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A B S T R A C T

Biofilms growing on food surfaces, packaging, equipment and processing environments bring huge risks to food 
safety and result in economic losses. Natural components are receiving increasing interest as “green” antimi
crobial agents due to their biocompatibility, broad-spectrum antimicrobial properties, and antibiofilm potential. 
As a traditional adjuvant in Chinese medicine, borneol has the potential to enhance citral’s antibiofilm efficacy. 
In this study, the antibiofilm activities of citral, borneol, and the combination citral and borneol (BC) against 
various foodborne bacteria were evaluated using multiple techniques. Light microscopy, crystal violet (CV) 
staining, and the 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylaminocarbonyl]-2H-tetrazolium hydrox
ide (XTT) assay were employed to monitor biofilm formation. Additionally, biofilm eradication was assessed 
against Staphylococcus aureus and Escherichia coli biofilms grown on polycarbonate membranes. Protein leakage 
was measured, and field emission scanning electron microscopy (FESEM) was used to examine cell membrane 
integrity. Results showed that borneol and citral acted synergistically to inhibit biofilms. Borneol, citral, alone or 
together inhibited biofilm formation in a concentration dependent manner, and they have the ability to inac
tivate or kill at least 90.7 ± 1.9 % bacteria in preformed biofilms. Both borneol and citral disrupted the mem
brane integrity of the bacteria, increased permeability, and ultimately led to cell death. These findings suggest 
that the combination citral and borneol has the potential to be developed as a food preservative or bactericidal 
agent for controlling foodborne bacterial contamination.

1. Introduction

Food products can be easily contaminated by a variety of pathogenic 
or spoilage microorganisms during processing, packaging, storage and 
transportation (De Filippis et al., 2021; Khan et al., 2024; Snyder et al., 
2024). As a leading human opportunistic pathogen, Pseudomonas aeru
ginosa is frequently found in tap/drinking water, milk/dairy products, 
poultry/bovine meat, fish and plant-origin food (Xu et al., 2019). Listeria 
monocytogenes is notorious in ready-to-eat and minimally processed food 
due to its ability to multiply at refrigeration temperature (Vidovic et al., 
2024). Furthermore, Staphylococcus aureus and Escherichia coli are the 
main reason for food poisoning (Argudín et al., 2010; Braz et al., 2024). 
Generally, bacteria tend to form mono-microbial and polymicrobial 

aggregates on interfaces or in liquids rather than exist as single and 
independent cells, commonly referred to as biofilms (Lv et al., 2023). 
Once biofilm formed, bacteria within biofilms becomes very resistant to 
disinfection processes due to low permeability to antibacterial agents.

In recent years, the trends in food processing are focusing on the use 
of natural compounds as antibacterial agents. It has been confirmed that 
natural components extracted from different essential oils (EOs) have 
broad-spectrum antimicrobial properties (He et al., 2022). Furthermore, 
many EOs and their extracts are classified as Generally Recognized as 
Safe (GRAS) by the US Food and Drug Administration (FDA) due to their 
high efficiency, safety and chemical diversity (Dima and Dima, 2015).

Borneol, a natural and lipophilic monoterpenoid compound with 
unique chiral characteristics, is primarily used as an adjuvant in 
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traditional Chinese medicine formulations of centrally acting drug 
(Kulkarni et al., 2021). It’s also confirmed that borneol have the ability 
to prevent bacterial adhesion (Ahmed et al., 2018; Cheng et al., 2021). 
Citral, a monoterpene aldehyde, is the predominant component of Litsea 
cubeba EO (Thielmann and Muranyi, 2019). Previous studies have 
shown that citral have good bacteriostatic activity against many food
borne pathogenic bacteria including S. aureus, E. coli, and 
L. monocytogenes (Ju et al., 2020). The potential application of citral has 
so far been studied for the preservation of fruit, vegetables, milk, juice, 
bread, and meat products, and as antimicrobial compound in food 
packaging films (Angane et al., 2022; Hartatie et al., 2019; Ju et al., 
2020; Li et al., 2022; Prakash et al., 2020; Valková et al., 2022). How
ever, one of the major problems in the application of citral to food 
matrices is the need for higher concentration. One possible solution is 
combining components that act synergistically to decrease the total 
concentrations needed (Bassolé and Juliani, 2012; Souza et al., 2022). 
The synergistic antibacterial activity of borneol and citral against 
Gram-positive and Gram-negative foodborne bacteria, including 
P. aeruginosa, E. coli, S. aureus, and L. monocytogenes in their planktonic 
forms has been demonstrated in author’s previous study (Wang et al., 
2021). However, till now there are no reports regarding the synergistic 
antibiofilm activity of the combination borneol and citral, their potential 
application in food industry, not even to elucidate their antibiofilm 
mechanism.

