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Objective: This study aimed to prepare an eco-friendly dressing using a balsa-derived membrane 

with lysozymes designed for antibacterial purposes.

Methods: The groups included controls, balsa (group A), translucent balsa (group B), translucent 

balsa–lysozymes (group C), and translucent balsa-modified lysozymes (group D). Physical and 

chemical methods were used to characterize the materials, and the function of the materials was 

evaluated by in vivo and in vitro experiments.

Results: Antibacterial activity against Escherichia coli and Staphylococcus aureus was ordered 

D . C . B ≈ A (P,0.05). Healing rates in the control, A, B, C, and D groups were 30.6%, 

48.3%, 56.7%, 70.9%, and 79.2%, respectively at 7 days after injury. The lengths of new epithelia 

of the wound surface were ordered D . C . B ≈ A . control (P,0.05). Reverse-transcription 

polymerase chain reaction showed that expression of Wnt3a, β-catenin, and PCNA mRNA 

were ordered D . C . B ≈ A . control (P,0.05). The order of expression of PCNA was 

D . C . B ≈ A . control (P,0.05). There were no differences in GSK3β expression (P.0.05). 

The order of expression of axin was D , C , B ≈ A , control (P,0.05). The cell-migration 

rate at 24 hours was ordered D . C. B ≈ A . control (P,0.05).

Conclusion: This translucent balsa-modified lysozyme dressing is characterized by strong 

antibacterial properties, stable and persistent release, no cytotoxicity, and capacity to promote 

antibacterial ability and epithelial growth, as well as cell proliferation and migration.

Keywords: balsa, lysozyme, wound dressing, wound healing

Introduction
Wood is a renewable resource characterized by low density, high modulus, strength, 

and toughness, and low heat-conductivity coefficients.1,2 Balsa is the lightest com-

mercial timber in the world. It is used to make various structures, because of its low 

density, uniform texture, low heat-conductivity coefficient, ease of processing, and 

good volume stability.3,4 Studies have shown that balsa can be modified to form novel 

transparent lightweight structures, maintaining its cellulose structure while permitting 

light transmittance up to 90%.5 It is relatively inexpensive, with high air permeability 

and transparency. It also has functions relevant to wound-surface dressings.

Lysozymes are small monomeric proteins containing 129 amino acid residues 

with anti-inflammatory, antiviral, and antihistaminic activities.6,7 They have been used 

widely for antisepsis as well.8 Their bactericidal mechanism primarily derives from 

their biochemical functions. Specifically, catalytic hydrolysis of the peptidoglycan 

layer, the basic constituent of the cell wall, damages the cell wall of a microorganism, 

resulting in bacteriolysis. Therefore, differences in cell-wall structure among various 

Correspondence: Gaoxing Luo;  
Malcolm Xing
Southwest Hospital, Third Military 
Medical University, 30 Gaotanyan Main 
Street, Shapingba, Chongqing, Sichuan 
400038, China
Tel/fax +86 23 6897 5399
Email logxw@yahoo.com;  
malcolm.xing@umanitoba.ca

Journal name: International Journal of Nanomedicine
Article Designation: Original Research
Year: 2018
Volume: 13
Running head verso: Zhou et al
Running head recto: Balsa-modified lysozyme dressings for wound healing
DOI: 165075

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S165075
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:malcolm.xing@umanitoba.ca


International Journal of Nanomedicine 2018:13submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4172

Zhou et al

microorganisms have significant effects on the action of 

lysozymes. For example, the cell wall of Gram-positive bac-

teria contains 80% peptidoglycan, whereas Gram-negative 

bacteria have only a small amount of peptidoglycan in the 

inner layer of the cell wall. In addition, Gram-negative 

bacteria are embedded with an adventitial lipopolysaccha-

ride layer, preventing lysozyme molecules from effectively 

entering cells. Therefore, the actions of lysozymes differ 

substantially in terms of bacteriolytic actions in the two 

types of bacteria. Lysozymes effectively kill Gram-positive 

bacteria, but perform poorly against Gram-negative bacteria.9 

Lysozymes are potentially ideal medical enzymes by virtue 

of their ability to deactivate viruses by interacting with 

negatively charged viral proteins.6,7 In an antibacterial drug, 

lysozymes participate in mucopolysaccharide metabolism, 

reducing inflammation. Moreover, lysozymes deactivate 

inflammatory responses induced by various acidoids. They 

also strengthen the efficacy of antibiotics and other drugs 

and improve tissue metabolism of mucopolysaccharide, thus 

reducing inflammation and repairing tissue.8,9 It is thus clear 

that lysozyme molecules perform various pharmacological 

functions, participating in immunoresponses and playing vital 

roles in maintaining physiological equilibrium.

Nevertheless, lysozymes have little activity against Gram-

negative bacteria, limiting their applicability.8,9 To circum-

vent this limitation, lysozymes have been modified to gain 

antibacterial properties against Gram-negative bacteria.10 

Currently, effective modification methods for lysozymes 

include physical, chemical, and biological modification 

methods.11 Chemical modification of enzyme molecules 

aims to change properties of an enzyme. By cutting and 

splicing the main chain and chemically modifying the side 

chain, lysozyme molecules may acquire expanded appli-

cations and achieve greater economic benefits.9,10 Recent 

studies have reported chemical modifications of side-chain 

groups of natural lysozymes,12 creating amphiphilic enzyme 

molecules, thus allowing modified lysozymes to penetrate 

the lipopolysaccharide layer of Gram-negative bacteria.10,11 

Modified lysozymes with dithiothreitol showed that bacte-

riostatic activity of enzymes against Gram-negative bacteria 

increased.12 Modified the side chain groups of the lysozyme 

using short-chain and medium-chain saturated fatty acids 

(hexanoic acid, decanoic acid, and myristic acid).13 The modi-

fied enzymes had little activity loss, but had greater inhibitory 

effects on Gram-negative bacteria than lysozymes modified 

with long-chain fatty acids. The combination of lysozymes 

and dressing has become a popular field of research. The 

combination effectively improves the continuous bactericidal 

activity of lysozymes against Gram-negative bacteria.12,14,15

In this study, we used cinnamic acid, caffeic acid, and 

p-coumaric acid as modifiers, using dopamine cross-linking. 

