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Abstract

Methicillin-resistant Staphylococcus aureus (MRSA) poses a serious threat to public health
and can form biofilms to enhance its drug resistance. Caffeic acid phenethyl ester (CAPE),
which is primarily extracted from propolis, possesses diverse biological activities. However,
its effect on anti-MRSA biofilms and the relevant mechanisms have not been fully clarified.
Therefore, this study explored the ability of CAPE to combat MRSA biofilms. The results
showed that CAPE has significant antibiofilm activities against MRSA. The minimum
inhibitory concentration (MIC) values of CAPE were 256 pg/mL for the MRSA strains
ATCC 33591, CI2, and CI3. Crystal violet (CV) assay and XTT assays demonstrated that
CAPE could inhibit the formation and consolidation of MRSA CI2 biofilms. Experiments
on scanning electron microscopy (SEM), bacterial adhesion assays, and the levels of extra-
cellular polysaccharides confirmed that CAPE can inhibit bacterial adhesion, as well as
the synthesis of extracellular polysaccharides in MRSA CI2. Real-time quantitative PCR
(RT-gPCR) experiments confirmed that CAPE can affect the expression of MRSA icaADBC,
sarA, fnbAB, and clfAB genes. Therefore, the proposed antibiofilm mechanism of CAPE
involves the downregulation of aforementioned genes, leading to reduced production of
extracellular polysaccharides and adhesion-related proteins, thereby weakening MRSA
adhesion and ultimately exerting an antibiofilm effect. In conclusion, these findings sug-
gest CAPE is a promising candidate drug as an antimicrobial agent for managing and
preventing biofilm-associated infections caused by MRSA.

Keywords: methicillin-resistant Staphylococcus aureus; caffeic acid phenethyl ester;

biofilms; adhesion

1. Introduction

Methicillin-resistant Staphylococcus aureus (MRSA) is a highly dangerous bacterial
species that ranks among the prevalent causative agents responsible for numerous clin-
ical illnesses, including pneumonia, wound infections following surgery, bloodstream
infections, and infections of the urinary system [1]. Since its initial identification in
the 1960s, MRSA infections have become increasingly prevalent, posing a substantial
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challenge to public health systems worldwide [2]. The mecA gene carried by MRSA en-
codes penicillin-binding protein 2a (PBP2a), which exhibits markedly reduced affinity
for 3-lactam antibiotics and mediates intrinsic resistance to 3-lactam agents, including
penicillins, cephalosporins and carbapenems [3]. Some MRSA strains have even developed
resistance to vancomycin, which is regarded as the “last line of defense”, thereby severely
complicating the clinical management of MRSA infections [1]. The 2024 surveillance data
from the China Antimicrobial Surveillance Network (CHINET) showed that the detec-
tion rate of MRSA was as high as 28.4% [4]. All these phenomena indicate that MRSA is
becoming an increasingly serious public health threat.

Biofilm is a complex, three-dimensional microbial aggregate formed by microorgan-
isms during their growth, enclosed by extracellular polymeric substances (EPS) secreted
by themselves. Its main components include extracellular polysaccharides, proteins, and
extracellular DNA (eDNA) [5]. The barrier structure formed by EPS can significantly hinder
the penetration of antibiotics. Therefore, compared with planktonic bacteria, bacteria resid-
ing within biofilms display much greater tolerance toward antimicrobial drugs and pose
greater challenges for eradication [6]. Research data indicate that bacteria within biofilms
exhibit 10 to 1000 times higher tolerance to antimicrobial agents compared with their
planktonic counterparts [7]. By enhancing bacterial resistance and evading host immunity,
biofilms cause various refractory diseases such as medical device-related infections, chronic
wound infections, and multi-organ infections. This not only leads to recurrent infections,
prolonged treatment cycles, and a sharp increase in medical costs but may also trigger
severe complications such as sepsis and infectious shock, significantly increasing patient
mortality and posing a major threat to human health [8,9]. In various clinical infections,
MRSA biofilm is an important pathogenic factor that mediates bacterial resistance and
contributes to infections [10]. Consequently, since MRSA ranks among the primary bacterial
pathogens implicated in biofilm-associated infections, there is a pressing need to develop
novel therapeutic agents that specifically target its biofilms.