In this study, the antibiofilm activities of citral, borneol, and the 
combination citral and borneol (BC) against various foodborne bacteria 
were evaluated using multiple techniques. Based on contact surfaces of 
bacteria in real-world food environment, polystyrene surface, poly
carbonate membrane, and glass surface were hired to serve as substrate 
material for bacterial adherence. Subsequently, leakage of intracellular 
protein and morphologic change of bacteria in biofilms were studied to 
elucidate the mechanism of action. The ultimate purpose is to provide 
effective data for exploring antibiofilm activities of citral and borneol, 
and more accurately predict their potential applications.

2. Materials and methods

2.1. Materials, bacterial strains, and culture conditions

Borneol (≥98 % purity) was supplied by Guangdong Huaqingyuan 
Biological Technology Co., Ltd (Meizhou, China). Citral (98 % purity) 
and absolute ethanol were obtained from Aladdin Biochemical Tech
nology Co., Ltd (Shanghai, China). Trypticase soy broth (TSB) and 
trypticase soy agar (TSA) were obtained from Guangdong Huankai Mi
crobial Technology Co., Ltd (Guangzhou, China). The following bacte
rial strains were used: P. aeruginosa ATCC 27853, E. coli ATCC 43894, 
L. monocytogenes ATCC 19118 and S. aureus ATCC 23235. Bacteria 
strains were routinely stored at − 80℃ and were grown on TSA or in TSB 
at 37◦C, under aerobic conditions. All experiments were conducted 
using Milli-Q water.

2.2. Biofilm inhibition assay

Considering the maximum solubility of borneol in citral, BC was 
prepared by dissolving the hydrophobic solid borneol into citral at a 
mass ratio of 1:4 (Wang et al., 2022). Minimal inhibitory concentration 
(MIC) values of borneol, citral, and BC were also obtained in author’s 
previous study (Wang et al., 2021). Stock solutions of borneol, citral and 
BC (100 mg/mL in 60 % sterile ethanol) were prepared and diluted to 
the required concentrations with sterile TSB firstly. Then, a 2-fold 
dilution series of these components were prepared in the sterile 
96-well microtiter plate (100 μL/well), producing a concentration range 
from 1/64 × MIC to 8 × MIC. Bacterial suspension with a density of 
approximately 1 × 106 CFU/mL was prepared by diluting the log-phase 
bacterial cultures into TSB. Finally, 100 μL of this suspension was added 
to 96-well plates together with the above diluted antimicrobial agent. 

The total volume in each well of the above system was 200 µL. One well 
with sterile medium served as blank control, while another well con
taining inoculum (5 × 105 CFU/mL) was used as positive control. Cul
tures were incubated statically at 37℃ for 6 h, 12 h, 24 h, and 48 h, 
respectively. All experiments were conducted in at least triplicate.

Biofilm biomass was quantified using the crystal violet (CV) staining 
method (Feoktistova et al., 2016; Xu et al., 2016). After incubation, the 
supernatants were discarded, and the plates were washed three times 
with 200 µL sterile phosphate buffered saline (PBS). The biofilms were 
then fixed with 70 % ethanol for 20 min. Following the ethanol was 
removed and 100 µL of 0.01 % CV solution was added to each well. After 
15 min, the excess CV was rinsed away with sterile PBS twice. Finally, 
the fixed CV was released by washing with 95 % ethanol. A volume of 
125 µL of the solution was transferred to a new 96-well microtiter plate, 
and the absorbance was measured at 540 nm. One well containing sterile 
medium served as the blank control. All procedures were performed at 
room temperature.

