 

 

sample code NaIO4 concentration (mM) NaIO4/cellulose ratio(mol/mol) degree of oXidation (%)a standard deviation 

DACb-10 10 0.07 4.13 0.30 

DACb-25 25 0.17 7.42 0.50 

DACb-50 50 0.34 11.20 0.93 

DACb-100 100 0.68 19.56 1.32 

aDegree of oXidation is expressed in moles of carbonyls per mole of anhydrous glucose units (AUG) as a percentage. The highest degree of 
oXidation (100%) corresponds to a degree of substitution (DS) equal to 2 as periodate can oXidize only vicinal diols. Thus, only two out of three 
hydroXyl groups for each AUG can be oXidized. 

 
at 290 nm was zero (periodate adsorption peak). The oXidized beads 
were stored in DI water at 4 °C. 

Bead Characterization. Oxidation Degree Determination. 
Carbonyl groups were quantified by titrating HCl that was liberated 
as a consequence of the oXimation reaction of hydroXylamine 
hydrochloride with carbonyls as described previously.27 The oXidized 
beads (2 g of wet weight) were homogenized with 3 mL of DI water 
using an Ultraturrax homogenizer and dispersed into 25 mL of a 0.25 
M hydroXylamine hydrochloride solution in an acetate buffer 
(adjusted with 0.1 M NaOH to pH 4). The HCl released in the 
reaction between the aldehydes and hydroXylamine hydrochloride was 
titrated against 0.1 M NaOH using an Accumet pH meter (Fisher 
Scientific), and equivalent points peaks were obtained from the first 
order derivative of pH changes against volume added (dpH/dV). 

Uniaxial Deformation Test. To test the mechanical stability, single 
beads were uniaxially compressed using a stress-controlled rheometer 
(Discovery HR3, TA Instruments) equipped with a 12 mm plate 
geometry. The beads were uniaxially compressed at a constant 
deformation rate of 6 μm/s. The strain (Ya) was calculated as the 
fraction of sample deformation, and the distance corresponding to the 
sample height was obtained at the point where the axial force starts to 
increase (eq 1), 

Ya =
 Ks − Kmax 

 
immobilization process, each bead aliquot was first treated with 150 
μL of NaBH4 (50 mM) for 30 min at room temperature and then 
transferred to phosphate buffer (0.1 M pH 6) and stored at 4 °C prior 
to other experiments. In order to determine the relative content of 
proteins bound, the functionalized beads were stained in situ. One 
functionalized bead (after binding and reduction steps) was incubated 
in 200 μL of Bradford reagent for 30 min and photographed in a light 
boX. The image analysis for evaluating the relative amount of proteins 
in the DACb was conducted using ImageJ.26 

Release of H2O2 from Functionalized Beads. The activity of the 
functionalized beads was determined by quantifying H2O2 release 
over time. The production of H2O2 was conducted by immersing one 
functionalized bead in 10 mL of phosphate buffer (25 mM; pH 6) 
containing D-(+)-glucose (1 wt %) at 37 °C for 24 h under agitation 
(250 rpm) in an orbital shaker incubator (ES-20 grant-bio). The 
quantification of H2O2 was performed using a method previously 
described30 and slightly modified. Aliquots of H2O2 were withdrawn 
and diluted with Milli-Q water (when necessary) to a concentration 
between 0.01 and 0.8 mM in a final volume of 50 μL. The H2O2 
aliquots were miXed then with 50 μL of acetate buffer (0.5 M; pH 4.8) 
and 100 μL of 1 M sodium iodide; the miXture was incubated for 30 
min, and the absorbance at 350 nm was recorded using a FLUOstar 
Omega Microplate Reader (BMG LABTECH) in a 96-well plate. 
Calibration curves were prepared by adding a known amount of H2O2 

Kp (1) 

where Ks is the sample compression, Kmax is the maximum 
compression, and Kp is the sample height. The recorded axial force 
(N) over Ya was used as a metric for a comparison for beads with 
different degrees of oXidation after their exposure to different pH 
values (occurred during protein binding). 

Scanning Electron Microscopy. Micrographs were obtained using 
a JEOL SEM648OLV microscope. The samples were flash frozen in 
liquid nitrogen and lyophilized using a MiniLyotrap (LTE scientific). 
Cross sections were prepared by cutting with sharp blades before the 
flash freezing process. Prior to imaging, the samples were gold coated 
(Edwards sputter coater, S150B) for 5 min. 

GOx Binding in DACb. For isotherm binding experiments, aliquots 
of three beads, for each degree of oXidation, were immersed and 
incubated  (in  a  static  manner)  at  4  °C  for  18  h  in  50  μL  of  GOX 
solutions at different concentrations. In order to test the binding at 
different pH values, GOX was solubilized in different buffered 
solutions: phosphate buffer pH 6 (0.1 M); phosphate buffer pH 8 (0.1 
M); carbonate buffer pH 10 (0.1 M). The protein concentrations 
were determined before and after binding using the Bradford 
method.28 Calibration curves were obtained using known concen- 
trations of GOX determined via UV absorption at 280 nm (molar 
extinction coefficient and molecular weight at 96845 M−1 cm−1 and 
84004 Da, respectively). The amount of protein bound was expressed 
in micrograms of GOX per milligram of dry cellulose and plotted 
against GOX concentration in the supernatant after binding. In order 
to obtain isotherm binding constants, a linear eq (eq 2) was used to fit 
the experimental data,29 

that had been previously titrated against potassium permanganate.31 
The functionalized beads used in this experiment were prepared using 
the same initial GOX concentration (1.4 mg/mL) and three different 
pH values (6, 8, and 10). The immobilization process was performed, 
as for the isotherm binding experiments, overnight in a static manner 
at  4  °C.  In  order  to  minimize  differences  in  the  amount  of  protein 
present in single beads, the enzyme binding was performed in a single 
batch (30 beads in 0.5 mL at each pH). All the experiments were 
conducted in triplicate, using three independent samples. 

■ RESULTS AND DISCUSSION 
Dialdehyde Cellulose Bead (DACb) Preparation and 

Characterization. The cellulose beads were prepared by 
dropping an 8 wt % cellulose solution (in a miXture of ionic 
liquid and DMSO) from a syringe needle into an ethanol bath 
in which phase inversion occurred. The cellulose beads 
presented a spheroidal shape and fairly narrow diameter 
distribution (2.46 ± 0.15 mm, determined by 30 measure- 
ments using a micrometer calibrated microscope slide). To 
produce dialdehyde cellulose beads (DACbs), sodium period- 
ate was used as oXidant to open vicinal diols present on the 
glucopyranose units. The degree of oXidation (DO) was 
linearly correlated to the concentration of sodium periodate 
used for the reaction (Table 1). 

After the reaction with sodium periodate, the average bead 
size decreased in DACb-100 (∼16% in diameter) while the 

Cs = CfKh (2) 
cellulose dry weight increased (∼0.8 wt  %) (Figure S1), 
suggesting that a rearrangement of the cellulose fibrils occurred 

where Cs is protein bound per milligram of dry cellulose, Kh is affinity upon periodate oXidation. It has been reported that the 
constant, and Cf is concentration of free protein. To complete the glucopyranose ring opening causes a disturbance  in the 
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crystalline order, increasing the flexibility of the nanofibrils, 
hence resulting in a densified network.32,33 However, a closer 
observation of the internal structure of the freeze-dried DACbs 
revealed the presence of larger pores as the DO increased 
(Figure 1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Scanning electron micrographs of beads exposed to different 
pH solutions: (a−c) NonoXidized beads (controls) and (d−(f) 
oXidized   DACb-10.   The   photomicrographs   show   a   different 
susceptibility to hornification upon freeze-drying. The control beads 
show a greater degree of cellulose aggregation and collapse compared 
to the DACb-10 (lowest degree of oXidation after reaction with 
periodate). 

Figure 1. Cross sections of DACbs prior to functionalization. The    
scanning electron micrographs (SEMs) show the porosity of the 
beads after freeze-drying. The periodate oXidation of cellulose 
increases the preservation of a porous structure upon freeze-drying. 
(a−e) DACbs with different degrees of oXidation: DACb-0, DACb- 
10, DACb-25, DACb-50, and DACb-100, respectively. 

 
 

 
These results might seem to contradict the apparent increase 

in network density, but these two effects (densification of the 

evaluate the mechanical stability. When beads undergo 
chemical degradation, at high DO and pH values, the critical 
strain is higher because of the reduced response to stress. 
Significant differences in the critical strain were observed in 
DACb-25, DACb-50, and DACb-100 but only at pH 8 and 10 
(Figure 3). Hence, the critical strain is dependent on the pH 
used in the enzyme binding solution and the DO of the 
material. 

hydrated cellulose network and development of larger pores    
upon freeze-drying) may be correlated. In fact, the partial 
disruption of crystalline order causes a decrease in suscepti- 
bility toward hornification upon drying even at a lower DO 
(DACb-10), as shown in the scanning electron micrographs 
(SEMs) in Figure 2, where the stability of the initial and 
oXidized beads after exposure to solutions at different pH 
values are compared. Hence, as cellulose hornification is less 
favorable in DACbs, larger pores are more likely to be 
preserved upon freeze-drying. 

As the enzyme binding step will involve the exposure of 
DACbs to different pH solutions (see the DACb Enzyme 
Functionalization section), the stability after exposure at pH 6, 
8, and 10 needed to be investigated. Also, the chemical 
degradation of dialdehyde cellulose under alkaline conditions 
was expected.34 Thus, the mechanical stability of DACbs after 
exposure to different pH solutions was compared. Never-dried 
single beads were uniaxially compressed with a constant 
deformation rate (6 μm/s), recording the axial force, which 
was plotted against the strain percentage. All curves show an 
exponential behavior characterized by an initial steady increase 
(elastic region) followed by a sharp increment of the axial force 
(strain-hardening region) (Figure S2), as expected for cellulose 
composite gels.35 The strain values at which the axial force 
sharply increased (defined here as critical strain) were used to 

D 

 
 
 

 
Figure 3. Functionalized bead resistance to mechanical uniaxial 
compression. The graph shows the differences in critical strain of 
oXidized beads when exposed at pH 6, 8, and 10 (blue, green, and 
orange, respectively). The oXidized beads’ mechanical resistance to 
the compression is significantly affected only when exposed to alkaline 
pH. Error bars represent the standard deviation (n = 3). 

 
 

 

DACb Enzyme Functionalization. The bead functional- 
ization consists of two steps: enzyme binding and Schiff base 
reduction. The enzyme binding (Schiff base formation) was 
performed by incubating, in static conditions, the DACbs for 
18 h in GOX solutions at different concentrations and pH 
values. Subsequent to binding, the DACbs were transferred to 
a NaBH4 solution  to reduce  the imine formed between 
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carbonyl moieties on the cellulose and amino groups of the 
enzyme. The amount of bound enzyme was evaluated by 
subtracting the amount of protein in solution left over after 
incubation (enzyme binding step) and dividing it by the 
cellulose dry weight. The DO of the DACbs had a significant 
impact on the amount of enzyme bound at all the pH values 
used, showing that GOX has higher binding affinity for oXidized 

Even at pH 10, the binding curves do not show a plateau 
except for DACb-0 (nonoXidized control beads), which 
reaches saturation at higher protein concentrations. The 
DACb-0 saturation could be attributed to the combination 
of two factors: (1) the limited number of carbonyls available 
for Schiff base formation and (2) the protein/protein 
electrostatic repulsion (GOX pI = 4.2). At pH 6 and 8, 

cellulose (Table 2). 
 

 

Table 2. Binding Affinity Constants (Kh) and R2 of Their 
Fitting for GOx Bound on DACbsa 

 

pH 6 pH 8 pH 10 

sample code Kh R2 Kh R2 Kh R2
 

DACb - 0 21.58 0.97 14.06 0.92 66.55b 0.89b 

DACb - 10 22.92 0.99 17.02 0.92 97.08 0.99 

DACb - 25 22.62 0.97 21.23 0.96 105.25 0.97 

DACb - 50 30.06 0.93 29.84 0.93 97.34 0.95 

DACb - 100 37.35 0.94 42.62 0.91 123.96 0.91 

aEnzyme was bound on beads with different degrees of oXidation at 
different pH values to determine the binding affinity constants (Kh). 
bThe Kh values for control beads at pH 10 were calculated only using 
the first three points as the binding curve reaches a plateau. 

 
 

 
 

The shape of DACb-50 and DACb-100 binding curves at 
pH 6 and 8 showed an increase in the slopes at higher GOX 
concentrations, suggesting the occurrence of a cooperative 
adsorption behavior induced by periodate oXidation.36,37 

binding affinities are less marked. However, in situ protein 
staining (after NaBH4 reduction and washing) shows a higher 
retention at pH 6 compared to at pH 8, when GOX was bound 
on beads from the same initial concentration (Figure 5). This 
suggests that physical interactions and/or unidentified 
reactions between dialdehyde cellulose and proteins may also 
have occurred. 
   

