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Abstract: Bovine mastitis caused by infectious pathogens can lead to a decline in production perfor-
mance and an increase in elimination rate, resulting in huge losses to the dairy industry. This study
aims to prepare a novel dairy cow teat disinfectant with polyhexamethylene biguanide (PHMB) as
the main bactericidal component and to evaluate its bactericidal activity in vitro and its disinfection
effect in dairy cow teats. PHMB disinfectant with a concentration of 3 g/L was prepared with
PVA-1788, propylene glycol and glycerol as excipients. When the dilution ratio is 1:4800 and the
action time is 5 min, the PHMB teat disinfectant can reduce the four types of bacteria (S. agalactiae
ATCC 12386, S. dysgalactiae ATCC 35666, S. aureus ATCC 6538, and E. coli ATCC 8099) by 99.99%.
PHMB teat disinfectant applied on the skin of rabbits with four bacteria types achieved an average
log10 reduction greater than 4. After 30 s of PHMB teat disinfectant dipping, the bacteria of cow
teats were counted prior to disinfection. The mean log10 reduction in bacteria on the skin surface of
12 cows ranged from 0.99 to 3.52 after applying the PHMB teat disinfectant for 10 min. After 12 h, the
PHMB teat disinfectant achieved an average log10 reduction in bacteria from 0.27 to 0.68 (compared
with that prior to disinfection). These results suggested that PHMB teat disinfection has the potential
to prevent and treat mastitis-causing bacteria in dairy herds.

Keywords: mastitis; disinfectants; polyhexamethylene biguanide; antibacterial activity; prevention

1. Introduction

Mastitis caused by infectious pathogens remains a devastating disease concerning
dairy cattle, affecting animal welfare and causing huge economic losses to the dairy in-
dustry through reduced performance and increased culling rates [1]. Bovine mastitis is
one of the major problems facing the dairy industry and is usually caused by a bacterial
infection [2,3]. The teat orifice is the first line of defense in preventing mastitis pathogens
from entering the udder. Teat disinfection during pre- and post-milking has been shown
to reduce the bacterial count on the teat skin, making it an important tool in reducing
intramammary infections and mastitis [4]. Topical formulations containing antimicrobial
agents ensure high concentrations are delivered directly to the site of infection, reducing
bacterial resistance, minimizing unwanted host responses and reducing the risk of envi-
ronmental contamination [5]. Guanidine compounds have been found to exhibit diverse
biological and pharmacological activities [6]. Notably, guanidine groups are present in
various antimicrobial agents, including streptomycin and trimethoprim [7]. Moreover,
Guanidine disinfectants, such as chlorhexidine, have been employed for teat disinfection in
dairy cows [8,9].
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Polyhexamethylene biguanide (PHMB) is a cationic polymer with a broad antimicro-
bial spectrum, well tolerated and low risk [10]. The chemical structure of PHMB is shown
in Figure 1. The guanidine group on PHMB can bind to the phosphate head group of
the bacterial cell membrane, resulting in the outflow of cell contents and cell death [11].
PHMB has been successfully utilized in ophthalmology and dentistry [12,13]. A study
has demonstrated the therapeutic efficacy and tolerability of a vaginal solution containing
PHMB for the treatment of bacterial vaginosis [14]. Bacterial cellulose wound dressings
incorporating PHMB offer potent benefits for would treatment, including wound protec-
tion, acceleration of wound healing, pain reduction, and antimicrobial effects [15]. A cohort
study has shown that a concentration of 0.04% PHMB was effective in preventing infections
in traumatic soft tissue wounds, outperforming 1% povidone–iodine, 4% hydrogen per-
oxide and undiluted Ringer’s solution [16]. Llorens et al. have reported the development
of polylactide nanofibers loaded with PHMB, which create a 3D biodegradable scaffold
with antibacterial properties. Polylactide scaffolds loaded with PHMB exhibit antibacterial
properties that hinder the adhesion growth of bacteria while also being biocompatible with
fibroblast and epithelial cell adhesion and proliferation [17]. Peng et al. discovered that
PHMB coating on titanium alloy surfaces was densely packed with block polymer, which
did not compromise the cytocompatibility of the substrates but effectively inhibited bac-
terial growth, thereby reducing bacterial-associated infections in rats [18]. These findings
demonstrate the promising potential of PHMB in the medical field due to its stability and
low cytotoxicity [19,20].
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PHMB has been extensively utilized in the advancement of biomaterials; nonetheless,
there is a paucity of research regarding its application as a bovine teat disinfectant. Fur-
thermore, the implementation of film-forming medicated bath liquid has demonstrated
the ability to generate a delicate protective film on the skin [21]. This not only facilitates
the disinfection of the teat and its surrounding skin but also addresses the issue of dry
and cracked teats resulting from the limited moisturizing duration of conventional medi-
cated bath liquid. In this study, a film-forming teat disinfectant with PHMB as the main
bactericidal component was prepared and its disinfection effect was evaluated. We used
four indicator bacteria (S. agalactiae ATCC 12386, S. dysgalactiae ATCC 35666, S. aureus
ATCC 6538, and E. coli ATCC 8099) to determine the in vitro antibacterial activity and
simulated skin disinfection of PHMB teat disinfectant. In addition, the effect of PHMB teat
disinfectant on killing bacteria in bovine teat skin was evaluated.

