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Li et al.: ISA Software Based Biofilm Formation

In order to better study the biofilm formation process, image structure analyzer software was used 
to quantitatively analyze the biofilm formation process of Pseudomonas aeruginosa under different 
concentrations of glucose and allicin. Glucose solution (5.6, 7.0, 11.1, 16.7, 20 and 30 mmol/L) was added 
to the culture medium of non repetitive Pseudomonas aeruginosa and 6 groups were formed. Minimum 
inhibitory concentration of allicin to Pseudomonas aeruginosa PAO1 was determined by Tryptic Soy Broth 
micro dilution method. Single colony was inoculated into Tryptic Soy Broth according to garlic concentration 
(10; 128 μg/mL). Concomitantly, 3 groups were divided into 1, 3 and 7 d study. The groups of experimental 
materials were placed in confocal laser scanning microscope for observation and the obtained pictures 
were imported into the image structure analyzer software, through which the quantitative analysis of the 
biofilm structure was performed. As main findings we found that as glucose concentration increases, the 
thickness of Pseudomonas aeruginosa biofilm gradually increased. After glucose (30 mmol/L) treatment 
for 3 d, areal porosity decreased from 0.93±0.10 to 0.62±0.02 and the biofilm became thicker; textural 
entropy changed from 6.67±0.99 to 7.88±0.21, meaning an increase in biofilm heterogeneity and thickness; 
the average diffusion distance decreased from 2.44±0.28 to 1.72±0.36, the biofilm became thicker and the 
average diffusion distance between colonies also decreased. Under the intervention of allicin 10 μg/mL, the 
thickness of biomembrane was significantly reduced, the structure of biomembrane was sparse and the 
numbers of dead and living bacteria were significantly reduced. Under the action of allicin 128 μg/mL, the 
thickness of biomembrane was further reduced and the dead bacteria were clustered. After the action of 
allicin 128 μg/mL for 7 d, areal porosity increased from 0.68±0.10 to 0.92±0.02, the biomembrane became 
sparser; textural entropy increased from 6.67±0.93 changed to 5.52±0.548, the membrane heterogeneity 
decreased. Image structure analyzer software showed to be suitable for quantitative analysis of biofilm 
formation process. It is concluded that with the increase of glucose concentration, the maturation speed of 
Pseudomonas aeruginosa biofilm is accelerated, and the thickness of biofilm is gradually increased; allicin 
can destroy the self structure of Pseudomonas aeruginosa biofilm.
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As other microorganisms, bacteria are widespread in 
the environment, where they live irreversibly attached 
to the surface of inert or active entities, allowing them 
to reproduce, differentiate and secrete polysaccharide 
matrix substances, that culminates in the formation of 
a bacterial collective membrane formed by wrapping 
of the bacterial community (biofilm)[1]. Indeed, biofilms 
are characteristically viewed as the aggregation of 
microbial tissues, and it may be composed of one single 
biofilm or more mixed biofilm microorganisms[1]. 

A large number of studies have reported that 
microorganisms play a dominant role in solid surface 
colonization, being also gradually recognized that the 
formation of such biofilms involves both complex 
physical and chemical processes, as well as the 
interaction of biological communities. The existence 
of such biomembrane not only creates a stable internal 
environment that confers protection and ensures cell 
activities, and mediates the connection between cells 
and matrix, but also undertakes functions of material 
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transport, information transfer and energy conversion, 
closely determined by the biomembrane’s structure. 
Briefly, bacterial biofilm formation is a dynamic 
process that can be divided into 4 stages: colonization 
stage of bacterial reversible adhesion; aggregation stage 
of irreversible adhesion; maturity stage of biofilm and 
bacterial abscission and re-colonization[2]. 