 

 
 

Figure 5. GOX content in DACbs after binding at different pH values 
and degrees of oXidation. The graph shows the relative GOX content 
in the beads calculated by extrapolating the gray intensity from the 
images (insets above) after staining with Coomassie blue (Bradford 

Cooperative adsorption is often associated with attractive 
intermolecular interactions, which determine the formation of 
proteins clusters on the adsorption interface.38 Similar protein/ 
polymer systems such as immobilized metal Sepharose and 

histidine-linked methacrylate gels show the same cooperative 
adsorption behavior expressed as sigmoidal shape isotherm 
curves.39,40 However, our isotherm curves only exhibited an 
initial exponential phase without a plateau (saturation), likely 
due to the low surface coverage of enzyme on the cellulose.29 

The major contributing factor for protein binding is the pH. 
Assuming that covalent binding only occurs between cellulose 
aldehydes and protein primary amino groups, the expected 
protein binding should increase as the pH increases.41 In fact, 
the highest binding constants for GOX were reached at pH 10 
(Figure 4) when the imine formation (Schiff base) between the 
aldehydes and primary amino groups is more favorable.42 

The deprotonation of primary amines of GOX (amino 
terminus and lysine residues, pKa ∼7.7 and ∼10.5, 
respectively) is necessary for the Schiff base formation.43,44 
Thus, the optimum reaction pH strictly depends on the 
basicity of primary amines present on proteins. 

reagent). The enzyme, dissolved in different buffered solutions at pH 
6, 8, and 10, was bound in DACbs with different DO values. The GOX 
content exhibits different trends after the whole immobilization 
process (enzyme binding, NaBH4 reduction, and washing). Error bars 
represent the standard deviation (n = 3). 

 
 

 
The functionalization process is therefore highly influenced 

by pH, which affects not only the mechanical stability (due to 
the chemical degradation of cellulose) but also the binding 

efficiency of enzyme immobilization. The degradation of 
cellulose (also known as peeling) in alkaline conditions is 
directly proportional to the pH and the DO.45 In fact, cellulose 
peeling at pH 10 can be observed in SEM micrographs as 

DACb structural damage (Figure S3). Nonetheless, the 
reduction step with NaBH4 after GOX binding should stop 
the chemical degradation by reducing carbonyl groups into 
hydroXyl groups,46 hence preventing further structural damage. 
Functionalized Bead Activity. The activity of the enzyme-

functionalized beads, prepared at different pH conditions, 
was measured weekly for three cycles (stored at 4  °C  prior 

each  activity  cycle).  Beads were  immersed  into  an 
 

 

 

 

Figure 4. Binding isotherm plots. Binding affinity of GOX in beads with different DO values during the binding step with enzyme solutions buffered 
at different pH values. Binding at (a) pH 6, (b) pH 8, and (c) pH 10. Each point represents the mean of the independent samples (n = 3). 
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Figure  6.  GOX  activity  upon  storage.  Activity  of  beads  functionalized  at  (a)  pH  6,  pH  8  (b),  and  pH  10  (c)  upon  storage  at  4  °C.  Error  bars 
represent the standard deviation (n = 3). 

 

 

Figure 7. H2O2 critical concentration. Concentration of H2O2 reached after 24 h of reaction in 10 mL of substrate of (a) freshly functionalized 
beads and (b) after 14 days of storage at 4 °C. Error bars represent the standard deviation (n = 3). 

 

aqueous  buffer  at  37  °C  (phosphate  buffer  0.1  M,  pH  6) 
containing glucose (1 wt %), and the release of H2O2 was 
measured over a time range of 24 h. The H2O2 curves showed 
an initial linear increase (until the first 2.5 h), a curve 
flattening, and a plateau (Figure S4). The initial linear range 
was defined as “intrinsic activity”, and the maximum H2O2 
concentration reached after 24 h was defined as “critical 
concentration”. As only a little variation in glucose 
concentration occurs during the measurement (assuming 
only enzyme consumption of glucose), it is unlikely that the 
reduction of the activity was due to substrate depletion. 
Instead, the curve flattening is attributed to the oXidation of 
methionine in the active site of the enzyme as a result of H2O2 
accumulation in the buffer during the reaction.47,48 To further 
support this statement, the activity of the functionalized beads 
that reached the H2O2 plateau were assayed again in a 
substrate-rich medium, but no activity was retained, suggesting 
that an irreversible enzyme inactivation occurred. Moreover, 
the H2O2 production of the functionalized beads in a larger 
volume (three times higher: 30 mL) did not show any plateau 
in H2O2 concentration (Figure S5) but only a continuous 
linear increase over 24 h, suggesting that a lower H2O2 
concentration (200 μM) did not inhibit the enzyme activity. 
The intrinsic activity of all freshly prepared beads was 
significantly higher compared to that of those stored, indicating 
that enzyme inactivation and/or leakage occurred, although it 
is not clear which phenomena contributed more (Figure 6). 

However, after the first week of storage, a stabilization of the 
retained activity was observed at pH 6 and 8, suggesting that 
the main activity loss occurred in the first week of storage after 
functionalization. The H2O2 critical concentration also 
decreased after the first week of storage but following specific 
trends, which exhibited a positive impact of the presence of 
aldehyde moieties on cellulose (Figure 7). 

Nonetheless, significant differences among the whole set of 
samples were observed. The activity values were generally 
higher in samples where GOX was bound at pH 6 regardless of 

 

the DO, while other pH values had opposite trends: increased 
activity for samples prepared at pH 8 and decreased activity in 
those prepared at pH 10 was observed as the DO increased. 
These pH-dependent changes in the activity may be related to 
the enzyme deactivation due to a partial denaturation during 
the functionalization process when carried out in alkaline 
conditions.49 The critical H2O2 concentrations after 1 week 
selectively decreased, showing a specific trend that confirms 
that the best performances were achieved in beads where GOX 
was bound at pH 6. These patterns indicate that a stronger 
binding (presumably covalent), which was more significant in 
oXidized beads, might have also affected the enzyme stability 
against high H2O2 concentrations. Nonetheless, the H2O2 
concentrations reached were high enough to inhibit the 
growth of the bacterial pathogens tested. 

The antimicrobial properties of the functionalized beads 
were tested by monitoring the impact of the H2O2 produced in 
a 12 mm well punched in the agar of a Petri dish previously 
inoculated with four different bacterial strains. All experiments 
were conducted by using the same batch of functionalized 
beads prepared with the highest DO (DACb-100) where the 
enzyme (1.4 mg/mL) was bound at pH 6 in order to maximize 
the H2O2 production. To visualize the dose/effect response, 
1−3 beads were immersed in the well containing 200 μL of 
buffered (pH 6) substrate (Figure S6) and coincubated with 
the bacteria for 24 h. No significant differences were observed 
for E. coli (NCTC 10418) and P. aeruginosa (PAO1) in the 
experiments with 2 or 3 beads, suggesting that the maximum 
response in terms of inhibition reached its peak with 2 
functionalized beads (Figure 8), after which enzyme 
deactivation may have occurred. MRSA (MRSA252) and S. 
aureus (H560) were less susceptible to H2O2, although a 
significant inhibition compared to the control was observed 
regardless of the number of beads used. 

As reported previously, Gram-positive strains are able to 
tolerate higher concentrations of H2O2 compared to Gram- 
negative ones. For instance, S. aureus H560 has a minimum 
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Figure 8. Inhibition halo assay. (a) Graph showing the surface inhibited by the functionalized DACbs in the agar diffusion test. The amount of 
DACbs used in the test does not influence the surface inhibited in MRSA (MRSA252) and S. aureus (H560), while it increases the surface inhibited 
in P. aeruginosa (PAO1) and E. coli (NCTC 10418) between 1 and 2 beads. Error bars represent the standard deviation (n = 3). (b) Above plates 
represent the DACbs prior GOX functionalization (controls). The plates below represent the DACbs functionalized with GOX. All the bacteria used 
were inhibited by functionalized DACbs, and the highest inhibition was observed toward P. aeruginosa and E. coli. 

 

 

inhibitory concentration (MIC) for H2O2 between 1.6 and 3.2 periodate concentration in solution before the oXidation 
mM and the MIC for P. aeruginosa PAO1 is between 0.7 and 
1.4 mM. The higher tolerance of Gram-positive bacteria for 
H2O2 can be attributed with the presence of thicker cell-wall 
peptidoglycan layer, which allows the preservation of cell 
integrity.50 In addition, tolerance toward H2O2 oXidative stress, 
in both Gram-positive and -negative bacteria, is also associated 
with the expression of catalase, an enzyme that is able to 
neutralize H2O2 (2 H2O2 → 2 H2O + O2).51,52 

In accordance with other work conducted using standard 
H2O2 solutions,53,54 the functionalized beads showed growth 
inhibition in a millimolar range considering the critical H2O2 
concentrations extrapolated from activity experiments. It is also 
likely that the H2O2 levels reached in the well proXimity were 
lower owing to the diffusion of H2O2 into the agarose gel 
(larger volume). In other words, the antimicrobial effect 
extrapolated from the agar diffusion experiments could be 
underestimated. However, the maximization of the H2O2 
production does not necessarily meet the safety requirements 
for the design of antimicrobial biomedical devices as wound 
dressings. In fact, continuous exposure to relatively high 
concentrations of H2O2, i.e., commercial products (∼0.9 M) 
used to irrigate contaminated wounds, may delay tissue healing 
owing to cytotoXic effects.12,55 The generation of a lower 
concentration of H2O2 (∼60 μM/cm2) in enzyme-function- 

reaction. The degree of oXidation and the pH used for the 
functionalization process significantly affected the binding 
affinity of GOX for cellulose, the beads’ mechanical properties, 
and the H2O2 release. Alkaline pH was disruptive toward the 
DACbs and also caused enzyme deactivation. On the contrary, 
the periodate oXidation of cellulose had a positive effect on the 
retention of enzyme activity upon immobilization and upon 
storage at pH 6 and 8. The H2O2 released from the 
functionalized beads was able to inhibit the growth of four 
different bacterial strains including P. aeruginosa and 
methicillin-resistant S. aureus, known to be among the hardest 
to eradicate in the wound environment.57 The relatively high 
H2O2 concentrations (≈ 1.8 mM) produced and the prolonged 
shelf life (at least 2 weeks) make the functionalized beads 
designed herein a promising and versatile antimicrobial 
material. 
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already sufficient to inhibit the growth of E. coli and S. aureus.56 
To assess the potential use of the enzyme-functionalized beads 
as antimicrobial components in biomedical devices, further 
studies such as in vitro biocompatibility assays and in vivo 
wound healing experiments are required. 

■ CONCLUSIONS 
The rise of MDR bacteria, caused by inconsiderate use of 
antibiotics, is one of the biggest threats to public health 
worldwide. The use of antimicrobial materials to prevent 
infections is, therefore, important to help to mitigate antibiotic 
overuse. Here, DACbs were used as solid support for the 
immobilization of GOX for the release of antimicrobial 
concentrations of H2O2. The porosity and degree of oXidation 
of the DACbs  were easily  controlled by  modulating the 

kinetic curves, and dose-dependent antimicrobial 
response of functionalized beads of the agar diffusion 
test (PDF) 
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5. Use of CBM-possessing enzymes for the fabrication of 

self-degrading cellulose-based films as potential 

antimicrobial material 

 

One of the most important features to determine the feasibility of enzyme-based bio-active 

materials is the binding efficiency of the enzyme towards the support (in this case cellulose). 

Cellulose-lytic fungi often exploit enzymes possessing cellulose binding modules (CBM) for 

the hydrolysis of cellulose, which serves as carbon source and thus energy.71 The presence of 

CBM in the enzyme structure provides a strong binding affinity of these enzymes towards 

cellulose substrates. I decided to exploit this peculiar characteristic to investigate the use of 

CBM-possessing enzymes for the functionalization of regenerated cellulose films. A CBH and 

a CDH naturally synthetized by Trichoderma reesei and Myceliophthora thermophila 

respectively were used. 

These two enzymes were chosen not only for the presence of a CBM in their structures but also 

for their specific catalytic activity. The CBH is capable of hydrolyzing cellulose to cellobiose 

while the CDH uses cellobiose as a substrate to produce cellobionic acid and, most importantly, 

hydrogen peroxide.171,172 In contrast to the GOx functionalized beads described in chapter 4, 

this combination of CBH/CDH functionalized films therefore does not require the addition of 

substrate. The regenerated cellulose films (RCF), used as support for the enzyme 

immobilization, provided the substrate to fuel the dual CBH/CDH tandem reaction. In addition, 

the hydrolysis of cellulose causes a gradual degradation of the material: a characteristic that 

could be appealing for biomedical applications (i.e., antimicrobial implantable materials). 

