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A B S T R A C T

Pseudomonads are common psychrotrophic spoilage bacteria associated with dairy, poultry, and meat processing 
environments. They can multiply at low temperatures, 4–7 ◦C, producing thermostable spoilage enzymes. 
Pseudomonads form strong biofilms by producing higher EPS (Extracellular polymeric substances) at low tem
peratures. This study focused on the biofilm formation of pseudomonads at the air-liquid interface and their EPS 
removal. Two strong biofilm-forming isolates, (Pseudomonas lundensis) 3SM and (Pseudomonas cedrina) 20SM 
were allowed to form biofilms on stainless steel coupons in a CDC reactor under a continuous flow of nutrients at 
4 ◦C over a week. The cell counts reached approximately 7.5 log CFU/cm2. The biofilms formed at the air-liquid 
interface showed more visible biofilms, polysaccharides, and higher cell counts than those submerged in liquid. 
Cleaning the biofilms using 1 % NaOH at 70 ◦C resulted in viable bacterial cells below the detection limit. 
However, residual material termed biofilm “footprints” was present after cleaning and were analysed with SEM 
and FTIR. The SEM observations showed tightly packed robust biofilm cells before cleaning. Coupons treated 
with 55 ◦C water showed an upper layer of degraded cells. After treatment with 70 ◦C NaOH, organic material 
was still visible under SEM. Based on the FTIR observations, the EPS extracted from the control and treated 
coupons showed that the amount of biomolecules reduced after cleaning with NaOH, but the footprints still 
existed. The biofilm footprints led to the early appearance of biofilms at the air-liquid interface compared to new 
coupons exposed to strong biofilm-forming isolates. Cleaning with caustic can eliminate the cells, but the EPS 
from biofilms of pseudomonads is not completely removed, resulting in a possibility of regrowth when the new 
inoculum is introduced.

1. Introduction

Pseudomonads are common contaminants in dairy, which cause 
spoilage by producing thermostable enzymes and pigments (Raposo 
et al., 2016). Pseudomonads are known for their ability to form denser 
biofilms at psychrotrophic temperatures (Liu et al., 2023). Pseudomo
nads are strong EPS (Extracellular polymeric substances matrix) pro
ducers (Wickramasinghe et al., 2020). The EPS produced by 
pseudomonads are exploitable as a public good by other weak EPS 
producers and pathogens (Puga et al., 2018).

Pseudomonads produce large amounts of exopolysaccharides, and 
the biofilms of pseudomonads in the food industry are hard to remove. 
The EPS protects the biofilm cells from harsh sanitizing and cleaning 
agents (Santos Rosado Castro et al., 2021). Most of the biofilm elimi
nation studies target the cells, while EPS is a real culprit that accounts 
for the regrowth and recurrence of the biofilms when new occupant cells 

are introduced (Deng et al., 2025).
The term “footprint” was used in the past to describe the polymeric 

material left on the surface after the bacterial cells are removed by shear 
forces or enzymes (Neu & Marshall, 1991). The bacterial cells are 
removed carefully from the surface, and the remaining adhesive poly
mers observed with TEM and SEM revealed that the footprint material 
on the surface matches the size of the cells nearby and some showed as 
clumps after cell removal due to the hydrophobic properties (Neu & 
Marshall, 1991).

The commonly used sanitation system in industry is cleaning-in- 
place (CIP). The CIP system is designed to remove the deposits on the 
interior surface of the equipment without dismantling (Tirpanci Sivri 
et al., 2023). The conventional CIP process includes water rinse, alkali 
cleaning with or without acid cleaning, and sanitation (Joseph et al., 
2001). Alkaline cleaning solubilizes the fats, carbohydrates, and pro
teins. Caustic soda is the most effective alkaline cleaner removing 
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microbial cells and organic foulants. 1 % NaOH is effective in restoring 
the initial membrane performance of membranes of the bioreactor 
(Tomczak et al., 2021). However, the biofilm EPS can protect the biofilm 
cells from CIP chemicals, including caustic soda due to reduced diffu
sivity (Tang et al., 2010). The CIP chemicals can effectively remove the 
proteins and fats from food residues. However, the EPS matrix in the 
biofilms differs from the food residues, and the EPS that remains after 
cleaning can serve as an attachment site for bacterial cells (Antoniou & 
Frank, 2005).