In general and as referred above, biofilm is a type of 
bacterial aggregation with a certain spatial structure, 
irreversibly attached to the surface and encapsulated 
by extracellular polymeric substances (EPS). EPS 
is mainly composed of polysaccharides, proteins, 
lipids and nucleic acids[3]. Various substances in EPS 
interact to form biofilms with certain mechanical 
properties. In fact, bacteria are encapsulated in the 
biofilm by extracellular polymers in order to resist 
various environmental pressures. Almost all kinds of 
bacteria can form biofilms on any surface (i.e. plastic, 
metal, glass, soil, wood, surfaces of various medical 
devices, living tissues, food), although the structure 
and morphology of biofilms formed in different 
environments are quite different. For example, data 
obtained from scanning atomic microscope show 
that the biofilms formed by Proteus mirabilis are 
flat in structure and low in bacterial density, having 
extracellular polymers tightly wrapped with bacteria, 
being able to reach 40 μM in thickness. Biofilms 
cultured in the laboratory flow cell have the shape of 
a mill and occasionally there are parts on the top layer; 
they have a high density of bacteria and a thickness of 
hundreds of microns. At present, there is much research 
on biofilm formation, but the specific mechanism is 
unclear. Many studies have shown that the process 
of bacterial biofilm formation can be divided into the 
following steps[4,5]: bacteria use their own adhesion 
factors, such as extracellular protein, polysaccharide or 
pili to help bacteria to initially adhere to the surface of 
the medium; more EPS is secreted to achieve reversible 
adhesion of bacteria to non-adhesion conversion; 
bacterial division and expansion on the surface to form 
smaller agglomerations; after the local density reaches 
a certain degree, the group perception signal system is 
opened, bacterial biofilm is gradually formed, internal 
bacterial differentiation is completed, gene expression 
changes, a large number of EPS are secreted and the 
bacterial metabolic level and even gene mutation 
occurs at the same time; finally, biofilm diffuses and 
suffers local disintegration, the mature biofilm can be 
partially shed under the internal regulation mechanism. 

In terms of mechanical strength, bacteria can stick firmly 

to the substrate surface and the biofilm gene expression is 
different. Some bacteria secrete extracellular hydrolases 
that hydrolyze local extracellular polymers, ultimately 
changing the adhesion to the biofilm substrate. It can 
also use pili or flagella to fall off the biofilm and thus 
expand and infect other surfaces. Several studies have 
used comparative proteomics and immunoproteomics 
to get the expression differences of bacterial internal 
proteins in different periods, so as to analyze the role 
of each protein in the biofilm formation. For instance, 
Karin Sauer[6] analyzed the proteomics of biofilm in 
different periods and found that the difference of protein 
regulation between planktonic bacteria and mature 
biofilm bacteria was as high as 50 %, with more than 
800 proteins having more than 6 times the difference 
of expression level, the difference protein mainly 
focused on motion regulation aspects, Nguyen alginate 
expression and group perception[6]. The great difference 
on protein expression indicated that P. aeruginosa 
has different phenotypes at different stages of biofilm 
formation[6]. 

Thus considering that these different phenotypes plays 
an important role in understanding the process of biofilm 
formation and prevention, in this study, P. aeruginosa, 
one of the three major pathogens of acquired infection[7], 
was selected as research object, and the influence of 
different glucose concentrations and the effect of allicin 
on P. aeruginosa biofilm formation was assessed by 
image structure analyzer (ISA) software.

MATERIALS AND METHODS

Strains:

Non repetitive strains of P. aeruginosa were collected 
from the pulmonology, oncology, hematology and 
orthopedy wards of Tianjin Medical University General 
Hospital (China).

Antibacterials, Reagents and Equipments:

Several drugs in different concentrations were used: 
allicin at 30 mg/2 mL (ChuzhouLaien Pharmaceutical 
Co., Ltd.); ceftazidime at 10 mg/2 mL (Ruiyang 
Pharmaceutical Co., Ltd.) and levofloxacin oxonate at 
20 mg/2 mL (Hunan Wuzhoutong Pharmaceutical Co., 
Ltd.). Agar and tryptone soybean broth (TBS) were 
purchased from Oxford Company (UK), phosphate 
buffer solution (PBS, 10 mmol/L, pH 7.4) and glucose 
powder were from Guangxi Wuzhou Pharmaceutical 
Group Co., Ltd. 

