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Abstract: Lysozyme is a natural protein with a good bacteriostatic effect, but its poor inhibition
of Gram-negative bacteria limits its development potential as a natural preservative. Therefore,
the modification of natural lysozyme to expand the antimicrobial spectrum become the focus of
lysozyme study. Egg white lysozyme has low cost, rich content in nature, is easy to obtain, strong
stability, and high enzyme activity, so it can be applied in the modification of lysozyme. Egg white
lysozyme was modified by chemical methods using organic acids. Caffeic acid and p-coumaric
acid in organic acids were used as modifiers, and 1-Ethyl-3- (3-dimethylaminopropyl) carbodiimide
hydrochloride and N-hydroxy succinimide were used as dehydration condensation agents during
modification. A certain degree of modified lysozyme was obtained through appropriate modification
conditions. The antibacterial properties and structure of the obtained two organic acid-modified
lysozymes were compared with natural enzymes. The results showed that compared with the native
enzyme, the activity of modified lysozyme decreased, but the inhibitory effect on Gram-negative
bacteria was enhanced. The minimum inhibitory concentrations of caffeic acid-modified enzyme and
p-coumaric acid-modified enzyme on Escherichia coli and Pseudomonas aeruginosa were 0.5 mg/mL and
0.75 mg/mL, respectively. However, the antibacterial ability of modified lysozyme to Gram-positive
bacteria was lower than that of the natural enzyme. The minimum inhibitory concentration of
caffeic acid-modified enzyme and p-coumaric acid-modified enzyme to Staphylococcus aureus and
Bacillus subtilis was 1.25 mg/mL. The peak fitting results of the amide-I band absorption peak in
the infrared spectroscopy showed that the content of the secondary structure of the two modified
enzymes obtained after modification was different from that of natural enzymes. In the study, two
organic acids were used to modify egg white lysozyme, which enhanced the enzyme’s inhibition of
Gram-negative bacteria, and analyzed the mechanisms for the change in the enzyme’s antibacterial
ability from the perspective of the structural change of the modified enzyme, providing a new idea
for lysozyme modification.

Keywords: hen egg white lysozyme; chemical modification; antibacterial activity; secondary structure

1. Introduction

Lysozyme is a kind of naturally monomeric protein, which has a good antibacterial
effect and widely exists in nature, and there are type C, type I, type G, and other types of
lysozyme [1]. Hen egg white lysozyme is C-type lysozyme which consists of 129 amino
acids. It is a glycoside hydrolase with a molecular weight of about 14,400 and an isoelectric
point of about 11 [2]. The chemical property of hen egg white lysozyme is very stable.
When the pH value is in the range of 1.2–11.3, the structure is almost unchanged, and
the stability to heat is also very strong in the acid environment [3]. Lysozyme has the
functions of antibacterial, antiviral, scavenging necrotic tissue, accelerating wound repair
and regeneration, and is widely used in the food and pharmaceutical industries and it
has been officially approved by many countries and organizations as a food preservative
or preservative. However, natural lysozyme is a non-broad-spectrum antibacterial agent
that mainly acts on Gram-positive bacteria (G+). Lysozyme achieves antibacterial activity
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by destroying the β-1,4 glycosidic bond between N-acetylglucosamine (NAG) and N-
acetylmuramic acid (NAM) in the bacterial peptidoglycan layer [4]. Due to the high
content of peptidoglycan in the cell wall of Gram-positive bacteria, lysozyme has a good
antibacterial effect on Gram-positive bacteria. However, Gram-negative bacteria (G−)
in vitro lipid outer membrane package and cell wall contains only a small amount of
peptidoglycan, which to some extent affects the lysozyme on Gram-negative bacteria
antibacterial effect, limiting its development potential as a natural preservative [5].

To change this limitation, Visalsok Touch et al. [6] used 2 mmol/L dithiothreitol to treat
lysozyme for 0.5–4 h at pH 8.0 and 30 ◦C, which enhanced the bactericidal effect of lysozyme
on Gram-negative bacteria. Ibrahim et al. [7,8] thought that structural modification of
lysozyme with a membrane-fusing hydrophobic domain, such as saturated hydrophobic
peptides or fatty acids, may facilitate the ability of lysozyme to access and move through
the outer cell membrane and thus destroy Gram-negative bacteria, so Ibrahim added a
hydrophobic peptide to the C-terminus of the lysozyme molecule, which increased the
inhibitory effect of lysozyme on Escherichia coli, and Ibrahim et al. [9] also used long-chain
fatty acids to modify natural lysozyme, so that the antibacterial ability of modified lysozyme
to Gram-negative bacteria can be enhanced. In addition, Ibrahim et al. [10] also modified
lysozyme with perillaldehyde, and synthesized Periliaedhyed-lysozyme1 polymer with
the inhibitory ability to Staphylococcus aureus and Escherichia coli k12, Andreas and Berkop-
Schnurch et al. [11] used cinnamic acid and caffeic acid to modify lysozyme, and found
that lysozyme can bind to these aromatic organic acids through covalent bonds, so as to
achieve the purpose of expanding the antibacterial spectrum of lysozyme. However, the
modified lysozyme obtained by this modification method will reduce the inhibitory effect
on Gram-positive bacteria while inhibiting.