This study focused on a CIP with water rinse and alkali wash without 
acid cleaning. This study involved forming air-liquid interface biofilms 
of psychrotrophic pseudomonads under a continuous flow of nutrients at 
cold temperatures. This study explored the potential of biofilm EPS 
footprints to enhance the biofilm formation of the same isolates.

2. Materials and methods

2.1. Bacterial isolates and culture conditions

The two strong biofilm-forming isolates at cold temperatures, 3SM 
(P. lundensis) and 20SM (P. cedrina) were chosen for this study. These 
isolates were obtained from a dairy source, and the identifications were 
done with 16S rDNA sequencing using Bac27F(5′-AGAGTTT
GATCCTGGCTCAG-3′) and 1492R(5′-TACGGYTACCTTGTTACGACTT- 
3′) primers.

2.2. CDC reactor conditions

The CDC reactor was used to grow a week-old biofilm. The CDC 
biofilm reactor (CBR 90; Biosurface Technologies, USA) was used with 
stainless-steel coupons (304 grade with 2B finish with a total surface 
area of 2.26 cm2). The coupons were passivated (cleaned with 50 % 
nitric acid at 70 ◦C for 30 min), sonicated for 30 min, cleaned with 
ethanol and Trigene, and autoclaved at 121 ◦C. The reactor parts were 
assembled and autoclaved before use. The entire CDC reactor was kept 
at 4 ◦C. The growth media used were half-strength TSB (TSB, Difco™, 
Becton, Dickinson and Company, USA). The cultures were inoculated in 
TSB for 24 h to reach the OD600 of 0.05 ± 0.15 (approximately 3 log 
CFU/mL of cells). Two percent (2 %) of the overnight culture was added 
directly to the reactor beaker containing 400 mL of TSB (approximately 
3 log CFU/mL). The flow rate of the reactor was set at 3.3 mL/min to 
achieve a mean residence time lower than the doubling time (supple
mentary file 1). The coupon holders were lifted and supported about an 
inch to create the air-liquid interface on the top coupons (A-L) and the 
remaining two coupons were submerged (L1 and L2) (Kumar et al., 
2021).

2.3. Enumeration of biofilm cells

The reactor was allowed to run for seven days. The coupons con
taining holders were removed randomly every 24 h, and a blank holder 
was replaced to maintain the turbulence. The removed coupons were 
washed with 0.85 % physiological saline and transferred to the vials 
containing 900 μL of saline. After transferring the coupons, 1 g of sterile 
glass beads was added, and the vials were sonicated for 5 min. After 
sonication, the coupon-containing vials were vortexed vigorously to 
remove the cells from the coupons. One hundred microlitres (100 μL) of 
the contents from the vials were serially diluted and plated on the TSA 
(TSA, Difco™, Becton, Dickinson and Company, USA) plates at 30 ◦C for 
24 h. The viable bacterial colonies were counted and expressed as log 
CFU/cm2. The cell counts were compared between the A-L, L1 and L2 
coupons each time.

2.4. Quantification of polysaccharides

After a week of incubation, the coupons containing biofilms were 

taken out. Two coupons from the A-L, L1, and L2 coupons were added to 
a vial containing 2 mL of sterile distilled water. The vials containing 
coupons were sonicated for 30 min. After sonication, the contents were 
transferred to Eppendorf tubes. The Eppendorf tubes were centrifuged at 
12000g for 5 min (Hettich, Mikro 220R, Germany). The supernatant was 
collected and filtered using a 0.2 μm syringe filter (Minisart, Sartorius, 
Germany). Two millilitres (2 mL) of the filtered supernatant were pooled 
into 15 mL of centrifuge tubes (Falcon®, Corning Incorporated, USA). 
The extracted EPS fractions were stored at − 80 ◦C for 8 h. These tubes 
were placed in a freeze-dryer (Labkits, Hongkong) overnight (Shelf 
temperature − 40 ◦C, vacuum pressure below 100 Pa). The freeze-dried 
EPS was stored in a desiccator.

2.4.1. Quantification of polysaccharides
Total polysaccharides in the freeze-dried EPS were measured using 

the Phenol sulfuric acid method (DuBois et al., 1956) and D-glucose as a 
standard.

Reagents.

