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A B S T R A C T   

Natural enzymes are expected to be used in biomedical fields due to their extensive antibacterial activity, good 
biocompatibility and resistance to bacteria. Herein, we constructed a multi-enzyme protein assembly with ul-
trathin single protein sheet structure by the strategy of interface assembly and developed an efficient and 
intelligent antibacterial system based on the combination of multi-enzymes. The multi-enzyme protein assembly 
not only displayed extremely high antibacterial activity, but can also be turned on and off through the denaturant 
induced folding and unfolding of natural enzymes, and this process can be realized for several reversible cycles. 
Such an intelligent antibacterial material provides the possibility for its application in biomedical and other 
fields.   

1. Introduction 

Bacterial infectious diseases are some of the most serious health 
problems in all the world, threatening the lives of humans [1–5]. In view 
of this, it is imperative to carry out relevant research on anti-bacterial 
infections and develop novel antibacterial agents with anti-multidrug 
resistant bacteria activities. In recent years, with the development of 
nanotechnology and nanoscience, a series of antibacterial nanomaterials 
have been constructed, including carbon-based nanostructures, metal 
oxides and antimicrobial nanoparticles [6–17], which have attracted 
widespread attention due to their unique antibacterial mechanisms. For 
example, Tu et al. demonstrated that graphene oxide can inactivate 
bacteria by physically destroying the cell membrane structure of the 
bacteria, mainly because of the strong dispersion interaction between 
their cell membranes reducing their viability [11]. Velev’s group 
designed a series of lignin nanoparticles injected with silver ions and 
coated with a cationic polyelectrolyte layer, which promoted the 
adhesion of lignin particles to bacterial cell membranes and eliminated a 
variety of bacteria [16]. Although the antibacterial nanomaterials have 
exhibited great advantages, their potential toxicity or low antibacterial 
activity limits further medical applications. Therefore, the development 
of antibacterial nanomaterials with low toxicity, strong selectivity and 
high antibacterial activity is still an enormous challenge. 

Enzymes are biological macromolecules with catalytic activity, 

which can catalyze the reaction of bio-related substrates under mild 
conditions. In recent years, scientists have developed artificial enzymes 
to simulate natural enzymes in their antibacterial properties which show 
great potential as excellent antibacterial agents [18,19]. Because they 
can catalyze the formation of reactive oxygen species (ROS), artificial 
enzymes with peroxidase and oxidase-like properties are considered a 
strong tool for killing bacteria [20,21]. For instance, AuNPs were con-
structed on dual-functionalized mesoporous silica, which exhibited dual 
enzymatic activities similar to oxidase and peroxidase, and possessed 
significant antibacterial properties [22]. Vanadium pentoxide (V2O5) 
nanowire-based artificial enzymes with inherent haloperoxidases-like 
activity showed notable antibacterial activity against both Gram- 
positive and Gram-negative bacteria [23]. Although considerable 
progress has been made in this area, artificial enzymes also have po-
tential side effects such as low antibacterial activity and limited ROS 
diffusion distance in biological systems. To solve these problems and 
develop more efficient antibacterial materials, scientists have turned 
their attention to natural enzymes with high substrate specificity and 
catalytic activity. But as far as we know, multiple natural enzymes 
synergistic antibacterial systems which contemporaneously possess 
excellent biocompatibility and high antibacterial activity have rarely 
been reported. 

