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Milk casein is a rich source of antimicrobial peptides (AMPs) and the most common way to produce AMPs is
enzymatic hydrolysis in vitro. In this study, active casein antimicrobial peptide (CAMPs) mixtures were generated
by optimized proteolytic cleavage of milk casein. These natural-safe CAMPs mixtures exhibited high activity in
the inhibition of Streptococcus mutans and Porphyromonas gingivalis. Morphological characterization suggested the
pathogenic bacteria presented incomplete or irregular collapsed membrane surface after the treatment with

active CAMPs mixtures. The CAMPs inhibition activity was also effective in the attachment and development of
microbial biofilm. Potential CAMPs sequences were unambiguously determined by unbiased proteomic analysis
and 301 potential CAMPs were obtained. The activity of 4 novel CAMPs was successfully confirmed by using
synthetic standards. This study provides a promising milk CAMPs resource for the development of safe agents in
oral bacteria inhibition and functional foods.

1. Introduction

Oral diseases are the sixth non-communicable disease reported by
the World Health Organization (WHO). More than 3.5 billion people
worldwide suffer from dental diseases, including dental caries, peri-
odontal disease, and oral cancer (Benzian et al., 2021; Benzian &
Beltran-Aguilar, 2021). Oral infections and inflammation are among the
most common infections with impact on the development of Alzheimer’s
disease, colorectal carcinoma, diabetes, and cardiovascular diseases
(Holmes et al., 2009; Lockhart et al., 2012; Chapple & Genco, 2013; Daly
et al., 2018; Sansores-Espana, Carrillo-Avila, Melgar-Rodriguez, Diaz-
Zuniga, & Martinez-Aguilar, 2021; Wang et al., 2021). Mechanical
debridement and antimicrobial therapy are the main treatment options
for oral inflammatory diseases. Nevertheless, billions of people could
not afford oral surgery therapeutics even essential oral healthcare.
Moreover, due to the COVID-19 pandemic, clinical dental services were
limited (Benzian & Beltran-Aguilar, 2021). Therefore, traditional

antibiotic treatment is the most feasible approach at present. However,
conventional antibiotics are effective against metabolically active bac-
teria and less effective on the dormant bacteria encapsulated in biofilms
that lead to the destruction of gingival tissue and tooth or alveolar bone
loss (Ten Cate, 2006). In addition, side effects and bacterial resistance to
antibiotics result in the deterioration of the treatment effect. An alter-
native approach might be the usage of antimicrobial peptides (AMPs)
and proteins, which have bactericidal and inflammatory against effects
and could block the inflammatory influence of bacterial toxins (Gorr &
Abdolhosseini, 2011; Browne et al., 2020).

AMPs are a class of peptides with strong and broad-spectrum anti-
microbial activity against bacteria, viruses, parasites, and fungi (Michael
Zasloff, 2002). Most of AMPs possess positive charges and antipathy that
enable them could dissolve in an aqueous environment and penetrate
lipid rich membranes (Izadpanah & Gallo, 2005). More than 5000 AMPs
have been discovered or synthesized up to date (X. Zhao et al., 2013).
Owning to their ability to avoid drug resistance, great interest in AMPs
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Table 1
Model summary statistics of the quadratic response surface.
Responses Model
F-value P R?
Y; 5.77 0.0218 0.9058
Y, 3.89 0.0434 0.8969

has spread to medical, pharmaceutical and food industries (Fry, 2018;
Thery, Lynch, & Arendt, 2019; Browne et al., 2020). AMPs derived from
natural sources have gained widespread attention.

Milk protein can not only supply nutrients to human body but also
produce a variety of biologically active compounds with important
physiological functions (Haque et al., 2009). As a low-cost and harmless
source, milk AMPs have incontestable application potential in the food
and pharmacy industry. Casein is the main component of milk proteins
as well as an important derivation source of bioactive peptides including
AMPs, which can be released and activated during gastrointestinal
digestion and food processing by in vitro enzymatic hydrolysis (Abdel-
Hamid et al., 2016; Arruda et al., 2012; Fontenele et al., 2017; Haque
etal., 2009; Sibel Akalin, 2014; Q. Zhao et al., 2020). However, there are
few reports on the effects of casein-derived active peptides on oral dis-
eases (Nielsen et al., 2017). The discovery of novel casein antimicrobial
peptides (CAMPs) with high inhibition activity to pathogenic bacteria is
still a challenging task. Conventional strategies for CAMPs screening
usually include multiple-step isolation and extraction, followed by ac-
tivity assay of purified components, which are time-consuming and
troublesome (Tan et al., 2013; Tulini et al., 2014). The composition and
activity of casein hydrolysate are dependent on the hydrolysis condi-
tions. The interaction characteristics between preparation factors and
inhibition rates on oral cariogenic bacteria are ambiguous. To obtain the
desired bioactive products, it is necessary to systematically optimize the
casein hydrolysis conditions. Furthermore, the composition of casein
hydrolysate is complex and the antimicrobial activity is usually the
result of a synergistic effect of various active peptides. Thus, to extend
the understanding of the mechanism of antimicrobial activity, further
analysis is needed to profile the components and sequences of potential
active peptides. However, compared with the sodium dodecyl sulfate
polyacrylamide gel electrophoresis and high-performance liquid chro-
matography approaches, the application of advanced proteomic strategy
is less common for unbiased active peptide discovery in high throughput
(Basilicata et al., 2018; Nath et al., 2021).

The primary objective of this study is to identify and discover novel
CAMPs derived from casein hydrolysate through an unbiased proteomic
analysis. Additionally, we will investigate their inhibition activity
against oral cariogenic bacteria including Streptococcus mutans
(S. mutans) and Porphyromonas gingivalis (P. gingivalis). We systemati-
cally optimized the generation of active CAMPs mixtures from milk
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casein by in vitro proteolytic cleavage. The exact sequences of poly-
peptides within the active candidate mixtures were determined unam-
biguously through unbiased proteomic analysis. Finally, potential
CAMPs were screen out by matching them in the Milk Bioactive Peptide
Database with greater than 70% sequence similarity, and the activity of
novel CAMPs was confirmed by using synthetic standards. Therefore,
our results could potentially play crucial roles in developing effective
and natural-safe agents for the prevention of oral periodontitis.