Bacteriostatic functions were compared according to inhibition-

zone diameter and minimal inhibitory concentration. Enzy-

matic properties were compared to find the optimal pH and 

temperature. Hydrophobicity and secondary-structure content 

were determined to screen for the optimal modifier. Trans-

lucent balsa was prepared and adhered to the optimal modi-

fier with dopamine to design a translucent balsa-modified 

lysozyme group. The test results provide guidance for studies 

of dressings in clinical wound healing.

Methods
Materials
Dopamine hydrochloride and lysozymes were purchased 

from Solarbio Science and Technology (Beijing, China). 

Balsa was purchased from Lego. BALB/c mice (males, 

20–25 g) were obtained from the Experimental Animal 

Department of the Third Military Medical University. 

Animals were raised in a room at 25°C with relative humidity 

of 50%, and a 12-hour circadian rhythm. Before the experi-

ment, mice were fed in a single cage and adapted for 1 week. 

All trials were repeated more than three times. Methods are 

illustrated in Figure 1.

Animal-care ethics statement
All in vivo experiments animal protocols that included 

primary cultures were approved by the institutional animal 

care and use committee of the Third Military Medical Uni-

versity, Chongqing, China. All animal experiments followed 

the regulations on the management of laboratory animals 

issued by the Chinese Association for Laboratory Animal 

Sciences.

Material preparation
Balsa delignification
A block of balsa with a density of about 160 kg/m3 was 

penetrated with a puncher to create disks with a diameter 

of 0.6 mm and thickness of 0.8 mm. The wooden disks 

were dried for 24 hours at 105°C±3°C and were immersed 

in an NaClO
2
–acetate buffer solution (pH 4.6, 80°C) at a 

concentration of 1% for reaction for 12 hours. The extracted 

sample was carefully cleaned with deionized water and 

dried in ethanol 1:1 ethanol mixed with acetone–acetone for 

10 minutes in each step. Steps were repeated three times.

Translucent balsa
The balsa was immersed in delignification solution (prepo-

lymerized methyl methacrylate solution) and heated at 70°C 
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for 4 hours. In other words, for the straight polymerization of 

methyl methacrylate monomer, azodiisobutyronitrile 0.3% 

served as an initiator in a double-neck round-bottom flask 

(reaction time 15 minutes at 75°C). Prepolymerization termi-

nated when the monomer was cooled to room temperature in 

an ice-water bath. Then, the delignified wood was immersed 

in the prepolymerized methyl methacrylate solution for 

30 minutes. This step was repeated three times for complete 

permeation. Finally, the wet wood was placed between two 

pieces of glass and wrapped with aluminum foil for further 

polymerization. The wet wood was heated to 70°C for 4 hours 

to complete the polymerization process.

Preparation of modified enzymes
We added 60 mg organic acid (cinnamic acid, caffeic acid, 

and p-coumaric acid). The three acids were dissolved in 3 mL 

5 M NaOH. We added 5 M HCl to adjust the pH to 7.5. Steril-

ized deionized water was added to a total volume of 8 mL. We 

added 160 mg dopamine in this solution. The solution was 

allowed to stand at room temperature, and 60 mg lysozyme 

was added. The solution was mixed for 24 hours at 30°C in 

a constant-temperature bath. The insoluble portion was pel-

leted (6,000 rpm, 20 minutes) and discarded following the 

termination of reaction. The soluble portion was loaded on 

a Sephadex G-25 column (GE Lifescience). Eluting peaks 

with enzymatic activity were collected, dialyzed for 1 day at 

4°C, concentrated, frozen, dried, and preserved.

Translucent balsa and dopamine cross-linked 
modified enzymes
We weighed 131.14 mg Tris–hydrochloric acid and dissolved 

it in 100 mL of deionized water, then added 200 mg dopamine 

powder. A Tris–dopamine solution at a concentration of 

2 mg/mL at pH 8.5 was successfully prepared. Then, the balsa 

was immersed in the dopamine solution for 12 hours and 

placed on a shaking table at 37°C at 100 rpm. We weighed 

and dissolved 500 mg lysozyme and 500 mg optimal modified 

lysozyme powder in 50 mL deionized water for preparing 

a lysozyme solution to a final concentration of 10 mg/mL. 

The solution was divided into two groups – C and D. The 

extracted sample was carefully cleaned with the deionized 

water, immersed in group C and D lysozyme solutions for 

12 hours, placed on a shaking table at 37°C, and rotated at 

100 rpm. The sample was removed and preserved under 

aseptic conditions at room temperature after the termina-

tion of reaction.

Optimization and functional assessment 
of modified lysozymes
Determination of inhibition zone
Samples of lysozyme and modified-lysozyme were weighed 

and dissolved with 50 mM pH 7 PBS to prepare sample solu-

tions accurately at 20 mg/mL. The cylinder-plate method was 

used to conduct an in vitro bacteriostatic test for the Gram-

positive bacteria (Staphylococcus aureus) and Gram-negative 

°

Figure 1 Preparation and evaluation of dressing.
Abbreviation: HE, hematoxylin–eosin staining.
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bacteria (Escherichia coli). We placed 20 mL melted aseptic 

solid culture medium in a culture dish and allowed it to stand 

for solidification. We applied 0.2 mL diluted suspension of 

each bacteria at a concentration of 106–107 CFU/mL to each 

plate. An Oxford cup was placed on the surface of the culture 

dish 10 minutes later. Various sample solutions were added. 