Therefore, we constructed a multi-enzyme synergistic antibacterial 
system based on interface assembly strategy. In order to achieve a highly 
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efficient antibacterial effect, we selected three natural enzymes, lyso-
zyme, glucose oxidase, and laccase for preparing antibacterial materials. 
These three natural enzymes were co-assembled based on the interface 
assembly strategy. First, the polymer methoxypolyethylene glycol amine 
(PEG) was covalently attached to the natural enzyme. Then, self- 
assembling amphiphilic enzyme-polymer at the oil–water interface to 
generate a sheet structure, which was cross-linked by adding glutaral-
dehyde to keep its structure stable (Scheme 1). It was worth noting that 
the preparation of the interface assembly strategy was very simple and 
did not require any complicated modification processes or extreme 
conditions. As is well-known, lysozyme is an antibacterial enzyme, 
which has the advantageous characteristics of being safe, non-toxic, and 
stable. It can relax the bacterial cell wall by hydrolyzing the peptido-
glycan β-1,4-glycosidic bond, destroying the cell structure, and even-
tually lead to the death of the bacteria [24]. Glucose oxidase as a starting 
enzyme catalyst can convert non-toxic glucose into gluconic acid and 
H2O2, avoiding the direct use of high concentration and toxic reagent 
H2O2 and minimizing harmful side effects [25–27]. Laccase is a copper- 
containing polyphenol oxidase which can produce ROS in the process of 
catalyzing the oxidation of lignin to achieve an antibacterial effect 
[28–30]. Therefore, the combination of these three natural enzymes 
achieves highly effective antibacterial activities (Scheme 1). In vitro 
antibacterial experiments showed that the inactivation rate of Gram- 
negative (E. coli, strain: BL21[DE3]) and Gram-positive (S. aureus, 
strain: ATCC25923) could reach 99.999% when the concentration of the 
co-assembled assembly was 50 μg/ml. Under the same experimental 
conditions, the co-assembled multi-enzymes system displayed higher 
antibacterial capacity than the single enzyme assembly. 

2. Experimental section 

2.1. Materials and chemicals 

Lysozyme, glucose oxidase and laccase were purchased from Sigma. 
Tryptone and yeast extract were obtained from Sangon Biotechnology 
Inc. Glutaraldehyde, 2-ethyl-1-hexanol, guanidine hydrochloride 
(GuHCl), sodium chloride, glucose and lignin were obtained Aladdin. 
Ultrapure water was used throughout the experiment. 

2.2. Modification of natural enzymes 

Lysozyme was dissolved in 50 mM PBS buffer solution with pH 7.0 to 
a final concentration of 10 mg/ml. The above solution was then added 
with 10 times methoxypolyethylene glycol amine, NHS and EDC, and 
reacted overnight under stirring conditions. After dialysis and freeze- 
drying, the enzymes were ready for use. The modification method of 
glucose oxidase and laccase was the same as that of lysozyme. 

2.3. Assembly method of natural enzymes 

The modified lysozyme, glucose oxidase, and laccase were dissolved 
in pH 7.0 PBS buffer solution, then 250 μL of the above each solution was 
added to a small petri dish, and added 250 μL of 2-ethyl-1-hexanol as the 
organic phase to make interfacial assembly. Then the addition of 
glutaraldehyde cross-linked enzymes to obtain a stable assembly. After 
12 h at room temperature, a thin film would form at the interface, that is, 
the sheet structure assembly, which could be picked out slowly with the 
needle of the syringe. The oil 2-ethyl-1-hexanol was then removed by 
centrifugation using a series of water/ethanol mixtures. 

2.4. Unfolding and refolding of assembled enzyme 

The assembled enzyme was obtained as described above, and 1 M 
guanidine hydrochloride (GuHCl) was added to the assembled enzyme 
solution for 15 h incubation at room temperature to induce its unfolding. 

To achieve enzyme refolding, it was necessary to remove GuHCl. As 
detailed in our previous work, GuHCl can be removed by dialysis [31]. 
First, the unfolding enzyme solution was sucked into the dialysis bag 
with a pipette. The dialysis bag was then placed in PBS buffer solution 
and dialyzed for 4 h to induce enzyme refolding. 

2.5. Bacterial culture 

E. coli and S. aureus were used as antibacterial indicators. A single 
colony of E. coli and S. aureus on a solid Luria − Bertani (LB) agar plate 
was added to liquid LB culture medium and shook at 37 ◦C until the 
OD600 value was about 0.8. The bacteria were then diluted with the 
sterile buffer to105 CFU mL− 1. 

2.6. Antibacterial experiments 

For the plate counting method, the as-prepared bacteria solutions 
were treated with (1) PBS, (2) lysozyme assembly, (3) glucose oxidase 
assembly + glucose, (4) laccase assembly + lignin, and (5) the assembly 
of three enzymes + glucose + lignin. The concentrations of three en-
zymes were 5, 25, and 50 μg/ml. After 1 h of incubation, 100 μL of the 
bacterial suspension of 1–5 was spread on the solid medium and 
cultured at 37 ◦C for 12 h before observing the number of the bacteria 
colonies. 