S. mutans

P. gingivalis

S. mutans
biofilm

P. gingivalis :
biofilm

Fig. 2. Microarchitecture of microbial characterized by SEM for negative
control (a), positive control (chlorhexidine treatment) (b), and active CAMP
mixture 1 (c) and 2 (d) treatments Scale bar = 200 nm.

Table 2
The numbers of peptide sequences matched with antimicrobial peptides in
MBPDB database with 100% and >70% sequence similarity.

Similarity Active mixture 1 Active mixture 2 Total
100 % 10 10 11
>70 % 261 282 301
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Fig. 1. The inhibition rates of CAMP active mixture 1 and 2 to S. mutans and P. gingivalis.
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Table 3
The sequences of known CAMPs discovered in the active mixtures.
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Peptide sequences Protein ID Activity Protein Fragment Origin Normalized MS intensity (%)
AASDISLLDAQSAPLR P02754 p-lactoglobulin (41-56) Active mixture 1 0.001
YQEPVLGPVRGPFPIIV P02666 B-casein (208-224) Active mixture 2 0.045
TPEVDDEALEK P02754 p-lactoglobulin (141-151) Both 0.002
HKEMPFPK P02666 B-casein (121-128) Both 0.002
VKEAMAPK P02666 B-casein (113-120) Both 0.003
LEQLLRLKKY P02662 o-sp-casein (110-119) Both 0.139
RPKHPIKHQGLPQEVLNENLLRFF P02662 a-sp-casein (16-39) Both 0.020
VLNENLLR P02662 a-sp-casein (30-37) Both 0.008
TKKTKLTEEEKNRL P02663 -sp-casein (163-176) Both 0.031
TKVIPYVRYL P02663 o-sp-casein (213-222) Both 0.016
YYQQKPVA P02668 k-casein (63-70) Both 0.055

2. Materials and methods
2.1. Materials

Milk casein was purchased from Gansu Hualing Dairy Co. Ltd (pro-
tein greater than 90%, Gansu, China). The Streptococcus mutans ATCC
25175, Porphyromonas gingivalis ATCC 33277 were acquired from BeNa
Culture Collection Co. Ltd (Beijing, China). Trypsin (USP grade, 130 u/
mg) was obtained from Shanghai Maclin Biochemical Co. Ltd (Shanghai,
China). Dispase (5 x 10° u/g), papain (1 x 10% u/g), trypticase soy broth
medium (TSB), brain heart infusion broth chlorhematin (BHI), agar
powder, vitamin K, and 1-cysteine hydrochloride were procured from
Beijing Solarbio Science & Technology Co. Ltd (Beijing, China).
Columbia blood agar medium was obtained from Nanjing Quanlong
Biotechnology Co. Ltd (Nanjing, China). Yeast extract was obtained from
Beijing Bairdi Biotechnology Co. Ltd (Beijing, China). BCA protein
quantitation kit was acquired from Shanghai Biyuntian Biotechnology
Co. Ltd (Shanghai, China). HCl was purchased from Tianjin Damao
Chemical Reagent Factory (Tianjin, China). HPLC solvents were ob-
tained from Merck (Darmstadt, Germany). All other chemical reagents
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Preparation of active CAMPs mixtures

The casein aqueous solution was prepared with a concentration be-
tween 2 and 8% and an appropriate pH value (Table S1). Protease was
added into the casein solution and incubated at the proper temperature
for 5 h to release potential CAMPs candidates (Table S1). Then, the
solution was heated to 100 °C for 10 min to inactivate the enzyme and
centrifuged (10, 000g x 20 min, 4 °C). After neutralization to pH 7.0, the
supernatant was filtered through a 0.22 ym membrane filter (Tianjin
Jinteng Co., China) and a 10 kDa ultrafiltration cube (Millipore Co.,
USA) in sequence. Finally, the filtrate was lyophilized (Beijing Songyuan
Huaxing Technology Development CO., China) and stored at —80 °C
until usage.

2.3. Antimicrobial activity optimization by response surface methodology
(RSM)

RSM, combined with Box-Behnken (BB) design, was used to measure
the individual and interactive effects of the process variables. The
experiment design and data analysis used design-expert 8.0.6 (Stat-Ease,
Inc., Minneapolis, USA). The substrate concentration (X;), the amount of
enzyme (X5), and enzymatic hydrolysis time (X3) were chosen as inde-
pendent variables, while the inhibition rates of S. mutans (Y;) and
P. gingivalis (Y2) were selected as the dependent variable. The result was
entered into an empirical second order polynomial model. Statistical
analysis of the data was considered significant at p < 0.05 (Huang et al.,
2008).

2.4. Antimicrobial activity assay

2.4.1. Antimicrobial activity assay by spectrophotometric determination

Antimicrobial activity was first measured by a modified antibacterial
assay method (Tang et al., 2013). S. mutans was cultured in sterilized
BHI medium and P. gingivalis was grown in TBS medium supplemented
with 5 pg/mL hemin, 1 pg/mL menadione and 4 mg/mL 1-Cysteine
(TBSHM). The bacterial suspension was diluted to 10 CFU/mL and
added 100 pL/well to a 96-well microtiter plate. The culture medium
was the blank, and the negative control was CAMPs culture medium
solution under test. The positive control consisted of bacterial suspen-
sion (106 CFU/mL). The mixture suspension was incubated in an
anaerobic incubator with an atmosphere containing 80 % No, 10% H50,
and 10% CO, at 37 °C for 0, 3, 6, 9, 12, and 24 h. The absorbance was
measured at a wavelength of 600 nm. The inhibition rate of bacteria was
calculated using Eq. (1):

Inhibition rate (%) = 1 - (OD; - OD,/OD3 - ODg) x 100% (@D)]

Where: ODj represents the absorbance of the culture medium OD; is
the absorbance of the test group, OD, and ODj3 are the absorbance of
negative and positive control, respectively.