Caffeic acid phenethyl ester (CAPE, Phenethyl 3,4-dihydroxycinnamate, C17H;¢04) is
a natural phenolic compound widely present in propolis and one of the main components
through which propolis exerts its pharmacological activity [11,12]. According to existing re-
search, CAPE exhibits multiple bioactive properties, including antimicrobial, antioxidative,
anti-inflammatory, immunoregulatory, and neuroprotective functions, which indicates that
it holds considerable promise for diverse medical applications [13]. Recent research has
mainly focused on the application of CAPE in the field of anticancer [14-16], as well as its
application in cell protection and tissue damage prevention [17-19]. Additionally, research
has also focused on the application of CAPE in nanoscience, such as CAPE-PLGA-NPs and
Bet-CAPE, and these studies primarily concentrate on the improvement of preparation
processes [20,21]. Nevertheless, CAPE has attracted increasing attention in the field of
antibacterial research. Previous research results indicate that CAPE can significantly inhibit
the adhesion process of multi-species biofilms associated with dental caries [22]. However,
research on the antibiofilm efficacy and underlying molecular mechanisms of MRSA biofilm
remains relatively scarce. Therefore, this study aims to conduct an in-depth investigation
into the antibiofilm activity of CAPE against MRSA, elucidate its effects and mechanism of
action, and provide both a theoretical foundation and empirical evidence to support the
creation of novel therapeutic agents targeting MRSA.

2. Materials and Methods

2.1. Materials and Bacterial Strain

Caffeic acid phenethyl ester (CAPE, purity >98% by HPLC) was obtained from Shang-
hai Yuanye Biotechnology Co., Ltd. (Shanghai, China). The tested MRSA strains ATCC
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33591 and clinical isolates CI2 and CI3 were maintained in the Natural Product Bioactivity
Laboratory at the School of Pharmaceutical Sciences and Food Engineering of Liaocheng
University. All bacterial isolates were stored at —80 °C within tryptic soy broth (TSB)
supplemented with 20% glycerol.

2.2. Determination of Minimal Inhibitory Concentration (MIC)

To determine the lowest concentration of CAPE capable of inhibiting MRSA growth,
this study employed the broth microdilution technique for MIC assessment [23]. Briefly,
100 uL of different concentrations of CAPE and 100 pL. of MRSA strain (ATCC 33591,
CI2, and CI3) suspension were added to a 96-well plate. CAPE was tested within a final
concentration range of 16 to 512 pug/mlL, and the MRSA bacterial suspension was adjusted
to a final concentration of 1.5 x 107 CFU/mL. The negative control contained no CAPE but
was otherwise identical to the treatment group. A 10 ug/mL vancomycin hydrochloride
solution was designated as the positive control. The plates were incubated at 37 °C for
18 h. Next, each well received 20 pL of resazurin sodium (1 mg/mL), followed by a 3-h
incubation period at 37 °C under light-free conditions. The MIC value was defined as the
lowest concentration of CAPE at which the color of the solution did not change from purple
to orange.

2.3. Inhibitory Effect of CAPE on Biofilm Formation in MRSA

The antibiofilm formation experiment was conducted based on established meth-
ods [24,25]. Add 100 uL of CAPE and 100 pL of MRSA CI2 suspension to a 96-well plate.
CAPE was tested within a final concentration range of 8 to 256 ng/mL, and the MRSA
suspension was adjusted to a final concentration of 1.5 x 107 CFU/mL. Tryptic Soy Broth
(TSB) supplemented with 1% sucrose was used as the culture medium. Incubation was
carried out at 37 °C for 24 h. Once the incubation period ended, all planktonic bacterial
cells were removed by suction, followed by three rounds of washing for every well using
phosphate-buffered saline (PBS, pH 7.4). The biomass and metabolic activity of MRSA
biofilms were assessed employing both the crystal violet (CV) staining method and the
XTT reduction assay [26].

2.4. Inhibitory Effect of CAPE on Mature Biofilm in MRSA

Conduct anti-mature biofilm experiments on CAPE regarding MRSA [24,25]. First,
MRSA CI2 suspension was adjusted to 1.5 x 107 CFU/mL and aliquoted into 96-well plates.
TSB supplemented with 1% sucrose was used as the culture medium, and incubation was
carried out at 37 °C for 24 h. Subsequently, all non-adherent bacteria were removed by
suction, followed by three PBS washes for every individual well. After that, 200 uL of fresh
TSB medium containing CAPE at final concentrations ranging from 8 to 256 pug/mL was
dispensed into each well. Incubation was carried out at 37 °C for 24 h. Once the incubation
was complete, all planktonic bacteria were removed by suction and then washed using PBS.
The biomass and metabolic activity of MRSA biofilms were assessed employing both the
CV staining method and the XTT reduction assay [26].