For the growth-inhibition assay in liquid medium, the bacterial 
suspensions mixed with (1) PBS, (2) lysozyme assembly, (3) glucose 
oxidase assembly + glucose, (4) laccase assembly + lignin, and (5) the 
assembly of three enzymes + glucose + lignin, were incubated sepa-
rately with at 37 ◦C under 200 rpm. The concentrations of three enzymes 
was 5 μg/ml. Monitor the real-time OD600 value of the samples. 

For the scanning electron microscopy (SEM) experimental observa-
tion, six groups of as-prepared bacterial suspensions were treated with 
(1) PBS, (2) glucose oxidase assembly, (3) laccase assembly, (4) lyso-
zyme assembly, (5) the assembly of three enzymes + glucose, and (6) the 
assembly of three enzymes + glucose + lignin. The concentrations of 
three enzymes was 5 μg/ml. After 1 h of incubation, the SEM samples 
were prepared. 

2.7. Switch of antibacterial activity 

Turn-off of antibacterial activity: The unfolding enzyme assembly 
was added to the as-prepared bacteria solution. The concentration of 
three enzymes was 50 μg/ml. After 1 h of incubation, 100 μL of the 
bacterial suspension of unfolding enzyme assembly was spread on the 
solid medium and cultured at 37 ◦C for 12 h, and then the number of the 
bacteria colonies was observed. 

Turn-on of antibacterial activity: The refolding enzyme assembly 
was added to the as-prepared bacteria solution. The rest of the steps 
were the same as the above method. Finally, observe the changes of 

Scheme 1. Construction of multi-enzymes protein assembly by interface as-
sembly strategy. 
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bacteria colonies. 

2.8. Characterization of bacterial morphology 

The morphology of bacteria was characterized based on SEM. The 
preparation of SEM samples was completed according to the following 
steps: After the antibacterial analysis, the bacteria were collected and 
fixed with 2.5% glutaraldehyde for 0.5 h. The bacteria were then 
dehydrated with 20%, 50%, 80% and 100% ethanol for 10 min, 
respectively. Finally, the bacteria samples were dried naturally and 
sprayed with gold coating for SEM testing. 

3. Results and discussion 

3.1. Preparation and characterization of multi-enzymes assembled 
nanosheets 

Protein nanosheets were prepared by a three-step procedure based 
on the interface assembly strategy at the oil–water interface. The hybrid 
building blocks in the form of discrete enzyme-polymer nanoconjugates 
were synthesized by the reaction of the amine groups in the polymer 
poly(methoxypolyethylene glycol amine) with the surface carboxyl 
groups of the enzymes. The enzyme-polymer building blocks can self- 
assemble at the oil/water interface by interfacial assembly strategy. 
And the cross-linking agent was added to obtain a stable nanosheet 
structure. Therefore, the nanosheet structure based on interface as-
sembly strategy was successfully constructed by assembling the building 
blocks of enzyme-polymer hybrids (Figure S1). The building blocks of 
enzyme-polymer were confirmed by MALDI-TOF mass spectrometry 
(Figures S2). Then we utilized the dynamic light scattering (DLS) char-
acterization method to detect the occurrence of assembly by observing 
the size change of the assembly. We found that the free enzyme-polymer 
showed only nanoscale, however the enzyme-polymer conjugates could 
form larger aggregates by interfacial assembly, and the hydrodynamic 
diameter of multi-enzyme assembly could rapidly increase to the micron 
level (Figure S3). In order to confirm the multi-enzyme assembly of 
nanosheet structure, isothiocyanate rhodamine (RhB) was used for 
enzyme decoration. As shown in Fig. 1a, the fluorescence microscope 
image clearly indicated that enzyme-RhB assembled at the oil–water 
interface to form an ultrathin nanosheet (Fig. 1a). In addition, the 
morphology of the sheet structure was also exhibited by scanning elec-
tron microscopy (SEM) (Fig. 1b) and atomic force microscopy (AFM) 
(Fig. 1c). The uniform height of the morphology (~4 nm) was indicative 
of monolayer protein structure (Fig. 1d). In order to further confirm the 
structure of its assembly, we carried out the TEM test. It could be clearly 
seen from TEM image that it formed a sheet-like architecture (Fig. 1e). 
Experimental data above provided solid evidence that the enzyme- 
polymer building blocks could assemble at the oil–water interface and 
form a uniform sheet-like structure whose height was almost single- 
layer. 

