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Abstract

Intermediate cluster disinfection plays a vital role in preventing the transmission of mas-
titis pathogens during milking. This study evaluates the efficacy of different disinfection
methods on teat liners through a randomized controlled field trial conducted on three dairy
farms in Germany. The treatments assessed included dipping the liners in water, peracetic
acid solution (PAS, 0.1%), and plasma-activated buffered solution (PABS). Total bacterial
count (TBC) and the bacterial load of presumptive Staphylococcus (S.) aureus were mea-
sured using the wet–dry swab method. The results showed that PAS significantly reduced
both TBC and S. aureus by 90% and 99%, respectively. PABS also demonstrated a significant
reduction in the bacterial load of S. aureus. In contrast, dipping in water had no significant
effect on either TBC or S. aureus bacterial counts. This study suggests that while PAS is the
more effective disinfectant, PABS may offer an alternative with some antimicrobial activity.
Further research on intermediate cluster disinfection in general is necessary to optimize its
application and assess its long-term effectiveness in dairy farming practices.
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Abstract: Intermediate cluster disinfection plays a vital role in preventing the transmis-
sion of mastitis pathogens during milking. This study evaluates the efficacy of different
disinfection methods on teat liners through a randomized controlled field trial conducted
on three dairy farms in Germany. The treatments assessed included dipping the liners in
water, peracetic acid solution (PAS, 0.1%), and plasma-activated buffered solution (PABS).
Total bacterial count (TBC) and the bacterial load of presumptive Staphylococcus (S.) aureus
were measured using the wet–dry swab method. The results showed that PAS significantly
reduced both TBC and S. aureus by 90% and 99%, respectively. PABS also demonstrated a
significant reduction in the bacterial load of S. aureus. In contrast, dipping in water had no
significant effect on either TBC or S. aureus bacterial counts. This study suggests that while
PAS is the more effective disinfectant, PABS may offer an alternative with some antimicro-
bial activity. Further research on intermediate cluster disinfection in general is necessary to
optimize its application and assess its long-term effectiveness in dairy farming practices.

Keywords: intermediate cluster disinfection; plasma-activated buffered solution; peracetic
acid solution

1. Introduction
Modern udder health management involves different hygienic measures, especially in

the field of housing hygiene and milking hygiene [1]. Even though the etiology of mastitis
is complex, the transmission of mastitis pathogens between cows can occur during milking.
One potential mode of transmission can be attributed to the contamination of the teat skin
or teat canal during the milking process [2]. This indicates that cow-associated pathogens
can be transmitted via the liner, as they are in direct contact with the teat. The most relevant
pathogens implicated in this context are Streptococcus agalactiae and Staphylococcus (S.)
aureus, which can be isolated from milk, the hands of the milker, milking gloves, or the liner
during milking [3,4]. Therefore, the implementation of intermediate disinfection measures
for milking equipment is a recommended strategy for the prevention of mastitis pathogen
transmission during the milking process [5,6].

For intermediate disinfection, the following methods can be used: dipping the clus-
ter into a bucket, spraying the liners, and utilizing a variety of commercially available
disinfection systems, including backflush systems [7]. On farms in Germany, where an
intermediate cluster disinfection is common practice, mostly a 0.1% peracetic acid solution
(PAS) is used as the disinfectant. In automatic milking systems, the disinfectant solutions
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that are currently available contain mixtures comprising hydrogen peroxide, peracetic acid,
and acetic acid to reduce corrosivity. Solutions containing PAS have good bactericidal
activity, a broad spectrum of activity, and are effective over a wide temperature range [8,9].
A further advantage is that no residues remain on the material due to the rapid dismantling
of the substance, thereby eliminating waiting periods [10]. In general, PAS must be diluted
with water to prevent damage to mucous membranes, eyes, and lungs [9].