2. Results
2.1. Preparation and Optimization of PHMB Teat Disinfectant

Four different film-forming agents, PVA-1788, sodium carboxymethyl cellulose, chi-
tosan and povidone-K30, were selected for preliminary screening. The results showed that
the sodium carboxymethyl cellulose test group produced a white flocculent precipitate, and
the chitosan test group was insoluble in water and crystalline. Povidone-k30 and PVA-1788
can be dissolved in water with PHMB in a short time, and the liquid is transparent and
clear. Furthermore, 1–10% of PVA-1788 and 1–15% of povidone-K30 were screened. When
the concentration of PVA-1788 ranges from 5% to 7%, the solution state is mucus, with
good film formation and good skin adhesion. The optimum concentration ratios of the
film-forming material (PVA-1788), humectant (propylene glycol) and antifreeze (glycerol)
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were determined via an orthogonal test. The PHMB teat disinfectant was prepared under
various conditions, such as the volume of PVA-1788 from 5% to 7%, different volumes
of propylene glycol from 20% to 30%, and various volumes of glycerol from 5% to 15%.
The film formation time and the appearance properties of the solution were combined for
scoring. The PHMB disinfectant with the highest score was obtained under the following
optimal conditions: 6% of PVA-1788, 30% of propylene glycol, and 5% of glycerol. Six
batches of PHMB teat disinfectant were prepared according to the optimal conditions, and
the average content was 2.83 g/L (Table 1). After 90 days of storage at 37 ◦C, the average
content was 2.76 g/L. The result shows that the prepared disinfectant is relatively stable.

Table 1. Determination of PHMB teat disinfectant content (n = 6).

Disinfectant Normal Concentration
(g/L)

Day 0 Concentration
(mean ± SD, g/L)

Day 90 Concentration
(Mean ± SD, g/L) Degradation Rate a (%)

PHMB teat disinfectant 3.00 2.83 ± 0.11 2.76 ± 0.08 2.47
a Degradation rate = (Day 0 concentration–Day 90 concentration)/Day 0 concentration × 100%.

2.2. In Vitro Antibacterial Activity

The mean reduction rate following suspension with PHMB teat disinfectant under the
various test conditions (exposure times and dilutions) for E. coli ATCC 8099, S. aureus ATCC
6538, S. agalactiae ATCC 12386, and S. dysgalactiae ATCC 35666 are shown in Tables 2 and 3.
The bactericidal effect of the PHMB disinfectant against S. agalactiae and S. dysgalactiae was
superior to that of E. coli and S. aureus. When the dilution ratio is 1:4800 and the action
time is 5 min, the PHMB disinfectant can reduce the four bacteria types by 99.99%. For the
four indicator bacteria, the disinfectant activity of PHMB continued to decrease across the
dilution range and then increased with increasing contact time.

Table 2. Mean reduction rate achieved by PHMB teat disinfectant for E. coli at each exposure time
and dilution by quantitative suspension test.

Strain
Exposure

Time (min)

Reduction Rate a (%)

1:3200 1:4000 1:4800 1:5600

E. coli (ATCC 8099)

5 100 100 99.99 <99.90
10 100 100 99.99 <99.90
15 100 100 100 <99.90
30 100 100 100 <99.90

a The experiments were conducted three times, and an average (mean) reduction rate was obtained for each
test condition.

Table 3. Mean reduction rate achieved by PHMB teat disinfectant for S. aureus, S. agalactiae, and S.
dysgalactiae at each exposure time and dilution by quantitative suspension test.

Strain Exposure Time (min)
Reduction Rate a (%)

1:6400 1:8000 1:9600 1:11,000

S. aureus
ATCC 6538

5 99.99 99.99 <99.90 <99.90
10 100 99.99 <99.90 <99.90
15 100 99.99 <99.90 <99.90
30 100 99.99 <99.90 <99.90

S. agalactiae
ATCC 12386

5 100 100 99.99 <99.90
10 100 100 99.99 <99.90
15 100 100 100 <99.90
30 100 100 100 <99.90

S. dysgalactiae
ATCC 35666

5 100 99.99 99.99 99.91
10 100 100 99.99 <99.90
15 100 100 100 <99.90
30 100 100 100 <99.90

a The experiments were conducted three times, and an average (mean) reduction rate was obtained for each
test condition.
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2.3. Factors Influencing Disinfection Effect

The bactericidal activity of the PHMB teat disinfectant should be significantly inde-
pendent of organic matter, temperature and pH. The germicidal efficacy of disinfectants in
the presence of organic matter, different temperatures and different pH values was tested.
When the proportion of organic matter was 5%, 10%, 15% and 20%, the killing rate of
PHMB teat disinfectant on the four indicator bacteria reached more than 99.99% in the
action time of 5 min to 15 min. At the temperatures of −20 ◦C, −10 ◦C, 0 ◦C, 10 ◦C, 20 ◦C,
30 ◦C and 40 ◦C, the killing rate of PHMB disinfectant on the four indicator bacteria reached
99.98% within 5 min. When the pH was 4–10, the killing rate of the four types of indicator
bacteria reached 99.96%. When pH was 2, the killing rate of the PHMB disinfectant was
41.83% for E. coli ATCC 8099 and 100% for S. aureus ATCC 6538, S. agalactiae ATCC 12386,
and S. dysgalactiae ATCC 35666 within 5 min.