3.2. Enzymatic catalytic behaviours of multi-enzyme assemblies 

In order to explore whether the three enzymes still possessed the 
enzyme catalysis properties after the formation of sheet assembly, 
detailed enzyme activity tests have been carried out. First, the influence 
of pH on enzyme activity was detected. As shown in Figure S4a, b and c, 
all three enzymes lysozyme, glucose oxidase and laccase showed 
excellent catalytic activities under a wide range of pH values. Next, the 
activities of the three enzymes activities in multi-enzyme assemblies was 
evaluated in detail. 

The turbidimetric method was used to analyze the enzyme activity of 
the lysozyme assembly by measuring the change in absorbance at 450 
nm in the KOH buffer solution of 0.015 wt% Micrococcus lysodeikticus. 
Fig. 2a showed the enzyme activities of the enzyme assemblies at 
different concentrations. As the concentration of the assembly gradually 

increased, the reaction rate increased. Fig. 2b demonstrated more 
clearly that the reaction rate gradually increased with the increase of 
assembly concentration. When the concentration was increased to 400 
μg/ml, although the reaction rate still increased, its growth rate was 
significantly slowed down. The series of characterization indicated that 
lysozyme still maintained high enzymatic activity after assembling into 
a sheet structure. 

Next, the enzyme-like activity of the glucose oxidase assembly was 
evaluated by using 3,3′,5, 5′ -tetramethylbenzidine (TMB) as a substrate. 
The glucose oxidase assembly could catalyze the oxidation of TMB in the 
presence of glucose and produce a blue color with major absorbance 
peaks at 370 nm and 652 nm, indicating that glucose oxidase had 
enzyme-like activity after forming the assembled sheet structure. Con-
trol experiments showed that assembly alone or glucose alone could not 
oxidize TMB (Fig. 2c). Meanwhile, the reaction rate was increased with 
the increasing concentrations of glucose oxidase assembly (Fig. 2d). 
These results demonstrated that glucose oxidase assembly behaved as an 
oxidation catalyst with high activities. 

The enzymatic activity of laccase has been determined by monitoring 
the oxidation of ABTS at 414 nm. Therefore, we used this method to 
study the enzymatic activity of laccase assembly. Fig. 2e showed the 
absorbance changes with different concentrations of laccase. As pre-
sented in Fig. 2f, the reaction rate gradually increased with increasing 
concentration of laccase assembly. When the concentration reached 300 
μg/ml, the growth rate began to slow down. It also further intuitively 
illustrated the change of enzyme activity, indicating that laccase can 
maintain excellent enzyme activity after assembling into a sheet struc-
ture. However, it was uncertain whether the enzyme activity had 
changed after the assembly was formed. Therefore, corresponding tests 
were conducted. It was found that, after forming a sheet assembly, the 
enzymes can retain more than 70% of their individual enzyme activity 
(Figure S5). This was because the addition of 2-ethyl-1-hexanol and 

Fig. 1. Morphological characterization of the nanosheet. (a) Fluorescence mi-
croscopy image of the sheet structure assembly. (b) SEM image of the nanosheet 
architecture; (c) AFM image of the sheet assembly. (d) Height profile along the 
white line in (c). (e) TEM topographical image of assembly. 
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glutaraldehyde in the assembly process had an effect on the enzyme 
activity, resulting in a decrease, but this was still considered excellent 
enzyme activity. 

3.3. Antibacterial capacity of the multi-enzyme assembly 

First, the bacterial killing rate of the assembly against E. coli and 
S. aureus was evaluated by plate counting method, as shown in Fig. 3a-d. 
The assembly of individual lysozyme, glucose oxidase and laccase 
showed slight bactericidal properties against the two bacteria at the 
concentration of 5 μg/ml, while the antibacterial rate reached about 
70% at the concentration of 50 μg/ml. This was because lysozyme was 
an antibacterial enzyme, which could relax the cell wall of bacteria 

through hydrolysis, destroy the structure, and eventually lead to the 
death of bacteria. Glucose oxidase could produce H2O2 through the 
addition of glucose to achieve antibacterial effects. Laccase was capable 
of generating ROS during the oxidation of lignin in the presence of O2 
resulting in antibacterial properties. When the three enzymes were 
combined together for antibacterial activity, the inactivation rate of 
bacteria increased significantly, and most bacteria were already inacti-
vated at a concentration of 5 μg/ml. In order to study the bacterial in-
hibition properties in more detail, the real-time optical density of the 
curve at 600 nm (OD600) at 5 μg/ml was measured (Fig. 3e, f). As a 
control group, the OD600 value of E. coli and S. aureus increased rapidly 
from 0.036 and 0.023 to 1.263 and 0.964, respectively, within 16 h. The 
addition of three separate enzyme assemblies showed no significant 