The modified XTT (2,3-bis [2-methyloxy-4-nitro-5-sulfophenyl]-2H- 
tetrazolium-5-carboxanilide) method (Bao et al., 2017; Du et al., 2012) 
was used to evaluate biofilm viability. After incubation, the plates were 
washed three times with sterile PBS and dried in a reversal position. 
Then 100 µL PBS and 100 µL XTT-menadione solution (Promega Cor
poration, US) were added to each prewashed well. Plates were covered 
with aluminum foil and incubated for 2 h at 37℃. Absorbance was 
measured at 490 nm using an ELISA plate reader with a fresh 96-well 
plate.

2.3. Biofilm eradication assay

The biofilm eradication effect of test compounds was assessed using 
the CFU counting method. In brief, log-phase bacterial cultures were 
inoculated on a polycarbonate membrane placed in the center of a TSA 
plate and incubated at 37℃, allowing biofilm formation for 24, 48, 72, 
96, 120, 144 and 168 h, respectively. To ensure adequate nutrient 
supply, the biofilms were transferred to fresh TSA plates every two days. 
The established biofilms on the polycarbonate membranes were then 
treated with 2 × MIC solutions (5 mL in TSB medium) for 4 h. Inoculums 
without test compounds served as the control groups. The remaining 
bacteria were detached from the polycarbonate membranes using a 
sonicator (125 W, 20 kHz, 5 s on/5 s off, repeated 3 times), and CFU 
counts was determined by plating. The biofilm eradication rate (%) was 
calculated using the following formula: 

Biofilm eradication rate(%) =
CFUcontrol − CFUtreatnent

CFUcontrol
× 100 

2.4. Quantification of protein leakage

To quantify intracellular leakage from bacteria within biofilms, 1 mL 
of the above bacterial suspension was centrifuged at 5000 × g for 5 min. 
The total soluble protein concentration in the supernatant was measured 
using the Bradford method (Moragues-Saitua et al., 2019; Yang et al., 
2019) with a Bradford Protein Assay Kit (Beyotime, Shanghai, China). 
Bacterial suspension from biofilms treated with the same volume of TSB 
medium were used as controls. Protein leakage was calculated as the 
difference between the total extracellular protein content in the exper
imental group and the control group. Different concentrations (0.025, 
0.05, 0.1, 0.2, 0.3, 0.4 and 0.5 mg/mL) of bovine serum albumin 
(Beyotime, Shanghai, China) were prepared as standards. Sample 
absorbance at 562 nm was measured in a 96-well plate using a Tecan 
Infinite M200 plate reader (Tecan Trading Co., Ltd., Männedorf, 
Switzerland). The standard curve is shown in Fig. S1.

2.5. Field emission scanning electron microscopy (FESEM) observation

Biofilm eradication on round glass sheets (10 mm of diameter) was 
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investigated using a 24-well microtiter plate. Established biofilms (48 h) 
were treated in each well with 1 × MIC stock solutions for 4 h. While 
wells without the test compounds served as controls. After treatment, 
the solutions were discarded, and the glass sheets were thoroughly 
washed with PBS to remove unbound cells. The adhering cells were then 
fixed with 2.5 % glutaraldehyde. Following fixation, the glass sheets 
were dehydrated, washed with a gradient of ethanol, and air-dried at 
room temperature. Morphological changes of bacteria within biofilms 
were observed using a field emission scanning electron microscope 
(JEOL, Tokyo, Japan).

2.6. Statistical analysis

All experiments were conducted in biological triplicates (with at 
least three technical replicates for each biological sample, i.e., n ≥ 3 ×

3) and are expressed as means ± standard deviations (SDs). Statistical 
analysis was performed using GraphPad Prism 7.0 software (GraphPad 
Prism version 7.00; GraphPad Software, La Jolla, CA, USA). To analyze 
the variance and determine significant differences between the means, a 
one-way analysis of variance (ANOVA) was conducted. Comparisons 
between multiple factors were performed using two-way ANOVA. Sig
nificant differences between means were assessed using the Tukey’s test. 
Statistical significance was evaluated at the 95 % confidence level.