The self-degradation process, which leads to the continuous generation of H2O2, can be 

initiated by stacking together two RCF containing previously adsorbed CBH and CDH. The 

variability of enzyme activity arising from changes in temperature, pH and enzyme 

concentration can be potentially used to modulate the H2O2 rate of production.173 This last 

characteristic combined with the in situ H2O2 quantification method developed and described 

in this work make this material potentially useful in different settings (e.g. food preservative, 

wound dressing and biomedical implants).174,68,175 

However, the amount of H2O2 produced per unit of CDH mass (specific activity) is low when 

compared with the H2O2 levels reached with GOx, making manufacturing costs very high. The 
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combination of CDH binding affinity towards cellulose, and the specific activity of GOx would 

be ideal for the preparation of a cost-effective antimicrobial material. The use of recombinant 

gene technologies allowed us to fuse the CBM with the GOx catalytical domain. In the next 

chapter, the design and synthesis of a chimeric CBM possessing glucose oxidase will be 

described. 
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ABSTRACT: The use of hydrogen peroXide-releasing enzymes as 
a component to produce alternative and sustainable antimicrobial 
materials has aroused interest in the scientific community. 
However, the preparation of such materials requires an effective 
enzyme binding method that often involves the use of expensive 
and toXic chemicals. Here, we describe the development of an 
enzyme-based hydrogen peroXide-producing regenerated cellulose 
film (RCF) in which a cellobiohydrolase (TrCBHI) and a 
cellobiose dehydrogenase (MtCDHA) were efficiently adsorbed, 
90.38 ± 2.2 and 82.40 ± 5.7%, respectively, without making use of cross-
linkers. The enzyme adsorption kinetics and binding isotherm 
experiments showed high affinity of the proteins possessing 
cellulose-binding modules for RCF, suggesting that 
binding on regenerated cellulose via specific interactions can be an alternative method for enzyme immobilization. Resistance to 
compression and porosity at a micrometer scale were found to be tunable by changing cellulose concentration prior to film 
regeneration. The self-degradation process, triggered by stacking TrCBHI and MtCDHA (previously immobilized onto separate 
RCF),  produced  0.15  nmol/min·cm2  of  H2O2.  Moreover,  the  production  of  H2O2  was  sustained  for  at  least  24  h  reaching  a 
concentration of ∼2 mM. The activity of MtCDHA immobilized on RCF was not affected by reuse for at least 3 days (1 cycle/day), 
suggesting that no significant enzyme leakage occurred in that timeframe. In the material herein designed, cellulose (regenerated  
from a 1-ethyl-3-methylimidazolium acetate/dimethyl sulfoXide (DMSO) solution) serves both as support and substrate for the 
immobilized enzymes. The sequential reaction led to the production of H2O2 at a micromolar−millimolar level revealing the 
potential use of the material as a self-degradable antimicrobial agent. 

 

1. INTRODUCTION 
The discovery of hydrogen peroXide (H O ) in the early 19th 

materials such as antimicrobial films and food preservatives.7 
Specifically, the use of cellulose in combination with its 

2   2 corresponding degrading enzymes (i.e., cellulases) would allow 
century, followed by its use as a potent oXidant, represented an 
important breakthrough in many applied fields.1 Thanks to its 
oXidative damage toward biological macromolecules (e.g., 
proteins and DNA), H2O2 can be used as an antimicrobial 

the release of the required glucose or cellobiose substrates for 
GOX or CDH, which in turn produce H2O2. 

The use of CDH coupled with cellulases in a cross-linked 

agent.2 H2O2 has a wide spectrum of efficacy against bacteria, 
fungi, and viruses which makes it one of the most commonly 
used antiseptic substances.3,4 However, repeated topical 
applications of  diluted H2O2  commercial products  (0.03 wt 
% aqueous solutions) may exhibit adverse effects caused by the 
generation of harmful oXygen reactive species (ROS).5 For this 
reason, the use of H2O2-producing enzymes, capable of 
releasing appropriate levels of H2O2, as novel antimicrobial 
agents are under investigation.6 This class of enzymes includes 
glucose oXidase (GOX) and cellobiose dehydrogenase (CDH), 
which are able to steadily produce H2O2 in the presence of 
glucose and cellobiose, respectively. Despite their ability to 
produce H2O2 in solution, enzyme immobilization into a 
polysaccharide network is essential for the design of advanced 

carboXymethyl cellulose/succinyl chitosan gel has been 
reported as an example of coupled enzyme reaction for the 
design of a promising wound dressing material.8 However, 
polymer cross-linking and the use of different polymers can 
make the design of such materials rather intricate, thus not 
easily reproducible. Cellulose regenerated from solution 
instead represents an excellent enzyme support since it 
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provides access to materials with a tunable shape and porosity 
produced using a widely available resource and sustainable 
processes.9 Cellulose dissolution can be achieved at room 
temperature using ionic liquids (IL)10 such as 1-butyl-3- 
methylimidazolium chloride ([Bmim][Cl]) and 1-ethyl-3- 
methylimidazolium acetate ([EMIm][OAc]), which can be 
recovered and recycled subsequently in the regeneration 
process.11,12 Regenerated cellulose hydrogels (in both pure 
and derivatized forms) are considered biocompatible materials, 
hence employable in a wide range of biomedical applications 
including tissue engineering.13,14 However, the effective design 
of an enzyme-based material requires an understanding of the 
issues associated with the immobilization method used, as it 
may strongly affect its functionality.15,16 Physical absorption 
and electrostatic binding may induce enzyme “leakage,” 
particularly upon changes in ionic strength, pH, and temper- 
ature,17 leading to a loss of activity. Covalent binding may 
decrease enzyme activity due to changes in protein 
conformation.18 Specific interactions often exploit binding 
units already developed by nature, i.e., protein regions with 
specific binding properties toward cellulose called carbohy- 
drate-binding modules (CBM) found on enzymes secreted by 
cellulose lytic organisms.19 The binding strength of CBM 
toward cellulose, and specificity to particular types of cellulose 
(e.g., amorphous versus crystalline), may vary depending on the 
biological source from which the CBM is extracted.20 

In this study, cellobiohydrolase from Trichoderma reesei 
(TrCBHI) and cellobiose dehydrogenase from Thermothelo- 
myces thermophilus M77 (formerly Myceliophthora thermophila) 
(MtCDHA), both possessing a CBM, were immobilized 
separately onto regenerated cellulose films (RCFs). This dual 
enzyme system allows the production of H2O2, which is 
triggered by stacking the two RCF together and maintained 
over time. The cellulose-degrading enzyme TrCBHI provides 
the cellobiose to MtCDHA, which in turn produces H O . The 

reach a ratio of 70:30 w/w DMSO/[EMIm][OAc]. The miXture was 
stirred for 4 h at room temperature to achieve complete dissolution. 
Cellulose solutions were cast using an Elcometer 4340 Automatic 
Film Applicator with a distance of 600 μm between the blade and 
glass plate and then precipitated into an ethanol bath. Films were 
SoXhlet extracted with absolute ethanol for 4 h to remove the residual 
DMSO and [EMIm][OAc]. Solvent exchange was achieved by 
soaking films in abundant deionized (DI) water with at least three 
solvent replacements. Wet cellulose disks were prepared by punching 
out circles from films with 12 and 6 mm round-shape cutters and 
stored in DI water at 4 °C. 

2.3. Cellulose Film Deformation Rheology. Uniaxial com- 
pression was performed using a stress-controlled rheometer 
(Discovery HR3, TA Instruments) equipped with a plate−plate 
geometry (12 mm). The gels were uniaxially compressed at a constant 
deformation rate of 1 μm/s. The apparent strain (γa) was calculated as 
the percentage of sample deformation. The distance corresponding to 
the sample height was obtained at the point where the axial force 
abruptly increased. The apparent stress (σa) was calculated as the axial 
force (N) over the area of a 12 mm diameter gel disk. An average of 
three independent measurements is reported. 

2.4. Cloning, Expression, and Purification of MtCDHA. The 
MtCDHA gene (MYCTH_111388) from M. thermophila M77 was 
PCR amplified from genomic DNA without the original signal 
peptide. The PCR product was amplified using the oligonucleotide 
primers: forward (5′-gggttggcaCAGAACAACGCGCCGG- 
TAACCTTCACCGAC-3′) and reverse (5′-gtcccgtgccggttaTCA- 
CAAGCACTGCGAGTACCACTCGTTCTGCATCTGGCACGT- 
3′) and was cloned into the pEXPYR vector using the ligation- 
independent cloning protocol (LIC).21 The expression plasmid was 
transformed in Aspergillus nidulans A773 (pyrG89; wA3; pyroA4) as 
described earlier.22 ApproXimately 107 spores/mL were inoculated in 
a liquid minimal medium at pH 6.5, containing 50 mL/L Clutterbuck 
salts  (120  g/L  NaNO3,  10.4  g/L  KCl,  10.4  g/L  MgSO4·7H2O,  and 
30.4  g/L  of  KH2PO4),  1  mL/L  trace  elements  (22  g/L  of  ZnSO4· 
7H2O,  11  g/L  of  H3BO3,  5  g/L  of  MnCl2·4H2O,  5  g/L  of  FeSO4· 
7H2O, 1.6 g/L of CoCl2·5H2O, 1.6 g/L of CuSO4·5H2O, 1.1 g/L of 
Na2MoO4·4H2O,  and  50  g/L  of  Na2EDTA),  supplemented  with 5% 

2     2 maltose and incubated in static culture at 37 °C for 40 h. The culture 
basic properties of the material, relevant to its potential use as 
self-degradable H2O2-producing material, such as enzyme 
adsorption and activity, resistance to compression, and 
reusability are herein reported. 

 

2. MATERIALS AND METHODS 

2.1. Materials. Hydrogen peroXide 30 wt % (VWR Chemicals), 
horseradish peroXidase ∼150 U/mg (77332, Sigma-Aldrich), absolute 
ethanol (VWR Chemicals, ≥99.8), microcrystalline cellulose (435236, 
Sigma-Aldrich, LOT #MKCF1486), ethyl-3-methylimidazloium ac- 
etate [EMIm][OAc] (BASF Basionics, ≥95%), dimethyl sulfoXide 
(DMSO) (Alfa Aesar, ≥99%), glucose oXidase from Aspergillus niger 
(G7141, Sigma-Aldrich) (AnGOX), bovine serum albumin (05470, 
Sigma-Aldrich, ≥96%), sodium iodide (383112, Sigma-Aldrich, 
≥99.5%), sodium phosphate dibasic (S9763, Sigma-Aldrich, ≥99%), 
sodium phosphate monobasic (S3139, Sigma-Aldrich), sodium 
carbonate (S7795, Sigma-Aldrich, ≥98%), sodium bicarbonate 
(S5761, Sigma-Aldrich, ≥99.5%), sodium sulfite (S0505, Sigma- 
Aldrich, ≥98%), phenol (328111, Sigma-Aldrich, ≥99%), Amplex 
Red reagent (Invitrogen), 2,6-dichloroindophenol (D1878, Sigma- 
Aldrich), Sephadex G-50 Medium (Sigma-Aldrich), 3,5-dinitrosali- 
cylic acid (D0550, Sigma-Aldrich, ≥98%), Coomassie Brilliant Blue 
G-250 staining (Sigma, Deisenhofen, Germany), and fluorescein 
isothiocyanate (FITC) (F7250, Sigma-Aldrich, ≥90%). 

2.2. Cellulose Dissolution and Film Preparation. To prepare 
cellulose solutions (6, 8 and 10 wt %), microcrystalline cellulose 
(MCC) was dried at 75 °C under reduced pressure and dispersed in 
DMSO with an overhead stirrer (900 rpm) at room temperature. 
Subsequently, the IL [EMIm][OAc] (previously dried under reduced 
pressure for 6 h at 60 °C) was added dropwise into the dispersion to 

medium was filtered using Miracloth membranes (Calbiochem, San 
Diego, CA) with a pore size of 22−25 μm, and the secreted proteins 
were concentrated 10-fold by tangential flow filtration using a hollow 
fiber cartridge with 5000 NMWC cutoff (GE Healthcare, Uppsala, 
Sweden). 

The concentrated protein solution was applied to a 10 mL DEAE- 
Sephadex column (GE Healthcare) pre-equilibrated with 20 mM 
Tris/HCl buffer pH 8.0. MtCDHA was eluted with a stepwise 
gradient (200, 300, 400, and 500 mM) NaCl in 50 mM Tris/HCl pH 
8.0. The purified samples were concentrated by ultrafiltration (50 kDa 
cut-off Centricon-Millipore, Billerica, MA) and further purified using 
size exclusion chromatography on a HiLoad 16/60 Sephadex75 
column (GE Healthcare) with a running buffer consisting of 150 mM 
NaCl and 20 mM Tris−HCl pH 8.0. Protein concentration was 
determined spectrophotometrically at 280 nm using a molar 
extinction coefficient of 157 510 M−1 cm−1. Protein purity was 
analyzed by sodium dodecyl sulfate-polyacrylamide gel electro- 
phoresis (SDS-PAGE)23 using Coomassie Brilliant Blue G-250 
staining (Sigma, Deisenhofen, Germany). 

2.5. Purification of Cellobiohydrolase from T. reesei 
(TrCBHI). TrCel7A was purified from a T. reesei cellulase cocktail 
(Sigma-Aldrich) using three chromatographic steps. The commercial 
aqueous solution (1 mL) containing ∼1.3 g of total protein was 
diluted 10-fold in 50 mM Tris/HCl buffer (pH 8.0) and desalted 
through two connected 5 mL HiTrap desalting columns (GE 
Healthcare) and loaded onto a 20 mL home-packed DEAE/Sephadex 
column pre-equilibrated with the same buffer. TrCel7A was eluted 
using a stepwise gradient (200, 300, 400, and 500 mM) NaCl in 50 
mM Tris/HCl buffer (pH 8.0) and concentrated by ultrafiltration (50 
kDa cut-off Centricon-Millipore, Billerica, MA). The protein sample 
was next loaded onto a Q-Sepharose high-performance column (GE 
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Healthcare) equilibrated with 50 mM Tris/HCl buffer (pH 8.0). The 
enzyme was eluted using a linear gradient from 0 to 100% buffer B 
(50 mM Tris−HCl pH 8.0 and 1 M sodium chloride solution). The 
fractions containing TrCel7A were combined, concentrated, and 
loaded onto a size exclusion chromatography in HiLoad 16/60 
Sephadex75 column (GE Healthcare) with a running buffer consisting 
of 150 mM NaCl and 20 mM Tris/HCl buffer pH 8.0. Protein 
concentration was determined spectrophotometrically at 280 nm 
using a molar extinction coefficient of 86 760 M−1 cm−1. Protein 
purity was analyzed by SDS-PAGE using Coomassie Brilliant Blue G- 
250 staining (Sigma, Deisenhofen, Germany). 