The MIC measurement was performed according to previous reports
(Klancnik et al., 2010; Tang et al., 2013; Touch et al., 2003). Each test
was performed three times.

2.4.2. Antimicrobial activity assay by agar diffusion

Agar diffusion assay was carried out in accordance with previous
reports (Moscoso-Mujica et al., 2021; Q. Zhao et al., 2020). S. mutans
(106 CFU/mL) were suspended in sterilized BHI medium culture con-
taining 1.5% (w/w) agar at 50 °C. Meanwhile, P. gingivalis suspension
was uniformly plated on a Columbia blood agar medium (10® CFU/mL).
Drilled wells and gradient concentrations of CAMPs aqueous solution
(12.5, 25 and 50 mg/mL) were added to the well (20 pL/well). Chlor-
hexidine aqueous solution (4MIC, 80 pg/mL) and sterile water as the
positive and negative control, respectively. The plate was incubated at
37 °C for 24 h in an anaerobic incubator with an atmosphere containing
80 % Ng, 10% H30, and 10% CO,. Subsequently, the diameter of the
bacterial growth inhibition zone was measured.

2.5. Scanning electron microscopy (SEM) characterization

The microstructural and morphology of microbial and biofilm with
or without CAMPs treatment were observed with Helium ion microscope
(NanoFeb, Carl Zeiss AG, Germany), by mounting on the metal stubs at a
high vacuum and using an accelerated voltage of 2.0 kV.

The S. mutans and P. gingivalis (5 x 10° CFU/mL) were cultured in the
medium at 37 °C for 18 h in an anaerobic incubator with an atmosphere
containing 80 % Nj, 10% Hy0, and 10% COs. Each suspension of
S. mutans and P. gingivalis was treated by CAMPs for 24 h at 37 °C,
chlorhexidine (4 MIC, 80 pg/mL), and without treatment as positive and
negative controls, respectively. The suspension was centrifuged at 2000g
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for 5 min. After washing with PBS, the microbial were fixed overnight
with 4% paraformaldehyde at 4 °C. Samples were rinsed three times
with distilled water and dehydrated with a graded series of ethanol (30,
50, 70, 90 and 100%, v/v) for 15 min at each concentration. Then, the
samples were lyophilized by using speed vacuum freeze dryer (RVT
5105, Thermo Scientific Co., USA).

To evaluate the effect of CAMPs on preformed biofilms, the S. mutans
and P. gingivalis (5 x 10° CFU/mL) were added to the cell slide and
cultured in medium at 37 °C for 48 h in an anaerobic incubator with an
atmosphere containing 80 % Nj, 10% H,0, and 10% COs. After dis-
carding the supernatant, the microbial were treated with CAMPs (50
mg/mL) at 37 °C, and chlorhexidine (4MIC, 80 pg/mL) and without
CAMPs treatment as positive and negative controls, respectively. After
24 h, the cell slides were removed from incubation and washed with
PBS. Then, the cell slides were fixed overnight with 4% para-
formaldehyde at 4 °C and operated as described above.

2.6. Potential CAMPs identification by proteomic analysis

2.6.1. LC-MS/MS analysis

The procedures of LC-MS/MS analysis were similar to our previous
works (Gu et al., 2022; Jin et al., 2016; Sun et al., 2020). Proteolytic
peptides of casein were dissolved in mobile phase A (1 mL/L FA in H,0)
and analyzed on an Orbitrap Fusion Lumos Tribrid mass spectrometer
coupled with a Vanquish UPLC (Thermo Fisher, San Jose, CA). The
peptide samples were loaded onto a 3 cm x 200 pm i. d. trap column
packed with C18 particles (5 pm, 120 A) with Buffer A, and separated by
30 cm x 150 pm i. d. separation column packed with C18 particles (3
pm, 120 A). The binary reversed phase separation gradient from 5 to
35% mobile phase B (1 mL/L FA in acetonitrile) for 90 min at a flow rate
of 500 nL/min.

The MS datasets were acquired in a data dependent acquisition
(DDA) mode with a survey scan from 375 to 1650 m/z and a mass res-
olution of 60,000. The temperature of the ion transport capillary was
250 °C and the spray voltage was 2 kV. The fragment ions (MS/MS) were
performed for the top 20 intense precursor ions with charge states 2-7
by high energy collision dissociation (HCD) mode with a mass resolution
of 15, 000. The dynamic exclusion was enabled with an exclusive
duration of 60 s. Each experiment was performed three times.

2.6.2. Database searching

The MS datasets were searched against the casein database (https
://www.uniprot.org/) by using MaxQuant (Version 1.6.7.0) software.
The database searching parameters were as follows: non-enzymatic
digestion mode. The variable modifications included oxidation of
methionine (4+15.9949 Da), lysine acetylation (+42.011 Da), phos-
phorylation (4+79.966 Da), and no fixed modification. Label-free quan-
tification mode of MaxQuant was selected. The mass tolerance of the
fragment ion is 0.5 Da, and the precursor ion in the first and main search
is 20 and 4.5 ppm, respectively. The false discovery rates (FDR) of
identified peptides and proteins were<1% and other parameters were
the default values of MaxQuant (Chen et al., 2019). Extract matched
antimicrobial peptides were searched from the Milk Bioactive Peptide
Database (https://mbpdb.nws.oregonstate.edu) (Nielsen et al., 2017).

2.7. Statistical analysis

The statistic difference analysis was conducted by ANOVA and p <
0.05 was considered statistically significant.