24-well plates from Corning (USA) and 10 mm×10 



www.ijpsonline.com

Special Issue 2, 2021 Indian Journal of Pharmaceutical Sciences 206

mm slide (PVC material) from Shanghai Tiancheng 
Technology Co., Ltd, and ISA software was kindly 
provided by Professor Halukbeyenal, Montana State 
University, USA.

Preparation of Culture Medium:

In this study, Tryptic Soy Broth (TSB), diluted twice, 
without glucose was considered as the control group 
(Group 1), while culture medium with different glucose 
concentrations, i.e. 5.6, 7.0, 11.1, 16.7, 20, and 30 
mmol/L as the experimental groups (Group 2 to 7 
respectively). Briefly, a single pure colony was selected 
with the bacterial inoculation ring and placed into the 
0.9 % saline tube with high pressure sterilization. Five 
groups of parallel experiments were established, each 
group with a blank. The control pore (control group) 
and the 6 bacterial pores (experimental groups) were 
composed[8] and they were cultured for 1, 2, 3 and 4 
d respectively. A cover glass was placed into all the 
bacteria holes to be tested and the blank control holes 
of the 24-well plates. Then, 2100 μL sugar free TSB 
culture solution was added to each hole of the blank 
control hole (control group). To the experimental 
groups, 100 μL bacteria solution and 2 mL TSB culture 
solution with the 6 different concentrations of sugar 
containing TSB culture solution were added to each 
hole to be tested (Experiment 2-7 groups). Afterwards, 
cultures were incubated at 37º and the culture solution 
was changed every 48 h. 

Fluorescein isothiocyanate (FITC) labeled 
Concanavalin A (FITC-Con A) (Xi'an Qiyue Biological 
Technology Co., Ltd.) and Immunoprecipitation(PI) 
(Shanghai Jiandun Biological Technology Co., Ltd.) 
were used for double fluorescence staining [9]. Briefly 
after 1, 2, 3 and 4 d of culture, the slides were taken out, 
washed repeatedly with PBS and the remaining water 
was absorbed by the filter paper, after the non-adherent 
bacteria were washed away. Then, 2 % glutaraldehyde 
2 mL was fixed for 1.5 h and washed with PBS; a 
small amount of 50 μg/mL FITC-Con A was taken and 
dyed in the refrigerator at 4º for 30 min in dark. After 
Phosphate-buffered saline (PBS) washing, 10 μg/mL 
Propidium iodide (PI) was stained in the refrigerator at 
4º for 15 min in dark, then washed and dried. In the 
presence of excess moisture, the slide was sealed with 
40 % glycerin.

Minimal inhibitory concentration (MIC) of allicin to P. 
aeruginosa PAO1 was determined by the microdilution 
method and the parallel determination of P. aeruginosa 
quality control bacteria ATCC 27853 was performed[9]. 

Briefly, fresh P. aeruginosa colonies were inoculated 
in TSB and then the solution was inoculated in 24-well 
plate, 1 mL per well. Each period was divided into 3 
groups: saline control group, allicin high concentration 
group (128 μg/mL) and allicin low concentration group 
(10 μg/mL) (clinical concentration). PI was stained in a 
refrigerator at 4º for 15 min and then washed with PBS.

Confocal laser scanning microscope Observation:

Confocal laser scanning microscope (CLSM) was 
from Leica (Germany), argon laser (488 nm) was 
used to excite, the green channel to receive the green 
signal, red channel to receive the red signal, and the 
biomembrane remained free to scan layer-by-layer 
(scanning along Z axis) towards the attachment surface 
of the biomembrane and slide. Five random fields were 
obtained from each specimen, and 8 to 16 layers were 
scanned for each field[10].

Quantitative Analysis of Biofilm Structure by ISA 
Software:

Image data obtained from the observation was 
transferred to the ISA software, the parameters were 
defined and ISA and ISA3d command was executed[11]. 
Operation data included: structural parameters, 
such as textural entropy (TE), structural energy (E), 
homogeneity (H); and plane parameters, such as area 
porosity (AP), average diffusion distance (ADD) and 
surface area (SA).