Table 1. Adsorption Kinetics and Binding Isotherm 
Parametersa 

 

adsorption kinetic binding isotherm 

protein Lmax (%) b R2  Kh R2 

TrCBHI 90.4 ± 2.2 3.2 ± 0.3 0.98 102.6 ± 8.2 0.99 

MtCDHA 82.4 ± 5.7 1.7 ± 0.4 0.90 56.7 ± 3.2 0.98 

BSA 37.2 ± 1.5 3.3 ± 0.6 0.95 11.2 ± 0.9 0.98 

AnGOX 27.5 ± 3.1 1.4 ± 0.5 0.82 6.7 ± 0.8 0.94 
aObtained by fitting eqs 1 and 2. 

2.6. Preparation of FITC-MtCDHA Conjugates and Confocal    
Imaging. MtCDHA was FITC labeled the isothiocyanate group 

forms a new covalent bond with the amine groups of lysine residues of 
the proteins at pH 9.0. FITC in DMSO (1 μg/μL) was miXed with 
the protein solution to a final concentration of 100 ng of FITC per μg 
of protein in 0.1 M carbonate buffer (pH 9.0) and incubated at 37 °C 
for 90 min under mild agitation in darkness. Labeled MtCDHA was 

Table 2. Molecular Weights and Extinction Coefficients of 
the Proteins Used 

BSA 66 400 43 824 

separated from the free probe by gel filtration chromatography on a AnGOX 64 004 (subunit) 96 845 (subunit) 

Sephadex G-50 M column (Sigma-Aldrich) equilibrated with 
phosphate buffer (pH 6.0) and 150 mM NaCl also used for elution. 

MtCDHA 86 000 86 760 
TrCBHI 61 000 157 510 

The ratio of fluorescein to protein after labeling was calculated by    
dividing the absorbance of FITC at 495 nm over the absorbance of 
the protein at 280 nm. RCF were soaked in a 0.8 mg/mL FITC- 
MtCDHA solution, and confocal laser scanning microscopy (CLSM) 
images were taken with a ZEISS LSM 880 microscope. 

equation was chosen due to the low cellulose surface coverage 
expected.25 

2.7. Product Profile of MtCDHA and TrCBHI. The soluble Cs = KhCf (2) 
products released from cellobiose by MtCDHA and from regenerated 
cellulose disks by TrCel7A were analyzed by high-performance anion- 
exchange chromatography. The enzymatic reaction was carried out in 
50 mM sodium phosphate buffer (pH 6.0) containing 1 μM 
MtCDHA and 1 mM cellobiose and incubated for 30 min at 50 
°C. For comparison, 1 μM TrCBHI was incubated in the same buffer 
with one 12 mm (and ∼0.4 mm thick) cellulose disk for 16 h at 50 
°C.   The   enzymatic   products   were   centrifuged,   and   the   soluble 
products loaded on a CarboPac PA1 column (2 × 250 mm2) with a 
CarboPac PA1 guard column (2 × 50 mm2) connected to a Dionex ICS 
5000 instrument equipped with pulsed amperometric detection. The 
column was pre-equilibrated with 100 mM NaOH for 5 min at 1 
mL/min. The saccharides were resolved using a gradient from 100 
mM NaOH/0 mM NaOAc to 100 mM NaOH/150 mM NaOAc over 
20 min followed by a wash step in 100 mM NaOH/1 M NaOAc for 2 
min and equilibration with 100 mM NaOH for 5 min. Cello- 
oligosaccharide standards (Megazyme) from DP 1 to 6 were used to 
quantify the hydrolysis products. 

2.8. Absorption Kinetics and Binding Isotherm of BSA, GOx, 
MtCDHA, and TrCBHI. To examine protein adsorption kinetics into 

where Cs is μg of protein adsorbed per mg of cellulose in dry weight, 
Kh is the adsorption constant in μL/mg, and Cf is the concentration of 
free protein in μg/μL. 

2.9. TrCBHI Activity Cellobiose Production. The enzymatic 
activity of TrCBHI was assayed by measuring the increase in 
absorbance at 575 nm subsequent to the reaction of reducing sugars 
with 3,5-dinitrosalicylic acid (DNS).26 Aliquots of cellobiose, released 
from 12 mm diameter cellulose disks (6, 8, and 10 wt %) in the 
presence of TrCBHI (previously adsorbed overnight at 4 °C from 500 
μL of a 0.8 mg/mL solution in 0.1 phosphate buffer, pH 6), were 
withdrawn from the supernatant and miXed with DNS reagent in a 1:1 
volume  ratio  and  incubated  for  5  min  at  90  °C  before  measuring 
absorption. DNS reagent was prepared by miXing 3,5-dinitrosalicylic 
acid (10 g) in water together with phenol (2 g), sodium hydroXide 
(10 g), and sodium sulfite (0.5 g) in a total volume of 1 L of DI water. 
One unit (U) of enzyme activity was defined as the amount of enzyme 
that catalyzes the production of 1.0 μmol glucose/min. All 
experiments were performed in triplicate samples. 

2.10. MtCDHA Activity H2O2 Production in Liquid Media. 
Hydrogen peroXide (H O ) production catalyzed by MtCDHA was 

RCF, 200 μL of protein solution at a concentration of 0.8 mg/mL was 2  2 

incubated with two 12 mm wide RCF (5 mg in dry weight) for 24 h at 
4 °C in a static manner. The time course of absorption was monitored 
by measuring protein concentration in the supernatant using the 
Bradford method.24 Samples were withdrawn at 0.25, 0.5, 0.75, 1, 2, 4, 
and 24 h, values of absorbed protein (expressed as a percentage) were 
plotted, and the curves fitted with a single-term exponential (Table 
1): 

measured using the enzymatic-coupled reaction of horseradish 
peroXidase (HRP) and Amplex Red reagent (Invitrogen). Initially, 
RCFs containing MtCDHA were placed in a 24 well plate (1 disk per 
well) containing 480 μL of 50 mM phosphate buffer (pH 6); then, the 
reaction was triggered with 20 μL of cellobiose (0.5 M) to reach a 
final concentration of 20 mM. H2O2 aliquots (20 μL) were withdrawn 
every 5 min for 30 min for subsequent reaction with HRP and Amplex 
red. For the reaction, 180 μL containing 7.5 U/mL horseradish 

E% = Lmax(1 − e−bt) × 100 (1) peroXidase, 50 μM Amplex Red, and 50 mM phosphate buffer (pH 
6.0) were miXed with 20 μL of H2O2, and the fluorescence developed 

where E% stands for the percentage of enzyme adsorbed, Lmax is the 
maximum loading in %, b is the exponential coefficient, and t is time 
in hours. For binding isotherm experiment, 50 μL of enzyme solutions 
at different concentrations (approXimated to 0.5, 1, 2, 3, and 4 μg/μL) 
were incubated with two 6 mm wide RCF (∼1.3 mg in dry weight) 
for  16  h  at  4  °C  in  a  static  manner.  Protein  concentrations  were 
determined before and after incubation by comparison of the 
absorption measured at 280 nm with a NanoDrop spectrophotometer 
(Thermo Scientific One Microvolume). EXtinction coefficients and 
molecular weights used are shown in Table 2. 

The adsorption constants were calculated by fitting a linear 
equation (eq 2) after plotting μg of protein absorbed into RCF versus 
concentration of free proteins subsequent to the absorption. A linear 

was measured with FLUOstar Omega microplate reader (BMG 
LABTECH). The peroXidase converts the nonfluorescent Amplex 
Red to fluorescent resorufin by a reaction in 1:1 stoichiometry with 
H2O2. All measurements were performed in triplicate in a 96 black 
microtiter plate reader. Fluorescence was followed at an excitation 
wavelength of 540 nm and an emission of 590 nm. The rate of H2O2 
production was determined based on the slope of the increase in 
fluorescence compared to standard curves. 

2.11. Continuous Production of H2O2 in RCF Self- 
Degradation Process. To mimic the working conditions of 
TrCBHI/MtCDHA RCF, H2O2 release rates were measured after 
stacking three wet cellulose disks (produced from an 8 wt % cellulose 
solution) containing from top to bottom TrCBHI, MtCDHA, and 
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Amplex Red/HRP, respectively. Blanks were prepared without 
TrCBHI in the upper disk (Figure 1). 

 
 

 

 

Figure 1. Graphical representation of disk arrangement for H2O2 
production in a semidry environment (self-degradation experiment). 

 
 

 

TrCBHI provides cellobiose to MtCDHA, which is converted into 
H2O2; then, HRP/Amplex Red (AR), used as reporter, generated 
fluorescence by oXidizing AR into resorufin. Fluorescence intensity in 
RCF was measured with a microplate reader in a 24 well plate at 37 
°C  (excitation  wavelength  of  540  nm  and  emission  of  590  nm). 
Calibration curves were prepared by reproducing the same conditions 
by adding known amounts of H2O2 previously adsorbed in the gel. 
The long-term activity of H2O2 was quantified by measuring 
absorbance at 350 nm after the reaction with iodide ion (I−), which 
generates a yellowish color due to the presence of the triiodide ion 
(I−) (Figure S3a). Specifically, aliquots of 50 μL were withdrawn from 
a buffered solution containing the stacked films (phosphate buffer, 0.1 

occurred during the regeneration process (precipitation and 
solvent exchange). However, as the thickness was similar for all  
films, irrespective of the initial MCC concentration in solution, 
materials with different macroporosities were obtained. 
Uniaxial compression of the RCF was performed to assess 
their rheological properties, an important feature to evaluate 
the material for potential applications and to allow selection of 
a suitably robust material. The RCFs were found to exhibit 
strain-hardening behavior (Figure 2), as recently observed for 
protein and cellulose composite gels.33 

 
 

 

 

Figure 2. Rheological properties of cellulose films. Apparent stress 
(σa) as a function of the apparent strain (γa) for the 6, 8, and 10 wt % 
cellulose gels. Shadows refer to the standard deviation (n = 3). 

M, pH 6), miXed with 50 μL of a 1 M sodium iodide solution, and    
incubated for 30 min before reading absorbance. A calibration curve 
was produced in the same way with H2O2 concentrations ranging 
between 12.25 μM and 1.225 mM (Figure S3b). 

3. RESULTS AND DISCUSSION 

Design rules for the development of self-degrading H2O2- 
producing films were developed prior to preparation of the 
enzyme-containing, multilayer constructs. These included 
material requirements as well as functionality. Specifically, 
the support material was selected to be: (i) biocompatible 
cellulose has been widely used in biomedical applications27 
(including wound dressings, ocular and tissue engineering 
applications28); (ii) biodegradable postuse celluloses (and 
the enzymes used) are readily biodegraded if released to the 
environment,29 and (iii) a substrate for the enzyme 
machinery cellobiohydrolase and cellobiose dehydrogenase 
have been widely described for degradation of the cellulosic 
component of biomass.30 

To facilitate manufacturing at scale, the bulk components 
used were required to be easily formed into a variety of shapes, 
thicknesses, and densities. The forming and setting of cellulose 
by antisolvent-induced phase inversion of cast or molded 
solutions in organic electrolyte solutions comprised of polar 
aprotic solvents and ionic liquids is now widely established.31 
The components were also required to comprise of cost- 
effective, readily available ingredients. Purified plant cellulose is 
inexpensive and ionic liquids and solvents can be recycled due 
to large differences in boiling points and vapor pressures that 
facilitate separation by distillation.32 The enzymatic compo- 
nents needed to be: (i) efficiently used, i.e., absorbed as 
completely as possible into the porous cellulose films to avoid 
enzyme wastage; (ii) not likely to allow significant enzyme 
leaching; and (iii) active at appropriate levels for sustained 
periods of time. 

A comprehensive characterization of the films produced as 
well as their self-degradation mechanism is described below. 

3.1. Composite Film Production and Character- 
ization. The RCF produced were thinner than the casting 
blade height (set at 600 μm) but constant for all cellulose 
concentrations (410 ± 50 μm), suggesting that some shrinkage 

The increasing slopes with increased cellulose concen- 
trations, in the low σa-range, indicate a proportional 
toughening of the gels, in agreement with the network 
densification visible in Figure 3. CLSM images of fluorescein 

 
 

 

 

Figure 3. Confocal laser scanning microscopy (CLSM) pictures of 
MtCDHA absorbed on RCF showing gel network porosity at a 
microscopic scale. Films precipitated from 6, 8, and 10 wt % cellulose 
solutions, respectively, (a−c) displaying the difference in porosity. 
Scale bars 10 μm. 