3. Results and discussion
3.1. The generation and optimization of active CAMPs mixtures

Suitable protease is crucial for casein cleavage to release potential
CAMPs. Previous studies have demonstrated that trypsin can be used to
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prepared bioactive peptides from milk, including antimicrobial peptides
isolated from camel and cow milk by Wang et al. and bioactive peptides
from liquid milk by Nath et al. (Pellegrini et al., 2004; Wang et al., 2020;
Nath et al., 2021). In our results, we tested three types of casein pro-
teolytic mixtures with dispase, papain, and trypsin cleavage and found
that the tryptic peptide mixture displayed highest inhibition activity to
oral cariogenic bacteria S. mutans and P. gingivalis (Fig. S1). Amphipa-
thicity and charge are important feature of AMPs, as they determine
solubility and affinity to lipid-rich membranes and electrostatic bonding
with bacterial surfaces, respectively. Trypsin cleaves at the C-terminal of
cationic arginine or lysine residues (Brogden, 2005), and prefers to
generate potential CAMPs with cationic and amphipathic features.
Therefore, trypsin was selected as the protease for further optimization
of active CAMP mixtures.

Next, we investigated the proteolytic conditions influencing the
antimicrobial activities of CAMP candidate mixtures. No significant
difference in antimicrobial activity was found when the substrate con-
centration was under 2-5% (Fig. S2). The antimicrobial activity
increased significantly along with the increase of enzyme amount
(Fig. S2b and S3b). In contrast, there was no significant difference in
antimicrobial activity when hydrolysis time was beyond 5 h (Fig. S2c
and S3c¢).

Then, we fully optimized the preparation conditions of CAMP
candidate mixture by RSM, which was suitable for multiple parameter
optimization related to nonlinear data processing (Ferreira et al., 2007)
(Table S2). After statistics analysis (ANOVA) of quadratic regression
models (Table S3), the regression simulation equation of responses Y,
Y, were established as:

Y; = 97.01 + 4.48X; + 21.36X> — 13.63X; — 8.10X;X> — 1.89X,X; +
19.00X,X; — 1.73X3 — 21.68X3 — 2.71X3% — 68.87X,X2X; (2

Y, = 94.07 4+ 0.22X; + 28.41X, — 7.77X; — 5.24X,X> + 2.95 X, X; + 15.50
XoX; — 17.86 X7 — 21.92 X3 + 1.20X%-85.85 X, X,X;3 3)

where a “+” signified positive effect and “-” represent antagonistic
effect.

The model equations of Y; and Y, were significant and adequate (P
< 0.05, Table 1). The R? values of response Y7 and Y, were more than or
approach 0.9, indicating the fitted model could be used to explain the
process under various conditions. The relationships between the re-
sponses and variables were illustrated by three-dimensional response
diagrams (Fig. S4 and S5).

Overall, two optimized proteolytic conditions with similar antibac-
terial activity were obtained for the generation of active CAMP mixtures:
substrate concentration 5.5%, enzyme amount 11, 000 u/g, reaction
time 5 h for active mixture 1, and substrate concentration 4%, enzyme
amount 10, 000 u/g, reaction time 3.2 h for active mixture 2. The active
CAMP candidate mixtures prepared by optimal parameters had broad
and desired antibacterial activity (Fig. 1 and Table S4). The yields of
active mixture 1 and 2 were 49.0% and 38.0%, respectively. The MIC
values (active mixture 1 and 2) against S. mutans and P. gingivalis were
both about 3 and 6 pg/pL, respectively. The diameter of inhibition zones
of S. mutans and P. gingivalis were 6.0, 5.5 and 5.8, 5.0 mm, respectively
(Fig. S6).

As shown in Fig. 1, the two types of CAMP mixtures exhibited
varying degrees of inhibition on different bacteria, which could be
attributed to the of microorganisms’ membrane and the physicochem-
ical properties of peptides. The lipopolysaccharide (LPS) molecules,
which serve as the primary target of the of the outer membrane of Gram-
negative bacteria, are abundant in negative charge. The CAMPs with
positive charge could destabilize the outer membrane by competition
with divalent ions present on surface of the membrane. Subsequently,
CAMP molecules could integrate into the cell membrane bilayer and
ultimately inhibit cell proliferation or lead to cell death (Yin et al.,
2020). On the other hand, the cell wall of Gram-positive bacteria lacks
LPS and, instead, is composed of a thick layer of peptidoglycan and
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teichoic acids. Similar to LPS, teichoic acids possess polyanionic prop-
erties, which are abundant in phosphate rich polymers and rely on
divalent cations to maintain membrane stability (Neuhaus & Baddiley,
2003). Thus, both negative- and positive- charged CAMPs can damage
the cell wall of Gram-positive bacteria. Therefore, two types of CAMP
mixtures were employed in the subsequent experiments to characterize
the morphological features of bacteria.

3.2. CAMPs activity evaluation by morphological characterization

The morphological of the S. mutans and P. gingivalis before and after
the treatments of active CAMPs mixture 1 and 2 were characterized by
SEM (Fig. 2). Generally, as shown in Fig. 2¢ and 2d, all kinds of oral
pathogenic bacteria outside or within biofilms presented incomplete or
irregular collapsed membrane surface after CAMPs mixture treatment
(marked by red arrows). Compared with the positive control group with
chlorhexidine drug treatment, the CAMPs groups presented similar al-
terations in pathogenic-bacteria surface topography (Fig. 2 L1 b-d and
L2 b-d), indicating they had similar antimicrobial activity. Furthermore,
the changes of bacteria surface topography after active mixture 1
treatment (Fig. 2c) were more significant than active mixture 2 (Fig. 2d),
demonstrating active mixture 1 had higher activity in destroying the
bacteria surfaces.

The formation of biofilm can significantly increase bacterial resis-
tance to antibiotics and innate host defense, which is also one of the
main virulence determinants in many bacterial infections. In our ex-
periments, active CAMPs mixtures or chlorhexidine both exhibited in-
hibition effects on the attachment and development of biofilm (Fig. 2L3
and L4) and the morphology and membrane integrity of bacteria were
also significantly changed. Overall, the optimized active CAMPs mix-
tures displayed desired antimicrobial activity to oral pathogenic bacte-
ria even if within the biofilms. Therefore, the active CAMPs mixtures
may be good alternatives to chlorhexidine drugs with better natural
safety.