2.4. Skin Disinfection Test

Under the condition of simulated skin disinfection, three contagious pathogens
(S. aureus, S. dysgalactiae, and S. agalactiae) and one environmental pathogen (E. coli) were
applied to the skin of rabbits to evaluate the bactericidal effect of PHMB disinfectant. The
results of simulated skin disinfection on site are shown in Table 4. The PHMB teat disinfec-
tant applied on the skin of rabbits with E. coli ATCC 8099, S. aureus ATCC 6538, S. agalactiae
ATCC 12386 and S. dysgalactiae ATCC35666 achieved an average log10 reduction of greater
than 4.

Table 4. Mean log10 reduction achieved by the PHMB teat disinfectant for four strains via artificial
simulation test.

Organism Mean log10 Reduction

E. coli ATCC 8099 5.29
S. aureus ATCC 6538 4.53

S. agalactiae ATCC 12386 4.38
S. dysgalactiae ATCC 35666 4.10

2.5. Teat Swabbing Procedure

After 30 s of PHMB immersion, the bacteria of cow breasts were counted prior to
disinfection and 10 min and 12 h after disinfection, respectively. The mean log10 reduction
in bacteria on the skin surface of 12 cows was 0.99 to 3.52 after applying the PHMB
disinfectant for 10 min (Table 5). After 12 h, the PHMB disinfectant achieved an average
log10 reduction in bacteria from 0.27 to 0.68 (compared with that prior to disinfection).
In the PHMB solution group, the reattachment of bacteria to the breast can be observed.
During the experiment, cows did not show any behavioral abnormality after applying
the PHMB disinfectant and PHMB solution. No adverse reactions, such as redness and
swelling, were found in the eyes of the cow udder. The cow udder felt warm and soft
before and after the test, and the skin surface of the cow udder was smooth.

Table 5. Mean log10 reduction achieved by PHMB teat disinfectant and PHMB solution for bacteria
on cow breasts.

Cow

PHMB Disinfection
(Mean log10 Reduction)

PHMB Solution
(Mean log10 Reduction)

10 min 12 h 10 min 12 h

1 1.40 0.43 1.88 −0.10
2 2.72 0.38 2.34 0.08
3 3.52 0.27 1.85 0.10
4 2.09 0.56 2.48 0.01
5 1.46 0.45 1.25 0.10
6 2.50 0.33 2.09 −0.16
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Table 5. Cont.

Cow

PHMB Disinfection
(Mean log10 Reduction)

PHMB Solution
(Mean log10 Reduction)

10 min 12 h 10 min 12 h

7 1.56 0.56 3.34 −0.02
8 1.21 0.57 1.68 0.18
9 1.93 0.57 1.73 −0.07
10 0.99 0.66 2.36 0.09
11 1.39 0.68 1.25 0.17
12 1.63 0.50 1.67 −0.03

Mean ± SD 1.87 ± 0.73 0.50 ± 0.13 1.99 ± 0.58 0.03 ± 0.11

3. Discussion

Disinfectant bactericidal components used for the treatment and prevention of bac-
terial mastitis should have a wide antibacterial spectrum and are not prone to drug resis-
tance [22]. The physicochemical effects of PHMB on the phospholipid membranes and
DNA replication or repair mechanisms prevent or hinder the development of drug-resistant
strains [23]. Reports showed that PHMB is the best antibacterial agent for long-term use
by comparing the antibacterial effects of several antibacterial agents such as triclosan,
octenidine, PHMB, PVP-iodine and chlorhexidine digluconate [24]. When the film-forming
disinfectant is used for the breast skin of dairy cows, it can not only kill the pathogenic
microorganisms but also form a protective film on the breast surface in time to prevent the
external pathogenic microorganisms from attaching to the skin again or entering the breast
through the breast tube [25,26]. In this study, the film-forming effects of four film-forming
agents were compared, and PVA-1788 was finally selected as the film-forming agent. The
optimum concentration ratio of the film-forming material, humectant and antifreeze in the
PHMB disinfectant was further determined via an orthogonal test. After verification, the
prepared PHMB disinfectant has good stability.

The bacteria that cause the most common forms of mastitis are considered contagious
and environmental pathogens [27]. Contagious pathogens, such as S. aureus, S. agalactiae
and S. dysgalactiae, can survive and grow in the mammary gland. Therefore, a high risk
of infection spreads from the infected to non-infected areas and from one cow to another
during milking [28]. Environmental pathogens thrive in the environment, especially in the
presence of cow manure. The most important of this group is E. coli, a variety of strains with
varying pathogenicity in animals and humans [29]. We selected E. coli ATCC 8099, S. aureus
ATCC 6538, S. agalactiae ATCC 12386, and S. dysgalactiae ATCC 35666 as indicator bacteria
in the in vitro and skin-simulated disinfection effect tests. The PHMB teat disinfectant
achieved a 99.99% reduction rate against four indicator bacteria isolates at relatively low
concentrations (dilution in 1: 4800). One research reported that low PHMB concentrations
(4 mg/L) killed almost 100% intracellular S. aureus (EMRSA-15 and USA300), and that
PHMB entered the keratinocytes, localized with EMRSA-15 and remained continuously
over 5 h [30]. One study reported MIC90 values of PHMB ≥ 0.5 µg/mL against mastitis-
causing S. aureus [31]. Another study evaluated the antimicrobial activity of PHMB against
mastitis-causing Prototheca spp., and the MIC90 values of PHMB was 2 µg/mL, which
was lower than sodium dichloroisocyanurate (1400 µg/mL) and sodium hypochlorite
(2800 µg/mL) against P. bovis isolates [32].