Then, the culture dish was properly covered and cultured for 

24 hours at a constant temperature of 37°C. The inhibition-

zone diameter of each culture dish was measured. This test 

was repeated three times for each sample solution. The test 

results were averaged.

Coculture of bacteria
Cryopreserved S. aureus and E. coli bacterial strains were 

obtained from the Research Institute for Burns, Southwest 

Hospital, Third Military Medical University. Bacteria were 

amplified (shaken overnight) to 109 CFU/mL. The bacterial 

solution was diluted to 104 CFU/mL with lysogeny-broth 

culture medium. We pipetted 100 mL bacterial solution 

and detected OD values with a microplate reader. The stan-

dard was met when the OD was about 0.07. Two 96-well 

microplates were used. Lysozymes and modified enzymes 

in various groups were placed in the wells, with three dupli-

cated wells for each group. To each well, we added 200 µL 

of the prepared bacterial solution. Solutions were incubated 

for 12 hours at 37°C on a shaking table. The solution in each 

group was tested for alterations. These steps were repeated 

three times.

Determination of minimal inhibitory concentration
Samples of lysozyme and modified-lysozymes were weighed 

and dissolved in 50 mM pH 7 PBS to prepare sample solu-

tions accurately at concentrations of 0.25, 0.50, 1.00, 1.50, 

and 2.00 mg/mL. We placed 0.2 mL sample solution in each 

series in a sterile test tube. We added 0.2 mL S. aureus and 

E. coli at concentrations of 106–107 CFU/mL. The solu-

tion was well mixed and cultured for 2 hours at a constant 

temperature of 37°C. The mixed solution was diluted 1,000-

fold with sterile deionized water. We applied 0.2 mL solu-

tion onto the plate with a spreading rod. The solution was 

allowed to stand, then poured to a culture dish, and cultured 

for 24 hours at a constant temperature of 37°C. Bacterial 

colonies were counted. The 50 mM pH 7 PBS was used 

to replace the sample solution. Similarly, a control group 

was created. The growth of bacterial colonies on the plate 

was observed. The concentration of the sample in the plate 

without growth of bacterial colonies gave the minimum 

inhibitory concentration.

Measurement of optimal pH, temperature, and time
Samples of lysozyme and modified-lysozyme were accurately 

weighed and dissolved in 50 mM PBS at various pH values 

(4, 5, 6, 7, and 8) for accurately preparing the solution at a 

concentration of 2 mg/mL. The solution was allowed to react 

in a bath at various constant temperatures (40°C, 45°C, 50°C, 

55°C, and 60°C) for various periods (3, 15, and 30 minutes 

and 1 and 2 hours). The solution was rapidly cooled to 

room temperature. The enzyme activity of the lysozyme 

and modified-lysozymes was determined under various 

conditions. For easy comparison and determination, other 

variables would remain constant while a particular variable 

was changed. The highest enzyme activity was set at 100%. 

Relative enzyme activity under other conditions was the ratio 

(percentage) of enzyme activity to highest enzyme activity.

Determination of hydrophobicity
A certain amount of lysozyme and modified-lysozymes 

were accurately weighed and dissolved in 10 mM pH 7 

phosphoric acid buffer solution for accurate preparation of 

sample solutions at concentrations of 0.1, 0.2, 0.3, 0.4, and 

0.5 mg/mL. We withdrew 4 mL of each sample solution. 

We added 50 μL ANS solution (10 mM pH 7 phosphoric 

acid buffer solution was used to prepare the 8 mM solution). 

Excitation wavelength was 360 nm and emission wave-

length 470 nm. Fluorescence intensity was determined with 

fluorophotometry.

Determination of secondary structure
The solid sample was well mixed with KBr, ground, 

and compressed into pellets. Fourier-transform infrared 

spectrometry (Nicolet iS10) was used to perform infrared 

spectrum scanning for the pellets. Spectral resolution was 

4 cm-1, wave-number scan range 400–4,000 cm-1, and 

number of scans 32.

Functional assessment of translucent 
balsa-modified lysozymes
Drug-loading capacity and encapsulation efficiency
Determination of standard curve for lysozymes
We weighed 200 mg lysozymes and 200 mg modified 

lysozymes and dissolved them in 10 mL PBS to create a stock 

solution (20 mg/mL). Appropriate amounts of PBS were added 

to dilute the solution into three concentrations: 5 mg/mL, 

10 mg/mL, and 20 mg/mL. Ultraviolet spectrophotometry 

was used to measure the absorbance of the lysozyme solution 

at various concentrations of 357 nm. The standard curve for 

lysozymes was plotted with the lysozyme concentration as 
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the abscissa and the absorbance as the ordinate. Then, the 

linear regression equation was calculated.

Measurement of drug-loading capacity and 
encapsulation efficiency
We weighed 200 mg of the sample in group C and 200 mg 

of the sample in group D, froze these with liquid nitrogen, 

ground them to powder, and dispersed them into 10 mL PBS 

solution ultrasonically for 60 minutes. The solution was 

centrifuged for separation. The absorbance of the supernatant 

was measured with ultraviolet spectrophotometry at 357 nm. 

The concentration was computed according to the standard 

curve. Then, drug-loading capacity and encapsulation effi-

ciency were computed:

	

Drug-loading capacity

Actual concentration Volume g

Tota
=

× µ ( )

ll mass of  dissolved balsa-lysozyme 

of  modifier enzymes (mgg) �

	
Encapsulation efficiency

Actual concentration

Theoretical c
=

ooncentration �

In vitro drug release
We weighed 200 mg of the sample in group C and 200 mg 

of the sample in group D, added 10 mL PBS, and cultured 

these on a constant-temperature shaking table (37°C, 70 rpm). 

The test tube was removed at specific time points (0.5, 12, 

24, 48, and 72 hours). We removed 2 mL supernatant and 

measured absorbance with ultraviolet spectrophotometry. 