The morphology changes of membrane surface of pathogenic bac-
teria give a hint to explore the mechanism of antimicrobial activity of
CAMPs (Ma et al., 2015; Mojsoska et al., 2017). As shown in Fig. 2, after
treatment with CAMP mixture 1 and 2, the bacterial membrane was
damaged and biofilm formation was inhibited. There were several small
holes on the surface of the bacteria, indicating CAMPs might insert into
the cell membrane bilayer and inhibit the bacterial proliferation.

3.3. Potential CAMPs identification by unbiased proteomic profiling

Based on the antimicrobial characteristics of casein hydrolyzed
products, unbiased proteomic profiling was carried out to discovery the
sequences of potential CAMPs from the active mixtures. After proteomic
analysis and database searching, 1239 and 1291 distinct peptides were
identified from the active CAMPs mixture 1 and 2. Furthermore, 1127
peptides were identified simultaneously from both samples, accounting
for 80.3% of the total number of identified peptides. This indicated that
peptides within the two active mixtures were highly similar but also had
certain specificity. About 28% of these peptides were derived from a-s;-
casein, 25% from p-casein, and 22% from a-sp-casein. The others were
from «-casein, pB-lactoglobulin, o-lactalbumin, and lactotransferrin
(Table S5). Compared with the sequences of bioactive peptides in the
MBPDB database with a 100% match, 44 and 47 bioactive peptides,
including ACE inhibition, antimicrobial, antioxidant, and immuno-
modulatory ones, could be fully matched with the identified results of
active mixture 1 and 2, respectively (Table S6). Interestingly, 9 bioactive
peptides with antimicrobial activity were identified in both active
CAMPs mixtures (Tables 2 and 3). Most of these matched CAMPs (7/11)
were positively charged with molecular weights (MWs) ranging from
800 to 3000 Da and Leu, Pro, Lys, Arg, Glu, and Val as predominant
residues (Tables 2 and 3). As shown in Table 3, the relative abundances
of antimicrobial peptides in total identified peptides were<0.3% in both
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active mixtures, while the relative abundances of bioactive peptides
were no more than 2.1% (Table S6). Hence, it is usually the peptides
with low abundances that exhibit bioactivity, which further demon-
strates the advantage and necessity of large-scale proteomic profiling in
potential CAMP discovery.

Compared with previous studies (Basilicata et al., 2018; Spada et al.,
2021), we have identified more components and sequences of peptides
from casein hydrolysate through the large-scale proteomic profiling,
especially including the low-abundant ones as described earlier. By
further matching against the MBPDB database with a sequence simi-
larity of over 70%, 261 and 282 potential CAMPs were obtained from
the active mixture 1 and 2, respectively. Overall, we have successfully
generated a large number of bioactive peptides, which included 301
potential CAMPs in the active CAMP candidate mixtures through opti-
mized proteolytic cleavage, further demonstrating their antimicrobial
activity (Nielsen et al., 2017).

Based on the physicochemical properties of potential CAMPs, such as
positive charged, MW between 1000 and 3000, and antipathy, we syn-
thesized eight potential CAMPs identified from the active candidate
mixtures. Then, their inhibition activities to oral pathogenic bacteria
were investigated. As a result, 4 novel CAMPs HQGLPQEVLN, APKH-
KEMPFPK, ELQDKIHPF, and VEELKPTPEGD exhibited high inhibition
activity to oral pathogenic bacteria (Table S7.).

Therefore, the peptide datasets of active CAMP mixtures provide
valuable resources to discover more effective CAMPs for the inhibition
of pathogenic bacteria.

4. Conclusion

Overall, we have successfully established an integrated strategy that
combines in vitro proteolysis optimization, antimicrobial activity assay,
unbiased proteomics profiling, and MBPDB database matching for the
discovery of novel CAMPs to inhibit anaerobic oral pathogenic bacteria.
Both the active CAMP mixtures and synthetic CAMP standards demon-
strated high activity in damaging the bacteria membrane surfaces and
inhibiting their growth, providing essential CAMP resources for the
development of effective and safe antimicrobial reagents in oral peri-
odontitis therapy. Furthermore, this powerful and high-throughput
strategy is also suitable for discovery of novel AMPs to combat other
pathogenic bacteria.

CRediT authorship contribution statement

Shizhe Qi: Investigation, Formal analysis, Writing — original draft.
Shan Zhao: Investigation, Writing — review & editing. Huiyan Zhang:
Investigation. Shiwen Liu: Validation. Jiaxin Liu: Formal analysis,
Validation. Jian Yang: Conceptualization. Yanxia Qi: Conceptualiza-
tion, Supervision, Writing — review & editing. Qiancheng Zhao:
Conceptualization, Supervision. Yan Jin: Project administration, Su-
pervision. Fangjun Wang: Project administration, Supervision, Writing
— review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

Data will be made available on request.

Acknowledgments

We acknowledge the financial supports from the National Natural
Science Foundation of China (32088101), the Huhhot Science &



S. Qietal

Technology Plan (National Dairy Innovation Center, No. 2021-10), the
Open Fund of National Center of Technology Innovation for Dairy (No.
2022-Open Fund-14), the Fundamental Research Foundation of Educa-
tion Department of Liaoning Province (JL202008), and the grant from
DICP (DICPI202242). The authors acknowledge the technological sup-
port of the biological mass spectrometry station of Dalian Coherent Light
Source.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.foodchem.2023.136454.