Fig. 2. (a) Turbidimetric analysis of different concentrations of lysozyme (0, 50, 200, 300, 400, 500 μg/ml). (b) The reaction rate changed with the concentration of 
lysozyme assembly. (c) The absorbance spectra in different reaction systems: (1) assembly + TMB, (2) glucose + TMB, (3) assembly + glucose + TMB. (d) The 
absorbance spectra and visual color changes of TMB in presence of different concentrations of glucose oxidase. (1) 0 μg/ml, (2) 25 μg/ml, (3) 50 μg/ml, (4) 100 μg/ 
ml, (5) 150 μg/ml, (6) 250 μg/ml, (7) 300 μg/ml, and (8) 400 μg/ml. (e) The absorbance spectra in presence of different concentrations of laccase (0, 25, 50, 100, 
150, 250, 300, 400 μg/ml). (f) The reaction rate varied with the concentration of laccase assembly. 
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inhibition to the bacteria. However, when the co-assembly formed by 
the combination of three enzymes was added, the growth of bacteria was 
obviously hindered. This was because the combination of the three en-
zymes greatly enhanced the antibacterial effect, and the multi-enzyme 
combination had a synergistic effect (Tables S1, S2, S3). Although the 
activity of the enzymes decreased after they were assembled into 
nanosheet structures, the antibacterial activity of the enzymes was 
higher than those of the uncross-linked enzymes (Figure S6). This was 
because after the enzymes were assembled to form a nanosheet, the 
distance between the enzymes and the enzymes was shortened, and the 
synergy between the enzymes was improved. In addition, the nanosheet 

was more likely to come into contact with bacteria than uncross-linked 
monodisperse enzymes. 

In order to further illustrate the excellent antibacterial ability of the 
system, SEM was utilized to study morphological transformation of two 
bacterial strains. As suggested in Fig. 4, untreated E. coli cells were 
typically rod-shaped, with smooth surface and intact cell walls (Fig. 4a 
(1)). SEM images shown in Fig. 4a (2, 3) indicated that the cell surfaces 
were rarely damaged after exposure to the assembly of glucose oxidase 
or laccase, since the toxicity of the assembly of glucose oxidase or lac-
case alone against E. coli was negligible. When treated with the lysozyme 
assembly, slight disruptions could be observed on the surface of cells 

Fig. 3. Photographs of E. coli colonies (a) and S. aureus colonies (b) grew on Mueller-Hinton agar plates after incubation with lysozyme assembly, glucose oxidase 
assembly + glucose, laccase assembly + lignin and the assembly of three enzymes + glucose + lignin at concentrations of 5, 25, and 50 μg/ml. (c, d) Bacterial killing 
ratios for the samples at concentrations of 5, 25, and 50 μg/ml against E. coli and S. aureus, respectively. (e, f) Real-time OD600 values of the samples at 5 μg/ml 
against E. coli and S. aureus, respectively. 
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(Fig. 4a (4)). However, when exposed to the co-assembly of the three 
enzymes + glucose, the surface of the bacteria became partially wrin-
kled due to the production of H2O2 (Fig. 4a (5)). Obviously, after 
treatment with the co-assembly of the three enzymes + glucose + lignin, 
the E. coli cells completely lost their cellular integrity due to the stronger 
antibacterial capacity of generated H2O2 and ROS (Fig. 4a (6)). As for 
S. aureus bacteria, the morphological changes were similar to that of 
E. coli (Fig. 4b). The corresponding histogram demonstrated this phe-
nomenon more clearly (Fig. 4c, d). The result was consistent with the 
above-mentioned series of characterization results, indicating that the 
combination of three enzymes + glucose + lignin displayed very strong 
antibacterial effect. 