We added 2 mL fresh PBS to the test tube to maintain the 

total volume of the system. During the test, a cuvette filled 

with fresh PBS served as the control group. Concentration 

was computed according to the standard curve. The amount 

released in each period was computed. Finally, accumulated 

release was computed by summation.

Mechanical property measurements and 
determination of water-vapor-transmission rates
Samples were cut into cuboid (10×10×0.7 mm) shape and 

tested with a material-testing system (5567; Instron, Norwood, 

MA, USA). Samples were clamped, oriented vertically, and 

stretched to failure at 10 mm/min. Water-vapor-transmission 

rates (WVTRs) were measured in accordance with American 

Society for Testing and Materials standard 17. Samples were 

cut into disks with a diameter of 35 mm and mounted on the 

mouth of a cylindrical cup containing 10 mL distilled water. 

These assemblies were sealed with Teflon tape (Hengzhixin, 

Jiangsu, China) and then incubated at 37°C and 90% relative 

humidity. Assemblies were weighed every hour for 24 hours, 

and results were automatically recorded by a WVTR-testing 

system (W3/030; Labthink, Jinan, China).

Coculture of bacteria
Methods were the same as in the previous “Coculture of 

bacteria” section. Changes in OD values were measured at 

12 and 24 hours after samples in the control, A, B, C, and 

D groups had been incubated on the shaking table at 37°C. 

Steps were repeated three times.

Inhibition of cell proliferation
A newborn mouse was sacrificed for preparation of primary 

fibroblasts. Cells were usable until passages 2–3. Cells were 

counted. The DMEM culture was determined according to the 

96-well microplate with 2,000 cells per well. The materials 

in each group were placed in the wells. We set 12 duplicated 

wells for each group (measured at 1, 3, 5, and 7 days). The 

biocompatibility of the materials was assessed using CCK8 

(Dojindo, Kumamoto, Japan) proliferation assays on days 

1, 3, 5, and 7 after seeding. In brief, at each time point, the 

medium was replaced with DMEM and 10 mL of CCK8 solu-

tion added to each well, followed by incubation at 37°C for 

2 hours. Mean OD values were determined at 450 nm using 

an enzyme-linked immunosorbent assay reader (Varioskan 

Flash; Thermo Fisher Scientific, Waltham, MA, USA), and 

cell proliferation is expressed as percentages relative to the 

control group.

Establishment of mouse models with surface wounds 
induced by full-thickness skin infection
A total of 25 BALB/c mice (male, weighing about 250 g) 

were purchased from the Animal Research Institute, Third 

Military Medical University. Five mice were assigned to 

each group. The animals were raised in a specific pathogen 

free chamber at room temperature (25°C), relative moisture 

50%, and circadian rhythm 12 hours. Experimental mice were 

raised in separate cages for 1 week for adaptation before the 

experiment. All experimental operations conformed to the 

requirements of the ethics committee for laboratory animals 

at the Third Military Medical University.

Each mouse was intraperitoneally injected with 1% pen-

tobarbital sodium (70 µL/g), shaved for skin preparation, 

and raised in a separate cage 1 day before the experiment. 

The next day, the back of each mouse was anesthetized and 

sterilized. Then, a puncher was used to create two horizontally 

symmetrical circular full-skin-thickness defects with a 
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diameter of about 0.6 mm in the lower-middle segment of the 

mouse. Then, 5 µL S. aureus and 5 µL E. coli prepared in the 

previous steps were added dropwise to the wound surface, 

each at a concentration of 108/mL. The material was sterilized 

with 75% ethanol and rinsed with PBS for complete removal 

of ethanol. The material was applied to the wound surface and 

fixed with an adhesive operation towel. The wound surface 

was photographed and the material replaced with new mate-

rial of the same type at 0, 1, 3, 5, and 7 days after injury.

Wound-healing rate and hematoxylin–eosin (HE) 
staining in mice
The original area of the wound surface and its area at various 

time points were measured with IPP6.0 software (Image-Pro 

Plus). The surface was selected with the area-of-interest 

function. The pixel area of wound surface was measured 

with “count size”. The wound-surface area was obtained by 

scale conversion.

	

Wound-healing rate

Original area of  wound surface Area of  

=

−
rresidue wound surface at day n after injury

Original area oof  wound surface
100%×

�

For HE staining, wound-surface specimens from each 

mouse were taken at 3 and 7 days after injury for prepara-

tion of paraffin sections. High-quality images were selected 

for HE staining. Several pathological experts measured the 

length of new epithelium using the blind method.

Research on mechanisms related 
to wound healing
Detecting the effects of modified dressing on 
expression of Wnt3a, β-catenin, and PCNA 
mRNA with RT-PCR
Cells were inoculated into the membrane patch as described 

earlier, digested into the cell suspension, and collected at 

3 days. Total RNA of cells was extracted. Reverse transcrip-

tion was performed in accordance with the reaction system 

50°C for 30 minutes, 99°C for 5 minutes, and 4°C for 5 min-

utes. The resulting cDNA was preserved at -20°C for later use 

after the reaction terminated. Reaction conditions for real-time 

polymerase chain reaction (RT-PCR) were denaturation for 5 

minutes at 95°C, 95°C for 30 seconds, 55°C for 30 seconds, 

and 72°C for 40 seconds for 35 cycles. The Applied Biosys-

tems 7500 RT-PCR system (Thermo Fisher Scientific) was 

used to acquire signals and output data. The inherent internal 

reference GAPDH of the sample was used for standardization. 

The results were computed and analyzed with the ΔΔC
T
 

method on the basis of relevant literature.