Statistical Analysis:

The Statistical Package for the Social Sciences (SPSS, 
Chicago, USA) software, version 26.0 was used for the 
analysis. All results obtained were tested for normal 
and non normal distribution and were analyzed for 
homogeneity of variance after logarithmic conversion. 
Mean±standard deviation (x±s) was used to represent 
the comparison between groups. The difference was 
statistically significant when p<0.05.

RESULTS AND DISCUSSION

After double immunofluorescence staining of P. 
aeruginosa, PI combined with DNA in the body of 
P. aeruginosa gave out red fluorescence, while FITC-
ConA combined with the biofilm polysaccharide led 
to a green fluorescence, which combined with CLSM 
allowed to observe the biofilm formation. Fig. 1 shows 
P. aeruginosa biofilm formation at days 1, 2, 3 and 4 
(control group) after being cultured in sugar free broth.

On d 1, a small number of bacteria gather and adhere 
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and the biofilm began to form; the green fluorescence is 
significantly weaker than the red one, indicating that the 
biofilm is still in the initial formation stage, with weak 
adhesion and easy to be remove (fig. 1); on d 2, both 
the red and green fluorescence increase and enhance, 
with more colonies gather, more polysaccharide matrix 
of biofilm and enhance adhesion (fig. 1); on d 3, a large 
number of bacteria gather and integrate (fig. 1). In dense 
colonies, the fluorescence intensity of polysaccharide 
matrix of biofilm was stronger, which indicate that the 
biofilm had entered the maturity stage. On the 4th d, 

the bacteria on the edge of the biofilm began to spread 
everywhere, but the fluorescence intensity of the 
polysaccharide matrix of the biofilm did not decrease, 
indicating that the biofilm enter the understanding 
polymerization stage.

In order to clarify the impact of glucose on the biofilm 
formation process, the green fluorescence of the FITC-
ConA combined with the polysaccharide components 
of the biofilm was assessed to compare the effect 
of different glucose concentrations on the biofilm 
formation at different time periods, as shown in fig. 2.

Fig.1: Pseudomonas aeruginosa biofilm formation process (control group).
Group A corresponds to PI labeled colony, showing the colony distribution on the surface of glass plate; Group B is FITC-
Con-A- labelled polysaccharide, showing the shape of the biofilm; Group C corresponds to the double staining effect of PI 
and FITC-Con-A.
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With the increase in glucose concentration in the 
culture medium, the biofilm maturation speed is 
gradually accelerated and the maturity time is gradually 
decreased; the fluorescence intensity of the biofilm 
polysaccharide matrix is increasingly strong, indicating 
that the adhesion ability increases with the increase in 
glucose concentration. In addition, when the glucose 
concentration in the culture medium was greater than 
or equal to 11.1 mmol/L, both the biofilm maturity 

and stability were significantly higher than that of the 
control group (sugar free culture medium) and the 
glucose concentrations were 5.6 and 7.0 mmol/L.

When P. aeruginosa biofilm began to depolymerize 
at d 4, the effect of different glucose concentrations 
on biofilm thickness was analyzed (d 3). The analysis 
of variance (SNK-q test) was used for comparison 
between groups and the results are shown in Table 1.

Fig. 2: Biofilm formation at different glucose concentrations.
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With the increase of glucose concentration, the 
biofilm thickness gradually increased. At a glucose 
concentration of ≤11.1 mmol/L, the biofilm thickness 
was 7.74-7.86 µm and there were no significant 
differences (p>0.05) when compared to the glucose 
free group. On the other side, at a glucose concentration 
≥11.1 mmol/L, the biofilm thickness was statistically 
different (p<0.05) from that of the glucose free group 
and the thickness was greater than or equal to 9.54 µm. 
Finally, with a glucose concentration ≥20 mmol/L, the 
biofilm thickness was statistically different (p<0.01) 
when comparing with the control group and the 
thickness was >12.08 µm.