In addition to the chemical modification of lysozyme, in recent years, the use of physi-
cal methods to modify lysozyme research has gradually increased. Under the conditions of
high temperature, high pressure, vacuum, magnetic field, microwave, and so on, natural
lysozyme is treated to a certain extent. Through the above physical treatment, the spatial
conformation of lysozyme molecules has changed, thus changing some structural char-
acteristics and biological functions of the enzyme. The modification method is called the
physical modification of enzyme molecules. During the modification process, the covalent
bond in the molecule does not change, but the secondary structure changes. Physical
modification has little damage to the nutritional value of lysozyme and is non-toxic and
time-saving. However, the range of modification by this method is relatively narrow. For
some lysozymes, it has no significant modification effect. Therefore, the application of
physical modification of lysozyme is limited. At present, the modification methods of
lysozyme under high temperature and ultra-high-pressure conditions are commonly used
to change the molecular structure of lysozyme. Hisham et al. [12,13] found that the heated
lysozyme could effectively inhibit the growth of Escherichia coli, but the modification of
lysozyme by heating did not affect the inhibition of lysozyme on Gram-positive bacteria
to a large extent. After homogenizing natural lysozyme under 100 MPa high pressure,
Lucci et al. [14] found that the inhibition of lysozyme on Listeria monocytogenes was signif-
icantly enhanced. At the same time, Alline et al. [15] proved that the antibacterial effect
of lysozyme and the ultra-high pressure homogenization have a synergistic effect on the
inhibition of Lactobacillus acidophilus.

In order to further explore the effect and change of lysozyme on antibacterial ability
after chemical modification by organic aromatic acids, this study focused on the inhibitory
effect of caffeic acid and p-coumaric acid-modified lysozyme on Gram-negative bacteria
and the structural changes of the enzyme before and after modification.

2. Results and Discussion
2.1. Analysis of Column Chromatography Results

Separation and purification by Sephadex G-25 column, the elution curves are shown in
Figure 1. Elution peaks 1,1′, first outflow, the corresponding component is a macromolecular
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substance, elution peaks 2,2′, after the outflow, the corresponding is a small molecule
substance, were collected related components, measuring enzyme activity, can be obtained
elution peaks 1,1′, with enzyme activity, is a mixture containing lysozyme, elution peaks
2,2′, does not have enzyme activity, is not involved in the reaction of free small molecule
substances, mainly not involved in the reaction of free caffeic acid, p-coumaric acid, and
other impurity molecules, so the collection of peaks 1,1′, with enzyme activity components
freeze-dry.
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Figure 1. The gel chromatography spectra of modified enzyme: (a) caffeic acid modified enzyme
(b) p-coumaric acid modified enzyme.

2.2. Lytic Activity

The enzyme activity average values of natural lysozyme, caffeic acid-modified lysozyme,
and p-coumaric acid-modified lysozyme were 20,583 U/mg, 14,243 U/mg, and 13,317 U/mg,
respectively, which were measured by the experimental method and Equation (1) in Section 3.4.2.
According to the mean of measured enzyme activity, the relative enzyme activity of lysozyme,
which was measured with Micrococcus lysodeikticus as the substrate, is shown in Figure 2. In
Figure 2, obviously, compared with the natural enzyme, the activity of the modified enzyme
decreased. It was calculated that the activities of the caffeic acid-modified enzyme and p-
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coumaric acid-modified enzyme were 69.2% and 64.7% of the natural enzyme, respectively.
The secondary structure test revealed that the content of each secondary structure of the
enzyme changed before and after modification, indicating that the change in enzyme structure
may be the primary explanation for the drop-in activity.
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Figure 2. The relative enzyme activity of the natural and modified enzyme.

2.3. Antibacterial Effect

The results of the inhibition zone diameter of natural lysozyme and modified lysozyme
on different test strains are shown in Figure 3. It can be seen from Figure 3 that the in-
hibitory effect of caffeic acid-modified enzyme and p-coumaric acid-modified enzyme on
Gram-negative bacteria is stronger than that of Gram-positive bacteria. The inhibition zone
diameters of the two modified enzymes against Gram-negative bacteria were greater than
13 mm, which was significantly larger than that of the natural enzyme. Therefore, the
antibacterial effect of the modified enzyme on Gram-negative bacteria was significantly
enhanced compared with the natural enzyme, and the antibacterial ability of the caffeic
acid-modified enzyme was slightly stronger than that of the p-coumaric acid-modified
enzyme. The results showed that the antibacterial effect of modified lysozyme on Gram-
negative bacteria was stronger than that of natural lysozyme, but the inhibition ability of
modified lysozyme on Gram-positive bacteria was weaker than that of natural lysozyme
to some extent. The inhibitory effect of the modified enzyme on Gram-negative bacteria
was enhanced, while the inhibitory effect on Gram-positive bacteria was weakened. The
inhibition zone diameters of the two modified enzymes on Gram-positive bacteria were
smaller than that of the natural enzyme. Compared with the antibacterial ability of natural
lysozyme to Gram-negative bacteria and Gram-positive bacteria measured in the experi-
ment, the antibacterial ability of the two modified enzymes to Gram-negative bacteria and
Gram-positive bacteria has a similar change trend. It can be proved that the mechanisms
for the change in the antibacterial ability of the two modified enzymes should be the same.
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2.4. Minimum Inhibitory Concentration (MIC)