Four types of indicator bacteria were inoculated on the skin of rabbits to evaluate the
bactericidal effect of PHMB teat disinfectant. The PHMB teat disinfectant can efficiently
eliminate bacteria attached to the skin (4 > mean log10 reduction). The simulated disinfec-
tion test of rabbit skin proved the effectiveness of disinfectant on pathogens in animals.
Disinfectants with excellent germicidal efficacy can rapidly kill pathogenic bacteria on
the breasts of dairy cows and prevent pathogenic microorganisms on the breasts from
breeding [1]. In this study, a film-forming agent was added during the preparation of
disinfectants to achieve sterilization and prevent the re-adhesion of bacteria. After 10 min
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of applying PHMB teat disinfectant to the cows, the mean log10 reduction in bacteria was
above 0.99. After the disinfection was completed, the cows were allowed to move freely
for 12 h, and the samples were resampled for bacterial count. The PHMB teat disinfectant
achieved an average log10 reduction in bacteria from 0.27 to 0.68 (compared with that prior
to disinfection). In the PHMB solution group, most of the bacterial colonies had a significant
rebound in the number of bacteria. This finding was probably because the PHMB solution
was immediately air-dried after the disinfectant was applied, and the cow’s breast skin was
reinfected with bacteria after 12 h of free activity.

4. Materials and Methods
4.1. Chemicals and Materials

PHMB hydrochloride was supplied by Macklin Biochemical Co., Ltd. (Shanghai,
China). Polyvinyl alcohol-1788 (PVA-1788) was purchased from Yingjia Industrial Devel-
opment Co., Ltd. (Shanghai, China). Propylene glycol and glycerol were purchased from
Damao Chemical Reagent Factory (Tianjin, China). Tryptic soy broth, tryptic soy agar (TSA)
and luria broth (LB) agar were purchased from Guangdong Huankai Microbial Technology
Co., Ltd. (Guangzhou, China). Fetal bovine serum was obtained from Thermo Fisher
Technology Co., Ltd. (Shanghai, China).

4.2. Bacterial Strains and Growth Conditions

The four standard strains (S. agalactiae ATCC 12386, S. dysgalactiae ATCC 35666,
S. aureus ATCC 6538, and E. coli ATCC 8099) were purchased from the Chinese Veteri-
nary Culture Collection Center. The culture medium of S. agalactiae ATCC 12386 and
S. dysgalactiae ATCC 35666 was TSA with 5% fetal bovine serum. The culture medium of
S. aureus ATCC 6538 and E. coli ATCC 8099 was LB agar.

4.3. Preparation of PHMB Teat Disinfectant

In this study, 0.3 g of PHMB was added to a beaker with a small amount of water
and heated to 70 ◦C on a magnetic stirrer (2X15-3, Shanghai Sile Instrument Co., Ltd.,
Shanghai, China) until it dissolved. Then, 6 g of PVA-1788 was added and stirred at a
constant speed of 70 ◦C for 3 h prior to cooling overnight. Propylene glycol and glycerol
were then slowly added to the beaker to create a solution of 30% and 5%, respectively. The
final volume was diluted to 100 mL with water and continuously stirred until it was fully
mixed, resulting in the creation of a PHMB disinfectant. The preparation of six batches
of PHMB teat disinfectant is repeated in accordance with the above method. The PHMB
content in the disinfectant was determined via spectrophotometry (UV-1780, Shimazu,
Kyoto, Japan) [33].

4.4. Stabilization Test

The stability of PHMB teat disinfectant was assessed using an accelerated test method
in accordance with the guidelines [34]. The PHMB teat disinfectant was stored in a 37 ◦C
incubator under dark conditions. The concentration of PHMB was measured using a
spectrophotometer (UV-1780, Shimazu, Japan) at 0 days and 90 days. A decrease rate of
PHMB was deemed acceptable if it was below 10%.

4.5. Quantitative Suspension Test

The effectiveness of PHMB teat disinfectant in inhibiting bacterial growth against four
types of bacteria (S. agalactiae, S. dysgalactiae, S. aureus, and E. coli) known to cause bovine
mastitis [28] was studied. The PHMB teat disinfectant was dissolved in hard water at
different dilutions and was combined with a solution of 4% soybean lecithin, 3% Tween-20,
3.6% sodium thiosulfate, and 1.25% anhydrous sodium sulfite in double-distilled water
to inactivate or neutralize the antiseptic solution. The disinfectant was combined with
the bacteria and incubated at a constant temperature of 20 ◦C for four periods of time
(5, 10, 15 and 30 min). The test bacteria suspension (2.5 mL) and disinfectant (2.5 mL)
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were added to a sterile test tube and immediately mixed. After each time point, a sample
solution (0.5 mL) was added to a test tube containing neutralizer (4.5 mL) and mixed for
10 min. The resulting solution (0.5 mL) was then added to a nutrient broth tube (4.5 mL)
and incubated at 37 ◦C for 24 h to evaluate bacterial growth visually. The quantitative
tests were also carried out on suspensions. Neutralization was performed for 10 min and
incubated in a medium at 37 ◦C for 24 h to count viable bacteria. Each experiment was
repeated three times.