5% Phenol 30 μL
98% Sulfuric acid 150 μL

The freeze-dried EPS samples were diluted with 100 μL of sterile 
distilled water. Fifty microliters of the diluted EPS samples were added 
to a well in 96-well plates. One hundred fifty microlitres (150 μL) of 
sulfuric acid were added, followed by 30 μL of phenol. The plates were 
shaken at room temperature for 5 min. Then, they were placed on hot 
plates at 90 ◦C for 5 min and cooled for 5 min. The absorbance was read 
at 490 nm. The total polysaccharides were expressed as μg/cm2 and 
compared between the A-L, L1 and L2 coupons.

2.5. ClP system

The CIP process involved an initial hot water rinse, treating with 
NaOH, and a final water rinse (Table.1). Hot water at 55 ◦C and 1 % 
NaOH at 70 ◦C represent a typical CIP system. The water and NaOH were 
heated in a hotplate to reach the required temperatures. Sterile distilled 
water was used in this experiment to prepare NaOH. The inlet tube was 
inserted into the beakers containing CIP chemicals (hot water and 
NaOH), and the temperatures of the chemicals were confirmed (in the 
outlet tube) before connecting to the CDC reactor. The entire CDC 
reactor was cleaned using 1.2 L of water and circulated for at least 3 to 4 
cycles at 300 rpm to reach a Reynolds number of more than 12,000. 
After the water rinse, 2 holders were taken out for the cell counts and 
two blank holders were inserted to maintain the flow. The same steps 
were followed for NaOH.

2.5.1. Reynolds number
The flow of the CDC reactor in this study was turbulent based on the 

Reynolds number (Table 1). The Reynolds number was calculated by. 

Re = ʋ Dh/η 

Table 1 
Reynolds numbers for biofilm growth and CIP.

RPM Reynolds 
number

Function Flow Flow rate Contact time

125 4239 Biofilm 
growth

Turbulent 3.3 mL 
/min

–

300 12,215 CIP Turbulent 10 mL/ 
min

Water – 20 
min 
NaOH -20 
min 
Water- 5 min
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(Where ʋ is the hydrodynamic velocity (m/s), ρ is the density of the 
fluid, which is 998.23 Kg/m3, η is the kinematic viscosity 1.0023E-06 
m2/s. Dh is calculated using the outer radius (Ro) of 0.03 m and the inner 
radius of 0.0225 m (Ri) (Prabhukhot et al., 2024).

2.6. Microscopic observations

After a week of biofilm formation, the coupons were observed under 
an epifluorescence (Nikon- Eclipse Ni-L, Nikon instruments, USA) mi
croscope (Filter- TRITC – excitation wavelength 540–555 nm, emission 
wavelength 570–620 nm) and SEM to view the biofilm architecture and 
the difference between the air-liquid interface coupons and submerged 
coupons. The SEM observations were done with JSM 6500F (Jeol, 
Australia) with 1000× and 5000× magnifications. The coupons were 
dried and carbon-coated before observing under SEM. After the CIP 
process, the coupons were observed again under both an epifluorescence 
microscope and SEM to view the cleaning efficiency of the CIP process.

Acridine orange (Acridine orange, BDH, England) was used for 
staining the coupons to view the cells and EPS under an epifluorescence 
microscope. The coupons were stained with acridine orange for 3 min. 
After that, the coupons were washed and air-dried. The stained coupons 
were observed under 1000× magnification. The images were processed 
using NIS-elements D software (Version 6.02.01(Build 1955), Nikon 
Instruments, USA) (Li et al., 2022; Muthuraman et al., 2025).

2.7. Attenuated Total reflection – Fourier-transform infrared spectroscopy 
(ATR-FTIR)

The isolated EPS from untreated coupons and CIP cleaned coupons 
from the air-liquid interface were used for ATR-FTIR analysis to observe 
the composition of footprints left after cleaning with water and NaOH. 
The acid-cleaned coupon was used as a control and observed directly 
under FTIR (Nicolet™, Thermofisher Scientific™, USA). FTIR parame
ters were as follows: acquisition range 2000–400 cm− 1, scanning times 
of 32 s, and resolution of 4 cm− 1 (Li et al., 2022). The collected FTIR 
spectra was baseline corrected and normalized using OMNIC software 
(OMNIC, Thermofisher Scientific™, USA). Spectral deconvolution was 
performed using OriginPro software (Origin Pro 2025, 10.2 Origin Lab 
Corporation, USA) with Gaussian curve fitting for protein and poly
saccharide peaks.