The MIC results of natural lysozyme and modified lysozyme to different test strains
are shown in Tables 1 and 2. By analyzing Table 1, the MIC of natural lysozyme and
modified lysozyme in Table 2 can be obtained. It can be seen from Tables 1 and 2 that
the two modified lysozymes can effectively inhibit the growth and metabolism of Gram-
negative bacteria to a certain extent. The MIC results of natural enzyme and modified
enzyme against Gram-negative bacteria (Escherichia coli and Pseudomonas aeruginosa) were
as follows: natural lysozyme 1.50 mg/mL, caffeic acid modified lysozyme 0.50 mg/mL, p-
coumaric acid modified lysozyme 0.75 mg/mL, while the MIC of natural lysozyme against
Gram-positive bacteria (Staphylococcus aureus and Bacillus subtilis) was 0.75 mg/mL, and
the MIC results of modified lysozyme against two Gram-positive bacteria (Staphylococcus
aureus and Bacillus subtilis) were all greater than 1.00 mg/mL. The determination results of
MIC corresponded to the results of the antibacterial effect. Through the determination of
MIC, it was finally determined that the antibacterial spectrum of modified lysozyme was
expanded to a certain extent, and it was further confirmed that the reason for the change
of the antibacterial ability of the two modified enzymes relative to the natural lysozyme
should be identical, which facilitated further discussion and research.
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Table 1. Determination results of MIC of natural lysozyme and modified lysozyme on different
test strains.

Bacteria Sample Blank 1.50
mg/mL

1.25
mg/mL

1.00
mg/mL

0.75
mg/mL

0.50
mg/mL

0.25
mg/mL

Escherichia coli
1 ++ – ++ ++ ++ ++ ++
2 ++ – – – – – ++
3 ++ – – – – ++ ++

Pseudomonas aeruginosa
1 ++ – ++ ++ ++ ++ ++
2 ++ – – – – – ++
3 ++ – – – – ++ ++

Staphylococcus aureus
1 ++ – – – – ++ ++
2 ++ – – ++ ++ ++ ++
3 ++ – – ++ ++ ++ ++

Bacillus subtilis
1 ++ – – – – ++ ++
2 ++ – – ++ ++ ++ ++
3 ++ – – ++ ++ ++ ++

1: natural enzyme; 2: caffeic acid modified enzyme; 3: p-coumaric acid modified enzyme; ++: bacterium growth;
–: no bacterial growth.

Table 2. MIC of natural lysozyme and modified lysozyme to test strains.

Sample Escherichia coli Pseudomonas aeruginosa Staphylococcus aureus Bacillus subtilis

Natural enzyme 1.50 mg/mL 1.50 mg/mL 0.75 mg/ml 0.75 mg/mL
Caffeic acid modified enzyme 0.50 mg/mL 0.50 mg/mL 1.25 mg/mL 1.25 mg/mL

p-coumaric acid modified enzyme 0.75 mg/mL 0.75 mg/mL 1.25 mg/mL 1.25 mg/mL

2.5. Structure and Discussion

The amide-I band (1600–1700 cm−1) in the IR spectra of proteins is most sensitive to
their secondary structure (α-helix, β-sheet, random coil, β-turn, etc.) [16,17]. Therefore, the
amide-I region was evaluated to estimate the proportion of different secondary structures
in natural lysozyme and modified lysozyme. In a D2O solution, the amide I band profile
can be decomposed into several components. The wavenumber distributions of the four
secondary structures (α-helix, β-sheet, random coil, β-turn) of proteins in the amide I band
in the D2O solution are shown in Table 3. By peak fitting, the peak separation results are
shown in Figure 4. According to the distribution range of the secondary structure in Table 3,
the relative proportion of the four secondary structures in Table 4 is obtained by calculating
the area ratio. The relative proportions of the secondary structure content of natural and
modified enzymes are visually displayed in Figure 5.

Table 3. The distribution range of the secondary structure in D2O solution.

Secondary
Structure α-Helix β-Sheet β-Turn Random Coil

Wavenumber *
(cm−1) 1649–1658 1620–1640 &

1675–1680
1659–1674 &
1681–1696 1640–1648

* Data are from Susi and colleagues [18–21].

Table 4. The relative proportion of the four secondary structures.

Secondary Structure (%)

α-Helix β-Sheet β-Turn Random Coil

Sample
Natural enzyme 23.13 ± 0.08 28.10 ± 0.03 23.37 ± 0.02 25.41 ± 0.03

Caffeic acid modified enzyme 40.53 ± 0.06 38.87 ± 0.02 12.78 ± 0.03 7.82 ± 0.01
p-coumaric acid modified enzyme 15.17 ± 0.05 32.62 ± 0.08 35.33 ± 0.02 16.88 ± 0.01
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Figure 5. Visual secondary structure relative contents of natural enzyme and modified enzyme.