References

Abdel-Hamid, M., Goda, H. A., De Gobba, C., Jenssen, H., & Osman, A. (2016).
Antibacterial activity of papain hydrolyzed camel whey and its fractions.
International Dairy Journal, 61, 91-98. https://doi.org/10.1016/j.
idairyj.2016.04.004

Arruda, M. S,, Silva, F. O., Egito, A. S., Silva, T. M. S., Lima-Filho, J. L., Porto, A. L. F., &
Moreira, K. A. (2012). New peptides obtained by hydrolysis of caseins from bovine
milk by protease extracted from the latex Jacaratia corumbensis. LWT, 49(1), 73-79.
https://doi.org/10.1016/j.1wt.2012.04.001

Basilicata, M. G., Pepe, G., Sommella, E., Ostacolo, C., Manfra, M., Sosto, G., ...
Campiglia, P. (2018). Peptidome profiles and bioactivity elucidation of buffalo-milk
dairy products after gastrointestinal digestion. Food Research International, 105,
1003-1010. https://doi.org/10.1016/j.foodres.2017.12.038

Benzian, H., & Beltran-Aguilar, E. (2021). The return of oral health to global health is
significant for public health everywhere. Journal of Public Health Dentistry, 81(2),
87-89. https://doi.org/10.1111/jphd.12457

Benzian, H., Guarnizo-Herreno, C. C., Kearns, C., Muriithi, M. W., & Watt, R. G. (2021).
The WHO global strategy for oral health: An opportunity for bold action. The Lancet,
398(10296), 192-194. https://doi.org/10.1016/50140-6736(21)01404-5

Brogden, K. A. (2005). Antimicrobial peptides: Pore formers or metabolic inhibitors in
bacteria? Nature Reviews Microbiology, 3(3), 238-250. https://doi.org/10.1038/
nrmicro1098

Browne, K., Chakraborty, S., Chen, R., Willcox, M. D. P., Black, D. S., Walsh, W. R, &
Kumar, N. (2020). A new era of antibiotics: The clinical potential of antimicrobial
peptides. International Journal of Molecular Sciences, 21(19), 1-23. https://doi.org/
10.3390/ijms21197047

Chapple, I. L. C., & Genco, R. (2013). Diabetes and periodontal diseases: Consensus
report of the Joint EFP/AAP Workshop on Periodontitis and Systemic Diseases.
Journal of Clinical Periodontology, 84, s106-s112. https://doi.org/10.1111/
jepe.12077

Chen, J., Wang, A., Liu, B., Zhou, Y., Luo, P., Zhang, Z., ... Wang, F. (2019). Quantitative
Lysine Reactivity Profiling Reveals Conformational Inhibition Dynamics and Potency
of Aurora A Kinase Inhibitors. Analytical Chemistry, 91(20), 13222-13229. https://
doi.org/10.1021/acs.analchem.9b03647

Daly, B., Thompsell, A., Sharpling, J., Rooney, Y. M., Hillman, L., Wanyonyi, K. L., ...
Gallagher, J. E. (2018). Evidence summary: The relationship between oral health
and dementia. British Dental Journal, 223(11), 846-853. https://doi.org/10.1038/sj.
bdj.2017.992

Ferreira, S. L. C., Bruns, R. E., Ferreira, H. S., Matos, G. D., David, J. M., Brandao, G. C.,
... dos Santos, W. N. L. (2007). Box-Behnken design: An alternative for the
optimization of analytical methods. Analytica Chimica Acta, 597(2), 179-186.
https://doi.org/10.1016/j.aca.2007.07.011

Fontenele, M. A., do S.R. Bastos, M., dos Santos, K. M. O., Bemquerer, M. P., & do
Egito, A. S. (2017). Peptide profile of Coalho cheese: A contribution for Protected
Designation of Origin (PDO). Food Chemistry, 219, 382-390. https://doi.org/
10.1016/j.foodchem.2016.09.171

Fry, D. E. (2018). Antimicrobial peptides. Surgical Infections, 19, 804-811. https://doi.
org/10.1089/s5ur.2018.194

Gorr, S. U., & Abdolhosseini, M. (2011). Antimicrobial peptides and periodontal disease.
Journal of Clinical Periodontology, 38(SUPPL. 11), 126-141. https://doi.org/
10.1111/j.1600-051X.2010.01664.x

Gu, P, Qi, S., Zhai, Z., Liu, J., Liu, Z., Jin, Y., ... Wang, F. (2022). Comprehensive
proteomic analysis of sea cucumbers (Stichopus japonicus) in thermal processing by
HPLC-MS/MS. Food Chemistry, 373, Article 131368. https://doi.org/10.1016/].
foodchem.2021.131368

Haque, E., Chand, R., & Kapila, S. (2009). Biofunctional properties of bioactive peptides
of milk origin. Food Reviews International, 25(1), 28-43. https://doi.org/10.1080/
87559120802458198

Holmes, C., Cunningham, C., Zotova, E., Woolford, J., Dean, C., Kerr, S, ... Perry, V. H.
(2009). Systemic inflammation and disease progression in alzheimer disease, 73
(10), 768-74. Neurology. https://doi.org/10.1212/WNL. 0b013e3181b6bb95

Huang, X., Wei, Z., Zhao, G., Gao, X., Yang, S., & Cui, Y. (2008). Optimization of
sterilization of Escherichia coli in milk by surfactin and fengycin using a response
surface method. Current Microbiology, 56, 376-381. https://doi.org/10.1007/
500284-007-9066-8

Izadpanah, A., & Gallo, R. L. (2005). Antimicrobial peptides. Journal of the American
Academy of Dermatology, 52(3 Pt 1), 381-390. https://doi.org/10.1016/j.
jaad.2004.08.026

Food Chemistry 425 (2023) 136454

Jin, Y., Yu, Y., Qi, Y., Wang, F., Yan, J., & Zou, H. (2016). Peptide profiling and the
bioactivity character of yogurt in the simulated gastrointestinal digestion. Journal of
Proteomics, 141, 24-46. https://doi.org/10.1016/].jprot.2016.04.010

Klancnik, A., Piskernik, S., JerSek, B., & Mozina, S. S. (2010). Evaluation of diffusion and
dilution methods to determine the antibacterial activity of plant extracts. Journal of
Microbiological Methods. https://doi.org/10.1016/j.mimet.2010.02.004

Lockhart, P. B., Bolger, A. F., Papapanou, P. N., Osinbowale, O., Trevisan, M.,

Levison, M. E., ... Baddour, L. M. (2012). Periodontal disease and atherosclerotic
vascular disease: Does the evidence support an independent association?: A scientific
statement from the American heart association. Circulation, 25, 2520-2544. https://
doi.org/10.1161/CIR.0b013e31825719f3