Studying cell migration at 6, 12, and 24 hours 
based on scratch test
The scratch-wound experiment was used to measure pri-

mary fibroblast cell-migration ability. Cell concentration 

was adjusted to 105/mL using liquid culture medium. Cells 

were inoculated into a 24-well microplate with 1 mL per 

well. Cells were cultured for 2 hours with RPMI 1640 

medium liquid culture medium containing mitomycin at a 

concentration of 4 µg/mL. Cell adherence was good, and 

cell fusion reached 80%–90%. A vertical scratch was made 

at the center of the microplate base with the tip of a 10 μL 

pipette. The liquid culture medium was discarded. Cells 

were washed three times. There were three wells for each 

group. Observation was performed at the living-cell work-

ing station. ImageJ software was used to measure scratch 

area at 0, 6, 12, 24 hours after the scratch had been made.

	

Cell-migration rate
Scratch area at 0 hours Scratch area 

a=

−
tt remaining time points

Scratch area at 0 hours
100%×

�

Western blot detection of Wnt–β-catenin signaling 
pathway and migrated F-actin and vinculin proteins
Cell concentration was adjusted to 2×106/mL with the 

liquid culture medium. Cells were inoculated into a six-

well microplate, with 1 mL per well and three wells for 

each group. Radioimmunoprecipitation-assay lysis buffer 

was added to lyse the cells completely after each group had 

been routinely cultured for 24 hours. Total cell protein was 

extracted and quantified. Protein was incubated overnight at 

4°C after addition of Wnt3a, β-catenin, PCNA, p-GSK3β, 

GSK3β, axin 2, F-actin, vinculin, β-actin, and GAPDH. The 

next day, the membrane was washed five times for 5 minutes 

each with Tris-20 buffer solution. Protein was incubated for 

1 hour at room temperature after addition of antirabbit and 

mouse-derived horseradish peroxidase-linked IgG second-

ary antibody. A chemiluminescence agent was added. Pro-

teins were developed, subjected to gel electrophoresis, and 

images obtained. β-Actin and GAPDH proteins served as 

the internal reference. Quantity One software (Biorad) was 

used for gray analysis. The final concentration of the Wnt-

signaling-pathway inhibitor XAV939 was 10 μM. Proteins 

on the membrane were digested and collected at 3 days after 

inoculation. The protein was extracted as described earlier. 
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Changes in expression of Wnt3a, β-catenin, axin 2, PCNA, 

and β-actin were measured.

Statistical analysis
All data are presented as means ± SD. Student’s t-test and 

one-way analysis of variance were used to evaluate statistical 

significance, followed by post hoc least-significant-difference 

tests. Values of P,0.05 were considered significant.

Results
Determination of inhibition zone, 
cell coculture, and minimal inhibitory 
concentration
The three acids were arranged in the order of p-coumaric 

acid . caffeic acid . cinnamic acid (Figure 2) in terms of 

antibacterial effects and minimal inhibitory concentrations. 

p-Coumaric acid-modified lysozymes had the strongest 

activity when pH was 6, temperature 45°C, and reaction 

time 30 minutes (Figure 3). The order was p-coumaric acid 

. cinnamic acid . caffeic acid for surface-hydrophobicity 

index and secondary-structure stability (Figure 4).

Drug-loading capacity, encapsulation 
efficiency, and in vitro drug release
The drug-loading capacity and encapsulation efficiency in 

group D were superior to that of group C (P,0.05). As can 

be seen from the release curve, the release in groups C 

and D tended to be stable, reaching a maximum at 48 hours. 

Accumulated release at 72 hours was 85.2% and 93.8%, 

respectively (Figure 5).

Mechanical strength and WVTR
Tensile strength, elongation at break, and Young’s modulus of 

membranes are summarized in Table 1. As seen, the strength 

Figure 2 Antibacterial properties of different acids and modified enzymes.	
Notes: (A) Determination of inhibition zone; (B) coculture of antibacteria OD value; (C) determination of minimal inhibitory concentration. *P,0.05. -, sterile growth; + -, 
a small amount of colonies; +, the colony area is more than 1/3 of the petri dish, not more than 1/2 of the petri dish; + +, the colony area exceeds 1/2 of the petri dish.
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(tensile strength and Young’s modulus) of group A was obvi-

ously lower than group D (P,0.05). As shown in Table 2, 

the average WVTR was D ≈ C ≈ B . A (P,0.05).

In vitro antisepsis and cell-proliferation 
inhibition
The growth of S. aureus and E. coli in the control group 

conformed to the normal trend at 24 hours. The groups’ 

order in terms of their antibacterial activity against E. coli 

and S. aureus was D . C . B ≈ A (P,0.05). Proliferation 

of fibroblasts was not inhibited in any group at 1–7 days 

(P.0.05, Figure 6).

Effects on wound healing and length 
of new epithelium
Healing rates in the control, A, B, C, and D groups were 

18.5%, 26.3%, 28.5%, 36.0%, and 39.8%, respectively, 

at 3 days after injury. Wound-healing rates were 30.6%, 

°

Figure 3 Relative enzyme activity of groups under different conditions.
Notes: (A) pH; (B) temperature; (C) time.

α β β

Figure 4 Surface-hydrophobicity index and secondary-structure stability of the four enzymes.
Notes: (A) Correlation between FI index and concentration; (B) secondary-structure content of each group.
Abbreviation: FI, fluorescence index.
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48.3%, 56.7%, 70.9%, and 79.2%, respectively, at 7 days 

after injury. The five groups had the order D . C . B ≈ A . 

control in terms of wound-healing rates at both 3 and 7 days 

after injury (P,0.05, Figure 7). There were no differences 

in new-epithelium length among the groups at 3 days after 

injury (P.0.05). Lengths of new epithelia of the wound 

surface in the control, A, B, C, and D groups were 618.0 μm, 

687.3 μm, 726.5 μm, 819.8 μm, and 886.7 μm, respectively, 

at 7 days after injury (D . C . B . A . control; P,0.05; 

Figure 8).

Effects on cell proliferation and 
relevant pathways
RT-PCR showed that the five groups had the order D . C . 