From Table 4 and Figure 5, it can be seen that the content of each secondary structure
of the modified enzyme has changed compared with the natural enzyme. Compared with
the natural enzyme, the content of β-sheet increased after different acid modifications,
from 28.10% to 38.87% and 32.62%, respectively. The content of the caffeic acid-modified
enzyme and p-coumaric acid-modified enzyme random coil decreased compared with the
native enzyme, and the decrease in the p-coumaric acid-modified enzyme was smaller
than that of the caffeic acid-modified enzyme. The content of the α-helix of the caffeic
acid-modified enzyme increased significantly compared with the native enzyme, but the
content of the α-helix of the coumaric acid-modified enzyme decreased compared with
the native enzyme. Compared with the content of natural enzyme β-turn, the content of
caffeic acid-modified enzyme β-turn decreased significantly from 23.27% to 12.78%, while
the content of p-coumaric acid-modified enzyme β-turn increased to 35.33%. By analyzing
the relative content of the secondary structure of the natural enzyme and modified enzyme,
it was deduced that the change of modified enzyme structure might be the reason for the
change in enzyme activity and antibacterial activity. According to the measured changes in
the secondary structure content, it can be inferred that it may be due to structural changes



Molecules 2023, 28, 95 8 of 12

that the aromatic hydrophobic groups originally wrapped in the protein molecule are
exposed. On the other hand, due to the structural characteristics of organic acids and their
covalent binding with the enzyme molecules, during the binding process, the amino group
inside the enzyme molecule is covalently bound to the carboxyl group inside the organic
acid. The existence of the hydrophobic benzene ring contained in the organic acid may
increase the hydrophobicity of its surface. It is speculated that the modification process
enhances the surface hydrophobicity of the enzyme molecule so that the modified lysozyme
can be compatible with the lipophilic outer membrane of Gram-negative bacteria compared
with the natural lysozyme so that it is easier to contact and hydrolyze to the peptidoglycan
wall of Gram-negative bacteria, thereby enhancing the antibacterial effect of the modified
lysozyme on Gram-negative bacteria. It is speculated that it is also because the modification
process increases the surface hydrophobicity of lysozyme, which reduces the inhibition of
modified lysozyme on Gram-positive bacteria.

2.6. Comparison and Discussion

In the study, in addition to comparing the antibacterial ability of lysozyme chemically
modified with organic acids to that of native lysozyme, the antibacterial ability of lysozyme
chemically modified with organic acids must also be compared to that of lysozyme chemi-
cally modified with other chemicals. A comparison of similar works can better demonstrate
the potential of this work for expanding lysozyme’s antibacterial ability. Table 5 summarizes
the literature on the chemical modification of lysozyme and contrasts the consequences
of these modifications. Indeed, a comparison of the contents of the literature reveals that
the lytic activity of the chemically modified lysozymes was all reduced. However, the
antibacterial ability against Gram-negative bacteria was enhanced to varying degrees, while
the antibacterial ability against Gram-positive bacteria was reduced to varying degrees.
In the study, the lytic activity values of caffeic acid-modified lysozyme and p-coumaric
acid-modified lysozyme were lower than native lysozyme, but the antibacterial range was
greater, demonstrating the potential use of caffeic acid and p-coumaric acid in lysozyme
chemical modification through comparison.

Table 5. Comparison of modification effects of caffeic acid and p-coumaric acid modified lysozyme
with other similar work.

Modifier Lysozyme Source
Lytic Activity

(The Lytic Activity of
Native Lysozyme as 100%)

Antibacterial Effect after
Modification Ref.

Caffeic acid Hen egg white 69.2%
The antibacterial impact
against G− was greatly
improved, whereas the
efficacy against G+ was
diminished to variable
degrees and the total

antibacterial spectrum
was expanded.

This work
p-coumaric acid Hen egg white 64.7% This work

Dithiothreitol (DTT) and
iodoacetamide Hen egg white 59% [6]

Hydrophobic pentapeptide Hen egg white 55% [7]
Palmitic acid Hen egg white 62% [8]

Myristic and stearic acids Fresh hen egg white 60%, 65% [9]
Perillaldehyde Fresh hen egg white 72.3% [10]
Cinnamic acid Egg white 68.4% [11]

Short and middle chain saturated
fatty acids (caproic and capric acids) Hen egg white 62%, 54% [22]

Dextran Hen egg white 13.3% [23,24]

3. Materials and Methods
3.1. Materials

Strains and reagents: Staphylococcus aureus ATCC43300, Micrococcus lysodeikticus
ATCC4698, Escherichia coli ATCC25922, Bacillus subtilis ATCC6051, Pseudomonas aerugi-
nosa ATCC27853, were provided by Biological Public Laboratory of Harbin Institute of
Technology, Weihai. Hen egg white lysozyme (>20,000 U/mg, Mw = 14,400 Da), 1-Ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), caffeic acid, p-coumaric acid
and N-hydroxy succinimide (NHS) were all purchased from Shanghai Aladdin Biochemical
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Technology Company, and peptone, beef extract, agar powder, purchased from Sinopharm
Chemical Reagent Company.