 
 

 
isothiocyanate (FITC)-labeled MtCDHA adsorbed by soaking 
RCF in the FITC-labeled protein solution show variation of 
the surface structure. In fact, fluorescence emission is detected 
only in the dense cellulose regions, while it is absent in the 
pores. The films prepared from 8 wt % solutions maintained an 
appreciable macroporosity as observed in CLSM microphoto- 
graphs (absent in 10 wt % films) and yet exhibited higher 
mechanical strength than films prepared from 6 wt % solutions 
due to the presence of a denser network, which is less 
susceptible to the stress. 

3.2. MtCDHA and TrCBHI Purification and Activity 
Evaluation. The enzymes to be adsorbed onto RCF were 
both prepared in-house. MtCDHA was cloned and expressed 
in A. nidulans, and TrCBHI purified directly from a commercial 
cellulase cocktail. The enzyme preparations were homoge- 
neous and >95% pure as judged by SDS/PAGE (Figure 4a) 
after the purification steps. As further proof of purity, the 
product profile of both enzymes was evaluated: MtCDHA 
completely oXidized cellobiose to cellobionic acid (Figure 4b) 
with only a trace peak representing glucose observed in high- 
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Figure 5. Impact of CBM on adsorption kinetic and binding affinity. 
(a) Proteins absorption kinetics on cellulose films. The proteins at 0.8 
mg/mL were incubated with 6 wt % cellulose films (5 mg in dry 
weight)  at  4  °C.  (b)  Binding  isotherm  adsorption.  The  proteins,  at 
different concentrations, were incubated for 18 h with 6 wt % 
cellulose films (∼1.3 mg in dry weight). TrCBHI (empty red circles), 
MtCDHA (solid blue circles), BSA (empty orange triangles), and 
AnGOX (solid green triangles). Shadows refer to the standard 
deviation (n = 3). 

 

 
 
 
 
 
 

Figure 4. Purification and product profile of MtCDHA and TrCBHI. 
(a) SDS-PAGE of the purified enzymes (MW: molecular weight of 
markers in kDa). The theoretical MW of the respective enzymes 
(indicated by the arrows) corresponds to the obtained bands (gels 
were stained with Coomassie blue). (b, c) HPAEC chromatograms 
showing the products released by MtCDHA (b) and TrCBHI (c) 
after incubation with cellobiose and cellulose disks, respectively. Peaks 
were assigned based on cello-oligosaccharide standards. 

 
 

 

performance anionic exchange chromatography (HPAEC) 
analysis, indicating negligible contamination with β-glucosi- 
dase. A similar result was observed for TrCBHI, showing 
cellobiose as the main product of hydrolysis and only a small 
peak corresponding to glucose (Figure 4c). The lack of β- 
glucosidase contamination is crucial because the eventual 
production of glucose could promote the growth of micro- 
organisms.34 

3.3. Enzyme Immobilization on RCF. The efficacy of 
using enzymes bearing CBMs to functionalize the RCF is 

demonstrated by the extent of adsorption of the proteins 
during RCF loading. Adsorption of MtCDHA and TrCBHI 

were compared with that of bovine serum albumin (BSA) and 
a glucose oXidase derived from A. niger (AnGOX) (Figure 5). 

While all four proteins tested reached equilibrium after 4 h, 
the two groups of proteins showed distinct maximum 

adsorption, Lmax values (see eq 1). The enzymes bearing 
CBM reached 85−95% adsorption on RCF, while only 37 and 
27% of the BSA and AnGOX were adsorbed, respectively 
(Figure 4a). Binding isotherm experiments confirmed the high 
affinity of CBM-possessing proteins for the RCF supports, with 
higher adsorption constants for TrCBHI and MtCDHA 
absorption compared with BSA and AnGOX (Figure 5b and 
Table 1). After a first attempt at fitting binding isotherm curves 
with a Langmuir model, a linear equation was employed (eq 
2). 

In fact, the affinity of the proteins for RCF displays a first- 
order behavior because of low surface coverage, where lateral 
protein/protein interactions (e.g., electrostatic repulsion) are 
likely to be negligible.25,35 Both kinetics and binding isotherm 

analyses indicated that the CBM-possessing proteins ensured 
efficient immobilization onto RCF, with most proteins 
transferred from solution into the films over the range of 
concentrations investigated. 

3.4. Activity and Continuous H2O2 Production. To 
determine the effect of immobilization on enzyme activity, the 
RCF/enzyme composite films were evaluated separately. To 
mimic the skin physiological environment (in view of potential 
use as a wound dressing), cellulose digestion by TrCBHI 
(adsorbed overnight at 4 °C) was conducted at pH 6.0 and 37 
°C, rather than the optimal conditions for this enzyme which is 
50 °C and pH 5.36  Cellobiose release from  the disks into the 
liquid media showed some dependence on disk cellulose 
content (Figure 6) even though the amount of enzymes 
adsorbed were equal. 

 
 

 

 

Figure 6. Hydrolysis of cellulose disks by TrCBHI over time. The 
amount of released cellobiose product was calculated by measuring 
the release of reducing sugars from a 12 mm cellulose disk on which 
TrCBHI was adsorbed. Shadows refer to the standard deviation (n = 
3). 

 
 

 
Nonetheless, in all samples, cellobiose was produced at 

sufficient concentrations (1.4 ± 0.2 nmol/min) to ensure that 
MtCDHA, placed on its adjacent layer, would be working at a 
satisfactory rate to reach an H2O2 concentration of 150 μM in 
about   20   min   (0.15   ± 0.02   nmol/min·cm2).   In   addition, 
cellobiose presents in the medium after adsorption and storage 
at  4  °C  resulted  to  be  undetectable,  suggesting  a  negligible 
cellulose hydrolysis during TrCBHI immobilization. For the 
MtCDHA free enzyme, the influence of pH and temperature 
were determined using 2,6-dichlorophenolindophenol 
(DCPIP) as an electron acceptor. The optimal values of pH 
and   temperature   were   found   to   be   6.0−6.5   and   60   °C, 
respectively (Figure S1). This elevated temperature does not 
reflect physiological conditions in the skin environment, so the 
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production of H2O2 by free and adsorbed MtCDHA was 
compared  at  37  °C  to  evaluate  changes  in  enzymatic  activity 
upon immobilization. The specific activity was found to 
decrease approXimately 3.5-fold; the immobilized enzyme 
yielded  an  activity  of  2.4  nmol  H2O2/min·mg  compared  to 
the  free  enzyme  activity  of  8.9  nmol  H2O2/min·mg  (Figure 
7a). This reduced specific activity may be attributed to several 

Figure 8. Stacking experiment results. (a) Calibration curve with 
known concentrations of H2O2, increase in resorufin concentration 
caused by the presence of H2O2 (inset). Shadow refers to the standard 
deviation derived from three different independent samples. (b) 
TrCBHI/MtCDHA composite film kinetics (blanks are subtracted). 
Development of fluorescent resorufin in composite films after stacking 
TrCBHI and MtCDHA; controls without TrCBHI or MtCDHA do 
not produce resorufin (inset). 

Figure 7. Specific activity of MtCDHA upon immobilization and    
storage. (a) Effect of cellulose concentration in the films on MtCDHA concentration of H O reaches 150 μM in about 20 min and 
specific activity. (b) Reusability of MtCDHA films, after each cycle 

∼ 
2  2 

disks,  was  stored  overnight  in  phosphate  buffer  at  4  °C  and  then 
reused in the next cycle. Error bars refer to the standard deviation 
derived from three different independent samples. 

 
 

factors such as (i) enzyme confinement, (ii) substrates/ 
product diffusion, and (iii) enzyme conformational changes 
upon immobilization.7,18 Undoubtedly, the immobilization 
process confines the enzyme on the cellulose film, thus 
lowering the surface contact area with the substrate if 
compared with free enzyme. The reduced diffusion of the 
soluble cellobiose, which is likely to occur because of the 
interactions with cellulose,37 may also affect the enzyme 
activity. In contrast, conformational changes upon immobiliza- 
tion should not be relevant considering the flexible nature of 
the CMB-linker binding system.38 The reusability of the 
MtCDHA disks was studied to assess stability for biomedical 
and industrial processes. In all three consecutive cycles (1 cycle 
per day), MtCDHA maintained the same enzymatic activity 
(Figure 7b). Thus, despite the noncovalent attachment of 
MtCDHA onto the cellulose disks, no enzyme loss from the 
material was observed upon storage between each cycle. 
Accordingly, similar studies in which CBM was employed to 
immobilize enzymes on cellulose demonstrated efficient 
binding and no enzyme leakage.39,40 Moreover, contact with 
a relatively high concentration of H2O2 (≈2 mM) did not 
cause any enzyme deactivation, suggesting that no relevant 
oXidative damage occurred in the protein.41 

To assess the effectiveness of the combined enzyme 
machinery for H2O2 production, layers of RCF containing 
TrCBHI and MtCDHA were stacked on the top of a “reporter 
layer” comprised of HRP and Amplex Red adsorbed onto a 
RCF. Since no meaningful effects on enzymatic activity were 
detected as a function of cellulose wt % (Figure 7), only 8 wt % 
cellulose disks were used to evaluate activity in the stacked 
RCF. To calculate the exact amount of H2O2 produced, the 
calibration curve was determined for the same conditions as for 
the enzyme adsorbed RCF, resulting in a linear dependence 
(Figure 8). 

The TrCBHI/MtCDHA stacked RCF system produced 0.15 
± 0.02 nmol/min·cm2 of H2O2. Kinetic curves using RCF with 
immobilized TrCBHI/MtCDHA showed a short lag phase 
(Figure S2), which may be caused by cellobiose diffusing from 
the TrCBHI to MtCDHA containing film. Nevertheless, the 
reaction quickly reaches the linear regime (in about 1 min). 
Using this construct (Figure 9), it was estimated that the 

2 mM in 24 h (Figure S3c). 
 

 

 

 

Figure 9. Schematized self-degradation process of functionalized RCF 
for the continuous production of H2O2. RCF containing TrCBHI (a), 
RCF containing MtCDHA, (b) and a generic surface to disinfect (c). 

 
 

The same concentration produced a complete bacteriostatic 
and bactericidal effect toward Escherichia coli and Staph- 
ylococcus aureus in an in vitro study on embryonic fibroblasts,42 
suggesting a potential use of the material herein produced as 
an antimicrobial agent. In addition, having designed the release 
device in the form of a film would allow a homogeneous 
diffusion of H2O2 onto a surface (e.g., skin), making the 
product cost effective and controllable. 

Despite the satisfactory levels of H2O2 produced, further 
investigations of the antimicrobial effects of the TrCBHI/ 
MtCDHA stacked RCF on bacteria still need to be conducted. 
In the first instance, in vitro experiments such as agar diffusion 
tests, growth curves using different strains (e.g., Pseudomonas 
aeruginosa and methicillin resistant S. aureus), and cell 
biocompatibility tests are required to assess the real 
antimicrobial potential of the material herein designed. 

4. CONCLUSIONS 

The goal of preparing readily manufacturable materials that 
actively generate H2O2, as a potential in situ sterilant, was 
realized by constructing multilayer cellulose-enzyme compo- 
sites. The paired enzymes were chosen for their comple- 
mentary activity30 and for good binding to the cellulose 
support. Specifically, composites were prepared as layered RCF 
bearing adsorbed cellobiose dehydrogenase (CDH) from T. 
thermophilus M77 (MtCDHA) and cellobiohydrolase from T. 
reesei (TrCBHI) to provide a coupled enzymatic H2O2- 
producing machinery immobilized on regenerated cellulose 
films. The use of cellulose provides both the support (for 
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anchoring the enzymes) and the substrate to initiate the 
continuous H2O2 production without the use of chemical 
modifications or enzyme-support cross-linking. The CBM 
bearing enzymes TrCBHI and MtCDHA showed a high 
affinity for cellulose, demonstrating that the presence of 
appropriate binding module protein constructs led to efficient 
immobilization, which was further confirmed by reusability 
experiments. Continuous production of H O was achieved 
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upon stacking films containing TrCBHI, which slowly 
degraded the cellulose into cellobiose, with films containing 
MtCDHA, which in turn produced H2O2. The production rate 
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6. Synthesis of a chimeric CBM-possessing glucose oxidase 

to maximise cellulose-based material antimicrobial 

properties 

 
6.1 Introduction 

The presence of CBM on certain enzymes is fundamental to carry out a specific biological 

function, namely cellulose hydrolysis.71 The enzymatic hydrolysis of cellulose allows the 

conversion of the energy, stored in this recalcitrant biopolymer, into simple sugars, such as 

glucose (saccharification).176 The depletion of fossil fuels and climate change have encouraged 

research into cost-effective technologies aiming to use cellulose as biomass for the production 

of biofuel.177 The structural optimisation of cellulose lytic enzymes using molecular biology 

represents an important factor to reduce processing costs.178 In particular, modulation of the 

CBM structure (through recombinant gene technologies) can affect the enzyme binding affinity 

towards the cellulose substrates, improving its hydrolysis.179 The strong binding affinity of 

CBM for cellulose can also be exploited for other biotechnological applications such as 

synthesis of advanced materials. For example, Rossi et al.180 designed a mixture of recombinant 

CBM-possessing enzymes able to produce cellulose nanofibers (CNF) from sugar bagasse (a 

by-product of the sugar industry). The functionalisation of a cellulose-based material can also 

be achieved by producing a CBM chimeric protein able to specifically bind to cellulose.75 The 

introduction of CBM on enzymes was used as a promising enzyme immobilisation 

method.181,182 The same immobilisation method could be used potentially used on a range of 

different proteins183, including those with antimicrobial properties. 