Ma, Z., Wei, D., Yan, P., Zhu, X., Shan, A., & Bi, Z. (2015). Characterization of cell
selectivity, physiological stability and endotoxin neutralization capabilities of
a-helix-based peptide amphiphiles. Biomaterials, 52, 517-530. https://doi.org/
10.1016/j.biomaterials.2015.02.063

Zasloff, M. (2002). Antimicrobial peptides of multicellularorganisms. Nature, 415
(January), 389-395. https://doi.org/10.1038/415389a

Mojsoska, B., Carretero, G., Larsen, S., Mateiu, R. V., & Jenssen, H. (2017). Peptoids
successfully inhibit the growth of gram negative E. coli causing substantial
membrane damage. Scientific Reports, 7(January), 1-12. https://doi.org/10.1038/
srep42332

Moscoso-Mujica, G., Zavaleta, A. I., Mujica, A., Arnao, 1., Moscoso-Neira, C., Santos, M.,
& Sanchez, J. (2021). Antimicrobial peptides purified from hydrolysates of kanihua
(Chenopodium pallidicaule Aellen) seed protein fractions. Food Chemistry, 360,
Article 129951. https://doi.org/10.1016/j.foodchem.2021.129951

Nath, A., Csighy, A., Eren, B. A,, Tjandra Nugraha, D., Pasztorné-Huszar, K., T6th, A, ...
Vatai, G. (2021). Bioactive Peptides from Liquid Milk Protein Concentrate by
Sequential Tryptic and Microbial Hydrolysis. Processes, 9(10), 1688. https://doi.org/
10.3390/pr9101688

Neuhaus, F. C., & Baddiley, J. (2003). A Continuum of Anionic Charge: Structures and
Functions of d-Alanyl-Teichoic Acids in Gram-Positive Bacteria. Microbiology and
Molecular Biology Reviews, 67(4), 686-723. https://doi.org/10.1128/
MMBR.67.4.686-723.2003

Nielsen, S. D., Beverly, R. L., Qu, Y., & Dallas, D. C. (2017). Milk bioactive peptide
database: A comprehensive database of milk protein-derived bioactive peptides and
novel visualization. Food Chemistry, 232, 673-682. https://doi.org/10.1016/j.
foodchem.2017.04.056

Pellegrini, A., Hiilsmeier, A. J., Hunziker, P., & Thomas, U. (2004). Proteolytic fragments
of ovalbumin display antimicrobial activity. Biochimica et Biophysica Acta (BBA) -
General Subjects, 1672(2), 76-85. https://doi.org/10.1016/j.bbagen.2004.02.010

Sansores-Espana, D., Carrillo-Avila, A., Melgar-Rodriguez, S., Diaz-Zuniga, J., &
Martinez-Aguilar, V. (2021). Periodontitis and Alzheimers disease. Medicina Oral
Patologia Oral y. Cirugia Bucal, 26, e43-e48. https://doi.org/10.4317/
medoral.23940

Sibel Akalin, A. (2014). Dairy-derived antimicrobial peptides: Action mechanisms,
pharmaceutical uses and production proposals. Trends in Food Science & Technology,
36(2), 79-95. https://doi.org/10.1016/j.tifs.2014.01.002

Spada, V., Ferranti, P., Chianese, L., Salimei, E., Addeo, F., & Picariello, G. (2021).
Antibacterial potential of donkey’s milk disclosed by untargeted proteomics. Journal
of Proteomics, 231, 104007. https://doi.org/10.1016/j.jprot.2020.104007

Sun, B., Liu, Z., Fang, Z., Dong, W., Yu, Y., Ye, M., ... Wang, F. (2020). Probing the
proteomics dark regions by vailase cleavage at aliphatic amino acids. Analytical
Chemistry, 92, 2770-2777. https://doi.org/10.1021/acs.analchem.9b05048

Tan, Y. N., Ayob, M. K., & Wan Yaacob, W. A. (2013). Purification and characterisation of
antibacterial peptide-containing compound derived from palm kernel cake. Food
Chemistry, 136(1), 279-284. https://doi.org/10.1016/j.foodchem.2012.08.012

Tang, W., Zhang, H., Wang, L., & Qian, H. (2013). Antimicrobial peptide isolated from
ovalbumin hydrolysate by immobilized liposome-binding extraction. European Food
Research and Technology, 237, 291-600. https://doi.org/10.1007/500217-013-2034-
6

Ten Cate, J. M. (2006). Biofilms, a new approach to the microbiology of dental plaque.
Odontology, 94, 1-9. https://doi.org/10.1007/5s10266-006-0063-3

Thery, T., Lynch, K. M., & Arendt, E. K. (2019). Natural Antifungal Peptides/Proteins as
Model for Novel Food Preservatives. Comprehensive Reviews in Food Science and Food
Safety, 18, 1327-1360. https://doi.org/10.1111/1541-4337.12480

Touch, V., Hayakawa, S., Fukada, K., Aratani, Y., & Sun, Y. (2003). Preparation of
antimicrobial reduced lysozyme compatible in food applications. Journal of
Agricultural and Food Chemistry, 51, 5154-5160. https://doi.org/10.1021/jf021005d

Tulini, F. L., Lohans, C. T., Bordon, K. C. F., Zheng, J., Arantes, E. C., Vederas, J. C., & De
Martinis, E. C. P. (2014). Purification and characterization of antimicrobial peptides
from fish isolate Carnobacterium maltaromaticum C2: Carnobacteriocin X and
carnolysins Al and A2. International Journal of Food Microbiology, 173, 81-88.
https://doi.org/10.1016/j.ijffoodmicro.2013.12.019

Wang, R., Han, Z., Ji, R., Xiao, Y., Si, R., Guo, F., ... Yi, L. (2020). Antibacterial Activity
of Trypsin-Hydrolyzed Camel and Cow Whey and Their Fractions. Animals, 10(2),
337. https://doi.org/10.3390/ani10020337