Data obtained from the quantitative analysis of biofilm 
structure under different glucose concentrations are 
shown in Table 2. As can be seen, the biofilm becomes 
thicker with the increase in glucose concentrations. 
The changes in thickness, AP, ADD and TE at d 1 and 

d 2 groups were the same as those in the d 3 group, 
indicating that glucose interference was feasible for each 
stage of biofilm infection. After glucose increased from 
0 to 30 mmol/L for 3 d, AP decreased from 0.93±0.10 to 
0.62±0.02, showing that glucose contributed to a thicker 
biofilm, and to a decrease of the pore and gap between 
colonies. Also, TE changed from 6.67±0.99 (before the 
action) to 7.88±0.21 (after the action), indicating that 
both biofilm heterogeneity and thickness increased after 
the action of glucose. ADD decreased from 2.44±0.28 
to 1.72±0.36, which confirmed that glucose made the 
biofilm thicker and decreased the average diffusion 
distance between colonies.

MIC value of allicin against P. aeruginosa PAO1 was 
128 μg/mL. Fig. 3 shows 3 specimens in each group of 
CLSM scanning photos, each specimen with 3 random 
fields and each field with 8 layers of green channel 
scanning.

TABLE 1: EFFECT OF DIFFERENT OF GLUCOSE CONCENTRATION OF Pseudomonas aeruginosa BIOFILM 
THICKNESS AT D 3

Glucose concentration (mmol/L) 0 6.7 7 11.1 16.7 20 30

Average biofilm thickness (µm) 7.74 7.04 7.86 9.54 10.66 12.08 17.24

Standard deviation (µm) 0.22 0.44 0.37 0.53 0.28 0.18 0.48

p d,f* d,f* d,f* a,c,e* a,c,e* b,c,d* b,c,d*

*(a) p<0.05; (b) p<0.01 vs. no glucose; (c) p<0.05 vs. 6.7 and 7.0 mmol/L glucose group; (d) p<0.05 vs. 11.1 and 16.7 mmol/L 
glucose group; (e) p<0.05; (f) p<0.01 vs. 20 and 30 mmol/L glucose group.

TABLE 2: QUANTITATIVE ANALYSIS OF BIOFILM STRUCTURE UNDER DIFFERENT GLUCOSE 
CONCENTRATION (x̄±s)

Glucose (mmol/L) Date Biofilm thickness 
(µm) AP ADD TE

0 mmol/L
D 1 6.72±0.31a 0.99±0.01 1.58±0.11 5.58±0.875
D 2 10.28±0.53a 0.97±0.02 1.73±0.19 6.09±0.76
D 3 12.16±0.46a 0.93±0.10 2.44±0.28 6.67±0.99

5.6 mmol/L
D 1 7.25±0.39a 0.97±0.01a 1.49±0.10a 5.73±0.57a
D 2 11.59±0.65a 0.94±0.01a 1.66±0.08a 6.21±0.74a
D 3 13.46±0.46a 0.90±0.01a 2.37±0.18a 6.82±0.28a

7.0 mmol/L
D 1 8.72±0.39a 0.93±0.01a 1.41±0.03a 5.89±0.79a
D 2 12.97±0.64a 0.89±0.01a 1.57±0.17a 6.32±0.31a
D 3 15.68±0.43a 0.87±0.02a 2.25±0.43a 6.98±0.75a

11.1 mmol/L
D 1 9.62±0.38a 0.88±0.01a 1.39±0.03a 5.97±0.63a
D 2 13.74±0.65a 0.83±0.01a 1.52±0.27a 7.23±0.45a
D 3 16.82±0.46a 0.81±0.02a 2.17±0.38a 7.42±0.65a

16.7 mmol/L
D 1 10.48±0.33a 0.85±0.01a 1.27±0.23a 6.21±0.65a
D 2 14.65±0.68a 0.77±0.01a 1.48±0.47a 7.59±0.14a
D 3 18.37±0.86a 0.74±0.02a 1.97±0.39a 7.62±0.64a

20 mmol/L
D 1 11.98±0.68a 0.76±0.01a 1.22±0.52a 6.33±0.27a
D 2 16.33±2.26a 0.71±0.01a 1.32±0.48a 7.64±0.48a
D 3 20.76±0.71a 0.69±0.02a 1.86±0.33a 7.72±0.53a