The use of plasma-activated liquids (PALs), including plasma-activated water and
plasma-activated buffered solutions (PABS), could represent an environmentally friendly,
non-thermal, and non-toxic alternative to traditional disinfectants. During the production
process, the reaction of water or buffered solutions produces reactive oxygen and nitrogen
species (RONS), which show significant biochemical activity. For microbial inactivation,
the transfer and solvation of RONS from the gas phase to the liquid phase are of high
importance [11]. RONS include both long-lived species, such as nitrates, nitrites, hydrogen
peroxide, and ozone, and short-lived radicals, including hydroxyl radicals and atomic
oxygen [12]. Consequently, despite variations in their composition, PALs can remain effec-
tive for several days depending on storage conditions due to their residual antimicrobial
properties [13]. While it is known that plasma-induced RONS can damage bacterial cell
walls, proteins, and DNA [14], further research is needed to clarify which specific RONS
play a key role in the antimicrobial effectiveness of PALs, thus enhancing the disinfection
process [11]. The study conducted by Scheib et al. [15] investigated how spraying with
water, PABS, and PAS influences the bacterial load on teat liners. In general, the reduction
of bacterial load was not significant for PABS, which may be due to the small sample
size and the relatively short application time of the disinfectant solution. Therefore, the
aim of this study was to evaluate the disinfection efficacy of various intermediate cluster
disinfectant solutions by conducting a field study on three farms where the liners were
dipped in different disinfectant solutions for comparative analysis.

2. Materials and Methods
An application for a license for animal testing was not required because no animals

were used in this experiment. This study was approved by the Animal Welfare Committee
of the University of Veterinary Medicine Hannover, Foundation, Hanover, Germany (TVO-
2023-V-57).

2.1. Farms

A total of 60 milking clusters were sampled on three dairy farms in Northern Germany
after milking on 10 June 2024. These farms included two conventional and one organic
dairy farm, with herd sizes ranging from 220 to 600 animals, an annual average milk yield
of 9000–14,000 L per animal, and a bulk tank milk cell count of 140,000–280,000 cells/mL
(annual mean).

2.2. Preparation of Treatment Solutions

PABS was produced utilizing a plasma source created by the Faculty of Engi-
neering and Health (HAWK, University of Applied Sciences and Arts, Göttingen,
Germany) based on the principle of a single-insulated dielectric barrier discharge.
Tris(hydroxymethyl)aminomethane (TRIS, also known as Trometamol, 99.8%, VWR Interna-
tional GmbH, Darmstadt, Germany) and TRIS-HCl (TRIS(hydroxymethyl)aminomethane
hydrochloride, 99.0%, VWR International GmbH) were treated with this plasma source
for 40 min, yielding approximately 0.2 L of PABS with a neutral pH. The concentrations of
nitrate anions (NO3; around 7700 mg/L), nitrite anions (NO2; approximately 1200 mg/L),
and hydrogen peroxide (H2O2; about 2.7 mg/L) were measured using a Reflectoquant
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(Merck KGaA, Darmstadt, Germany) in PABS. PABS was transported to the trial farms
at room temperature within four hours of its preparation. The same concentration as in
Scheib et al. [15] was used. PAS was prepared as a 0.1% solution shortly before usage. Tap
water from the farms was used for treatment of the liners.

2.3. Sampling Method

Sampling was performed with the modified wet–dry swab method (WDS) in accor-
dance with DIN 10113-1:1997-07. This methodology was also used in the study conducted
by Scheib et al. [16] and has proven to be a suitable quantitative swab sampling method
for milking liners. Sterile swabs and a sterile swab solution were used for sampling. One-
quarter strength sterile Ringer’s solution (Merck KGaA) was used for the swabs, with 3 mL
per test tube, and 2.2% sodium thiosulfate (APPLICHEM GmbH, Darmstadt, Germany)
and 0.2% catalase (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) were then added
as disinhibitors to this solution. Two swabs were always used for one sample. The first
swab was moistened by dipping it in the solution for 5 s. The excess liquid was squeezed
out. After the swab had been used to wipe the surface of the liner, a second dry swab was
used for the same surface. All swab samples were taken at 5 cm depth and one rotation of
360◦. During this process, the swab itself rotated and touched the surface only once. The
pressure was so strong that the wooden pin was bent. After taking both samples, the swabs
were placed in the same test tube. To prevent contamination of the swab medium through
the samplers, the handles were broken off as they entered the test tube. Sampling was
performed by four different people who were either familiar with this type of sampling or
had been trained in advance.

