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Covalently attached lysozyme-ZnO nanoparticles (L-ZNPs) 5 

conjugates were synthesized by low temperature solution 

route. Tailored L-ZNPs conjugates present pronounced 

antibacterial features against Escherichia coli (E. coli) and 

Staphylococcus aureus (S. aureus).  

Nanoantibiotics development has become imperative owing to 10 

rapid burgeoning of multiple antibiotics resistance by several 

pathogenic microorganisms, invalidating major clinical drugs 

currently in use.1 Recently, use of antimicrobial enzymes 

targeting different bacterial cellular components and biofilm 

formation, has emerged as nature-inspired antibiotic-free strategy 15 

to treat several infectious diseases.2 Lysozyme, a well-known 

antimicrobial enzyme, is widely used in food industry and 

healthcare products for effective bacteria killing. Lysozyme 

mostly exhibits more effective antibacterial action toward Gram-

positive (Gram+) than Gram-negative (Gram-) bacteria by 20 

hydrolyzing β-1, 4-glycoside linkage of peptidoglycan in the 

bacterial cell wall. However, its high industrial production cost 

has limited their biomedical applications. Addressing this 

challenge, various enzymes-antimicrobial agent conjugates have 

been developed to inhibit/destroy existing microbial growth by 25 

acting in a complementary fashion to enhance its therapeutic 

efficacy and reduce overall cost.3  

     Particularly, inorganic antimicrobial nanoparticles offer 

several distinctive benefits in overcoming resistance, reducing 

dosage, improved patient-compliance, minimized side effects, 30 

and lowering overall cost compared to conventional antibiotics.4 

Synthesis of antimicrobial nanoparticles is cost-effective 

compared with antibiotics synthesis, as well stable enough for 

long-term storage with a prolonged shelf-life.5 On the other hand, 

enzyme-nanoparticle conjugates have attracted considerable 35 

interest for biological usages due to its enhanced stability, high 

degree of mono-dispersity, high enzyme loadings and possibility 

of targeted delivery. Attempts have been made to improve 

lysozyme efficacy by immobilizing on silver, TiO2 nanoparticles 

etc., albeit the results were not immensely impressive.6 Recently, 40 

Satish et al. have explored that the lysozyme covalently bound to 

positively charged polymer nanoparticles exhibits higher 

antimicrobial activity compared to free lysozyme and lysozyme 

attached to negatively charged polymer nanoparticles.7 This 

breakthrough discovery has prompted us to design lysozyme 45 

conjugated positively charged inorganic nanoparticle with unique 

merits to enhance therapeutic efficacy. 

      ZnO is well-recognized as multifunctional material bestowed 

with exceptional optical, semiconducting and piezoelectric 

characteristics. It possesses the most diversified family of 50 

nanostructures, used in many avenues such as sunscreen products, 

sensors, industrial coatings, and antibacterial agents.8 Zn2+ is an 

indispensable trace element for adults; 9.5 and 7.0 mg of Zn2+/ 

day are needed for adult men and women, respectively. The 

intrinsic property of ZnO such as presence of surface -OH groups 55 

facilitates additional benefits of functionalization with various 

surface-decorating molecules.9 Especially, ZnO nanoparticles 

(ZNPs) possess a wide range of antibacterial activities towards 

both Gram+ and Gram- bacteria, including major foodborne 

pathogen, attributed to the generation of reactive oxygen species 60 

(ROS) on these oxide surfaces. Also, they featured with 

remarkable photocatalytic and photo-oxidizing ability against 

chemical/biological species that is predicted to increase the ROS 

levels.10 Herein, we demonstrate an efficient strategy for 

synthesizing covalently attached lysozyme to ZNPs (L-ZNPs 65 

conjugates) in order to achieve enhanced enzyme antimicrobial 

activity, through low temperature solution route. Furthermore, the 

effect of this modification was demonstrated by investigating the 

antibacterial effectiveness of L-ZNPs conjugates against E. coli 

and S. aureus. 70 

      Fig. 1 represents the synthetic procedure of L-ZNPs 

conjugates (for experimental details see ESI†). TEM image and 

XRD pattern (Fig. S1a, ESI†) displays uniform nanoparticle size 

of 30 ±10 nm along with good wurtzite crystallinity. To achieve 

L-ZNPs conjugates, aminated-ZNPs were prepared using 3-75 

aminopropyltriethoxysilane/3-aminopropyltriethoxysilane. The 

TEM and HRTEM image of aminated-ZNPs showed displays a 

thin film on the particles surface with an uniform covering layer 

thickness measured to be ~2 nm (see ESI†, Fig. S1b insert), 

consistent with the reported aminated-ZnO nanostructures.11 
80 

Further, the precise assessment of pristine ZNPs and aminated-

ZNPs were studied using FTIR spectra and zeta potential 

measurements (see Fig S1c,d, ESI†). 

 
Fig.1 Schematic procedure for synthesis of L-ZNPs conjugates. 85 
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Fig.2 FESEM images of (a) pristine ZNPs, (b) L-ZNPs conjugates, (c) 

Zeta potential curves, and (d) FTIR spectra.  