2.5. Scanning Electron Microscopy Observation of MRSA Biofilm

The method previously reported was adopted with slight modifications to evaluate
the effect of CAPE of MRSA biofilms using a scanning electron microscope (SEM) [27]. A
sterile coverslip was placed in each well of the six-well plate. Subsequently, the MRSA CI2
suspension (1.5 x 107 CFU/mL) supplemented with 1% sucrose was added. Incubation
was at 37 °C for 24 h to establish biofilms. After discarding the supernatant from each well,
fresh CAPE solution was added to replace it in the wells, and thereafter, the plates were
kept at 37 °C for another 12 h of incubation. The coverslips were washed and then fixed
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by immersion in 2.5% glutaraldehyde solution overnight at 4 °C. After that, the MRSA
biofilms on the coverslips were dehydrated using graded concentrations of ethanol and
tert-butanol. Freeze-dry the samples using a freeze dryer (SCIENTZ-10 N/C, Ningbo,
China). The samples were coated with gold using sputtering technology and observed
under a scanning electron microscope (5-4800, Hitachi, Tokyo, Japan).

2.6. Bacterial Adhesion Assay

According to an established method, CAPE’s impact on the adhesion of MRSA was
evaluated [28,29]. The procedure was as follows: 100 uL of TSB solution containing CAPE
and sucrose was added to each well of a 96-well plate. Subsequently, 100 uL of MRSA CI2
suspension at 3.0 x 108 CFU/mL was added. The final concentration of CAPE in each well
ranged from 8 to 128 ng/mL. The sucrose concentration was 1%. Incubation was carried
out at 37 °C for different durations. Planktonic cells were removed by aspiration, and each
well was washed three times with PBS. Then, each well received 200 uL of TSB medium,
after which the plate underwent a 5-min sonication treatment. The OD value at 600 nm
was measured using a microplate reader (FlexA-200, Aosheng, Hangzhou, China).

2.7. Analysis of Extracellular Polysaccharide Production

The established method was used to investigate the effect of CAPE on the synthesis
of extracellular polysaccharides in MRSA CI2 [24]. The specific procedures are as follows:
an MRSA suspension was prepared at a final concentration of 1.5 x 10® CFU/mL. This
suspension was then mixed with CAPE at final concentrations of 8-128 ug/mL. After
that, the sucrose concentration of the system was adjusted to 1%, and the mixture was
incubated at 37 °C for 24 h. After incubation, the culture was centrifuged at 4 °C and
12,000x g for 30 min. After careful removal of the supernatant, the resulting pellet was
resuspended in sterile water and mixed thoroughly. The suspension was centrifuged again,
and the supernatant was collected to extract water-soluble polysaccharides. The obtained
precipitate was dispersed in 0.1 mol/L sodium hydroxide solution, centrifuged at 4 °C and
12,000 g for 30 min. The supernatant was collected, and three volumes of 95% ethanol
were added, followed by incubation at 4 °C overnight. Subsequently, the alkali-soluble
polysaccharide precipitate was collected by centrifugation. The content of extracellular
polysaccharides was determined using the phenol-sulfuric acid method.

2.8. Real-Time Quantitative PCR Analysis of Gene Expression Levels

The effect of CAPE on the expression levels of biofilm-related genes in MRSA CI2
was detected by real-time quantitative PCR (RT-qPCR) [30]. Briefly, the MRSA culture
was centrifuged at 4 °C and 12,000 x g for 30 min. After collecting the precipitate, it was
incubated with 16 ug/mL CAPE at 37 °C for 24 h. Total RNA was extracted using the flying
shark plus bacteria RNA Kit (Nobelab, Jinan, China), and RNA was reverse-transcribed
into cDNA using the ALL-in-One First-Strand Synthesis MasterMix (LABLEAD, Beijing,
China) according to the instructions. RT-qPCR amplification of the cDNA template was
performed using 2 x Realab Green PCR Fast Mixture (LABLEAD, Beijing, China), and the
experiment was completed on the QuantStudio platform of Applied Biosystems (Waltham,
MA, USA). The gene expression level was calculated using the 2724t method, and the
threshold cycle number was normalized using 165 rDNA as the reference gene. The primer
sequences are detailed in Table 1.
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Table 1. Primers employed in this work.