2.4. Sampling

The liners were randomly assigned different treatments by attaching a different-
colored tape to each liner of the milking cluster. Each color corresponded to the application
of a different treatment. The first liner was designated and directly sampled as the untreated
control. The second liner was dipped in tap water for 30 s, and then allowed to drain for
an additional 30 s. A sample was subsequently obtained. The third liner was treated with
PAS (0.1%) in accordance with the procedure and was then sampled. The fourth liner was
treated with PABS and sampled. The assignment of teat liners to specific treatments was
blinded from the laboratory diagnostics team.

2.5. Microbiological Examination

The test tubes were shaken before serial dilution was performed by using method L
00.00-54 of §64 LFGB (German Foods, Consumer Goods, and Foodstuffs Code). Following
this, the samples were thoroughly mixed again before being spread at several dilution steps
(10−1 and 10−2) in duplicate onto Plate Count Skim Milk Agar (Carl Roth GmbH & Co.
KG) for the determination of the total bacterial count (TBC), and Baird Parker Agar for the
detection of presumptive S. aureus. The incubation of the Plate Count Skim Milk Agar was
carried out at 30 ◦C for 24 h, while the Baird Parker Agar plates were incubated at 37 ◦C
and examined after 24 and 48 h.

2.6. Statistics

Data were collected and analyzed by using the SPSS 29.0 program, SPSS Inc. (Chicago,
IL, USA) in Microsoft Excel. The outcome variables, TBC and presumptive S. aureus
cfu/cm2, were transformed by applying log10 to approximate a normal distribution. The
influence of the fixed factor treatment (water vs. PAS vs. PABS vs. control) on the
bacterial load on the teat liner surface was analyzed using a linear mixed model. Estimated
mean values were calculated, and a post hoc analysis was performed using Fisher’s least
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significant difference (LSD) test with the Bonferroni correction. Statistical significance was
defined at p < 0.05.

3. Results
In this study, 60 milking clusters from three different farms were sampled directly

after milking on 10 June 2024. For each cluster, one liner served as the control, the second
was dipped in water, the third was dipped in PAS (0.1%), and the fourth was dipped in
PABS (same concentration as in Scheib et al. [15]).

3.1. Effect of the Treatments—Total Bacterial Count (TBC)

The analysis of the bacterial load of TBC (Table 1) showed that the treatment with PAS
resulted in a significant reduction in bacterial counts on the teat liner by almost one log
level. In contrast, water and PABS did not significantly differ from the control (Table 2).

Table 1. Descriptive means of the bacterial load of total bacterial count on the teat liner in log10

cfu/mL.

Treatment Mean Std. Deviation 3

Control 4.3 0.4
Water 4.3 0.3
PABS 1 4.2 0.4
PAS 2 3.3 1

1 plasma-activated buffered solutions, 2 peracetic acid solutions, and 3 standard deviation.

Table 2. Estimated means of the bacterial load of total bacterial count on liners in log10 cfu/mL.

Treatment (T1) Treatment (T2) Estimated Means
of Treatment (T1)

Mean Difference
(T1–T2)

Std. Error
(T1) 3 p-Level

control PABS 4.2 0.1 0.3 0.6
water −0.1 0.5
PAS 0.9 * <0.001

PABS 1 control 4.1 −0.2 0.3 0.6
water −0.9 0.3
PAS 0.8 * <0.001

water control 4.3 0.1 0.3 0.5
PABS 0.2 0.3
PAS 1.0 * <0.001

PAS 2 control 3.3 −0.9 * 0.3 <0.001
PABS −0.8 * <0.001
water −1.0 * <0.001

1 plasma-activated buffered solutions, 2 peracetic acid solutions, and 3 standard error. * the mean difference is significant.