2.8. Reinoculation of the strong biofilm formers

After CIP, the reactor was treated with hot water at pasteurization 

temperature (72 ◦C) for 2 min until the water reached the reactor lid to 
enable the inactivation of any remaining cells. Four holders were 
removed from the CIP-cleaned reactor, and four holders containing 
clean coupons were inserted, and the holders were transferred to a new 
reactor beaker (Fig. 1). This was allowed to run at a 3.3 mL/min flow 
rate and 125 rpm with half-strength TSB for 24 h, and after 24 h 2 % 
inoculum was added to check the biofilm formation differences between 
untreated clean coupons (treated with 50 % nitric acid at 70 ◦C for 30 
min, represents pristine surface) and CIP-treated coupons. The cell 
counts between the control coupons and CIP cleaned coupons were 
compared at each time point.

2.9. Data analysis

All the experiments were performed with at least three biological and 
three technical replicates, except for the cell count data. For the cell 
counts, coupons from two reactors were collected (three biological and 
two technical replicates) due to the sampling limitation after intro
ducing an air-liquid interface. The normality of the cell counts data was 
confirmed using Shapiro-wilk test, and the Levene’s test confirmed the 
homogeneity of variances. Therefore, one-way analysis of variance 
(ANOVA) was used to compare the means from all groups. The one-way 
ANOVA was used to evaluate significant differences among the variables 
using Tukey’s test, which had a p-value below 0.05 and was considered 
statistically significant. Data analysis was implemented using SPSS sta
tistical software (Version 29.0.2.0; IBM®, USA). FTIR data were pro
cessed using Origin Pro software.

3. Results

3.1. Visible biofilm formation

The visible biofilm formation on the CDC reactor coupons was 
observed from 24 h. At 24 h, no visible biofilms were seen in all three 
coupons. After 48 h, a thin visible line appeared on the air-liquid 
interface. At the end of 72 h, thick visible biofilms were observed on 
the A-L coupons and visible aggregates started to form on L1 coupons. At 
the end of 144 h, compared to submerged coupons, the A-L coupons 
showed denser visible biofilms (Fig. 2).

3.2. Biofilm cell enumeration

The isolates 3SM and 20SM were allowed to form biofilms on the 
CDC reactor coupons with half-strength TSB. The growth was monitored 
every 24 h until 168 h (Fig. 3). At 24 h, the cell counts from the A-L 

Fig. 1. Schematic representation of CIP and regrowth experimental setup.
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coupons were around 3.20 log CFU/cm2 for both isolates. The L1 coupon 
also got similar cell counts at 24 h. From 48 h, the A-L coupons domi
nated in terms of cell counts compared to L1 and L2. This trend 
continued until the end of 168 h. At 168 h, the cell counts from the A-L 

coupons were around 7.26 and 7.47 log CFU/cm2 for isolates 3SM and 
20SM. At 168 h, the A-L coupons showed significantly higher cell counts 
(p = 0.01) compared to L1 and L2 coupons (Fig. 3).

     

Air-liquid interface coupons(A-L)

Submerged coupon (L1)

Submerged coupon 2 (L2) 

Fig. 2. The visible biofilm formation of isolate 3SM observed on A-L, L1, and L2 coupons at 168 h at 4 ◦C.

Fig. 3. Graph A shows the cell counts from isolate 3SM over seven days. Graph B shows the cell counts from the isolate 20SM. Different letters indicate significant 
differences (p < 0.05).
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3.3. Quantification of the polysaccharides

The EPS recovered from the A-L coupons was significantly (p < 0.05) 
higher than the L1 and L2 coupons (Fig. 4A). The total polysaccharides 
were also significantly higher (p = 0.01) in the biofilms formed at the A- 
L coupons compared to the L1 and L2 coupons (Fig. 4B). This indicates 
the importance of the air-liquid interface in EPS production by psy
chrotrophic pseudomonads.

3.4. Cell counts after CIP

The coupons were taken out after circulating hot water and again 
after NaOH. Hot water at 55 ◦C achieved around a log cell reduction in 
the biofilms formed by both the isolates. With NaOH, the cell counts 
were below the detectable limit (1.7 log CFU/cm2) for both isolates. 
Compared to hot water at 55 ◦C, NaOH at 70 ◦C significantly (p = 0.01) 
killed the biofilm cells of psychrotrophic pseudomonads (Fig. 5).