    Fig. 2 shows FESEM images of pristine ZNPs (a) and L-ZNPs 

conjugates (b). FESEM image captured after lysozyme loading 5 

demonstrate a slight increase in particle size which indicates 

lysozyme immobilization. Moreover, FTIR measurements were 

performed to study the secondary structural changes in lysozyme 

induced by nanoparticle conjugation (Fig. 2c). Spectrum of the 

conjugates displays the presence of lysozyme native bands in L-10 

ZNPs conjugates spectrum, confirming a well-maintained 

secondary structure of the enzyme with negligible changes after 

the conjugates formation. 

    The electrostatic properties of L-ZNPs colloidal suspension 

were characterized by Zeta potential measurements (Fig. 2d). A 15 

gradual increase in the isoelectric point (IP) of L-ZNPs was 

evident with increment in binding lysozyme yield. The initial step 

of covalent attachment of lysozyme to ZNPs involves its physical 

adsorption. However, it can be predicted that more positively 

charged lysozyme molecules (IP = 10.6) could be adsorbed to a 20 

negatively charged surface, than to a positively charged surface. 

To achieve higher binding lysozyme yield, a crosslinker 

(glutaraldehyde) was used to immobilize lysozyme molecules on 

modified-ZNPs surfaces. The glutaraldehyde consisting of two 

aldehyde groups (-COOH) can efficiently forms bond separately 25 

to the amino groups of lysozyme and aminated-ZNPs.   

      Primarily, L-ZNPs conjugates samples were prepared with 

different enzyme-to-nanoparticle ratio, followed by centrifugation 

and subjected to characterizations. Fig. 3a shows the binding 

kinetics curves of conjugated lysozyme to aminated-ZNPs 30 

measured by UV-visible absorbance peak. The loaded lysozyme 

concentration was calculated using Beer-Lambert equation: A 

(absorbance) = ε c l; where, ε = extinction coefficient (38,940 cm-

1 M-1 for lysozyme), c = molar concentration and l = optical path 

length (1 cm). With different lysozyme:ZNPs ratio of 1:1, 10:1, 35 

20:1, 30:1, 40:1 and 50:1, the loaded lysozyme amount was 

evaluated as 2.38, 7.87, 15.24, 19.1, 31.18 and 39.45 mg/g (Fig. 

3b); and lysozyme conjugation degree was calculated as 0.2, 

0.07, 0.08, 0.06, 0.08, and 0.08, respectively. Thereafter, TGA 

analysis was performed to evaluate the mass ratio between ZNPs 40 

and lysozyme (Fig. 3b). The ZNPs mass loss profile exhibits a 

single decrease in mass over ∼220-280 oC, attributed to 

desorption of physically adsorbed water from the ZNPs surface. 

For L-ZNPs conjugates, a three- step mass loss was observed: 

first mass loss (∼13%) below 300 oC due to trapped solvent 45 

evaporation; other two-weight loss at ∼300-450 oC (42%) and  

 
Fig.3  (a) Binding kinetics curves of conjugated lysozyme to aminated-

ZNPs examined by UV-visible spectra (different lysozyme:ZNPs ratio i.e. 

1:1, 10:1, 20:1, 30:1, 40:1 and 50:1). The initial and unbound lysozyme 50 

concentrations were shown by lines and dotted lines, respectively. 

Percentage of adsorbed lysozyme onto ZNP surfaces is shown in insert. 

(b) TGA curve.  

450-600 oC (17%) were assigned to the decomposition and 

complete carbonization of loaded lysozyme. Thus, the total 55 

enzyme weight loss above 300 oC was calculated to be ∼59 wt% 

of the overall conjugates (after reducing first mass loss %) and 

the remaining wt% of ZNPs is approximately 28%. These results 

are in good agreement with the UV-visible results, indicating 

high lysozyme binding yield.  60 

      Fig. 4 shows the antibacterial efficacy of native pristine 

ZNPs, lysozyme, and L-ZNPs conjugate (20:1 ratio) evaluated 

against S. aureus (Gram+) and E. coli (Gram-). The MIC of 

lysozyme against S. aureus and E. coli was found to be 191 and 

236μg/mL, respectively, indicating higher toxicity for S. aureus. 65 

The MIC of ZNPs against S. aureus and E. coli were observed to 

be 82 and 48 μg/mL, respectively, which suggests a much 

stronger bacterial toxicity for Gram+ bacteria, in accordance with 

previous findings.12 In sharp contrast, MIC value for L-ZNPs 

conjugated towards S. aureus and E. coli was evaluated as 18 and 70 

12 μg/mL, respectively. The conjugates display superior 

antibacterial (Gram+ and Gram-) property compared to that of 

lysozyme and ZNPs. Interestingly, the conjugates presents higher 

toxicity towards Gram-bacteria, ascribed to the net charge 

difference of bacterial cell wall. Fig. 5a displays the CLSM 75 

micrographs of E. coli and S. aureus treated with native 

lysozyme, pristine ZNPs, and L-ZNPs conjugates followed by 

FITC and PI staining. Majority of untreated cells shows green 

fluorescence due to viable cells indicating intact bacterial cell 

wall. Compared to lysozyme and ZNPs, approx. 100% of bacteria 80 

exposed to the conjugates displayed strong red fluorescence, thus 

suggests cell death and/or enhanced bactericidal effect.  