3.2. Effect of the Treatments—Bacterial Load of Presumptive Staphylococcus aureus

The analysis of the bacterial load of presumptive S. aureus (Table 3) showed that the
treatment with water resulted in no reduction in the bacteria load with 2.5 log10 cfu/mL.
The treatment with PABS led to a significant reduction of 0.3 log10/cfu2 of presumptive S.
aureus in comparison to the control. The treatment with PAS showed a significant reduction
in the bacterial counts on the teat liner from 2.4 log10 cfu/mL to 0.9 log10 cfu/mL (Table 4).
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Table 3. Descriptive means of the bacterial load of S. aureus on liners in log10 cfu/mL.

Treatment Mean Std. Deviation 3

Control 2.5 0.7
Water 2.5 0.6
PABS 1 2.1 0.7
PAS 2 1 0.9

1 plasma-activated buffered solutions, 2 peracetic acid solutions, and 3 standard deviation.

Table 4. Estimated means of the bacterial load of S. aureus on liners in log10 cfu/mL.

Treatment (T1) Treatment
(T2)

Estimated Means
of T1

Mean Difference
(T1–T2)

Std. Error
(T1) 3 p-Level

control PABS 2.4 0.3 * 0.14 0.007
water −0.1 0.878
PAS 1.5 * <0.001

PABS 1 control 2.1 −0.3 * 0.14 0.007
water −0.4 * 0.004
PAS 1.2 * <0.001

water control 2.5 0.1 0.14 0.878
PABS 0.3 * 0.004
PAS 1.6 * <0.001

PAS 2 control 0.9 −1.5 * 0.14 <0.001
PABS −1.2 * <0.001
water −1.6 * <0.001

1 plasma-activated buffered solutions, 2 peracetic acid solutions, and 3 standard error. * the mean difference is significant.

4. Discussion
A field study was carried out on three farms, where liners were dipped after milking

in different solutions to compare the disinfecting effect on TBC and the bacterial load of
presumptive S. aureus relative to a non-treated positive control. The quantitative detection
of surface microbial counts on the liner surface is essential for assessing the effectiveness
of intermediate disinfection in reducing bacteria. By measuring the microbial load on
untreated and treated liners, we determined the extent of bacterial reduction achieved
through the treatment process. This quantitative approach could provide a clearer and
more objective evaluation of the disinfection efficacy of PAS and PABS. Furthermore, the
liners were dipped in water to assess the mechanical rinsing effect on microbial counts.
Therefore, the quantitative wet–dry swab method (WDS), in accordance with DIN 10113-
1:1997-07, was used. It has been previously established that the WDS method is practical,
fast, accurate, and repeatable. Recent studies have demonstrated that sponge bags are
highly efficient as surface swabs, especially in the food industry [17]. However, they were
not suitable for our study due to the specific structure and shape of the milking liners,
which made swab sampling a more practical and effective choice in this context. The
WDS method offers the advantage of a two-step process, in which an initial wet swab is
applied first, followed by a dry swab. This approach enhances the detection of adhering
pathogens on the liner. Given the relatively low bacterial load on the sampled surface, this
method ensures the detection of even small reductions in bacterial counts. Additionally,
the dry swab helps detect residual bacteria that remain after the wet swabbing step, further
improving the accuracy of microbial assessment [15,18–20].

In this experiment, the sampling process involved four samplers, who each sampled
an equal number of clusters, ensuring that the number of liners per treatment sampled was
consistent between all participants. The results indicated no significant differences between
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the quarters or the samplers, demonstrating that the sampling method is standardized
for use by various individuals. To effectively neutralize any bactericidal effects from
disinfectant residues present in the swab medium post-sampling, a stop solution composed
of sodium thiosulphate and catalase was incorporated to cancel the disinfection effect. This
step is crucial for accurately assessing the impact of the disinfectant on the liner surfaces
and for preventing false negative results [21].