4.6. Factors Affecting Disinfection Effect Test

The determination of the factors influencing the efficacy of PHMB teat disinfectant
was conducted in accordance with the guidelines of disinfection technology standards [34].
The film-forming effect is evident after dilution because PHMB teat disinfectant has film-
forming properties. Therefore, an undiluted disinfectant was used for the influencing
factor test. The organic substance protection test was conducted at 20 ◦C using different
concentrations (5%, 10%, 15%, and 20%) of bovine serum albumin for quantitative analysis.
In addition, the efficacy of the PHMB disinfectant was tested at different temperatures
(−20 ◦C, −10 ◦C, 0 ◦C, 10 ◦C, 20 ◦C, 30 ◦C, and 40 ◦C) and pH values (pH = 2, 4, 6, 7, 8, 10)
to determine its germicidal properties.

4.7. Skin Disinfection Test

Eight healthy female rabbits weighing 2.2 ± 0.3 kg were obtained from Guangdong
Medical Laboratory Animal Center, and all the animal experiments were conducted un-
der the supervision and guidance of the South China Agricultural University Laboratory
Animal Centre. Based on references and proper modification [35], the rabbit’s back was pre-
pared for bacterial inoculation by shaving the hairs on both sides and washing the area with
75% ethanol to remove bacteria. A bacterial suspension of 10 µL (1 × 106–1 × 107 CFU/mL)
was evenly applied to the test area using a one-time inoculation ring. The PHMB teat disin-
fectant was then applied for 10 min and allowed to dry. After disinfection, a sterile cotton
rod dipped in neutralizer was used for sampling. The cotton rod was mixed well in a 5 mL
centrifuge tube containing neutralizer, and 100 µL was coated on medium and cultured at
37 ◦C for 24 h. A control group was also set up using distilled water and subjected to the
same treatment. All animal procedures were approved by the Institutional Animal Care
and Use Committee of South China Agricultural University (approval number: 2021C078),
and the animals were treated with consideration for their welfare and in compliance with
all local and national legal requirements.

4.8. Teat Swabbing Procedure

This study involved 12 healthy adult female Holstein cows weighing approximately
700 kg, provided by Guangzhou Yanhai Dairy Technology Research Co., Ltd. (Guangzhou,
China). The cows underwent routine feeding and were provided free access to drinking
water during the two-week observation period prior to the experiment. Twelve dairy cows
were selected, and the milk areas on the left and right sides of each cow were designated
as the experimental and control areas, respectively. Prior to the experiment, bacteria were
counted via sterile cotton swab sampling. The left breast of each cow was bathed with
PHMB teat disinfectant, whereas the right breast was treated with a PHMB solution (3 g/L)
for the control group. The cow’s teat was fully immersed in disinfectant for 15 s with a
teat pre-dip foam [36]. At 10 min and 12 h after disinfection, a sterile cotton rod dipped
in neutralizer was used to collect samples from three different positions on the outer side
of the breast. The samples were mixed in a tube containing 5 mL of neutralizer, and
100 µL was cultured on nutrient agar medium at 37 ◦C for 24 h for bacterial count. All
animal procedures were approved by the Institutional Animal Care and Use Committee of
South China Agricultural University (approval number: 2021C078), and the animals were
treated with consideration for their welfare and in compliance with all local and national
legal requirements.



Int. J. Mol. Sci. 2023, 24, 17444 8 of 9

5. Conclusions

In this study, a type of film-forming PHMB teat disinfectant was prepared with PHMB
as the main disinfection component and PVA-1788, propylene glycol, and propylene glycol
as excipients. The PHMB teat disinfectant had a good killing effect on four types of indicator
bacteria colonized in rabbit skin. It has a good effect on the elimination of bacteria in dairy
cow teats and the prevention of bacteria recolonization after disinfection. Further evaluation
is required to assess the impact of this disinfectant on the prevention and treatment of
pathogenic bacteria responsible for mastitis in clinical settings. Additionally, it is necessary
to conduct further research on the pharmacokinetic properties of PHMB in dairy cows in
order to obtain safety data and reference for the establishment of a withdrawal period.

Author Contributions: Conceptualization, Z.Z. and D.Z.; methodology, Y.L. and D.W.; conducted
experiments, Y.L., D.W., Y.Z., Y.H. and J.L.; data analysis and interpretation, Y.L., D.W., Y.Z. and Y.H.;
writing—original draft preparation, Y.L.; writing—review and editing, Y.L. and D.W.; supervision,
Z.Z. and D.Z.; funding acquisition, Z.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Local Innovative and Research Teams Project of Guang-
dong Pearl River Talents Program (grant number 2019BT02N054).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data are contained
within the article.