Main experimental equipment: ultra-clean worktable (SW-CJ-1FD, Lichen, China),
high-pressure steam sterilization pot (DGL-35B, Lichen, China), constant temperature incu-
bator (THZ-98AB, Yiheng, China), constant temperature water bath (HH-6S, Ny, China),
freeze dryer (LCG-10, NANBEI, China), high-speed centrifuge (LC-LX-H165A, Lichen,
China), UV-Visible spectrophotometer (UV-1800, Shimazu, Japan), Fourier Transform In-
frared Spectrometer with Attenuated Total Reflectance cell (TENSOR II, Bruker, Germany).

3.2. Preparation of Modified Lysozyme

30 mg caffeic acid and p-coumaric acid were dissolved in 5 mL 3 mol/L NaOH
solution, adjusted to pH 7.5 with 5 mol/L HCl, and then 120 mg EDC and 80 mg NHS
were added to each organic acid solution, respectively. After complete dissolution, the
solution was placed at room temperature of 25 ◦C for 40 min. Then 60 mg lysozyme was
added to the solution. In this reaction system, the mass ratio of organic acid to lysozyme
was 1:2, and the mixture was stirred in a water bath at 35 ◦C for 24 h. After the reaction
was completed, the insoluble part of the system was removed by centrifugation (4000× g,
15 min), and the supernatant was retained for subsequent experiments.

3.3. Sephadex G-25 Column Chromatography

For purification of the modified lysozyme, 5 mL of the reaction solution sample was
injected into the Sephadex G-25 column and eluted with 0.1 mol/L, pH 6.2 phosphate
buffer (PBS). The flow rate was 0.8 mL/min, and the detection wavelength was 281 nm.
Collection of peaks with lysozyme activity, freeze drying, removal of unreacted free caffeic
acid, p-coumaric acid, and other impurity molecules.

3.4. Determination of Lysozyme Activity
3.4.1. Preparation of Micrococcus lysodeikticus Suspension

Micrococcus lysodeikticus was inoculated in a liquid medium and cultured at 28 ◦C and
200 rpm for 24 h. Under the condition of 5000× g, 15 min, the bacterial solution obtained by
expanding culture was centrifuged, the final bacterial precipitation was washed three times
with sterile saline, and the final bacteria were frozen with sterile glycerol as a protective
agent. When the lysozyme activity was measured, the 0.1 mol/L, pH 6.2 PBS was used to
dilute it into a certain concentration of bacterial suspension so that the OD value at 450 nm
was about 1.0.

3.4.2. Determination of Enzyme Activity

5 mg lysozyme was dissolved in 0.1 mol/L pH 6.2 PBS so that the concentration of
the enzyme solution to be tested was 1 mg/mL. After the substrate suspension and the
enzyme solution to be tested were placed in a water bath at 25 ◦C for 30 min, the substrate
suspension was taken out to determine its OD value under 450 nm, and then the enzyme
solution to be tested was added and quickly shaken up. The OD450 value was measured
once every 30 s for three consecutive measurements. At room temperature, the decrease
in OD450 value per 30 s was 0.001 as an enzyme activity unit (25 ◦C, pH 6.2). The unit
of enzyme activity per milligram (U/mg) can be expressed by Equation (1). The enzyme
activity of the native enzyme and modified lysozyme was determined by this method. The
highest enzyme activity was 100%, and the relative enzyme activity was the ratio of the
measured enzyme activity to the highest enzyme activity.

U/mg =
(∆OD450/ min)

mass of enzyme sample (mg)
× 103 (1)
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3.5. Determination of Antibacterial Ability
3.5.1. Preparation of Bacterial Suspension

On the super clean bench, a small amount of Escherichia coli, Staphylococcus aureus, Bacillus
subtilis, and Pseudomonas aeruginosa were picked with inoculation ring and inoculated on
sterilized culture media respectively and cultured at 28 ◦C for 24 h. Then the single colonies
of various bacteria were picked with the inoculation ring and inoculated into the sterilized
liquid medium. The liquid medium was placed in a constant temperature shaker at 28 ◦C
for 24 h. The culture of each strain was diluted to 0.5 McFarland’s turbidity by McFarland’s
turbidimetry, i.e. [25], the culture concentration was diluted to 1.5 × 108 CFU/mL.

3.5.2. Determination of Inhibition Zone

The 20 mg of natural hen egg white lysozyme, caffeic acid-modified lysozyme, and
p-coumaric acid-modified lysozyme were weighed, respectively. In the preparation process
of the sample solution, 1 mL 0.1 mol/L pH 6.2 phosphate buffer was used as the solvent
so that the final concentration of the sample solution was 20 mg/mL. By using the filter
paper method, each test bacterial solution (200 µL) that had been purified and cultured and
diluted to 1.5 × 108 CFU/mL was coated in a solid medium. After the bacterial solution
on the surface of the medium was fully dried, the sterilized filter paper was placed on the
surface of the medium, and 20 µL of the prepared enzyme sample solution was respectively
added dropwise on the filter paper and cultured at a constant temperature of 28 ◦C for
24 h [26,27]. The diameter of the inhibition zone of each enzyme sample solution in the
petri dish against different strains was measured.