In this chapter we described the design and synthesis of a chimeric GOx enzyme fused with a 

CBM sourced from a Trichoderma reseei cellobiohydrolase (TrCel7). The design of a new 

chimeric enzyme which combines the binding properties of CBM possessing enzymes with the 

high specific activity of GOx could make cellulose/enzyme materials more economically 

viable. The use of molecular biology tools including genetic recombination and transformation 

technologies is an appropriate method to produce such chimeric protein. 

 

6.2 Protein expression 

To design the chimeric GOx-CBM, the protein sequence of GOx sourced from A. niger 184 was 

fused with another protein portion composed by a CBM and a linker obtained from T. reseei 



88  

(NCBI Reference Sequence: NW_006711176.1).185 This protein construct was expressed in 

the engineered yeast P. pastoris (strain X-33, purchased from Invitrogen). The yeast P. pastoris 

was used as the expression organism because of several characteristics concerning the 

manufacturing process (technological aspects) and compatibility (biological aspects). Being a 

unicellular organism P. pastoris is particularly suitable for large-scale production in 

bioreactors. In fact, it presents some technological advantages for the cultivation process such 

as a high surface area with the growth medium, resistance to extensive stirring and the ability 

to reach high biomass concentration. In addition, it is biologically compatible for GOx 

synthesis because, being a fungus, it shares all the enzyme machinery required for the correct 

synthesis and folding of this protein with A. niger (GOx source organism). The organism source 

for the CBM and the linker used was T. reseei as it showed the best binding results on cellulose 

in the earlier work (see chapter 5). In order to ensure correct protein expression in the host 

cells, the chimeric gene sequence (GOx-CBM) was codon-optimised for P. pastoris (see 

appendix B). The optimised gene sequence (cloned in pUC57-Mini plasmid and replicated in 

E. coli) was purchased from GenScript. 

 
For the expression of the GOx-CBM chimeric enzymes, three different constructs were 

designed and synthesised using extension PCR and Gibson assembly as previously described 

by Kadowaki et al. (see appendix B for experimental details).186 These constructs differ in the 

length of the linker which determines the degree of glycosylation in the final expressed protein 

(Figure 36). 

 

 
Figure 36. Schematic of the 3 different protein constructs used for the expression of GOx-CBM in P. 

pastoris. a) Full chimeric gene containing the GOx catalytic domain, the full-length linker and the 
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CBM. b) The chimeric gene containing the GOx catalytic domain, a 23 amino acids linker and the 

CBM. c) The chimeric gene containing the GOx catalytic domain, a 11 amino acids linker and the CBM. 

d) The construct containing only the GOx catalytic domain. The red lines indicate the glycosylation 

sites present on the linker sequence. 

The length of the linker and the degree of glycosylation are important features which could 

influence the flexibility and the binding affinity towards cellulose187 of the expressed chimeric 

proteins. The resulting chimeric proteins should exhibit different performance such as specific 

and retained activity upon immobilisation.187 

To produce the P. pastoris over-expressing strains, DNA constructs were cloned in the 

commercial pPICZα-A (Invitrogen) which contains an AOX1 methanol-induced promoter, C- 

terminal c-myc epitope, and polyhistidine tag (His6-tag) (Figure 37a). The recombinant 

plasmids were amplified by competent E. coli cells (DH5Aα strain purchased from Invitrogen) 

to produce the amount of DNA required for the transformation of P. pastoris through 

electroporation (~ 10 µg). At this stage all the constructs, expect GOx-L11-CBM, were 

successfully cloned in pPICZα-A and amplified using E. coli as vector (Figure 37b). Although 

the extracted DNA was sufficient for the transformation in P. pastoris, only GOx-L23-CBM 

and GOx-CD over-expressing strains were isolated (Figure 37c). 

 

 
Figure 37. Constructs cloning, amplification and protein expression confirmation assays. a) 

Electrophoretic gel showing construct clones after Gibson assembly and transformation in E. coli 

(colony PCR). b) Electrophoretic gel showing amplified DNA plasmids extracted by transformed E. coli 

strains. c) SDS-PAGE showing expressed proteins in transformed P. pastoris strains. 

These two were successfully expressed and extracted from P. pastoris which was grown using 

an over-expressing medium enriched with methanol to induce the expression of the 

recombinant gene. The protein over-expression in the methylotrophic yeast P. pastoris can be 

achieved by introducing an alcohol oxidase promoter (AOX1) just before the gene of 

interest.188 The DNA constructs transformed in P. pastoris (Figure 38) contained the AOX1 
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promoter, an Myc-Hisx6 tag used for the protein purification and the origin of replication (Ori) 

required for the plasmid replication in E. coli prior to transformation. 

 

 
Figure 38. DNA construct used for the transformation of chimeric GOx in P. pastoris. (a) The chimeric 

GOx which includes the catalytic domain, CBM domain and a linker connecting them. (b) The GOx 

catalytic domain used as control in characterisation studies. 

 

6.3 Protein characterisation 

The purification of the chimeric proteins was achieved using nickel-based affinity 

chromatography, thanks to the addition of a His-tag at the carboxyl terminus in the DNA 

constructs. The size of the expressed proteins GOx-L23-CBM and GOx-CD, was determined 

using DLS and SAXS. The proteins displayed some differences in size, as expected due to the 

addition of an extra domain (Linker-CBM) when compared with the previously determined 

AnGOx crystal structure.189 Using the dummy atom small angle scattering reconstruction 

software DAMMIF190 a low-resolution structure of both expressed proteins (Figure 39b-c) was 

extrapolated from SAXS data  (Figure 39d). 

 

 
Figure 39. Comparison of the protein structures of three different GOx. a) AnGOx crystal structure 

(DOI:10.2210/pdb1GAL/pdb).189 b) GOx catalytic domain expressed in Pichia pastoris (GOx-CD) and 
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c) chimeric GOx expressed in Pichia pastoris consisting of the catalytic domain and CBM connected 

by a 23 aa linker (GOx-L23-CBM). d) Fitted SAXS curves of GOx-CD (green circles and line) and 

GOx-L23-CBM (blue circles and line). All images were obtained by using the opensource molecular 

visualization software PyMOL.191 

The radius of gyration and the molecular weight of GOx-L23-CBM were slightly higher 

compared to GOx-CD from SAXS analysis. Accordingly, DLS analysis also showed a higher 

average hydrodynamic diameter for GOx-L23-CBM, although this difference was not 

significant within the uncertainties (Table 3). 

Table 3. Size and molecular weight of GOx-CD and GOx-L23-CBM extrapolated using DLS and 

SAXS methods. 

 

DLS SAXS 
 

Protein Diameter (nm) 
Radius of 

gyration (nm) 
Molecular weight (kDa) 

GOx-CD 

GOx-L23-CBM 

7.78 ± 1.92 3.82 ± 0.60 179.6 

9.56 ± 2.29 4.43 ± 0.80 193.2 

 
 

The resulting chimeric protein GOx-L23-CBM showed a higher affinity for regenerated 

cellulose compared to the GOx-CD and commercial AnGOx purchased from Sigma-Aldrich. 

Cellulose containing the adsorbed enzymes was stained with Bradford reagent right after the 

adsorption, after incubation in an isotonic buffer (washing buffer) at room temperature 

(phosphate buffer 50 mM, pH 6) (Figure 40a). The GOx-L23-CBM activity was higher than 

that of the control produced in-house (GOx-CD) but lower compared to commercial AnGOx, 

despite the higher degree of retention (Figure 40b). 

 

 
Figure 40. GOx binding efficacy and activity. a) Bradford staining of regenerated cellulose beads 

previously adsorbed with the 3 different GOx (Commercial AnGOx, GOx-CD and GOx-L23-CBM), 
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CBM possessing GOx shows a higher degree of retention suggesting a more stable binding onto 

cellulose. b) The activity of the different GOx after 1-day incubation in washing buffer. 

 

6.4 Summary 

The introduction of a CBM using the tools of molecular biology has been demonstrated to be 

an efficient method to design sustainable cellulose/enzyme hybrids. Although the activity of 

the CBM chimeric GOx was lower when compared to the commercial AnGOx, it is not clear 

whether this activity was affected by changes in the structure, a folding aberration occurring 

during protein expression in P. pastoris or non-optimised growth conditions. Nonetheless, the 

H2O2 concentrations produced by the beads containing the CBM chimeric GOx (1 mM) could 

be sufficient to express a satisfactory antimicrobial effect, since this required around ≈ 1.5 mM 

in the previous experiments discussed above (see chapter 4). Moreover, the specific activity of 

GOx-L23-CBM is still higher compared to the MtCDHA adsorbed into the RCF described in 

chapter 5. More work is needed to determine the complete feasibility of the CBM chimeric 

protein as active antimicrobial agent. Further characterisation such as activity optimum 

(temperature and pH), kinetic properties (Michaelis-Menten constant), isotherm binding 

studies on cellulose and antimicrobial assays on MDR bacteria is required but were not possible 

to complete due to time constraints at the end of this project. 
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7. Conclusions 

 
In the previous four chapters, a comprehensive characterisation of cellulose/enzyme hybrid 

materials, produced using different approaches, was reported. The following section 

summarises the key findings relevant for addressing future research on enzyme-based bio- 

active cellulose materials. 

This thesis aimed to examine several aspects concerning the manufacturing and the bio-active 

efficacy of cellulose/enzyme hybrid materials. Primarily, optimisation of the interactions 

occurring between cellulose and enzymes is crucial for designing an efficient and effective 

cellulose/hybrid bio-active material. However, maximising the enzyme binding on cellulose 

supports does not necessarily translate into the best bio-active performance. In fact, it is 

important to consider the activity retained by the enzyme after the functionalisation process 

(enzyme adsorption and binding onto cellulose). The physico-chemical nature of the cellulose 

supports, the type of enzyme used, and the preparation settings (pH, enzyme loading, etc.) 

profoundly affect the characteristics of the final material. For this reason, it was crucial to 

explore different preparation settings which were chosen to match desirable criteria such as 

high enzyme activity, low enzyme leaching, prolonged stability, material robustness and 

biodegradability. 

Three different cellulose materials, CCNF, DAC and RC were employed. Each of these 

cellulose materials possessed distinct physico-chemical characteristics which were exploited 

for the design of advanced cellulose/enzyme hybrids. CCNF/PAA spheroids, produced via 

charge driven complexation, were successfully used for the entrapment of GOx without 

leaching. The positively charged moieties on CCNF were fundamental for the production of 

such enzyme functionalised material. The CCNF fibril/fibril electrostatic repulsions permit the 

stabilisation of cellulose nanofibrils into a viscous dispersion. The introduction of NaCl 

(negatively charged counterions) in CCNF dispersions allowed the formation of a hydrated gel 

network of particles (hydrogel). GOx solutions can be easily incorporated into such CCNF 

hydrogels through mixing. The obtained GOx/CCNF dispersions are readily available for the 

formation of spheroidal shape hydrogels, which can be simply prepared by dropping the 

dispersion into a negatively charged PAA solution. PAA forms a semipermeable membrane 

around the droplet which allows a complete retention of the GOx over at least 8 days. 
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In contrast, the enzyme retention in DAC beads and RCF is solely attributed to the enzyme 

interaction and binding with the cellulose as no outer semipermeable membrane is present. In 

the GOx functionalised beads prepared in chapter 4, the enzyme was covalently bound to the 

support through Schiff base formation. This functionalisation process permitted the use of 

regenerated cellulose as support, a more robust material compared to the CCNF/PAA 

spheroids. The robustness of the material is surely a desirable characteristic for large-scale 

production and applications either in biomedical wound dressings or for enzyme catalysis in 

chemical reactors. 

Despite the higher binding affinity of GOx for the DAC beads, the enzyme adsorption is less 

efficient when compared to CBM possessing enzymes in RCF. As described in chapter 5, most 

of the GOx remains in solution suggesting a lower binding affinity of this enzyme for the 

cellulose support. However, GOx functionalised DAC beads (chapter 4) proved to be 

effectively antimicrobial against important nosocomial pathogens which are resistant to 

conventional antibiotics. The antimicrobial efficiency of this material is strictly correlated to 

the amount of H2O2 released by the covalently bound GOx which uses glucose as substrate. 