Wang, X., Jia, Y., Wen, L., Mu, W., Wu, X., Liu, T., Liu, X., Fang, J., Luan, Y., Chen, P.,
Gao, J., Nguyen, K., Cui, J., Zeng, G., Lan, P., Chen, Q., Cheng, B., & Wang, Z.
(2021). Porphyromonas gingivalis Promotes Colorectal Carcinoma by Activating the


https://doi.org/10.1016/j.foodchem.2023.136454
https://doi.org/10.1016/j.foodchem.2023.136454
https://doi.org/10.1016/j.idairyj.2016.04.004
https://doi.org/10.1016/j.idairyj.2016.04.004
https://doi.org/10.1016/j.lwt.2012.04.001
https://doi.org/10.1016/j.foodres.2017.12.038
https://doi.org/10.1111/jphd.12457
https://doi.org/10.1016/S0140-6736(21)01404-5
https://doi.org/10.1038/nrmicro1098
https://doi.org/10.1038/nrmicro1098
https://doi.org/10.3390/ijms21197047
https://doi.org/10.3390/ijms21197047
https://doi.org/10.1111/jcpe.12077
https://doi.org/10.1111/jcpe.12077
https://doi.org/10.1021/acs.analchem.9b03647
https://doi.org/10.1021/acs.analchem.9b03647
https://doi.org/10.1038/sj.bdj.2017.992
https://doi.org/10.1038/sj.bdj.2017.992
https://doi.org/10.1016/j.aca.2007.07.011
https://doi.org/10.1016/j.foodchem.2016.09.171
https://doi.org/10.1016/j.foodchem.2016.09.171
https://doi.org/10.1089/sur.2018.194
https://doi.org/10.1089/sur.2018.194
https://doi.org/10.1111/j.1600-051X.2010.01664.x
https://doi.org/10.1111/j.1600-051X.2010.01664.x
https://doi.org/10.1016/j.foodchem.2021.131368
https://doi.org/10.1016/j.foodchem.2021.131368
https://doi.org/10.1080/87559120802458198
https://doi.org/10.1080/87559120802458198
https://doi.org/10.1212/WNL. 0b013e3181b6bb95
https://doi.org/10.1007/s00284-007-9066-8
https://doi.org/10.1007/s00284-007-9066-8
https://doi.org/10.1016/j.jaad.2004.08.026
https://doi.org/10.1016/j.jaad.2004.08.026
https://doi.org/10.1016/j.jprot.2016.04.010
https://doi.org/10.1016/j.mimet.2010.02.004
https://doi.org/10.1161/CIR.0b013e31825719f3
https://doi.org/10.1161/CIR.0b013e31825719f3
https://doi.org/10.1016/j.biomaterials.2015.02.063
https://doi.org/10.1016/j.biomaterials.2015.02.063
https://doi.org/10.1038/415389a
https://doi.org/10.1038/srep42332
https://doi.org/10.1038/srep42332
https://doi.org/10.1016/j.foodchem.2021.129951
https://doi.org/10.3390/pr9101688
https://doi.org/10.3390/pr9101688
https://doi.org/10.1128/MMBR.67.4.686-723.2003
https://doi.org/10.1128/MMBR.67.4.686-723.2003
https://doi.org/10.1016/j.foodchem.2017.04.056
https://doi.org/10.1016/j.foodchem.2017.04.056
https://doi.org/10.1016/j.bbagen.2004.02.010
https://doi.org/10.4317/medoral.23940
https://doi.org/10.4317/medoral.23940
https://doi.org/10.1016/j.tifs.2014.01.002
https://doi.org/10.1016/j.jprot.2020.104007
https://doi.org/10.1021/acs.analchem.9b05048
https://doi.org/10.1016/j.foodchem.2012.08.012
https://doi.org/10.1007/s00217-013-2034-6
https://doi.org/10.1007/s00217-013-2034-6
https://doi.org/10.1007/s10266-006-0063-3
https://doi.org/10.1111/1541-4337.12480
https://doi.org/10.1021/jf021005d
https://doi.org/10.1016/j.ijfoodmicro.2013.12.019
https://doi.org/10.3390/ani10020337

S. Qi et al.

Hematopoietic NLRP3 Inflammasome. 2745-2760. https://doi.org/10.1158/0008-
5472.CAN-20-3827.

Zhao, Q., Shi, Y., Wang, X., & Huang, A. (2020). Characterization of a novel
antimicrobial peptide from buffalo casein hydrolysate based on live bacteria

Food Chemistry 425 (2023) 136454

adsorption. Journal of Dairy Science, 103(12), 11116-11128. https://doi.org/
10.3168/jds.2020-18577

Zhao, X., Wu, H., Lu, H,, Li, G., & Huang, Q. (2013). LAMP: A Database Linking
Antimicrobial Peptides. PLoS One, 8(6), e66557.


https://doi.org/10.3168/jds.2020-18577
https://doi.org/10.3168/jds.2020-18577
http://refhub.elsevier.com/S0308-8146(23)01072-5/h0220
http://refhub.elsevier.com/S0308-8146(23)01072-5/h0220

	Novel casein antimicrobial peptides for the inhibition of oral pathogenic bacteria
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Preparation of active CAMPs mixtures
	2.3 Antimicrobial activity optimization by response surface methodology (RSM)
	2.4 Antimicrobial activity assay
	2.4.1 Antimicrobial activity assay by spectrophotometric determination
	2.4.2 Antimicrobial activity assay by agar diffusion

	2.5 Scanning electron microscopy (SEM) characterization
	2.6 Potential CAMPs identification by proteomic analysis
	2.6.1 LC-MS/MS analysis
	2.6.2 Database searching

	2.7 Statistical analysis

	3 Results and discussion
	3.1 The generation and optimization of active CAMPs mixtures
	3.2 CAMPs activity evaluation by morphological characterization
	3.3 Potential CAMPs identification by unbiased proteomic profiling

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