Gene Primer Sequences (5'—3') Reference
. F: CTTGCTGGCGCAGTCAATAC
icaA R: GTAGCCAACGTCGACAACTG [31]
. F: CCTGTAAGCACACTGGATGG
icaB R: TCGCTTTTCTTACACGGTGA [31]
. F: TGCGTTAGCAAATGGAGACT
icaC R: TGCGTGCAAATACCCAAGAT [31]
4 F: TGGGCATTTTCGCGATTATCA
icaD R: ACGATTCTCTTCCTTTCTGCCA [31]
F: GTAATGAGCATGATGAAAGAACTGT
sarA R: CGTTGTTTGCTTCAGTGATTCG [31]
b F: AAATTGGGAGCAGCATCAGT -
R: GCAGCTGAATTCCCATTTIC
B F: CAACCAGTCGTTAAGCTCTGTGAC -
R: GCTGACATCATCAAGCTTTGC
aa F: ACCCAGGTTCAGATTCTGGCAGCG -
R: TCGCTGAGTCGGAATCGCTTGCT
. F: ATCATCAAGCACACGCATCA
R: TGCAGCATTTACTACCGGTT
tesmna T CGCAATGGGCGAAAGC -

R: TACGATCCGAAGACCTTCATCA

2.9. Statistical Analysis

All experiments were carried out in triplicate independently. Results are shown as
mean + standard deviation. GraphPad Prism 10 was used for statistical analysis. Stu-
dent’s t-test was employed for comparisons between two groups, while one-way analysis
of variance (ANOVA) followed by Tukey’s multiple comparisons test was applied for
comparisons among multiple groups. Statistical significance was set at p < 0.05.

3. Results
3.1. MIC of CAPE

The MIC of CAPE against all strains was assessed using the broth microdilution
method. Table 2 and Figure 1 show that the MIC values of CAPE against three MRSA
strains were 256 pug/mL, indicating that CAPE showed antimicrobial activity against MRSA.

Table 2. MIC values of CAPE against MRSA.

Compound Bacteria MIC (ug/mL)
MRSA ATCC 33591 256
CAPE MRSA CI2 256
MRSA CI3 256

3.2. Effect of CAPE Against MRSA Biofilms Formation

To investigate the effect of CAPE on the formation of MRSA biofilms, the biomass
and metabolic activity of the biofilm were measured. As shown in Figure 2, when CAPE
was applied at 8 pg/mL or higher, the biomass and metabolic activity of MRSA biofilms
showed a significant decreasing trend compared with the control group. These findings
indicate that CAPE strongly inhibits the establishment of fresh MRSA biofilms.
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Figure 1. Schematic representation of the MIC values of CAPE against MRSA strains.
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Figure 2. Effects of CAPE on biofilm formation of MRSA CI2. (A) biofilm biomass assessed by
CV assay; (B) biofilm metabolic activity assessed by XTT assay. All data are presented as mean
values £ SD, and # = 3 in each group. *** p < 0.001, vs. control.

3.3. Effect of CAPE Against Mature MRSA Biofilms

To explore how CAPE affects established MRSA biofilms, this study quantified both
biomass and metabolic activity of the biofilm. In Figure 3, treatment with CAPE at concen-
trations of 16 ug/mL or higher significantly reduced both biomass and metabolic activity of
MRSA biofilms compared to the control group. This concentration-dependent inhibitory effect
indicates that CAPE exhibits excellent antibiofilm activity against mature MRSA biofilms.
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Figure 3. Effects of CAPE on mature biofilm of MRSA CI2. (A) biofilm biomass assessed by CV assay;
(B) biofilm metabolic activity assessed by XTT assay. All data are presented as mean values + SD,
and 7 = 3 in each group. * p < 0.05, ** p < 0.01, ** p < 0.001, vs. control.
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3.4. Effect of CAPE on the Structure of Biofilms

The overall structural integrity of MRSA biofilms following CAPE treatment was visu-
alized by SEM. In Figure 4, MRSA biofilms in the CAPE-treated group differed markedly
from those in the untreated group. As shown in Figure 4A, MRSA cells in the control
group were closely packed, forming a dense biofilm where bacterial cells adhered to each
other. However, as shown in Figure 4B,C, when CAPE was applied at concentrations of
64 pg/mL and 128 pug/mL, no obvious damage to the overall cell structure was observed;
nevertheless, the biofilm structure became loose, and adhesion and aggregation were sig-
nificantly reduced. According to these findings, CAPE suppressed both bacterial adhesion
and aggregation of MRSA while also decreasing the development of biofilms.