B ≈ A . control (P,0.05) in terms of increase in expression 

of Wnt3a, β-catenin, and PCNA mRNA (Figure 9). Western 

blot (WB) was used to detect changes in the Wnt–β-catenin 

signaling pathway and Wnt3a, β-catenin, p-GSK3β, and 

p-GSK3β:GSK3β ratios at 7 days. The five groups could be 

arranged in descending order, D . C . B ≈ A . control in 

terms of expression of PCNA (P,0.05). There were no differ-

ences in GSK3β expression (P.0.05). The five groups could 

be arranged in ascending order, D , C , B ≈ A , control 

(P,0.05) in terms of expression of axin (Figure 10). The 

CCK8 method showed that cell growth was significantly 

inhibited (P,0.05) after the Wnt–β-catenin signaling-

pathway inhibitor XAV939 had been added to group D. 

Expression of Wnt3a, β-catenin, and PCNA was inhibited, 

but the expression of axin 2 increased (P,0.05, Figure 11).

Effects on cell migration and 
relevant pathways
The five groups could be arranged in descending order, D . 

C . B ≈ A . control (P,0.05) in terms of cell-migration 

rate at 24 hours after the scratch test (Figure 12), and D . 

C . B ≈ A . control (P,0.05) in terms of the expression 

of migrated proteins detected on WB, including F-actin and 

vinculin (Figure 13).

Discussion
Patients with large skin defects urgently require effective 

coverage of the wound surface to prevent bacterial invasion 

and loss of mucus, water electrolytes, and energy. A wound 

dressing can reconstruct the skin barrier and accelerate 

wound healing, thus creating conditions appropriate for 

subsequent surgery.16 An ideal wound dressing should have 

Figure 5 (A) Drug loading (μg/mg) and encapsulation efficiency (%) of C and D groups; (B) drug-release rate (%) of C and D groups in vitro.

Table 1 Mechanical properties of translucent balsa-modified 
lysozymes (mean±SD)

Group Tensile 
strength (MPa)

Elongation 
at break (%)

Young’s 
modulus (MPa)

A 1.50±0.08 501±22 0.32±0.03
B 1.64±0.09 528±25 0.38±0.04
C 1.69±0.11 537±27 0.41±0.06
D 1.70±0.12 542±29 0.42±0.09

Table 2 Water-vapor-transmission rates of translucent balsa-
modified lysozymes (mean±SD)

Group Thickness of 
membranes (μm)

WVTR 
(g/m2/24 h)

A 700±103 117±11
B 652±97 136±16
C 649±95 134±17
D 653±99 134±15

Abbreviation: WVTR, water-vapor-transmission rate.
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Figure 7 (A) Wound healing from day 1 to day 7 (standard wafer diameter 0.6 mm); (B) wound-healing rates at 3 and 7 days; (C) complete-healing time.

Figure 6 (A) Antibacteria OD values of Staphylococcus aureus and Escherichia coli in the five groups; (B) proliferation of fibroblasts was not inhibited in any group at 
1–7 days.
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excellent mechanical properties, proper water and air perme-

ability, and outstanding biological compatibility. Infections 

and imbalance in inflammatory responses retard or prevent 

wound healing. An ideal wound dressing should also provide 

an aseptic microenvironment for the wound.17,18 Natural 

materials, including chitosan, chitin, glucans, celluloses, 

alginate, and fibroin, are thought to be ideal materials for 

preparing wound dressings, because of their high bioavail-

ability and good biological compatibility. As such, promoting 

healing of wound infections by a combination of the natural 

materials and various antibacterial agents, growth factors, or 

other chemical substances has become a focus of research in 

the field of wound repair.19,20

Three acids can be arranged in descending order 

(p-coumaric acid . caffeic acid . cinnamic acid) in terms 

of their antibacterial effects and minimal inhibitory concen-

tration. This suggests that modified enzymes have greater 

antibacterial effects than natural enzymes (Figure 2). Accord-

ing to studies,21,22 modified enzymes are amphiphilic mole-

cules. Enzymes can penetrate the lipopolysaccharide layers of 

Gram-negative bacteria and may possess bactericidal effects 

against these bacteria as their hydrophobicity increases. 

Therefore, modified enzymes have significantly more inhibi-

tory effects on these bacteria than natural enzymes. According 

to the bactericidal mechanism of lysozymes and the structural 

characteristics of the bacterial cell wall, the inhibitory effects 

of enzymes on Gram-positive bacteria depend primarily on 

enzyme activity, whereas the inhibitory effects of enzymes 

on Gram-negative bacteria are jointly determined by the abil-

ity of enzymes to penetrate the lipopolysaccharide layer and 

the enzymatic activity. Therefore, variations in the inhibitory 

effects of enzymes on various bacteria may be different under 

the same heat-treatment conditions, possibly accounting for the 

greatest inhibitory effects of p-coumaric acid.12,14 p-Coumaric 

acid-modified lysozymes had the highest activity at pH 6 and 

temperature 45°C, with reaction time of 30 minutes (Figure 4). 

We believe that changes possibly occurred at the optimal pH 

for the chemically modified lysozymes because the covalent 

binding of various acids by natural enzymes led to changes in 

isoelectric point as well as enzyme structure. The three acids 

can be arranged in descending order p-coumaric acid . cin-

namic acid . caffeic acid in terms of surface-hydrophobicity 

index of the four enzymes (Figure 3). This may be due to the 

fact that the modified lysozymes experienced changes in their 

Figure 8 (A) Lengths of new epithelia (black arrows) at 3 and 7 days; (B) statistical graph of A.
Notes: Lengths of new epithelia (arrows) at the wound surface in the control group and groups A, B, C, and D were D . C . B . A . control at 7 days after injury. Scale 
bars =200 µm.
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β β

Figure 9 Reverse-transcription polymerase chain reaction showed that the five groups could be arranged in descending order.
Notes: D . C . B ≈ A . control (P,0.05), according to the increase in expression of Wnt3a (A), β-catenin (B), and PCNA (C) at 3 and 7 days.