3.5. Microscopic observations

3.5.1. Untreated coupons
With SEM observations, the biofilms produced by pseudomonads 

appeared as cells tightly packed together. With isolate 3SM, though the 
biofilms formed on A-L and L1 looked similar, the cell counts were 
significantly higher at the A-L coupons (Fig. 6A). However, with 20SM, 
the layers of cells were clearly seen on the A-L coupon (Fig. 6B), and on 
the L1 and L2 coupons, the stainless-steel surface was often seen be
tween cell clusters. This observation agreed with the cell counts as the 
biofilms grown on A-L coupons showed more cells than the L1 and L2 
coupons (Fig. 6A and B). However, this requires three-dimensional im
aging to confirm the biofilm thickness differences between these two 

surfaces. With the epifluorescence microscopy, the cells on the A-L 
coupons were tightly packed and emitted higher fluorescence compared 
to the L1 and L2 coupons. Filamentous cells were present in all three 
coupons (Fig. 7A and B).

3.5.2. Cleaning with 55 ◦C water
With SEM observations, the hot water-treated coupon surfaces 

showed compromised upper layers on all the coupons. The cells can be 
seen but not as clear as the control coupons (untreated coupons with 
biofilm growth). The biomass appeared to be smeared (Fig. 6C and D). 
Cell counts after hot water treatment (55 ◦C for 10 min) resulted in one- 
log reduction. The cells after 55 ◦C treatment stayed intact, which was 
confirmed by epifluorescence microscopic observations, which agreed 
with the cell counts (Fig. 7C and D).

3.5.3. Cleaning with 70 ◦C NaOH
After introducing the NaOH to the CIP system, the coupons were free 

of live cells, which was confirmed by the SEM observation. However, the 
coupons were not completely clean. What appeared to be NaOH crystals, 
along with organic matter, were present in the coupons. These were the 
biofilm footprints left after cleaning (Fig. 6E and F). Compared to L1 and 
L2 coupons, the A-L coupons showed more organic materials left after 
cleaning. After cleaning with NaOH, the cell counts were below the 
detection limit (below 1.7 log CFU/cm2). The acridine orange staining 
showed a dead and deformed mass on all three coupons (Fig. 7E and F).

3.6. ATR-FTIR spectra on EPS isolated from untreated and cleaned 
coupons

The FTIR spectra for the untreated and CIP-cleaned coupons were 
compared to the acid-cleaned stainless-steel coupon, which was used as 
a control. In the FTIR spectra, 1650 and 1540 cm-1 peaks represent the 
amide I and amide II bands of proteins and 1055 cm-1 from poly
saccharides (Fig. 8A and B). Compared to the untreated EPS, the in
tensities of the respective peaks were decreased in EPS isolated from 
NaOH-treated coupons. With the hot water, the intensities did not 
decrease much for the polysaccharides but for proteins, however, there 
were some changes in the peaks noticed. The two peaks around 1400 
and 1600 cm− 1 in the untreated EPS become inverted in the hot water- 
treated EPS and the intensities of the protein peaks were decreased. The 
CIP-cleaned coupon was not as clean as the sterile acid-cleaned stainless- 
steel coupon. The presence of protein and polysaccharide peaks in
dicates the complex nature of the EPS even after CIP. The FTIR obser
vation agreed with the remaining biofilm EPS footprints seen in SEM.

3.7. Regrowth of the strong biofilm former after CIP cleaning

Compared to the untreated clean coupons, the CIP cleaned coupons 
started showing a visible air-liquid interface from 24 h of incubation, 
whereas in clean coupons it took 72 h to form a visible air-liquid 
interface (Fig. 9C). The cell counts from the CIP-cleaned coupons were 
significantly (p = 0.03) higher than the control coupons from 24 h for 
both isolates. The cell counts in the A-L coupons of the CIP cleaned 
coupons were 6.71 ± 0.16 and 5.88 ± 0.13 log CFU/cm2 for 3SM and 
20SM, respectively (Fig. 9A and B). Whereas, in the control, clean 
coupons, the A-L coupons yielded 3.59 ± 0.17 and 3.40 ± 0.19 log CFU/ 
cm2 for isolates 3SM and 20SM, respectively. The L1 and L2 coupons of 
the CIP cleaned group showed significantly (p = 0.019) higher cell 
counts than the control group of submerged coupons. These results 
suggest that the remaining footprints of biofilm EPS encouraged the cells 
to establish the early air-liquid interface biofilm.