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

References
1. Ashraf, A.; Imran, M. Causes, types, etiological agents, prevalence, diagnosis, treatment, prevention, effects on human health and

future aspects of bovine mastitis. Anim. Health Res. Rev. 2020, 21, 36–49. [CrossRef] [PubMed]
2. Awandkar, S.P.; Kulkarni, M.B.; Khode, N.V. Bacteria from bovine clinical mastitis showed multiple drug resistance. Vet. Res.

Commun. 2022, 46, 147–158. [CrossRef] [PubMed]
3. Maalaoui, A.; Majdoub, H.; Trimeche, A.; Souissi, N.; Saidani, F.; Marnet, P.G. Prevalence of bovine mastitis and main risk factors

in Tunisia. Trop. Anim. Health Prod. 2021, 53, 469. [CrossRef] [PubMed]
4. Gleeson, D.; Flynn, J.; Brien, B.O. Effect of pre-milking teat disinfection on new mastitis infection rates of dairy cows. Ir. Vet. J.

2018, 71, 11. [CrossRef] [PubMed]
5. Thapa, R.K.; Diep, D.B.; Tonnesen, H.H. Topical antimicrobial peptide formulations for wound healing: Current developments

and future prospects. Acta Biomater. 2020, 103, 52–67. [CrossRef] [PubMed]
6. Gomes, A.R.; Varela, C.L.; Pires, A.S.; Tavares-da-Silva, E.J.; Roleira, F. Synthetic and natural guanidine derivatives as antitumor

and antimicrobial agents: A review. Bioorganic Chem. 2023, 138, 106600. [CrossRef] [PubMed]
7. Kim, S.H.; Semenya, D.; Castagnolo, D. Antimicrobial drugs bearing guanidine moieties: A review. Eur. J. Med. Chem. 2021, 216,

113293. [CrossRef]
8. Schwenker, J.A.; Schotte, U.; Holzel, C.S. Minimum inhibitory concentrations of chlorhexidine- and lactic acid-based teat

disinfectants: An intervention trial assessing bacterial selection and susceptibility. J. Dairy Sci. 2022, 105, 734–747. [CrossRef]
9. Morrill, K.M.; Scillieri, S.J.; Dann, H.M.; Gauthier, H.M.; Ballard, C.S. Evaluation of powdered 0.5% chlorhexidine acetate-based

postmilking teat dip compared with a foamed 1% iodine-based postmilking teat dip under cold weather conditions in northern
New York. J. Dairy Sci. 2019, 102, 2507–2514. [CrossRef] [PubMed]

10. Yu, H.; Liu, L.; Yang, H.; Zhou, R.; Che, C.; Li, X.; Li, C.; Luan, S.; Yin, J.; Shi, H. Water-Insoluble polymeric guanidine derivative
and application in the preparation of antibacterial coating of catheter. ACS Appl. Mater. Interfaces 2018, 10, 39257–39267. [CrossRef]

11. He, X.; Dai, L.; Ye, L.; Sun, X.; Enoch, O.; Hu, R.; Zan, X.; Lin, F.; Shen, J. A vehicle-free antimicrobial polymer hybrid gold
nanoparticle as synergistically therapeutic platforms for Staphylococcus aureus infected wound healing. Adv. Sci. 2022, 9, e2105223.
[CrossRef] [PubMed]

12. Dunster, E.; Johnson, W.L.; Wozniak, R. Antimicrobial drug-drug interactions in the treatment of infectious keratitis. Cornea 2023,
42, 1555–1561. [CrossRef]

13. Welk, A.; Splieth, C.H.; Schmidt-Martens, G.; Schwahn, C.; Kocher, T.; Kramer, A.; Rosin, M. The effect of a polyhexamethylene
biguanide mouthrinse compared with a triclosan rinse and a chlorhexidine rinse on bacterial counts and 4-day plaque re-growth.
J. Clin. Periodontol. 2005, 32, 499–505. [CrossRef] [PubMed]

https://doi.org/10.1017/S1466252319000094
https://www.ncbi.nlm.nih.gov/pubmed/32051050
https://doi.org/10.1007/s11259-021-09838-8
https://www.ncbi.nlm.nih.gov/pubmed/34570328
https://doi.org/10.1007/s11250-021-02925-7
https://www.ncbi.nlm.nih.gov/pubmed/34546448
https://doi.org/10.1186/s13620-018-0122-4
https://www.ncbi.nlm.nih.gov/pubmed/29713459
https://doi.org/10.1016/j.actbio.2019.12.025
https://www.ncbi.nlm.nih.gov/pubmed/31874224
https://doi.org/10.1016/j.bioorg.2023.106600
https://www.ncbi.nlm.nih.gov/pubmed/37209561
https://doi.org/10.1016/j.ejmech.2021.113293
https://doi.org/10.3168/jds.2021-20824
https://doi.org/10.3168/jds.2018-15357
https://www.ncbi.nlm.nih.gov/pubmed/30612797
https://doi.org/10.1021/acsami.8b13868
https://doi.org/10.1002/advs.202105223
https://www.ncbi.nlm.nih.gov/pubmed/35274475
https://doi.org/10.1097/ICO.0000000000003304
https://doi.org/10.1111/j.1600-051X.2005.00702.x
https://www.ncbi.nlm.nih.gov/pubmed/15842266