3.6. Determination of Minimum Inhibitory Concentration (MIC)

15 mg of the native enzyme and modified enzyme were dissolved in 10 mL, 0.05 mol/L
pH 6.2 phosphate buffer solution, respectively. In addition, the sample solutions with mass
concentrations of 1.50 mg/mL, 1.25 mg/mL, 1.00 mg/mL, 0.75 mg/mL, 0.50 mg/mL,
and 0.25 mg/mL were prepared by gradient dilution [27,28]. 200 µL, 1.5 × 108 CFU/mL
Staphylococcus aureus, Bacillus subtilis, Escherichia coli, and Pseudomonas aeruginosa were
added to 200 µL different sample solutions respectively, and each concentration was
repeated three times. In addition, incubated at 28 ◦C constant temperature incubator for
2 h, different mixtures were diluted by 1:1000 with sterilized deionized water, and 200 µL
of the diluted solution was coated on the medium and cultured at 28 ◦C for 24 h to observe
the growth of colonies. The sample solution was replaced by 200 µL, 0.05 mol/L pH 6.2
phosphate buffer as blank control. The colony growth on the plate was observed, and the
concentration of the sample in the sterile growth plate was MIC.

3.7. Fourier-Transform Infrared (FTIR) Spectroscopy and Protein Secondary Structure

Infrared spectra of enzymes were recorded using an FTIR spectrometer equipped with
Attenuated Total Reflectance (ATR) accessory. D2O has no interference absorption in the
amide I band (1600–1700 cm−1), and the amide I band (1600–1700 cm−1) is an important
wavenumber segment for the secondary structure information of the protein, so an ap-
propriate amount of natural hen egg white lysozyme, caffeic acid modified lysozyme and
p-coumaric acid modified lysozyme was dissolved in D2O to prepare a D2O solution and
sampled for ATR-FTIR scanning [18,19,29]. ATR-FTIR Set parameters: Spectral resolution
4 cm−1, Wavenumber scanning range 4000–400 cm−1, Scan times 32. After obtaining the
infrared spectrum, Peak Fit v4.12 software (Systat Software, Inc., San Jose, CA, USA) was
used to analyze the l600–1700 cm−1 band belonging to the characteristic peak of the amide
I band in the infrared spectrum. Firstly, the baseline was corrected, and then the Gaussian
method was used for deconvolution, and then the second derivative method was used to fit,
and the multiple fitting was performed until it coincided with the original spectrum [16,30].
After the fitting was completed, the characteristic peak position of each conformation and
the ratio of the area of each characteristic peak to the total area were obtained, and the
proportion of each conformation in the protein secondary structure was obtained.
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4. Conclusions

Compared with natural enzymes, although the enzyme activity of hen egg white
lysozyme modified by caffeic acid and p-coumaric acid decreased, the antibacterial effect
on Gram-negative bacteria was enhanced. The minimum inhibitory concentrations of caffeic
acid and p-coumaric acid modified enzyme against Gram-negative bacteria (Escherichia
coli and Pseudomonas aeruginosa) were 0.5 mg/mL and 0.75 mg/mL, respectively, while
the inhibitory effect on Gram-positive bacteria was weakened. The minimum inhibitory
concentrations of the two modified enzymes against Staphylococcus aureus and Bacillus
subtilis were greater than those of natural enzymes. Compared with the natural enzyme,
the content of each secondary structure of the modified enzyme changed to some extent.
The change in the structure of this enzyme is the reason for the change in enzyme activity
and antibacterial activity. This study provided guidance and expanded ideas for the
application of natural hen egg white lysozyme modification to expand its antibacterial
spectrum and enhance the antibacterial ability of lysozyme against Gram-negative bacteria
in the pharmaceutical and food industry.

Author Contributions: Conceptualization, S.-W.W. and T.-Y.W.; methodology, S.-W.W.; software,
T.-Y.W.; validation, S.-W.W. and T.-Y.W.; formal analysis, S.-W.W.; investigation, S.-W.W.; resources,
S.-W.W.; data curation, S.-W.W. and T.-Y.W.; writing—original draft preparation, S.-W.W.; writing—
review and editing, S.-W.W.; visualization, S.-W.W.; supervision, S.-W.W.; project administration,
S.-W.W.; funding acquisition, S.-W.W. and T.-Y.W.. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: S.-W.W. completed mainly the work, and T.-Y.W. completed the rest of the
experimental work. This study was supported by the Y.-C.W. fund, and it was also supported by the
S.-W.W. fund and the encouragement of Yijia Zhong.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lesnierowski, G.; Cegielska-Radziejewska, R. Potential possibilities of production, modification and practical application of

lysozyme. Acta Sci. Pol. Technol. Aliment. 2012, 11, 223–230. [PubMed]
2. Zhang, X.; Wang, Y.-J.; Sun, M.; Ren, X.; Zou, Y.-L.; Wang, Q.-Y.; Wang, W. Purification and properties of lysozyme from a marine

strain. Ann. Microbiol. 2008, 58, 89–94. [CrossRef]
3. Lesnierowski, G.; Yang, T. Lysozyme and its modified forms: A critical appraisal of selected properties and potential. Trends Food

Sci. Technol. 2021, 107, 333–342. [CrossRef]
4. Evran, S.; Yasa, I.; Telefoncu, A. Modification of Lysozyme with Oleoyl Chloride for Broadening the Antimicrobial Specificity.