β

β

β

β

β β

β

Figure 10 (A) WB results of changes in Wnt–β-catenin signaling pathway; (B) WB statistical results for relative Wnt3a, β-catenin, p-GSK3β, and p-GSK3β/GSK3β levels 
at 7 days.
Abbreviation: WB, Western blot.

structure, thus exposing the hydrophobic groups within the 

natural enzymes and increasing the surface hydrophobicity 

index of natural enzymes.10,15 According to the structural 

characteristics and covalent binding characteristics of the 

three acids, the covalent binding of the natural enzymes and 

the three acids is the covalent binding of the amidogen of the 

enzyme molecules and the carboxyl of the organic acids. 

The hydrophobic benzene rings contained in the three organic 

acids remained intact. The existence of hydrophobic benzene 

rings may also enable the surface-hydrophobicity index of 

the modified enzymes to increase.6,9 The three acids can be 

arranged in descending order p-coumaric acid . cinnamic 
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Figure 11 Cell proliferation and protein expression after the Wnt–β-catenin signaling-pathway inhibitor XAV939 had been added to group D.
Notes: (A) OD values of cell growth; (B) WB results for day 3; (C) WB results for 7 days.
Abbreviation: WB, Western blot.

Figure 12 (A) Cell migration of the five groups at 3 and 7 days (white lines represent cell-migration progress). (B) Relative migration (%).
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acid . caffeic acid in terms of secondary-structure stability 

of the four enzymes (Figure 3). The content of random coils 

in the remaining two modified enzymes increased somewhat 

compared with that of the remaining p-coumaric acids. The 

molecular structure of modified enzymes changed. The 

ordered structure of enzymes decreased, whereas disordered 

structure increased. The peptide-chain structure of the enzyme 

molecules tended to be loose, affecting enzyme stability.8,13 

As seen, the strength (tensile strength and Young’s modulus) 

of group A was obviously lower than group D (P,0.05). 

This result indicates that translucent balsa helps significantly 

to improve tractility and flexibility of the balsa, thereby 

adding to the application for wound dressing under high 

stresses. As shown in Table 2, average WVTR was D ≈ C ≈  

B . A (P,0.05), which was very suitable to supply a moist 

environment for wound healing without wound-exudate 

accumulation. Collectively, compared with conventional 

products, our translucent balsa-modified lysozymes had the 

advantage of bionic performance.

Drug-loading capacity and encapsulation efficiency in 

group D was superior to group C (P,0.05). As can be seen 

from the release curve, the release in groups C and D tended 

to be stable, reaching the maximum at 48 hours. Accumu-

lated release at 72 hours was 85.2% and 93.8%, respectively 

(Figure 5). This may be due to the fact that the p-coumaric 

acid-modified lysozymes were more likely to cover the 

balsa surface during preparation of pellets. In addition, the 

excessively high concentration of pure lysozymes led to a 

low content of the cross-linked lysozymes and decreased 

encapsulation efficiency. In terms of drug release, the release 

in group D was rapid during the first 24 hours. The significant 

abrupt release in the early stage may be due to the fact that the 

p-coumaric acid-modified lysozymes were embedded in the 

balsa structure using the cross-linking method. The embed-

ding structure had poor compactness. Lysozymes them-

selves are antibacterial agents with high water solubility. 

Lysozymes were very likely to have penetrated the surface 

structure of balsa and release in PBS, thus increasing the 

Figure 13 WB was used to detect changes in the vinculin and F-actin at 3 and 7 days.
Notes: (A) WB results at day 7; (B) WB results for F-actin; (C) WB results for vinculin.
Abbreviation: WB, Western blot.
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amount released when lysozymes were cultured in PBS. 

The amount of lysozymes released remained unchanged at 

48 hours, indicating that their release tended to be stable, 

reaching maximum and fluctuating at about 80%–90%.

The growth of S. aureus and E. coli in the control group 

tended to be normal at 24 hours. The four groups can be 

arranged in descending order, D . C . B ≈ A (P,0.05, 

Figure 6) in terms of their antibacterial activity against E. coli 

and S. aureus. At present, it is well known that lysozymes 

have inhibitory effects on Gram-positive bacteria. The 

mechanism lies in hydrolysis of the chemical bond between 

N-acetylmuramic acid and peptidoglycans of the bacterial cell 

wall.23 This was verified in our results. According to recent 

studies,23,24 the exposure of hydrophobic groups in enzyme 

molecules is the major cause of increased activity against 

Gram-negative bacteria. The increase in hydrophobicity 

index of the modified enzymes provided a further theoretical 

basis for the increase in function against Gram-negative bac-

teria. In terms of cytotoxicity, the proliferation of fibroblasts 

in different groups was not inhibited (P.0.05, Figure 6). 

This may be due to the fact that lysozymes originate from 

egg white and are relatively safe enzymes. It is believed that 

the safety of lysozymes allows for their wide application in 

food preservation.24

The in vitro and in vivo defense barriers of burn patients 

are damaged, and immunity declines significantly. Extensive 

tissue necrosis and invasion by exogenous and endogenous 

bacterial colonies lead to wound infections.25 Wound infec-

tion is one of the major complications and causes of death 

in burn patients, accounting for approximately 52%–70% of 

deaths following burns.26

We added the Gram-positive bacterium S. aureus and 

the Gram-negative bacterium E. coli to the infectious burn-

wound surface. The bacterial concentration was 108/mL.27–29 

Healing rates in the control, A, B, C, and D groups were 

18.5%, 26.3%, 28.5%, 36.0%, and 39.8%, respectively, at 

3 days after injury. Wound-healing rates were 30.6%, 48.3%, 

56.7%, 70.9%, and 79.2%, respectively, at 7 days after injury. 