Int. J. Mol. Sci. 2023, 24, 17444 9 of 9

14. Gerli, S.; Rossetti, D.; Di Renzo, G.C. A new approach for the treatment of bacterial vaginosis: Use of polyhexamethylene
biguanide. A prospective, randomized study. Eur. Rev. Med. Pharmacol. Sci. 2003, 7, 127–130. [PubMed]

15. Napavichayanun, S.; Ampawong, S.; Harnsilpong, T.; Angspatt, A.; Aramwit, P. Inflammatory reaction, clinical efficacy, and
safety of bacterial cellulose wound dressing containing silk sericin and polyhexamethylene biguanide for wound treatment. Arch.
Dermatol. Res. 2018, 310, 795–805. [CrossRef] [PubMed]

16. Roth, B.; Neuenschwander, R.; Brill, F.; Wurmitzer, F.; Wegner, C.; Assadian, O.; Kramer, A. Effect of antiseptic irrigation on
infection rates of traumatic soft tissue wounds: A longitudinal cohort study. J. Wound Care 2017, 26, 79–87. [CrossRef]

17. Llorens, E.; Calderon, S.; Del, V.L.; Puiggali, J. Polybiguanide (PHMB) loaded in PLA scaffolds displaying high hydrophobic,
biocompatibility and antibacterial properties. Mater. Sci. Eng. C-Mater. Biol. Appl. 2015, 50, 74–84. [CrossRef]

18. Peng, J.; Liu, P.; Peng, W.; Sun, J.; Dong, X.; Ma, Z.; Gan, D.; Liu, P.; Shen, J. Poly(hexamethylene biguanide) (PHMB) as
high-efficiency antibacterial coating for titanium substrates. J. Hazard. Mater. 2021, 411, 125110. [CrossRef]

19. Ng, I.S.; Ooi, C.W.; Liu, B.L.; Peng, C.T.; Chiu, C.Y.; Chang, Y.K. Antibacterial efficacy of chitosan- and poly (hexamethylene
biguanide)-immobilized nanofiber membrane. Int. J. Biol. Macromol. 2020, 154, 844–854. [CrossRef]

20. Rippon, M.G.; Rogers, A.A.; Ousey, K. Polyhexamethylene biguanide and its antimicrobial role in wound healing: A narrative
review. J. Wound Care 2023, 32, 5–20. [CrossRef] [PubMed]

21. Punnel, L.C.; Lunter, D.J. Film-forming systems for dermal drug delivery. Pharmaceutics 2021, 13, 932. [CrossRef] [PubMed]
22. Sharun, K.; Dhama, K.; Tiwari, R.; Gugjoo, M.B.; Iqbal, Y.M.; Patel, S.K.; Pathak, M.; Karthik, K.; Khurana, S.K.; Singh, R.; et al.

Advances in therapeutic and managemental approaches of bovine mastitis: A comprehensive review. Vet. Q. 2021, 41, 107–136.
[CrossRef] [PubMed]

23. Sowlati-Hashjin, S.; Carbone, P.; Karttunen, M. Insights into the polyhexamethylene biguanide (PHMB) mechanism of action on
bacterial membrane and DNA: A Molecular Dynamics Study. J. Phys. Chem. B 2020, 124, 4487–4497. [CrossRef] [PubMed]

24. Koburger, T.; Hubner, N.O.; Braun, M.; Siebert, J.; Kramer, A. Standardized comparison of antiseptic efficacy of triclosan, PVP-
iodine, octenidine dihydrochloride, polyhexanide and chlorhexidine digluconate. J. Antimicrob. Chemother. 2010, 65, 1712–1719.
[CrossRef] [PubMed]

25. He, G.; Tian, L.; Fatona, A.; Wu, X.; Zhang, H.; Liu, J.; Fefer, M.; Hosseinidoust, Z.; Pelton, R.H. Water-soluble anionic
polychloramide biocides based on maleic anhydride copolymers. Colloid Surf. B.-Biointerfaces 2022, 215, 112487. [CrossRef]
[PubMed]

26. Periyasamy, T.; Asrafali, S.; Shanmugam, M.; Kim, S.C. Development of sustainable and antimicrobial film based on polybenzox-
azine and cellulose. Int. J. Biol. Macromol. 2021, 170, 664–673. [CrossRef]

27. Blignaut, D.; Thompson, P.; Petzer, I.M. Prevalence of mastitis pathogens in South African pasture-based and total mixed
ration-based dairies during 2008 and 2013. Onderstepoort J. Vet. Res. 2018, 85, e1–e7. [CrossRef]

28. Webster, J. Understanding the Dairy Cows, 3rd ed.; Wiley Blackwell: Oxford, UK, 2020; p. 258.
29. Zigo, F.; Vasil’, M.; Ondrasovicova, S.; Vyrostkova, J.; Bujok, J.; Pecka-Kielb, E. Maintaining optimal mammary gland health and

prevention of mastitis. Front. Vet. Sci. 2021, 8, 607311. [CrossRef]
30. Kamaruzzaman, N.F.; Firdessa, R.; Good, L. Bactericidal effects of polyhexamethylene biguanide against intracellular Staphylococ-

cus aureus EMRSA-15 and USA 300. J. Antimicrob. Chemother. 2016, 71, 1252–1259. [CrossRef]
31. Leite, R.F.; Goncalves, J.L.; Buanz, A.; Febraro, C.; Craig, D.; Van Winden, S.; Good, L.; Santos, M.V. Antimicrobial activity

of polyhexamethylene biguanide nanoparticles against mastitis-causing Staphylococcus aureus. JDS Commun. 2021, 2, 262–265.
[CrossRef]