Prep. Biochem. Biotechnol. 2010, 40, 316–325. [CrossRef]
5. Wu, T.; Jiang, Q.; Wu, D.; Hu, Y.; Chen, S.; Ding, T.; Ye, X.; Liu, D.; Chen, J. What is new in lysozyme research and its application

in food industry? A review. Food Chem. 2019, 274, 698–709. [CrossRef] [PubMed]
6. Touch, V.; Hayakawa, S.; Saitoh, K. Relationships between conformational changes and antimicrobial activity of lysozyme upon

reduction of its disulfide bonds. Food Chem. 2004, 84, 421–428. [CrossRef]
7. Ibrahim, H.R.; Yamada, M.; Matsushita, K.; Kobayashi, R.; Kato, A. Enhanced Bactericidal Action of Lysozyme to Escherichia-coli

by Inserting a Hydrophobic Pentapeptide into Its C-Terminus. J. Biol. Chem. 1994, 269, 5059–5063. [CrossRef]
8. Ibrahim, H.R.; Kato, A.; Kobayashi, K. Antimicrobial Effects of Lysozyme Against Gram-Negative Bacteria due to Covalent

Binding of Palmitic Acid. J. Agric. Food Chem. 1991, 39, 2077–2082. [CrossRef]
9. Ibrahim, H.R.; Kobayashi, K.; Kato, A. Length of Hydrocarbon Chain and Antimicrobial Action to Gram-Negative Bacteria of

Fatty Acylated Lysozyme. J. Agric. Food Chem. 1993, 41, 1164–1168. [CrossRef]
10. Ibrahim, H.R.; Hatta, H.; Fujiki, M.; Kim, M.; Yamamoto, T. Enhanced Antimicrobial Action of Lysozyme against Gram-Negative

and Gram-Positive Bacteria due to Modification with Perillaldehyde. J. Agric. Food Chem. 1994, 42, 1813–1817. [CrossRef]
11. Bernkop-Schnurch, A.; Krist, S.; Vehabovic, M.; Valenta, C. Synthesis and evaluation of lysozyme derivatives exhibiting an

enhanced antimicrobial action. Eur. J. Pharm. Sci. 1998, 6, 301–306. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/22744942
http://doi.org/10.1007/BF03179450
http://doi.org/10.1016/j.tifs.2020.11.004
http://doi.org/10.1080/10826068.2010.488528
http://doi.org/10.1016/j.foodchem.2018.09.017
http://www.ncbi.nlm.nih.gov/pubmed/30372997
http://doi.org/10.1016/S0308-8146(03)00252-8
http://doi.org/10.1016/S0021-9258(17)37654-8
http://doi.org/10.1021/jf00011a039
http://doi.org/10.1021/jf00031a029
http://doi.org/10.1021/jf00044a046
http://doi.org/10.1016/S0928-0987(97)10026-4


Molecules 2023, 28, 95 12 of 12

12. Ibrahim, H.R.; Higashiguchi, S.; Juneja, L.R.; Kim, M.; Yamamoto, T. A Structural Phase of Heat-Denatured Lysozyme with Novel
Antimicrobial Action. J. Agric. Food Chem. 1996, 44, 1416–1423. [CrossRef]

13. Ibrahim, H.R.; Higashiguchi, S.; Koketsu, M.; Juneja, L.R.; Kim, M.; Yamamoto, T.; Sugimoto, Y.; Aoki, T. Partially Unfolded
Lysozyme at Neutral pH Agglutinates and Kills Gram-Negative and Gram-Positive Bacteria through Membrane Damage
Mechanism. J. Agric. Food Chem. 1996, 44, 3799–3806. [CrossRef]

14. Iucci, L.; Patrignani, F.; Vallicelli, M.; Guerzoni, M.E.; Lanciotti, R. Effects of high pressure homogenization on the activity of
lysozyme and lactoferrin against Listeria monocytogenes. Food Control 2007, 18, 558–565. [CrossRef]

15. Tribst, A.A.L.; Franchi, M.A.; Cristianini, M. Ultra-high pressure homogenization treatment combined with lysozyme for
controlling Lactobacillus brevis contamination in model system. Innov. Food Sci. Emerg. Technol. 2008, 9, 265–271. [CrossRef]

16. Shevkani, K.; Singh, N.; Kaur, A.; Rana, J.C. Structural and functional characterization of kidney bean and field pea protein
isolates: A comparative study. Food Hydrocoll. 2015, 43, 679–689. [CrossRef]

17. Venyaminov, S.Y.; Kalnin, N.N. Quantitative IR Spectrophotometry of Peptide Compounds in Water (H2O) Solutions. 2. Amide
Absorption-Bands of Polypeptides and Fibrous Proteins in Alpha-Coil, Beta-Coil, And Random Coil Conformations. Biopolymers
1990, 30, 1259–1271. [CrossRef]

18. Susi, H.; Byler, D.M. Resolution-Enhanced Fourier-Transform Infrared-Spectroscopy of Enzymes. Methods Enzymol. 1986, 130,
290–311.