H2O2 concentration always reaches a saturation point between 1.5 and 2 mM, which could be 

considered as self-limiting behaviour, useful for wound healing applications. Higher 

concentrations of H2O2 may alter the skin healing process due to the excess of generated 

reactive oxygen species.40 

As mentioned before, the interactions between cellulose and GOx can be positively modulated 

(chemically) by the introduction of aldehyde groups on cellulose (see chapter 4). However, 

CBM possessing enzymes (TrCBHI and MtCDHA) are the most efficient (among all enzymes 

tested) in being adsorbed and retained on cellulose. Also, they do not require any cellulose 

chemical modification to be efficiently adsorbed as shown in chapter 5. This very high affinity 

for cellulose makes CBM possessing enzymes a valid alternative for the production of bio- 

active materials. Almost the totality (90 – 95 %) of the solubilised CBM possessing enzymes 

are adsorbed on RCF in 4 hours (see chapter 5). The bonding between CBM possessing 

enzymes and cellulose is chemically stable as the protein content is retained on cellulose after 

RCF are transferred into an isotonic buffer. Unlike GOx functionalised DAC beads, the RCF 

TrCBHI/MtCDHA form a self-degrading system. The substrate for synthesis of H2O2 does not 

need to be added, as it is provided by cellulose hydrolysis by TrCBHI. H2O2 released by the 

TrCBHI/MtCDHA tandem reaction could be used as a potent bio-active agent for potential 

antimicrobial applications. 
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However, the specific activity of the immobilised MtCDHA (≈ 3 mU/mg) is 100-fold lower 

than that observed for immobilised GOx (≈ 300 mU/mg). Therefore, the amount of MtCDHA 

required to functionalise the cellulose materials for antimicrobial applications could 

dramatically increase the cost of the final product. Moreover, the production and availability 

of CDHs on the market is not as established as for GOx.192,193 In other words, the use of CDHs 

as active components for the fabrication of commercial antimicrobial materials is still far from 

commercial reality. 

Taking an alternative approach, the use of molecular biology tools allowed us to design a 

chimeric GOx-CBM enzyme which combines together the specific activity of GOx and the 

CBM high binding affinity for cellulose. The gene encoding such chimeric protein was 

successfully transformed in the unicellular fungi P. pastoris which was used as host organism 

for heterologous expression. The resulting chimeric GOx-CBM protein structure was larger 

when compared to the control (GOx catalytic domain) confirming the introduction of an extra 

protein domain. The activity of GOx-CBM after immobilisation on regenerated cellulose beads 

was higher compared to the GOx in-house control but lower than that of commercial AnGOx 

(purchased from Sigma-Aldrich). However, the enzyme retention of GOx-CBM (after 

immobilisation on regenerated cellulose) was higher suggesting a higher affinity for the 

support. Although the characterisation work is still ongoing, these preliminary results show 

that GOx-CBM is active and able to bind cellulose. Also, the successful over-expression of 

GOx-CBM in P. pastoris could affect positively the manufacturing costs of a future GOx- 

CBM/cellulose hybrid antimicrobial material. 

In conclusion, cellulose has been demonstrated to be a useful support for the fabrication of 

enzyme-based bio-active materials. Cellulose chemical/physical versatility was a key 

characteristic as it allowed us to design customised binding processes, to be compatible with 

the enzymes used. Chemical modifications introduced on the native biopolymer (GTMAC 

grafting and periodate oxidation) did not cause major stability issues, except for DAC beads 

when exposed to alkaline conditions (pH ≥ 10). Spheroids, DAC beads and RCF were stable 

for, at least, months in aqueous buffers and ethanol. At the same time, the exposure of 

regenerated cellulose to cellulose-lytic enzymes showed an almost complete degradation, an 

essential feature for the design of biocompatible and environmentally friendly materials. The 

activity retention of the enzymes upon immobilisation showed very different patterns 

depending on the cellulose used and the functionalisation process. GOx activity in CCNF/PAA 

spheroids was influenced by the enzyme loading, reaching a saturation at 50 µg/mL of CCNF 
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suspension. In DAC beads the activity of GOx decreased upon intense covalent binding on the 

support and alkaline conditions during enzyme binding. The adsorption/binding efficiency of 

the enzyme was affected by the presence of the CBM in the enzyme structure. CBM possessing 

enzymes from solution were efficiently adsorbed on native cellulose (unmodified) at room 

temperature (at pH 6) thus minimising the wastage of protein during the fabrication process. 

However, the amount of MtCDHA required to produce antimicrobial concentrations of H2O2 

is very high when compared to GOx. Thus, the use of a chimeric GOx, implemented with a 

CBM, would make the fabrication of bio-active cellulose/enzyme materials more sustainable. 
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8. Future work 

 
In this thesis, we described several strategies for the preparation of bio-active cellulose/enzyme 

hybrid materials based on the synthesis and release of H2O2. As mentioned in the previous 

chapters, these bio-active materials could be used as sustainable antimicrobial devices. The 

H2O2 released is a potent antimicrobial agent which acts as a strong oxidiser towards bacteria 

cellular components (membranes, DNA, proteins, etc.). However, the exploitation of the full 

antimicrobial capacity of such materials is still far from being attained. To unlock the potential 

of the materials herein designed, the final product must fulfil requirements of biocompatibility, 

sustainability (environmental and economic) and controllability. This chapter highlights some 

current issues and incomplete research which will have to be addressed in order to make 

cellulose/enzyme hybrids a feasible product for antimicrobial applications. 

8.1 Cellulose/enzyme hybrids manufacturing 

The manufacturing processes and costs should meet the specifications dictated by the market 

and regulatory agencies. Cellulose-based materials are often considered to not be harmful for 

human health and for the environment. However, certain manufacturing components (e.g. ionic 

liquids, DMSO, periodate and GTMAC) could be detrimental for their use in specific fields 

such as biomedicine and food packaging.194,195 For this reason, an adequate purification step 

(as simple and inexpensive as possible) will have to be conceived. For example, liquid-liquid 

extraction or Soxhlet extraction were previously used for cellulose hydrogel purification.196,121 

The absence of potentially harmful components after purification must be ensured by using 

chemical analysis and in vitro cell biocompatibility tests on the final cellulose/enzyme final 

products. Establishing environmentally sustainable manufacturing processes will also be 

required. In particular, the recovery of the solvents, used for the preparation of regenerated 

cellulose (ionic liquids, DMSO and ethanol), will be imperative for making cellulose/enzyme 

hybrids cost-effective and eco-friendly. The considerable difference in vapor pressure between 

the ionic liquids/DMSO mixture and the ethanol could make the recovery of solvents through 

distillation easy to achieve.197 Other methods for the separation and recovery of ionic liquids 

include organic solvent extraction, membrane separation and crystallisation.198 

8.2 GOx-CBM production 

The production cost and scalability of the chimeric GOx-CBM will also influence the economic 

sustainability of a potential cellulose/GOx-CBM antimicrobial product. The successful 
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transformation and over-expression of GOx-CBM in P. pastoris as expression system is a good 

starting point for achieving large-scale production. Yet, the large-scale production of a new 

protein will have to include a tailored optimisation of the yeast culture media, growth 

conditions, protein purification, preservation, and storage methods.199 Such optimisation 

process could also include the preparation of new transformed P. pastoris strains to maximise 

the number of recombinant genes integrated into the yeast genome aiming to increase protein 

expression.200 The creation of a well-established transformation protocol for P. pastoris CBM 

expression systems would facilitate the future production of other CBM chimeric enzymes to 

be immobilised on cellulose. In fact, the majority of the enzymes, currently used in industry, 

are immobilised using conventional methods which present significant drawbacks for example, 

enzyme leaching and use of toxic cross-linkers.94 

8.3 Cellulose/enzyme hybrids H2O2 release 

The cellulose/enzyme hybrids designed in this thesis were able to produce and release the bio- 

active compound H2O2. The amount and the production rate of enzymatically generated H2O2 

have a direct correlation with the potential bioactivity of the cellulose/enzyme material. In this 

thesis we focused on proving the bio-active effectiveness (characterisation of H2O2 evolution) 

and robustness (mechanical and chemical) of the designed materials. The research done on the 

H2O2 evolution in cellulose/enzyme hybrids suggests that material bioactivity can be monitored 

and controlled. The modulation of several parameters such as enzyme concentration, enzyme 

immobilisation method, temperature, pH, and substrate concentration have direct effects on the 

H2O2 production rate. The high reactivity of H2O2 towards several dyes such as potassium 

iodide 201,, silver nanoparticles 202 and dioxido-vanadium(V) complex 203 could be 

advantageous for its in situ colorimetric detection and quantification. To exploit the 

controllability of H2O2 production by the cellulose/enzyme hybrids it will be necessary to 

model all the parameters (and their interactions) that influence the enzymatic H2O2 production 

and release. Considering the large number of variables affecting the enzyme activity this task 

might not be easy. Yet, the use of design of experiments (DOE) could facilitate the 

individuation of relationship between variables and H2O2 release. The H2O2 production rate 

and critical concentration should be then correlated with the bactericidal effects on pathogens 

and cytotoxic effects on mammalian cells. 

In conclusion, this thesis highlights the potential impact that engineered cellulose/enzyme 

hybrids could have on the formulation of novel antimicrobial devices using enzyme 
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immobilisation technologies. The antimicrobial properties of the materials herein designed are 

based on the synthesis and release of H2O2 and have demonstrated several potential methods 

to control the temporal and spatial concentration of this species. The biocidal activity of H2O2 

can be used for preventing infections, hence, reducing antibiotic overuse. The use of cellulose, 

as a main component, also paves the way to fabricate economically feasible, biocompatible and 

biodegradable antimicrobial materials, avoiding issues with microplastics and persistence of 

these devices beyond their intended use. In particular, the highly promising CBM-enzyme 

recombinant technology, described in this work, could promote the design of novel 

cellulose/enzyme hybrids to be used for a diverse range of applications beyond antimicrobial 

devices, including in areas such as food preservation, biocatalysis and biotechnologies. 
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Notes on the estimation of 𝒇 

 

The mole fraction of the oppositely charged moieties, 𝑓, needs to be in a range which allows full complexation 

of the CCNF with the PAA across the SH/water interface with no excess of free CCNF. The 𝑓 was estimated 

as described by eqn 1. 

 

 
𝑓 ≡ 

𝑚𝐶𝐶𝑁𝐹𝛼𝐶𝐶𝑁𝐹 
 

 

𝑚𝑃𝐴𝐴 

𝑚𝐶𝐶𝑁𝐹𝛼𝐶𝐶𝑁𝐹 + 
𝑀𝑃𝐴𝐴

𝛼𝑃𝐴𝐴 

 
 
 

 
(1) 

 
 

Where mCCNF is the mass (g) of CCNF employed and CCNF the mol/g of trimethylammonium chloride 

functionalisation on the CCNF surface, as determined by conductometric titration (1.310-3 mol/g).1 The mPAA 

mailto:vc355@bath.ac.uk
mailto:k.edler@bath.ac.uk
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is the mass (g) of PAA in the bath, MPAA the molecular weight of the repeating unit (g/mol) and α𝑃𝐴𝐴 = 
𝑁 ― 

 
 

𝑁 , 

where N is the number of monomers and N- the number of monomers bearing the negatively charged moiety; 

for PAA PAA = 1 since all the repeating units present a carboxyl groups as the negatively charged moiety. 

Eqn. 1 reduces to a mole fraction, where, for 𝑓= 0.5, CCNF and PAA are perfectly charge balanced, for 𝑓> 

0.5 there is excess of the positively charged moieties from CCNF, and, for 𝑓 < 0.5 there is excess of the 

negatively charged moieties from PAA. Eqn. 1 yielded for 𝑓 = 0.5, a CCNF/PAA ratio of 10.5 on dry basis 

and allowed an estimation that the 50 mL bath of 0.1 wt% PAA would ensure a large excess of PAA (𝑓 = 

0.05), and, full CCNF-PAA complexation for ca. 80 SH (each made up of 17.8  0.2 L). 

It is noted that the 𝑓 parameter herein calculated assumes that the whole CCNF composing the SH complexes 

with the PAA, hence underestimating the number of SH which could be produced with a single 50 mL bath 

of 0.1 wt% PAA (since in the main manuscript we explain that the CCNF-PAA complexation occurs solely 

at the SH/water interface). 

 
Conductometric titration 

The degree of substitution (DS) of CCNF was determined using conductometric titration as previously 

described by Hasani et al.1 In brief, 0.05 g of freeze-dried CCNF were dispersed in 25 mL DI water and titrated 

against a 0.01 M AgNO3 solution (Fig. S1). The conductivity was monitored using a SevenMulti Mettler 

Toledo conductivity probe and the DS obtained as: 

(𝐶𝑉)162.15 
𝐷𝑆 = 

𝑤 ― [𝐶𝑉(151.63)] 
.
 

Where C is the molarity and V is the volume (L) of the AgNO3 solution and w is the dry weight of CCNF. 

The volume of the AgNO3 solution (V) was determined from the point of inflection in conductivity (V = 6 

mL) 

 

Fig. S1 Conductometric titration for CCNF titrated with a  0.01 M AgNO3 solution at 0.5 mL intervals. 
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Fig. S2 SAXS pattern of the 2.0 wt% CCNF dispersion. Fitting of the form factor of randomly oriented 

homogeneous cylinders, Pcyl(q), at high-q is displayed by the filled line. The pattern at low-q displayed a 

strong divergence from the slope of q-1 indicating strong aggregation, as previously reported,2 hence omitted 

for the fitting of the Pcyl(q). Regardless, fitting of the high-q region was sufficient to extrapolate the average 

radius, R, of the CCNF although from this analysis the interactions between fibrils and fibril length cannot be 

accessed. Dotted line shows the Pcyl(q) across the whole q-range, employing the same parameter as the one 

obtained by the fitting. 