32. Fidelis, C.E.; de Freitas Leite, R.; Garcia, B.L.N.; Gonçalves, J.L.; Good, L.; Dos Santos, M.V. Antimicrobial activities of poly-
hexamethylene biguanide against biofilm-producing Prototheca bovis causing bovine mastitis. J. Dairy Sci. 2023, 106, 1383–1393.
[CrossRef] [PubMed]

33. GB/T 26367-2020; Hygienic Requirements for Guanidines Disinfectants. Standardization Administration of the People’s Republic
of China: Beijing, China, 2020. Available online: https://openstd.samr.gov.cn/bzgk/gb/newGbInfo?hcno=8772BE53AE186DC5
A96357A7CF8EF793&ivk_sa=1024320u (accessed on 10 March 2022).

34. National Health Commission of the People’s Republic of China. Disinfection Technology Standard. 2002. Available online:
http://www.nhc.gov.cn/wjw/gfxwj/201304/3a0121cba422455b93307f070b099cf2.shtml (accessed on 2 March 2022).

35. Alabdullatif, M.; Boujezza, I.; Mekni, M.; Taha, M.; Kumaran, D.; Yi, Q.L.; Landoulsi, A.; Ramirez-Arcos, S. Enhancing blood
donor skin disinfection using natural oils. Transfusion 2017, 57, 2920–2927. [CrossRef] [PubMed]

36. Verhegghe, M.; De Block, J.; Van Weyenberg, S.; Herman, L.; Heyndrickx, M.; Van Coillie, E. Effect of a pre-milking teat foam and
a liner disinfectant on the presence of mesophilic and (proteolytic) psychrotrophic bacteria prior to milking. J. Dairy Res. 2019, 86,
432–435. [CrossRef] [PubMed]

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.

https://www.ncbi.nlm.nih.gov/pubmed/15214587
https://doi.org/10.1007/s00403-018-1871-3
https://www.ncbi.nlm.nih.gov/pubmed/30302557
https://doi.org/10.12968/jowc.2017.26.3.79
https://doi.org/10.1016/j.msec.2015.01.100
https://doi.org/10.1016/j.jhazmat.2021.125110
https://doi.org/10.1016/j.ijbiomac.2020.03.127
https://doi.org/10.12968/jowc.2023.32.1.5
https://www.ncbi.nlm.nih.gov/pubmed/36630111
https://doi.org/10.3390/pharmaceutics13070932
https://www.ncbi.nlm.nih.gov/pubmed/34201668
https://doi.org/10.1080/01652176.2021.1882713
https://www.ncbi.nlm.nih.gov/pubmed/33509059
https://doi.org/10.1021/acs.jpcb.0c02609
https://www.ncbi.nlm.nih.gov/pubmed/32390430
https://doi.org/10.1093/jac/dkq212
https://www.ncbi.nlm.nih.gov/pubmed/20551215
https://doi.org/10.1016/j.colsurfb.2022.112487
https://www.ncbi.nlm.nih.gov/pubmed/35430484
https://doi.org/10.1016/j.ijbiomac.2020.12.087
https://doi.org/10.4102/ojvr.v85i1.1482
https://doi.org/10.3389/fvets.2021.607311
https://doi.org/10.1093/jac/dkv474
https://doi.org/10.3168/jdsc.2021-0114
https://doi.org/10.3168/jds.2022-22468
https://www.ncbi.nlm.nih.gov/pubmed/36526458
https://openstd.samr.gov.cn/bzgk/gb/newGbInfo?hcno=8772BE53AE186DC5A96357A7CF8EF793&ivk_sa=1024320u
https://openstd.samr.gov.cn/bzgk/gb/newGbInfo?hcno=8772BE53AE186DC5A96357A7CF8EF793&ivk_sa=1024320u
http://www.nhc.gov.cn/wjw/gfxwj/201304/3a0121cba422455b93307f070b099cf2.shtml
https://doi.org/10.1111/trf.14298
https://www.ncbi.nlm.nih.gov/pubmed/28905380
https://doi.org/10.1017/S0022029919000700
https://www.ncbi.nlm.nih.gov/pubmed/31769367

	Introduction 
	Results 
	Preparation and Optimization of PHMB Teat Disinfectant 
	In Vitro Antibacterial Activity 
	Factors Influencing Disinfection Effect 
	Skin Disinfection Test 
	Teat Swabbing Procedure 

	Discussion 
	Materials and Methods 
	Chemicals and Materials 
	Bacterial Strains and Growth Conditions 
	Preparation of PHMB Teat Disinfectant 
	Stabilization Test 
	Quantitative Suspension Test 
	Factors Affecting Disinfection Effect Test 
	Skin Disinfection Test 
	Teat Swabbing Procedure 

	Conclusions 
	References