19. Surewicz, W.K.; Mantsch, H.H. New Insight into Protein Secondary Structure from Resolution-Enhanced Infrared-Spectra.
Biochim. Biophys. Acta 1988, 952, 115–130. [CrossRef]

20. Byler, D.M.; Susi, H. Examination of The Secondary Structure of Proteins by Deconvolved Ftir Spectra. Biopolymers 1986, 25,
469–487. [CrossRef]

21. Susi, H.; Byler, D.M. Protein structure by Fourier transform infrared spectroscopy: Second derivative spectra. Biochem. Biophys.
Res. Commun. 1983, 115, 391–397. [CrossRef] [PubMed]

22. Liu, S.-T.; Sugimoto, T.; Azakami, H.; Kato, A. Lipophilization of lysozyme by short and middle chain fatty acids. J. Agric. Food
Chem. 2000, 48, 265–269. [CrossRef] [PubMed]

23. Nakamura, S.; Kato, A.; Kobayashi, K. New antimicrobial characteristics of lysozyme-dextran conjugate. J. Agric. Food Chem.
1991, 39, 647–650. [CrossRef]

24. Shimazaki, Y.; Takahashi, A. Antibacterial activity of lysozyme-binding proteins from chicken egg white. J. Microbiol. Methods
2018, 154, 19–24. [CrossRef] [PubMed]

25. Colagar, A.H.; Sohbatzadeh, F.; Mirzanejhad, S.; Omran, A.V. Sterilization of Streptococcus pyogenes by afterglow dielectric barrier
discharge using O2 and CO2 working gases. Biochem. Eng. J. 2010, 51, 189–193. [CrossRef]

26. Debalke, D.; Birhan, M.; Kinubeh, A.; Yayeh, M. Assessments of Antibacterial Effects of Aqueous-Ethanolic Extracts of Sida
rhombifolia’s Aerial Part. Sci. World J. 2018, 2018, 8429809. [CrossRef]

27. Saquib, S.A.; AlQahtani, N.A.; Ahmad, I.; Kader, M.A.; Al Shahrani, S.S.; Asiri, E.A. Evaluation and Comparison of Antibacterial
Efficacy of Herbal Extracts in Combination with Antibiotics on Periodontal Pathobionts: An In Vitro Microbiological Study.
Antibiotics 2019, 8, 89. [CrossRef]

28. Andrews, J.M. Determination of minimum inhibitory concentrations. J. Antimicrob. Chemother. 2001, 48, 5–16. [CrossRef]
29. Venyaminov, S.Y.; Kalnin, N.N. Quantitative IR Spectrophotometry of Peptide Compounds in Water (H2O) Solutions.1. Spectral

Parameters of Amino-Acid Residue Absorption-Bands. Biopolymers 1990, 30, 1243–1257. [CrossRef]
30. Yang, H.; Yang, S.; Kong, J.; Dong, A.; Yu, S. Obtaining information about protein secondary structures in aqueous solution using

Fourier transform IR spectroscopy. Nat. Protoc. 2015, 10, 382–396. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1021/jf9507147
http://doi.org/10.1021/jf960133x
http://doi.org/10.1016/j.foodcont.2006.01.005
http://doi.org/10.1016/j.ifset.2007.07.012
http://doi.org/10.1016/j.foodhyd.2014.07.024
http://doi.org/10.1002/bip.360301310
http://doi.org/10.1016/0167-4838(88)90107-0
http://doi.org/10.1002/bip.360250307
http://doi.org/10.1016/0006-291X(83)91016-1
http://www.ncbi.nlm.nih.gov/pubmed/6615537
http://doi.org/10.1021/jf9904822
http://www.ncbi.nlm.nih.gov/pubmed/10691626
http://doi.org/10.1021/jf00004a003
http://doi.org/10.1016/j.mimet.2018.10.001
http://www.ncbi.nlm.nih.gov/pubmed/30291881
http://doi.org/10.1016/j.bej.2010.06.017
http://doi.org/10.1155/2018/8429809
http://doi.org/10.3390/antibiotics8030089
http://doi.org/10.1093/jac/48.suppl_1.5
http://doi.org/10.1002/bip.360301309
http://doi.org/10.1038/nprot.2015.024

	Introduction 
	Results and Discussion 
	Analysis of Column Chromatography Results 
	Lytic Activity 
	Antibacterial Effect 
	Minimum Inhibitory Concentration (MIC) 
	Structure and Discussion 
	Comparison and Discussion 

	Materials and Methods 
	Materials 
	Preparation of Modified Lysozyme 
	Sephadex G-25 Column Chromatography 
	Determination of Lysozyme Activity 
	Preparation of Micrococcus lysodeikticus Suspension 
	Determination of Enzyme Activity 

	Determination of Antibacterial Ability 
	Preparation of Bacterial Suspension 
	Determination of Inhibition Zone 

	Determination of Minimum Inhibitory Concentration (MIC) 
	Fourier-Transform Infrared (FTIR) Spectroscopy and Protein Secondary Structure 

	Conclusions 
	References