3. Results and discussion

3.1. Biofilm formation and biofilm inhibition on polystyrene surface

The time course of biofilm formation by four common bacteria, 
L. monocytogenes, P. aeruginosa, E. coli, and S. aureus, on the polystyrene 
surface were assessed. The total biofilm mass was highly correlated with 
the CV dye’s binding ability to the extracellular polymeric substances 
(EPS) and both live and dead bacterial cells (Pipattanachat et al., 2021; 
Rodríguez-Melcón et al., 2021). CV staining indicated increasing biofilm 
formation 4–48 h (Fig. 1).

Next, biofilm inhibition activity of borneol, citral, and BC at different 

concentrations was evaluated by determining the total biofilm biomass 
(CV, OD540) and biofilm viability (XTT, OD490). For L. monocytogenes 
(Fig. 2A–C), the total biofilm mass steadily increased with incubation 
time in the control group (untreated). L. monocytogenes demonstrated 
the ability to adhere on the polystyrene surface and form biofilms within 
6 h. Biofilm biomass grew rapidly between 6 h and12h, then slowed 
after 12 h, peaking at 48 h. Previous studies also confirmed that 
L. monocytogenes could attach to glass slides within 3 h and form bio
films within 24 h (Chae and Schraft, 2000). When co-incubation with 
borneol, citral or BC at the concentration of 1 × MIC or higher, no 
biofilm formation was detected on the polystyrene surface (Fig. 2). In 
contrast to biofilm biomass, biofilm viability increased steadily from 6 h 
to 24 h, peaking at 24 h before decreasing to a minimum at 48 h 
(Fig. 2D–F), which correlated closely with the growth stage of 
L. monocytogenes (Fernández et al., 1997). Biofilms lost their prolifera
tion activity when the concentration of the tested components exceeded 
1 × MIC, indicating that all tested components inhibited biofilm for
mation. Notably, BC at lower concentrations exhibited superior biofilm 
inhibition activity against L. monocytogenes compared to citral alone. 
While the antibacterial effect of borneol against L. monocytogenes has 
been demonstrated by several researchers (Mourey and Canillac, 2002), 
reports on its antibiofilm effect, apart from author’s previous studies, are 
scarce.

For E. coli, both biofilm mass and viability increased with longer 
incubation times, while higher concentrations of test components led to 
decreased biofilm mass and reduced viability (Fig. 3). For P. aeruginosa 
and S. aureus (Figs. 4–5), the OD540 values were obviously bigger than 
the other 2 strains at the concentrations of lower than 1 × MIC, sug
gesting stronger biofilm formation abilities of these two strains. Once 
the bacterial cells attached to the polystyrene surface, dense and smooth 
biofilms quickly established, which can effectively reduce the penetra
tion of effective antimicrobial agents into the biofilm, thus reducing the 
antimicrobial effect. While at the concentrations higher than 1 × MIC, 
borneol, citral, or BC reduced the OD540 values to approximately zero, 
and thus prevented all four strain to develop biofilms. Biofilm viability is 
directly proportional to the number of active cells within the biofilms. As 

Fig. 1. Dynamic of biofilm growth on polystyrene surface stained by crystal violet at different time point.
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the concentration of test compounds increases, the metabolic tendency 
of bacterial cells gradually decreased. These findings demonstrated that 
borneol, citral, alone or together inhibited biofilm formation in a con
centration dependent manner. Similar to L. monocytogenes, BC also have 
better biofilm inhibition activities against the other three bacteria 
compared to citral alone. These results clearly revealed the synergistic 
antibiofilm activities of these two components. The above result was 

same with other researchers that the inhibitory effect on biofilm for
mation by borneol was concentration dependent and correlated with its 
stereochemical structure, and borneol reduced biofilm formation mainly 
by inhibiting the initial step of eversible adhesion through chemotaxis 
recognition, involving both motor energy and intention (Cai et al., 2024; 
Sulaiman et al., 2022). In other study, borneol was also confirmed to 
improve the cellular uptake of other component by increasing cell 

Fig. 2. The inhibitory effects of tested compounds on L. monocytogenes biofilm formation. Biofilm mass (OD540) was determined by crystal violet assay (A-C) and 
biofilm viability (OD490) was determined by XTT assay (D-F). Data are reported as mean ± standard deviation of three independent experiments (n ≥ 9).