4. Discussion

Pseudomonads can form biofilms at various interfaces, including the 
air-liquid interface, solid-liquid interface, and liquid-liquid interfaces 

Fig. 4. Graph A shows the quantity of EPS recovered from the A-L, L1, and L2 
coupons. Graph B shows the total polysaccharides from the isolated EPS 
recovered from A-L, L1, and L2 coupons. Different letters indicate significant 
differences (p < 0.05).
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(Robertson et al., 2013). The biofilm formation and cleaning studies on 
psychrotrophic pseudomonads in the food matrices mostly focused on 
the submerged biofilms (Liu et al., 2015; Liu et al., 2023). However, an 
air-liquid interface is commonly seen in food industries in partly filled 
silos, vats, balance tanks, stagnant water, etc. (Jha et al., 2020). This 
present study compared the biofilm formation between air-liquid in
terfaces and submerged biofilms. In this present study, introducing an 
air-liquid interface in the CDC reactor encouraged more cell counts and 
EPS production on the air-liquid interface coupons compared to the 
submerged coupons for both isolates. This present study showed that the 
CDC biofilm reactor can be used to grow air-liquid interface biofilms 
under a continuous flow of nutrients. However, when P. aeruginosa 
biofilms are grown in a CDC reactor, the coupon position does not affect 
the cell counts (Buckner et al., 2024). In another study comparing the 
biofilm formation of Bacillus cereus between air-liquid interface and 
submerged biofilms revealed that, compared to the submerged coupons, 
the air-liquid interface coupons showed significantly (p < 0.05) higher 
cell counts in both UHT milk and BHI media. The higher cell counts at 
the air-liquid interface are due to the aero taxis of bacteria to the surface, 
observed in Bacillus biofilms (Wijman et al., 2007).

In our previous study, these isolates produced higher poly
saccharides in their EPS matrix compared to proteins and eDNA 
(Muthuraman et al., 2025). Other studies also reported that pseudo
monads produce higher polysaccharides in their EPS matrix, and this 
present study focused on quantifying polysaccharides (Harimawan & 
Ting, 2016; Liu et al., 2023). In this present study, the quantity of iso
lated EPS and the total polysaccharides was higher in the A-L coupons 
compared to L1 and L2, which confirmed the link between the air-liquid 
interface and EPS production in pseudomonads. The thick visible bio
films at the air-liquid interface correlate with the EPS and poly
saccharide quantification. This present study confirmed that the air- 
liquid interface encourages higher cell numbers and EPS production 
compared to the submerged biofilm formation. In a similar study with 
B. cereus mentioned that the EPS produced is higher in the semi- 
submerged coupons due to the gas-liquid interface (Ren et al., 2024). 
Comparison of the air-liquid interface biofilm formation of P. fluorescens, 
B. cereus and B. subtilis revealed that the Bacillus biofilms were of cell 
associations, while the P. fluorescens contained a higher amount of EPS 
(Constantin, 2010). In this present study, the pseudomonads produced 
higher cell counts and EPS production at the air-liquid interface, indi
cating higher EPS production observed with pseudomonad biofilms. 

This present study indicates the possibility of pseudomonads producing 
air-liquid interface biofilms with higher EPS in storage tanks, heat ex
changers that are refrigerated and run under turbulent flow.

This study also focused on the CIP cleaning of mature biofilms. The 
cleaning and sanitation studies require mature, established biofilms and 
generating the robust biofilms is a critical step in designing the CIP 
process (Tirpanci Sivri et al., 2023). The time required to form these 
biofilms is also important in studying the CIP process. Most studies re
ported that the time to form mature biofilms in a static system or 
continuous flow reactor requires 18 h to 144 h (Bremer et al., 2006; Liu 
et al., 2023; Tirpanci Sivri et al., 2023). Among these studies, Liu et al. 
(2023) reported the biofilm formation of pseudomonads at cold tem
perature (at 4 ◦C, 144 h). However, the biofilms were formed on 
stainless-steel coupons in a static system. This present study found that 
even with a continuous flow of nutrients, the mature biofilms at cold 
temperatures require more than 144 h.