We chose water as a comparison, as it is still common on many farms for milking
clusters to be rinsed with potable tap water. The treatment with water showed no reduction
in the TBC or presumptive S. aureus. In contrast, Skarbye et al. [22] demonstrated that
rinsing the liner with 966 mL of water achieved complete elimination of S. aureus. This
discrepancy may be attributed to differences in application methods, as their study used
a rinsing process with a larger volume of water, whereas our study used dipping. These
findings suggest that water may only be effective as a mechanical treatment when used in
larger volumes and applied through rinsing.

For TBC and presumptive S. aureus loads, our results showed that treatment with
PAS led to a significant reduction in bacterial loads of 90% and 99%, respectively, further
supporting its efficacy as previously reported [8–10]. In contrast, Scheib et al. [15] found no
significant reduction in bacterial counts with PAS treatment. Their study used spraying
instead of dipping the liners, suggesting that the application method may influence the
outcome. In this investigation, the liners were immersed in the disinfectant solution, which
probably contributed to the observed differences. Unlike PAS, dipping the liners in PABS
did not result in a significant reduction in TBC. A numerical reduction in TBC on liners
was observed. However, it is likely that the sample size was too small to demonstrate a
significant effect. Nevertheless, a significant reduction in the bacterial count of presumptive
S. aureus was observed following treatment with PABS. On the one hand, the high resistance
of S. aureus to PABS was previously demonstrated by Große Peclum et al. [23]. On the
other hand, the study by Scheib et al. [15] demonstrated that treatment with PABS resulted
in a reduction of S. aureus by one logarithmic level. The key advantage of PABS lies in its
environmentally friendly, non-toxic, and cost-effective properties [24]. PABS represents a
possible alternative to traditional chemical disinfectants, as it does not rely on chemical
additives for energy transfer or chemical reactivity [25]. Furthermore, it is free of hazardous
substances, unlike conventional disinfectants that require dilution before use. However,
the plasma activation process necessary for PABS production requires a substantial amount
of electrical energy [11], partially offsetting its environmental benefits. PABS retains its
disinfecting properties for up to 24 h when stored at 21 ◦C, owing to the stability of its
RONS. Like peracetic acid-based disinfectants, PABS must be prepared daily and applied
after each milking session. Despite its advantages, the production of PABS remains both
energy- and time-intensive, presenting a challenge to its broader application. In summary,
dipping the liners in PAS demonstrated significant effects on the TBC and the number
of presumptive S. aureus. A significant reduction in the bacterial count of presumptive S.
aureus was also observed following the treatment of liners with PABS. In contrast, dipping
the liners in water showed no significant reduction in TBC or presumptive S. aureus in the
liners compared to the untreated control liners. Therefore, the mechanical rinsing effect
alone was not sufficient to significantly reduce the bacterial loads in this trial.

5. Conclusions
In this randomized field trial, the efficacy of different intermediate cluster disinfection

solutions was assessed based on their effects on TBC and presumptive S. aureus load on teat
liners after milking. Treatment with PABS resulted in a significant reduction in presumptive
S. aureus counts (0.3 log10 cfu/mL). However, neither PABS nor water treatment achieved
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a significant reduction in TBC. PAS was shown to be an effective disinfectant, achieving
a 90% reduction in TBC and nearly 99% in presumptive S. aureus. While PABS could be
a potential alternative disinfectant, further research on intermediate cluster disinfection
in general is necessary to optimize its application and assess its long-term effectiveness in
dairy farming practices. Nonetheless, the results highlight the crucial importance of adding
disinfecting substances when dipping the liners, as the treatment with drinking tap water
alone showed no significant reduction in pathogen levels.
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