Fig. 3. The inhibitory effects of tested compounds on E. coli biofilm formation. Biofilm mass (OD540) was determined by crystal violet assay (A-C) and biofilm 
viability (OD490) was determined by XTT assay (D-F). Data are reported as mean ± standard deviation of three independent experiments (n ≥ 9).
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permeability. As a result, the excessive accumulation of citral inside the 
cell triggered its death procedure.

The microtiter assay is usually used as a high throughput screening 
tool for antibacterial and anti-biofilm drugs (Shukla and Rao, 2017). 
However, substantial deviation commonly exists from experiment to 

experiment, and even from well to well, which normally caused by the 
method selected to remove the supernatant prior to CV staining or XTT 
reacting (i.e. pipetting or manually discarding the fluid by inversion, 
washed or unwashed wells) (Bozzini et al., 2023; Kragh et al., 2019). As 
shown in Fig. 2 to Fig. 5, substantial deviations were also observed in our 

Fig. 4. The inhibitory effects of tested compounds on P. aeruginosa biofilm formation. Biofilm mass (OD540) was determined by crystal violet assay (A-C) and biofilm 
viability (OD490) was determined by XTT assay (D-F). Data are reported as mean ± standard deviation of three independent experiments (n ≥ 9).

Fig. 5. The inhibitory effects of tested compounds on S. aureus biofilm formation. Biofilm mass (OD540) was determined by crystal violet assay (A-C) and biofilm 
viability (OD490) was determined by XTT assay (D-F). Data are reported as mean ± standard deviation of three independent experiments (n ≥ 9).
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study. Therefore, more complex in vitro biofilm models were used to 
evaluate the biofilm eradication activities in the following experiment.

3.2. Biofilm eradication by borneol, citral, or BC on polycarbonate 
membrane

Two preformed biofilms of E. coli and S. aureus grown on poly
carbonate membranes over 7 days (Fig. 6) were exposed to borneol, 
citral, or BC at the concentration of 2 × MIC for 4 h (Fig. 7). As shown in 
Fig. 7, in the initial adhesion stage, the number of viable bacteria 
recovered from 24 h preformed S. aureus biofilms appeared less 
(P < 0.0001) with very little EPS compared with the other preformed 
biofilms, while the maximum number of viable bacteria was found 
(P < 0.05) within 48 h preformed biofilm. Different from S. aureus, the 
maximum number of viable bacteria was achieved (P < 0.05) within 
24 h preformed E. coli biofilm. Then the number of viable bacteria from 
older S. aureus biofilms (48–168 h) and E. coli biofilms (24–168 h) kept 
stable accompanied by more EPS formation. The 144h- and 168h-old 
S. aureus biofilms had the typical dry crystalline morphology. Bacteria 
within 120 h old E. coli biofilms even demonstrated twitching motility. 
It’s known that bacterial flagellar motility plays an important role in 
many processes that occur at surfaces, including adhesion and biofilm 
formation (Laganenka et al., 2020).

In the biofilm eradication assay (Fig. 7), the number of culturable 
cells (CFU/membrane) recovered from preformed S. aureus and E. coli 
biofilms after 4 h exposure to test compounds at concentration of 
2 × MIC showed a statistically significant (P < 0.0001) decrease 
compared with the untreated control. Furthermore, borneol, citral and 
BC inactivated almost all bacteria within test biofilms only except for a 
few time points. These time points included preformed S. aureus biofilms 
(48 h and 144 h) treated by borneol, citral, and BC, and preformed E. coli 
biofilms (24 h, 120 h and 168 h) treated by citral or BC. For untreated 
control at these time points, the number of culturable cells recovered 
from preformed biofilms was up to or higher than 109 CFU/mL, which 
were much larger than the experimental groups treated by test com
pounds (~103-107 CFU/membrane). These data with fluctuations also 
indicated that there is a need to improve these compounds’ stabilities for 
better antibacterial effect. When examining their antibiofilm effects by 
calculating the bactericidal rate (Table 1), the test compounds inacti
vated or killed at least 90.7 ± 1.9 % bacteria in these preformed bio
films. All these data suggested that, borneol, citral and especially BC had 
powerful biofilm eradication activities against S. aureus and E. coli.