3.4. Switch of antibacterial activity 

The results above obviously showed that the assemblies composed of 
three enzymes possessed excellent enzyme activities and antibacterial 
capacities. This produced curiosity as to whether the antibacterial ac-
tivity can be switched by protein folding and unfolding (Fig. 5a). In 
order to verify the feasibility of the idea, we first induced the unfolding 
of the lysozyme assembly using guanidine hydrochloride (GuHCl). As 
shown in Fig. 5b, with the increase of induction time of the enzyme 
assembly with GuHCl, CD signal of lysozyme gradually disappeared, and 
when it reached 15 h, its signal basically vanished, indicating that 
lysozyme was in the unfolded state. In this state, we observed the 
enzyme assembly had lost all antibacterial effect (Fig. 5c (1)). But 
whether reversibility in this property could be achieved by reversible 
protein folding was unknown. That is, if the lysozyme which had lost the 
antibacterial capability, whether it can regain its antibacterial was yet to 
be determined. For realizing this, GuHCl was removed by dialysis in 
order to make lysozyme refold. It was observed from the CD spectrum 
that CD signals gradually recovered with the increase of dialysis time 
(Fig. 5d). Lysozyme restored the folding state and was found to regain 

antibacterial activity again (Fig. 5c (2)). Therefore, we demonstrated 
that the reversibility of the antibacterial switch can be realized by 
folding and unfolding of proteins. As shown in Fig. 5c and 5e, by adding 
and removing GuHCl, the antibacterial turn on/off process of lysozyme 
assembly can be reversibly carried out for several times. Similarly, 
glucose oxidase assembly (Figure S7) and laccase assembly (Figure S8) 
can also achieve multiple reversible cycles of antibacterial activity 
switch through protein folding and unfolding. However, it was unde-
termined whether the combination of the three enzymes could achieve 
the reversibility of the antibacterial switch as well. It can be clearly seen 
from the plate counting method that the reversible process of switching 
antibacterial activity can be realized for multiple repetitions by the 
principle of protein folding and unfolding (Figure S9). In short, the 
protein assembly composed of glucose oxidase, laccase, lysozyme pos-
sesses excellent antibacterial performance with the outstanding advan-
tages of easy preparation procedure, good biocompatibility, high 
catalytic activity and inactivation rate. Furthermore, the antibacterial 
activity can be switched through protein folding and unfolding. 

4. Conclusions 

In conclusion, we have successfully developed a rational approach to 
construct the new kind protein material, which can realize reversible 
turn-on and turn-off of antibacterial activity based on the folding and 
unfolding of proteins. The switch of antibacterial activity could be a 
successful strategy to combat bacterial infections and reduce the emer-
gence of bacterial resistance from a long-term perspective. To the best of 
our knowledge, the use of interfacial assembly strategy to establish the 
multi-enzyme synergistic intelligent antibacterial system has rarely been 
described. In addition, the strategy does not require any harsh external 
conditions, making the method simple, fast and effective. The combi-
nation of multiple enzymes greatly enhances the antibacterial activity. 
Owing to the excellent antibacterial capacity, the system displays 

Fig. 4. SEM images of (a) E. coli and (b) S. aureus. Survival analyses of (c) E. coli and (d) S. aureus. The bacteria samples of 1–6 were prepared by incubating bacteria 
with (1) PBS, (2) glucose oxidase assembly, (3) laccase assembly, (4) lysozyme assembly, (5) the assembly of three enzymes + glucose, (6) the assembly of three 
enzymes + glucose + lignin. The concentration of glucose oxidase, laccase and lysozyme was 5 μg/ml. 

T. Wang et al.                                                                                                                                                                                                                                   



Chemical Engineering Journal 416 (2021) 129082

7

striking antibacterial properties against both E. coli and S. aureus bac-
teria. This intelligent antibacterial system will provide a simple, efficient 
and rapid method to control the activity of antibacterial molecules, and 
it is also expected that it could be applied in biochemical and biomedical 
fields in the future. 
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Fig. 5. (a) Reversible turn-on and turn-off of antibacterial activity based on the principle of protein folding and unfolding. (b) CD spectra observation of 1 M GuHCl 
inducing the unfolding process of lysozyme assembly. (c) Agar plate photographs of E. coli. E. coli was incubated unfolding (1, 3, 5, 7) and refolding (2, 4, 6, 8) 
lysozyme (50 μg/ml) assembly for antibacterial switch. (d) CD spectra of lysozyme assembly for the refolding process. (e) Denaturant-induced multiple-run 
reversibility of antibacterial activity. 
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