      Keeping in view the storage stability and durability of L-

ZNPs conjugates, antibacterial activity profiles were monitored 

after 30 days storage in 0.1 M PBS (pH = 6). Under identical 85 

conditions, the L-ZNPs conjugates maintained approx. 90% of 

their initial activity, however the activity of native lysozyme 

 
Fig.4 Bacterial growth curve plots of (a) E. coli and (b) S. aureus treated 

with ZNPs, lysozyme, and L-ZNPs conjugates on solid agar and on LB 90 

media (50 μg/mL of each sample shown in the inserts). 
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Fig.5 (a) CLSM images of S. aureus and E. coli followed by treatments 

and stained with FITC and PI dyes. The green or red fluorescence is 

defined as live or dead cells, respectively. Scale bar = 5 µm. (b) 

Antibacterial action of L-ZNPs conjugates.   5 

significantly decreased after 24 h indicating good durability of 

the conjugates. Furthermore, the toxicity profile of L-ZNPs 

conjugates were assessed against HEK cells by MTT assay to 

demonstrate an effective implication of these therapeutic (see Fig 

S3, ESI†). Although, the L-ZNPs conjugates showed dose-10 

dependent toxicity, however approximately 80% cell viability 

was obtained at a dosage of 200 mg/mL after 24 h. The high cell 

viability is may be due to lysozyme conjugation and ZNPs 

preferential toxic nature towards cancerous cells.13  

     Studies have reported that nanomaterial charge can be smartly 15 

utilized to tailor lysozyme’s antibacterial activity, which is 

consistent with our results.7 Compared to previous reports,7,14 our 

results demonstrate pronounced antibacterial activity of L-ZNPs 

conjugates due to combined effects of active lysozyme and ZNPs, 

which is achieved through smart material organization and 20 

packaging. Vecitis et al. have proposed a three-step cytotoxicity 

mechanism: bacterial adhesion onto nanostructure; membrane 

disruptive interaction with bacteria, inducing membrane stress; 

and final step involves disrupting a specific microbial process by 

disturbing/oxidizing a vital cellular component.15 We hypothesize 25 

that this three-step toxicity mechanism is also applicable to L-

ZNPs conjugates and their antibacterial mechanism is likely to be 

the synergy of membrane stress and oxidative stress. Primarily, 

direct bacteria-L-ZNPs conjugates contact was established due to 

difference in electrostatic interactions (explained below), and 30 

incorporating these conjugates into the outer and/or inner layer 

surrounding the bacteria. The lysozyme enzymes then cause cell 

wall damage resulting in membrane stress.16 On the other hand, 

ZNPs also induces ROS mediated oxidative stress which may be 

attributed to the released ionic Zn2+ or labile zinc complexes.17  35 

     Notably, the conjugates were more effective in inhibiting E. 

coli growth, attributed to the net charge difference of bacterial 

cell wall. In general, bacterial cell walls are negatively charged 

owing to teichoic, lipoteichoic, and teichuronic acids in their cell 

membrane, however E. coli is more negatively charged than S. 40 

aureus because of their cell wall chemical differences.18 Since, 

electrostatic interactions are known to play a prominent role in 

contact establishment between the conjugates and bacteria, thus 

the observed antibacterial differences can be explained based on 

electrostatic contribution and zeta potential results. At pH = 7.4, 45 

the zeta potential of ZNPs is negative due to acetate ions on its 

surfaces, whereas aminated-ZNPs possess a positive value owing 

to -NH2 groups. Further, covalent binding of lysozyme to 

aminated-ZNPs through glutaraldehyde crosslinking, results in 

higher positive zeta potential values of L-ZNPs conjugates. 50 

Consequently, these positively charged conjugates target towards 

negatively charged bacteria mediated by electrostatic interactions 

(Fig. 5b). In case of E. coli, the net negative charge is higher 

leading to higher electrostatic interactions, thus greatly attracts 

the positively charged conjugates and vice versa for S. aureus. 55 

Owing to the proximity between the E. coli and L-ZNPs 

conjugates, higher L-ZNPs conjugates were taken up by the cells 

facilitating cell death.  

Conclusions 

      An enhanced antibacterial feature of lysozyme was achieved 60 

though covalent binding of positively charged lysozyme to 

modified-ZNPs against two bio-medically relevant bacteria 

strains (S. aureus and E. coli). Growth kinetics studies showed 

that L-ZNPs conjugate possess superior antibacterial property 

towards Gram+ and Gram- bacteria owing to the synergetic 65 

effects of lysozyme and ZNPs. A much stronger antimicrobial 

efficiency of the conjugates was observed for E. coli, assigned to 

the electrostatic interactions between the negative bacterial cell 

wall and positively charged conjugates. Collectively, these results 

were envisioned to provide useful insights for development of 70 

antibiotic-free enzyme-metal oxide conjugates for biomedical 

applications. 
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