3.3. Preliminary investigation of the mechanisms behind the antibiofilm 
activity

3.3.1. Analysis of biofilm morphology
To visualize the interaction between bacterial cells and borneol, 

citral, or BC in biofilm, the biofilm eradication effect of these com
pounds was also studied using FESEM to observe the morphologic 
changes of E. coli and S. aureus biofilms formed on glass surface. 
Representative biofilm structures are shown in Fig. 8. In the control 
group, dense clusters of E. coli and multi-layer packs were observed, 
indicating that the untreated biofilm exhibited a compact architecture 
with a high density of viable cells. E. coli cells in the control group 
displayed intact, typical rod-shapes, and with no visible holes or 
morphologic change. The cell surface of S. aureus in control cells was 
smooth, complete, even, and typical hemispherical in shape. However, 
treatment with borneol, citral, and BC significantly disrupted the biofilm 
structure, leading to an increase in the number of dead cells The 
integrity of the cell membranes of both bacteria was progressively 
compromised. After 4 h of treatment with citral or borneol, sunken 
surfaces and hollow holes began to appear, with further damage 
observed following combination treatment. It was clearly revealed that 
the cell membrane of E. coli was pierced by citral, borneol or BC, possibly 
resulting in compromised bacterial membrane integrity, osmotic 
imbalance and bacterial death (Ahmed et al., 2020; Saleem et al., 2017). 
Similarly, the morphology of S. aureus cells treated with citral was 
altered and deformed (Fig. 8). These altered cells displayed wrinkled cell 
walls (due to citral treatment), micro-pores, and evidence of released 
intracellular compounds (following treatment with borneol or BC). 
Furthermore, the indistinguishable cellular contents seen in the treated 
cells, as captured in FESEM images, resembled denatured DNA and 
precipitated proteins, consistent with previous reports (Qian et al., 
2020).

3.3.2. Protein leakage analysis
Protein leakage is considered as a representative indicator of cyto

plasm leakage (Mao et al., 2019), cell injury and nonselective micropore 
formation (Tang et al., 2020). whether citral, borneol or BC can cause 
protein leakage in bacteria was investigated. After treated S. aureus 
biofilms with citral, borneol and BC at the concentration of 2 × MIC for 
4 h, protein leakage was gradually increased between 24 h and 48 h 
(Fig. 9A), which is consistent with the increased cell death within bio
films (Fig. 7). The higher concentrations of protein leakage (P < 0.05) 
were observed from 96 h and 120 h old S. aureus biofilms, indicating 
that citral, borneol and BC promoted protein leakage of bacteria, which 

Fig. 6. Biofilm model on polycarbonate membrane (A) and morphology observation of different preformed biofilms grown on polycarbonate membranes in TSA for 
24 h, 48 h, 72 h, 96 h, 120 h, 144 h and 168 h (B). All photomicrographs are shown at the same scale.
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should be ascribed to the severe disruption of the bacterial membrane 
(Fig. 9A). These antibacterial agents didn’t markedly change the cell 
membrane of 72 h, 144 h and 168 h old biofilm bacteria. This may be 
due to insufficient penetration of antibacterial molecules or the high 
heterogeneity biofilms with high number of persister cells (De la Fuen
te-Núñez et al., 2013; Lebeaux et al., 2014).

For E. coli (Fig. 9B), the protein leakage caused by citral, borneol or 
BC between 24 h to 72 h old biofilm bacteria was similar to S. aureus, 
confirming that these antibacterial agents had indiscriminate membrane 
damage to Gram-negative and Gram-positive bacteria. However, the 
destruction of cell membranes within older E. coli biofilms (≥ 96 h) was 
limited. The possible reason is that the dense biofilm structures together 
with the persister cells on the top layer hindered the penetration of 
citral, borneol or BC and thus made them ineffective (Mah and O’Toole, 
2001).