 

 
 

 
 

Fig. S3 Correlation Length () obtained by the fitting of the fractal model to the SAXS data of the CCNF- 

PAA films. The line is drawn to guide the eye. 
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Figure ESI 1: Beads size upon periodate oxidation. The beads diameter significantly decreased in 

cellulose beads with a higher degree of oxidation suggesting a structural rearrangement of the polymer 

network. Error bars represent the standard deviation obtained from (n=30). 

 

 

 



3  

Figure ESI 2: Uniaxial deformation test. The plots from (a) to (e) show the resistance to compression of 

DACb-0, DACb-10, DACb-25, DACb-50 and DACb-100 respectively after exposure at pH 6 (blue), 8 

(green) and 10 (orange). All curves are characterized by an initial steady increase, followed by a sharp 

peak of the axial force over the strain which represent the elastic region and a strain-hardening region. 
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Figure ESI 3: Scanning electron micrographs of DACb-100 functionalized at pH 10. (a) The bead 

shows multiple fractures upon freeze-drying indicating structural damage of the cellulose network. (b) 

Structural damage of the internal structure and the outer layer bead of a single bead. (c) A magnified 

picture of the bead core showing the brittleness of the internal structure. 
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Figure ESI 4: Kinetic curves of DACb at different degree of oxidation and functionalized using 

different pH. All H2O2 kinetic curves show a linear growth in the first 2.5 h followed by a flattening and a 

saturation point. The plots from (a) to (e) display the H2O2 kinetics of DACb-0, DACb-10, DACb-25, 

DACb-50 and DACb-100 respectively. Line colors represent DACb functionalized at different, blue at pH 

6, green at pH 8 and orange at pH 10. The shadows represent the standard deviation (n=3). 
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Figure ESI 5: Functionalized beads H2O2 release in a larger volume. The release of H2O2 from the 

functionalized beads increased linearly confirming that the GOx activity is not inhibited when exposed to 

lower concentrations of H2O2 compared those reached in smaller volumes (≈ 2 mM). The shadows 

represent the standard deviation (n=3). 
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Figure ESI 6: Dose-dependent antimicrobial response of functionalized beads of the agar diffusion test. 

The control beads did not contain GOx while the other beads where oxidized DACb-100 functionalized 

with GOx at pH 6. All beads were incubated with a buffered solution (phosphate buffer, pH 6, 0.1M) 

containing 1 wt.% glucose. 
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Supplementary figures 
 

 

 

 

 

 

Figure S1: Effect of pH a) and temperature b) on enzymatic activity. MtCDHA was incubated 

with 20 mM cellobiose as substrate in citrate-glycine-phosphate buffer to define the optimum 

pH. Activity measurement was performed following the DCPIP reduction for the above 

experiments. Results are the average of three replicates and shadows represent the standard 

deviation (n=3). 
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Figure S2: Initial lag phase in fluorescence during the H2O2 measurements (stacking 

experiment). The graph shows the increase of fluorescence in the TrCBHI/MtCDHA films 

triggered by the self-degradation process which allows the production of H2O2. The lag phase 

may be caused by the MtCDHA substrate (cellobiose) and H2O2 diffusion within the hydrogel 

network. The curves represent three independent samples. 
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Figure S3: Long term activity, H2O2 quantification using iodide. a) Absorption peak of triiodide 

ion at 350 nm at increasing concentrations. b) Calibration curve using known concentrations of 

hydrogen peroxide. c) Long term H2O2 production over 24 hours. Results are the average of 

three independent replicates and the shadows indicate the standard deviation. 
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10.4 Supporting information for chapter 6 

 
10.4.1 Culture medium recipes 

Yeast Extract Peptone Dextrose Medium [YPD] (1 liter) 

Ingredients: 

1% yeast extract 

 
2% peptone 

 
2% dextrose (glucose) 

 
± 2% agar; ± 100 μg/ml Zeocin 

 
 

Preparation: 

1. Dissolve the following in 900 ml of water: 10 g yeast extract, 20 g of peptone; 

2. Include 20 g of agar if making YPD slants or plates; 

3. Autoclave for 20 minutes on liquid cycle; 

4. Cool solution to ~60°C and add 100 ml of 10X D. Add 1.0 ml of 100 mg/ml Zeocin, 

if desired. You can store liquid medium without Zeocin at room temperature. Store 

medium containing Zeocin at 4°C in the dark. 

 

Yeast Extract Peptone Dextrose Medium [YPDS] (1 liter) 

YPD + 1M sorbitol 

 

Buffered Glycerol-complex Medium [BMGY] and buffered Methanol-complex Medium 

[BMMY] (1 liter) 

Ingredients: 

1% yeast extract 

2% peptone 

100 mM potassium phosphate, pH 6.0 

1.34% YNB 

4× 10-5% biotin 

1% glycerol or 0.5% methanol 

Preparation: 

1. Dissolve 10 g of yeast extract, 20 g peptone in 700 ml water; 
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2. Autoclave 20 minutes on liquid cycle; 

3. Cool to room temperature, then add the following and mix well: 

100 ml 1 M potassium phosphate buffer, pH 6.0 

100 ml 10X YNB 

2 ml 500X B 

100 ml 10X GY 

4. For BMMY, add 100 ml 10X M instead of glycerol. 

5. Store media at 4°C. The shelf life of this solution is approximately two months. 
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10.4.2 Electroporation of Pichia pastoris X33 

 
Preparing Pichia pastoris cells for Electroporation: 

1. Grow 5 ml of your Pichia pastoris strain in YPD in a 50 ml conical at 30°C overnight; 

2. Inoculate 500 ml of fresh medium in a 2-liter flask with 0.1–0.5 ml of the overnight 

culture. Grow overnight again to an OD600 = 1.3–1.5; [12:00 until 9:20/ DO600: 1.8] 

3. Centrifuge the cells at 1,500 × g for 5 minutes at 4°C. Resuspend the pellet with 500 

ml of ice-cold, sterile water; 

4. Centrifuge the cells, then resuspend the pellet with 250 ml of ice-cold, sterile water; 

5. Centrifuge the cells, then resuspend the pellet in 20 ml of ice-cold 1 M sorbitol; 

6. Centrifuge the cells, then resuspend the pellet in 1 ml of ice-cold 1 M sorbitol for a 

final volume of approximately 1.5 ml. Keep the cells on ice and use that day. Do not 

store cells. 

 
 

Preparing linear DNA for Pichia transformation: 

10 ug plasmid DNA 

10 uL Best buffer 

2 uL PmeI or NotI 

MWQ to 100 uL total 

Incubate at 37 C in thermocycler for O.N. Check digestion using agarose gel. 

 
 

NOTE: Need at least 10 ug total of plasmid DNA to begin with. 

PmeI or NotI digestion. 

 
Ethanol precipitation of DNA 

Materials: 

3 M sodium acetate pH 5.2 or 5 M ammonium acetate 

100 % ethanol 

70 % ethanol 

 
 

Procedure: 

1. Measure the volume of the DNA sample; 

2. Add 1/10 volume of sodium acetate, pH 5.2. Mix well; 
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3. Add 2.5 volumes of cold 100% ethanol (calculate after salt addition). Mix well; 

4. Place on ice or at -20/-80 C for >20 minutes; 

5. Spin at max speed in microfuge for 10-15 minutes. Carefully decant supernatant and check 

for tiny white pellet; 

6. Add 1 mL of 70% ethanol. Mix carefully and then spin for 10 minutes at max speed; 

7. Decant carefully and air dry O/N with lid open on kimwipe or rotatory evaporation; 

8. Resuspend DNA in 10 µL MQ water. 

 
 

Transformation by Electroporation 

Procedure: 

1. Mix 80 μl of the cells with 5–10 μg of linearized DNA (in 5–10 μl sterile water) and 

transfer them to an ice-cold 0.2 cm electroporation cuvette; 

2. Incubate the cuvette with the cells on ice for 5 minutes; 

3. Pulse the cells using the manufacturer’s instructions for Saccharomyces cerevisiae; 

GenePulser XCell [Biorad] parameters: 

Voltage:1500 V 

Capacitance: 25 uF 

Resistance: 200 ohms 

Cuvette: 2 mm 

 
4. Immediately add 1 ml of ice-cold 1 M sorbitol to the cuvette. Transfer the cuvette 

contents to a sterile 15-ml tube and incubate at 30°C without shaking for 1 to 2 hours; 

5. Spread 50 and 100, each on separate, labeled YPDS plates containing 100 µg/ml 

Zeocin and 200 μl (500 µg/ml Zeocin). Plating at low cell densities favors efficient 

Zeocin selection; 

6. Incubate plates from 3–10 days at 30°C until colonies form; 

7. Pick 10–20 colonies and purify (streak for single colonies) on fresh YPD or YPDS 

plates containing 100 μg/ml Zeocin. 
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10.4.3 GOx-CBM synthetic (Optimised sequence for Pichia 

pastoris) 

 
> GOx-CBM Chimera synthetic gene 

 
ATGCAAACTCTTTTGGTTTCTTCCCTTGTTGTTTCTTTGGCTGCTGCTTTGCCACACTACATTAGATCTAATGGT 

ATTGAAGCTTCTTTGTTGACTGATCCTAAGGATGTTTCTGGTAGAACTGTTGATTACATCATTGCTGGTGGTGG 

TTTGACTGGTTTGACTACTGCTGCTAGATTGACTGAAAACCCAAACATCTCTGTTTTGGTTATTGAATCTGGTT 

CTTACGAGTCTGATAGAGGTCCTATTATTGAGGATTTGAACGCTTACGGAGATATTTTCGGTTCTTCTGTTGAT 

CACGCTTATGAAACTGTTGAGTTGGCTACTAACAATCAAACTGCTTTGATTAGATCTGGTAATGGTTTGGGTGG 

TTCTACTTTGGTTAACGGTGGTACTTGGACTAGACCACATAAAGCTCAAGTTGATTCTTGGGAAACTGTTTTCG 

GTAATGAGGGTTGGAACTGGGATAATGTTGCTGCTTACTCTTTGCAAGCTGAAAGAGCTAGAGCTCCTAACGC 

TAAGCAAATTGCTGCTGGTCATTATTTTAATGCTTCTTGTCACGGTGTTAACGGTACTGTTCATGCTGGTCCAA 

GAGATACTGGAGATGATTACTCTCCTATCGTTAAGGCTTTGATGTCTGCTGTTGAGGATAGAGGTGTTCCAACT 

AAGAAAGATTTTGGTTGTGGAGATCCACACGGTGTTTCTATGTTCCCTAATACTTTGCATGAAGATCAAGTTAG 

ATCTGATGCTGCTAGAGAGTGGTTGTTGCCAAACTACCAAAGACCTAATTTGCAAGTTTTGACTGGTCAATAC 

GTTGGTAAAGTTTTGTTGTCTCAAAACGGTACTACTCCAAGAGCTGTTGGTGTTGAATTTGGTACTCATAAGGG 

TAACACTCACAATGTTTACGCTAAACATGAGGTTTTGTTGGCTGCTGGTTCTGCTGTTTCTCCTACTATCTTGGA 

ATACTCTGGTATCGGTATGAAGTCTATCTTGGAGCCATTGGGTATTGATACTGTTGTTGATTTGCCTGTTGGTTT 

GAATTTGCAAGATCAAACTACTGCTACTGTTAGATCTAGAATTACTTCTGCTGGTGCTGGTCAAGGTCAAGCTG 

CTTGGTTTGCTACTTTCAATGAAACTTTTGGAGATTACTCTGAAAAGGCTCACGAGTTGTTGAACACTAAATTG 

GAGCAATGGGCTGAAGAGGCTGTTGCTAGAGGTGGTTTCCACAATACTACTGCTTTGTTGATCCAATACGAAA 

ACTACAGAGATTGGATCGTTAACCATAACGTTGCTTACTCTGAGTTGTTTTTGGATACTGCTGGTGTTGCTTCTT 

TTGATGTTTGGGATTTGTTGCCATTCACTAGAGGTTACGTTCATATTTTGGATAAGGATCCATATTTGCATCACT 

TTGCTTACGATCCTCAATATTTCTTGAACGAATTGGATTTGTTGGGTCAAGCTGCTGCTACTCAATTGGCTAGA 

AACATTTCTAATTCTGGTGCTATGCAAACTTACTTTGCTGGTGAAACTATTCCAGGAGATAACTTGGCTTATGA 

TGCTGATTTGTCTGCTTGGACTGAGTACATTCCATATCATTTCAGACCTAATTACCACGGTGTTGGTACTTGTTC 

TATGATGCCTAAGGAAATGGGTGGTGTTGTTGATAACGCTGCTAGAGTTTATGGTGTTCAAGGTTTGAGAGTT 

ATTGATGGTTCTATTCCACCTACTCAAATGTCTTCTCACGTTATGACTGTTTTCTACGCTATGGCTTTGAAGATC 

TCTGATGCTATCTTGGAGGATTACGCTTCTATGCAATTCGGTCCAATTGGTTCTACTGGTAACCCTTCTGGTGG 

TAATCCACCTGGTGGTAACCCACCTGGTACTACTACTACTAGAAGACCAGCTACTACTACTGGTTCTTCTCCAG 

GTCCTACTCAATCTCATTACGGTCAATGTGGTGGTATTGGTTATTCTGGTCCAACTGTTTGTGCTTCTGGTACTA 

CTTGTCAAGTTTTGAACCCTTACTATTCTCAATGTTTGTAA 