30 mmol/L
D 1 13.32±0.47a 0.71±0.01a 1.17±0.29a 6.47±0.52a
D 2 18.65±0.73a 0.68±0.01a 1.21±0.31a 7.78±0.92a
D 3 22.73±0.49a 0.62±0.02a 1.72±0.36a 7.88±0.21a

*AP-regional pore rate; ADD-average diffusion distance; TE-textural entropy. 
A: p<0.05 (compared with the normal saline control group) 
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Without drug intervention, bacteria were dense and there 
were black areas in the form of tubes or bubbles that 
could not be stained by SYTO9/PI, in the biofilm group 
on d 7. At the same time, there were more dead bacteria 
and the thickness of biofilm was about 29 μm (compared 
with d 1 and d 3 models). The surface of biofilm was 
rough and uneven with ridge like protuberances when 
dead and living bacteria were mixed.

Under the intervention of allicin (10 μg/mL), the biofilm 
thickness was significantly reduced (compared to the 
saline group) in about 20 μm. Many areas in the biofilm 
structure could not be stained by SYTO9/PI, seeming 

that the biofilm structure was sparse and the number 
of dead and living bacteria is significantly reduced, 
compared with the saline group at d 7. Under the 
action of allicin (128 μg/mL), the biofilm thickness was 
further reduced, in about 16 μm and the dead bacteria 
(red signal) significantly increased, while dead bacteria 
were clustered. After allicin intervention, the thickness 
of biofilm decreased, the structure was sparse and the 
resistance of mature biofilm structure to the outside 
world was further enhanced. Data obtained from the 
quantitative analysis of biofilm structure is shown in 
Table 3.  

Fig. 3: CLSM images of Pseudomonas aeruginosa biofilm in different treatment groups.
Normal saline group: (a), (b), (c); Allicin 128 ug/ml group: (d), (e), (f); Allicin 10 ug/ml group: (g), (h), (i)
The red signal represents dead bacteria (dead bacteria are colored by PI and emit red fluorescence); the green signal rep-
resents living bacteria (living bacteria are not dyed by PI, but emit green fluorescence by SYTO9); and some images are 
orange, which is generally considered to be caused by the overlap of dead and living bacteria.   

Group Date Biofilm thickness (µm) AP ADD TE

Normal saline 

D 1 11.82±0.548 0.77±0.01 1.58±0.11 5.58±0.875

D 3 22.88±0.88 0.75±0.02 1.73±0.19 6.09±0.76

D 7 27.73±0.58 0.68±0.10 2.44±0.28 6.67±0.988

Allicin (10 μg/mL)

D 1 9.98±0.33a 0.89±0.00a 1.58±0.05 5.04±0.42a

D 3 16.33±2.26a 0.94±0.01a 1.66±0.08a 5.46±0.74a

D 7 19.86±0.77a 0.89±0.01a 1.73±0.18a 5.75±0.28a

Allicin (128 μg/mL)

D 1 6.88±0.40a 0.97±0.01a 1.39±0.03a 4.83±0.69a

D 3 13.28±0.76a 0.96±0.01a 1.52±0.18a 5.28±0.38a

D 7 15.47±0.57a 0.92±0.02a 1.66±0.439a 5.52±0.48a

TABLE 3: RESULT OF BIOFILM MODEL PARAMETERS ANALYSIS (x̄±s, n=9).