The protein leakage caused by citral, borneol or BC was consistent 
with cell damage observed by FESEM, thus further prove the membrane 
damage caused by citral, borneol or BC. Several procedures may be 
responsible for the preliminary mechanism of biofilm eradication effect: 
(1) firstly, borneol and citral attach to the surface of bacterial and 
mainly destroy the integrity of the cell membrane within biofilms; (2) 
Secondly, a large number of cytoplasm, including K+, proteins, etc., leak 
out of the cell within biofilms; (3) cell gradually die within biofilm 

structure; (4) biofilm structures begin to collapse and finally biofilm 
eradication effect is achieved.

In total, polystyrene surface, polycarbonate membrane, and glass 
surface in this study were hired to serve as substrate material for bac
terial adherence. Though excellent biofilm inhibition, biofilm eradica
tion effects achieved as well as preliminary antibiofilm mechanism 
explored, there are difference between laboratory conditions and real- 
world food environment. For example, all the biofilm models in this 
study focused on mono-species cultures, whereas nearly all biofilm 
communities in nature contains multiple bacterial species, and clearly 
multispecies biofilms are different and more complex than monospecies 
biofilms. Therefore, direct extrapolations of results obtained from 
monoculture lab experiments to complex natural biofilms are therefore 
imprecise and sometimes misleading (Burmølle et al., 2014). There are 
also clear indications that food matrix, food contact surfaces (Teflon, 
stainless steel, glass, and polystyrene), environmental temperature and 
moisture affect the establishment of biofilms (Nkemngong and Teska, 
2024). Hence, antibiofilm effects of citral and borneol in different real 
food environment still need to be further verified.

4. Conclusion

In the present study, biofilm formation of four bacterial strains on 

Fig. 7. Number of culturable cells (CFU/membrane) recovered from different preformed S. aureus and E. coli biofilms grown on polycarbonate membranes after 4 h 
exposure to compounds (Citral, Borneol and BC) at concentration of 2 × MIC (A and B).

Table 1 
Biofilm eradication (%) of compounds at concentration of 2 × MIC on the different preformed S. aureus and E. coli biofilms on polycarbonate membranes after 4 h 
treatment compared with untreated control.

Biofilms

Strains Components 24 h 48 h 72 h 96 h 120 h 144 h 168 h

S. aureus Citral 100 ± 0.0a 100 ± 0.0 100 ± 0.0 100 ± 0.0 100 ± 0.0 100.0 ± 0.0 100 ± 0.0
Borneol 100 ± 0.0a 100 ± 0.0 100 ± 0.0 100 ± 0.0 100 ± 0.0 100.0 ± 0.0 100 ± 0.0
BC 90.7 ± 1.9b 100 ± 0.0 100 ± 0.0 100 ± 0.0 100 ± 0.0 99.7 ± 0.6 100 ± 0.0

E. coli Citral 100 ± 0.0a 100 ± 0.0 100 ± 0.0 100 ± 0.0 100 ± 0.0 100 ± 0.0 100 ± 0.0
Borneol 100 ± 0.0a 100 ± 0.0 100 ± 0.0 100 ± 0.0 100 ± 0.0 100 ± 0.0 100 ± 0.0
BC 99.0 ± 0.8b 100 ± 0.0 100 ± 0.0 100 ± 0.0 100 ± 0.0 100 ± 0.0 100 ± 0.0

Data are reported as mean ± standard deviation of at least three independent experiments (n ≥ 3), and different letters indicate significant difference (P < 0. 001). 
Significant differences between means were assessed using the Tukey’s test.
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polystyrene surface, as well as the biofilm eradication of two represen
tative strains, S. aureus and E. coli, on polycarbonate membrane and 
glass surface were markedly achieved by borneol/citral/BC. Further
more, borneol/citral/BC caused bacterial cell death through discrupting 
bacterial membrane, and subsequently leading to leakage of intracel
lular materials. The results highlight the importance of evaluating nat
ural components in various models to more accurately predict their 
potential applications.
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