The biofilm removal of P. aeruginosa with ZnO nanoparticles 
revealed that the removal of the established biofilms requires higher 
concentrations of ZnO compared to the biofilm inhibition (Al-Momani 
et al., 2023). Considering these reasons, this present study focused on 
CIP cleaning of mature biofilms. This present study focused on biofilm 
removal with water and caustic. 1 % Caustic at 70 ◦C effectively 
removed all the cells, but the remaining biofilm footprints were noted on 
the surface from the microscopic observations. A similar study on the 
effects of cleaning regimes on biofilms of thermophilic bacilli on stain
less steel showed that 2 % caustic for 30 min at 70 ◦C, followed by a 
water rinse and 1.8 % HNO3 at 75 ◦C, removed the cells and poly
saccharides effectively. This study also reported that the caustic treat
ment alone showed 6 log cell reductions. However, the fluorescent 
polysaccharide remnants were observed, indicating that caustic treat
ment failed to remove the biofilms completely (Parkar et al., 2004). A 
study on the removal of P. putida biofilms from stainless-steel surfaces 
using different concentrations of NaOH revealed that the cells are 
readily removed by the alkaline cleaners. However, mechanical scrub
bing or high-pressure sprays are recommended for complete removal of 
EPS (Antoniou & Frank, 2005). The ineffectiveness of traditional CIP is 
reported by several other studies. A study with multi-species biofilms 
noted that there are survivors even after the final sanitation step, and the 
traditional CIP is ineffective in removing biofilms on the reverse osmosis 
membranes in dairy industries. The survivors were Bacillus isolates that 
can form spores and survive post-treatments (Singh & Anand, 2022). A 

Fig. 5. The cell counts from untreated control coupons, hot water-treated coupons, and NaOH-treated coupons. Different letters indicate significant differences (p 
< 0.05).
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(A)

(B)

(C)

(D)

(E)

(F)

A-L L1 L2

Fig. 6. (A)& (B) SEM images of 3SM and 20SM untreated coupons (Scale bar 10 μm), (C) & (D)SEM images of hot water-treated coupons of isolates 3SM and 20SM 
(Scale bar 10 μm), and (D) & (F) SEM images of NaOH-treated coupons of isolates 3SM and 20SM (Scale bar 1 μm).
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Fig. 7. (A) & (B) epifluorescence microscopic images of 3SM and 20SM untreated coupons, (C) & (D) hot water-treated coupons of isolates 3SM and 20SM, and (E) & 
(F) NaOH-treated coupons of isolates 3SM and 20SM (Scale bar 10 μm).
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study on Klebsiella oxytoca biofilms on ultrafiltration membranes 
showed that the traditional 6-step CIP process was not effective in 
removing the biofilms, and the culturable cells around 1.40–2.18 log 
CFU/cm2 remained on the membrane surface (Tang et al., 2010). These 

observations suggest the need for additional mechanical or chemical 
treatments in the food industry for the complete removal of residual EPS. 
Our trials on treating the biofilms with NaOH and enzyme cleaners 
removed the EPS footprints, which reflected in the reinoculation 

Fig. 8. (A) ATR-FTIR images of the untreated, hot water washed and NaOH washed coupons from isolate 3SM and (B)20SM.
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(Supplementary File 1).
In this present study, the SEM results showed remaining EPS foot

prints and NaOH crystals for both the strong biofilm-forming isolates. 
The presence of NaOH crystals even after washing explains the possi
bility of NaOH deposits over time. A study on the removal of pseudo
monad biofilms with microbubblers showed the remaining footprints of 
EPS with SEM observations (Deng et al., 2025). Treating the air-liquid 
interface biofilms of P. fluorescens, B. cereus, and E.coli with CIP chem
icals and acridine orange staining showed that P. fluorescens contains 

higher biofilm debris and dead cells on the surface and no viability when 
tested, E.coli biofilm surface was clear, and B. cereus showed some spores 
and viable cells when plated (Jha et al., 2020). In this present study, 
with acridine orange, the pseudomonad biofilms showed similar results; 
dead cells and biofilm debris were present. This data suggests that 
pseudomonads are among the strong EPS producers, and their EPS is 
hard to remove from the surface.

With FTIR data, in this present study, the CIP-cleaned coupons of 
both isolates were not as clean as the acid-cleaned control coupons. 