The five groups could be arranged in descending order, 

D . C . B ≈ A . control in terms of wound-healing rates 

at both 3 days and 7 days after injury (P,0.05, Figure 7). 

With the increase in antibacterial action, particularly anti-

bacterial action against Gram-negative bacilli, p-coumaric 

acid-modified lysozymes effectively altered the infectious 

wound surface and promoted healing. The process of 

wound healing consisted of two periods: wound contrac-

tion and wound epithelization. For species with compact 

skin (eg, humans), wound healing is achieved primarily by 

wound epithelization.30 There were no differences in length 

of new epithelium among the groups at 3 days after injury. 

This was primarily because the wound-edge epidermis was in 

the preparation phase of cell proliferation and migration, and 

the new epithelium was not significant.31 The lengths of new 

epithelia of the wound surface in the control, A, B, C, and D 

groups were 618.0 μm, 687.3 μm, 726.5 μm, 819.8 μm, and 

886.7 μm, respectively, at 7 days after injury (D . C . B . 

A . control; P,0.05; Figure 8). These results suggested that 

p-coumaric acid-modified enzymes significantly promoted 

reepithelization of the wound and thus accelerated healing of 

the wound by controlling infections at the late stage of injury 

(at 7 days after injury). To study the mechanism of wound 

healing further, we conducted a study of cell proliferation 

and migration.

PCNA is a downstream target of the Wnt–β-catenin sig-

naling pathway. The Wnt–β-catenin signaling pathway itself 

also has important effects on cell proliferation and cell fate in 

different tissue types.32 Therefore, we also measured mRNA 

levels of Wnt3a and β-catenin in cells. RT-PCR revealed that 

the five groups could be arranged in descending order, D . 

C . B ≈ A . control (P,0.05) in terms of increased expres-

sion of Wnt3a, β-catenin, and PCNA mRNA (Figure 9). 

According to these results, we propose that p-coumaric 

acid-modified lysozymes influenced the adherence and pro-

liferation of cells via the Wnt-signaling pathway. The protein 

in cells was extracted for WB detection. The Wnt–β-catenin 

signaling pathway altered at 7 days. We found that the five 

groups could be arranged in descending order, D . C . B 

≈ A . control (P,0.05) in terms of expression of Wnt3a, 

β-catenin, p-GSK3β, and p-GSK3β:GSK3β ratios and with 

respect to the expression of PCNA. There were no differ-

ences in GSK3β expression (P.0.05). The five groups could 

be arranged in ascending order, D , C , B ≈ A , control 

(P,0.05) in terms of expression of axin (Figure 10).

Protein expression of Wnt3a, β-catenin, and PCNA was 

significantly higher in the macroporous silica-membrane 

group. This result coincided with the RT-PCR detection 

result. In the current literature, it is generally accepted that 

intracellular β-catenin protein is regulated by the degraded 

complex APC–axin–CK1–GSK3β. GSK3β is an active form 

and can degrade β-catenin. Phosphorylated GSK3β is inac-

tivated and thus cannot degrade β-catenin. Axin 2 is closely 

associated with the negative feedback of the Wnt–β-catenin 

signaling pathway.32 We found that protein expression in 

β-catenin and p-GSK3β increased in group D, while axin 2 
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expression decreased, suggesting that the β-catenin-degraded 

complex was deactivated,33 thus leading to accumulation of 

β-catenin within cells. Generally, only a small amount of 

β-catenin is present in the cytoplasm and nuclei. β-Catenin 

enters the nuclei and activates the expression of related down-

stream genes with accumulation of β-catenin within the cells. 

These genes include the proliferation-related PCNA.34

XAV939 is a small molecule compound that maintains 

the integrity and activity of the β-catenin-degraded complex 

by stabilizing the structure of axin 2. β-Catenin is degraded 

and the Wnt–β-catenin signaling pathway inhibited.32 In the 

present study, we clarified the important role of the Wnt-

signaling pathway in this process, where the pore struc-

ture regulated cell proliferation using the Wnt–β-catenin 

signaling-pathway inhibitor. As the effects on cell prolifera-

tion in group D were the most significant, we added the Wnt–

β-catenin signaling-pathway inhibitor XAV939 in group D. 

The CCK8 result showed that cell growth was significantly 

inhibited (P,0.05). Meanwhile, the expression of Wnt3a, 

β-catenin, and PCNA was inhibited, while the expression 

of axin increased (P,0.05, Figure 11). This suggested that 

p-coumaric acid-modified lysozymes regulated cell prolifera-

tion via the Wnt–β-catenin signaling pathway.

Wound reepithelization relies on the migration of epi-

thelial cells from the wound periphery to the wound center. 

Therefore, the migration of epithelial cells is thought to be the 

key to wound healing.35 In our study, the five groups had the 

order D . C . B ≈ A . control (P,0.05) in terms of cell-

migration rate at 24 hours after the scratch (Figure 12). This 

demonstrated that group D effectively promoted migration 

of epithelial cells and thus accelerated wound healing. The 

five groups could be arranged in descending order, D . C . 

B ≈ A . control (P,0.05) in terms of expression of migrated 

proteins, including F-actin and vinculin (Figure 13). It is 

generally accepted that the recombination dynamic structure 

of F-actin protein plays a vital role in cell migration.36 As a 

highly conservative intracellular protein, vinculin also plays 

a vital role in maintaining and regulating cell adherence and 

migration.35,36 Therefore, we believe that p-coumaric acid-

modified lysozymes promoted cell migration by influenc-

ing the expression of migrated proteins, including F-actin 

and vinculin.

Conclusion
We successfully optimized the design of modified lysozymes 

and prepared a translucent balsa-modified lysozyme dressing 

characterized by strong antibacterial properties, with stable 

and persistent release, no cytotoxicity, and capacity to 

promote antibacterial ability, epithelial growth, and cell 

proliferation and migration.
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