A: p<0.05 (compared with the normal saline control group)
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As to other microorganisms, P. aeruginosa biofilm 
formation is a dynamic process[12-14]. In this study, we 
addressed P. aeruginosa biofilm formation, the impact of 
different glucose concentrations on P. aeruginosa growth 
and the effect of allicin (10 and 128 μg/mL) on P. aeruginosa 
biofilm formation. Double immunofluorescence technique 
was used to observe the polysaccharide formation and 
bacterial distribution during P. aeruginosa biofilm 
formation, with collected images being analyzed by ISA 
software. It was noticed that, at d 1, the biofilm (initial 
formation stage) had a weak adhesion; at d 2, the number 
of colonies, the matrix polysaccharides and the adhesion 
ability increased. D 3 showed a large number of bacteria 
gathered into dense colonies, and the biofilm reached 
the mature stage. At d 4, the bacteria on the biofilm 
edge began to spread around and the biofilm entered 
the depolymerization stage. Furthermore, as the glucose 
concentration increased in the culture medium, the biofilm 
matures faster and adhered more effectively. Compared 
with other studies, this study uses ISA software to analyze 
that it is easy to use, can provide advanced protection for 
the network and has better expansion performance. Thus, 
it is feasible to suppose that the use of glucose interferes in 
all stages of biofilm formation. In our study, when glucose 
was applied at 30 mmol/L, AP and ADD decreased, TE 
changed from before to after the action and both biofilm 
heterogeneity and thickness increased. When the effect of 
allicin (10 and 128 μg/mL) on the P. aeruginosa biofilm 
formation process was addressed, it was stated that, 
with the increase in culture days, the biofilm thickness 
gradually increased, indicating that in the later stage of 
biofilm formation, due to the limitation of nutrients and the 
sensing system of population density, the biofilm density 
reached the domain value and sent out signals to trigger 
biofilm formation[15,16]. In order to reflect the changes 
of gap channels and nutrient supply distance during 
the development of the biofilm structure, AP and ADD 
parameters were analyzed by ISA software[17]. First of all, 
AP decreased with the increase in biofilm thickness[18]. The 
increase of ADD indicated that the biofilm became more 
and more dense, the pores and gaps of biofilm decreased, 
the supply of oxygen and nutrients was limited and the 
growth rate of biofilm slowed down to a stable state, while 
reflected the heterogeneity of biofilm[19]. Indeed, there are 
significant differences between bacteria in the biofilm and 
that floating in the logarithmic growth period, or between 
surface and inner bacteria in biofilm in both morphology 
and physiological features, as well as the sensitivity to 
antibiotics[20]. Heterogeneity is an important strategy for 
bacterial survival[21]. The increasing heterogeneity of the 
biofilm indicates that the structure of the mature biofilm is 
more and more complex and its resistance is stronger[22]. 

In terms of the d 7 model, the biofilm thickness using 
allicin (128 μg/mL) decreased 6 h later, which indicated 
that allicin destroyed the intrinsic structure of the 
biofilm[23]. Allicin also was able to inhibit extracellular 
polysaccharide complex formation. Moreover, AP 
increased, meaning that allicin makes the biofilm sparser 
and the pore and gap between the colonies increase, which 
could increase the antibiotics penetration[24]. TE also 
changed from before to after the allicin action, further 
indicating that the biomembrane heterogeneity decreased 
and the structure tended to be simple after the action of 
allicin, which led to the mature biomembrane returning 
to the active state of metabolism, also weakening its 
resistance[25]. Moreover, allicin (10 μg/mL) thinned of the 
biofilm thickness and structure, although the effect was 
not obvious at high dose[26]. Likewise, compared with 
the existing similar studies of allicin, the change trend 
of thickness, AP, ADD and TE in the d 1 and d 3 groups 
was similar to that of the d 7 group, it shows that it is 
feasible to use allicin to intervene in various stages of 
the biofilm formation process using the research method 
in this paper[27]. In summary, these data highlight again 
the importance of early intervention due to the initial 
formation of biofilms with sparse and even structures 
and vigorous bacterial metabolism[28]. In addition, allicin 
showed to destroy the self structure of biofilm and help 
other antibiotics to penetrate and kill bacteria, ultimately 
improving its efficacy at low doses[29,30].

P. aeruginosa is one of the most common bacteria causing 
infection and its ability to acquire resistance to antibiotics 
has always brought difficulties for clinical research[31]. Here, 
we assessed the process of its biofilm formation and used 
the ISA software to quantitatively analyze the influence of 
different glucose concentrations and allicin on its ability 
to form biofilms. As main findings, we state that, with 
the increase of glucose concentration, the rate of biofilm 
maturation increases, while allicin exerted an effective 
inhibitory effect on biofilm formation. Nonetheless, 
despite these advances, this study did not detect and 
analyze other structural biomembrane parameters, where 
there is still a notable lack of experimental data. Thus, 
in future research, the biomembrane morphology will 
be further elucidated from the perspective of different 
bacterial interactions.
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