Fig. 9. Graph A shows the regrowth of isolate 3SM after CIP cleaning while Graph B shows the regrowth of isolate 20SM after CIP cleaning. All the results were 
expressed as mean ± standard deviation. Different letters indicate significant differences (p < 0.05), and (C) shows the early appearance of the air-liquid interface in 
the CIP-cleaned coupons of isolate 3SM.
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Peaks for polysaccharides and proteins can be seen after cleaning with 
caustic soda, which supports that the footprints can be present even after 
treating with caustic. Peaks for both polysaccharides and proteins 
revealed that the complex nature of the EPS remains the same even after 
CIP. Similar observations were seen in a study treating P. aeruginosa 
biofilms with DDAB (Didecyl Dimenthyl Ammonium Bromide) and 
SAEW (Slightly Acidic Electrolysed Water). Even if cell removal is ach
ieved, removing EPS footprints from the surface is harder (Li et al., 
2022).

This present study also demonstrated the early appearance of an air- 
liquid interface biofilm with strong biofilm-forming isolates. The sub
merged CIP coupons L1 and L2 showed significantly higher cell counts 
than the control coupons. Regardless of the coupon positions, all three 
coupons encouraged more aggressive regrowth after introducing new 
inoculum. However, the cell counts from the A-L CIP coupons were 
significantly higher than those from the L1 and L2 CIP coupons. Simi
larly, in a study with cassia essential oil combined with amylase and 
proteinase, significantly removed the viable cells of Salmonella and Lis
teria spp. However, the regeneration of the biofilms was observed within 
24 h with high cell density, higher EPS production, and robust biofilm 
formation (Cervantes-Huamán et al., 2025). When the multispecies 
biofilm grown on titanium surfaces is cleaned with antimicrobials, the 
regrowth of the biofilms after introducing the new inoculum appears 
early and aggressive (Han et al., 2019). These observations indicate the 
potential of EPS in the aggressive biofilm formation of upcoming cells or 
colonizers. This present study confirmed that not only the air-liquid 
interface, but even the submerged biofilms were hard to eliminate and 
can support the reinoculation effectively.

However, the cleaning and sanitation studies mostly focused on the 
bactericidal effects and the role of EPS is often ignored (Bénézech & 
Faille, 2018; Medina-Rodríguez et al., 2020). Even after treating the 
biofilms of E. coli and S. aureus with cold plasma, the microscopic ob
servations revealed that the polysaccharides, proteins and eDNA con
tents were reduced but not completely removed (Xia et al., 2024). This 
present study focused on the EPS rather than cells by exploring the role 
of EPS in aggressive regrowth. A similar study on biofilm eradication of 
P. aeruginosa EPS removal and regrowth showed that microbubblers 
have the potential to invade, deform, and displace EPS by 99.9 %. Self- 
locomotive MnO2 doped diatom micro-bubblers activated by H2O2 are 
known as SLAM. SLAM, when combined with peracetic acid (PAA) and 
H2O2, shows promising results against P. aeruginosa biofilms and pre
vents the regrowth over time by reducing the EPS volume (Deng et al., 
2025). However, the SLAM is in the initial stage of research, and there is 
a need to develop easy and adaptable strategies to remove these EPS 
footprints.

This present study focused on psychrotrophic pseudomonads that are 
non-spore formers and can be killed with heat treatment. However, in 
industries, bacteria exist as multispecies community biofilms, and there 
might be cells that cannot be killed by heat treatment, and some of them 
can produce spores. There is a need for more studies to analyze the 
footprints in a multispecies setup, including thermophilic bacteria. Even 
though this present study focused on the mature biofilms of strong 
biofilm formers, strain diversity needs to be considered. The changes in 
gene expression during footprint-mediated biofilm formation need to be 
studied to understand the role of EPS footprints. This present study 
explored the consequences of remaining biofilm EPS footprints; how
ever, studies targeting the removal of biofilm footprints need to be 
developed.

5. Conclusion

This study showed the reason behind the ineffectiveness of caustic 
soda against biofilm removal. The pseudomonads used in this study can 
be killed by hot water and caustic treatment. However, the remaining 
biofilm footprints can encourage the biofilm formation of the same 
isolate. The regenerated biofilm was more aggressive than the previous 

biofilm. Targeting the removal of remaining biofilm footprints after the 
CIP process or any other antimicrobial treatments needs to be 
developed.
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