Figure 4. Effects of different concentrations of CAPE on the overall structure of MRSA CI2 biofilms.
(A) Photograph of the biofilm structure of MRSA CI2 not treated by CAPE; (B) photograph of the
biofilm structure of MRSA CI2 treated with 64 pg/mL of CAPE; (C) photograph of the biofilm
structure of MRSA CI2 treated with 128 ug/mL of CAPE.

3.5. Effect of CAPE on Bacterial Adhesion

The adhesion of bacteria is essential for starting the biofilm development process as
well as for maintaining already-established biofilms. Therefore, the adhesion ability of
bacteria can indirectly reflect their potential to form biofilms [24]. As shown in Figure 5,
CAPE significantly inhibits MRSA adhesion in a concentration-dependent manner. The
experimental results indicate that CAPE can effectively inhibit the adhesion of MRSA and
reduce the density of biofilms. Thus, the reduction of bacterial adhesion by CAPE may
represent a key mechanism underlying its anti-MRSA biofilm.
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Figure 5. Effects of CAPE on MRSA bacterial adhesion and extracellular polysaccharide production.
(A) CAPE inhibits the adhesion of MRSA CI2; (B) CAPE inhibits the production of extracellular
polysaccharides in MRSA CI2. All data are presented as mean values £ SD, and n = 3 in each group.
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3.6. Effect of CAPE on Extracellular Polysaccharide Production

Alkali-soluble polysaccharides contribute to MRSA adhesion and subsequent biofilm
maturation via their adhesive properties, whereas water-soluble polysaccharides offer
nutritional support essential for MRSA colonization [28,34]. As shown in Figure 5, treat-
ment with CAPE at concentrations of 8 to 128 pg/mL resulted in concentration-dependent
decreases in both alkali-soluble and water-soluble polysaccharide levels in MRSA. Collec-
tively, these data confirm that CAPE can effectively inhibit the polysaccharide synthesis
of MRSA.

3.7. Effect of CAPE on Adhesion-Related Gene Expression

This study analyzed the impact of CAPE on the expression levels of adhesion-related
genes for MRSA PIA (polysaccharide intercellular adhesin, the major exopolysaccharide)
synthesis (icaADBC), fibronectin-binding protein regulatory genes (fnbAB), clumping factor
genes (clfAB), and a regulatory factor (sarA). For MRSA CI2, CAPE significantly downregu-
lated the expression levels of icaADBC and sarA in Figure 6. Similarly, CAPE significantly
downregulated the expression levels of fnbAB and cIfAB in Figure 7.
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Figure 6. Effects of CAPE on the biofilm gene expression of MRSA CI2. (A) CAPE inhibit the
expression of icaA; (B) CAPE inhibit the expression of icaD; (C) CAPE inhibit the expression of
icaB; (D) CAPE inhibit the expression of icaC; (E) CAPE inhibit the expression of sarA. All data are
presented as mean values + SD, and n = 3 in each group. ** p < 0.01, *** p < 0.001, vs. control.
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Figure 7. Effects of CAPE on the biofilm gene expression of MRSA CI2. (A) CAPE inhibit the
expression of fnbA; (B) CAPE inhibit the expression of fnbB; (C) CAPE inhibit the expression of cIfA;
(D) CAPE inhibit the expression of clfB. All data are presented as mean values + SD, and n = 3 in
each group. ** p < 0.001, vs. control.

4. Discussion

MRSA is a multidrug-resistant and highly pathogenic bacterium that exhibits potent re-
sistance to 3-lactam antibiotics. It poses a transmission risk in both hospital and community
environments, demonstrating significant clinical harm and spreading capability [35,36]. In
addition, existing studies have confirmed that the key inducement of malignant infections
caused by MRSA is closely related to the presence of biofilms. This structure can not only
help bacteria achieve stable surface colonization but also protect them from elimination
by the host’s immune system and antibiotics [37]. Moreover, the formation of biofilms
will further enhance the resistance of MRSA, greatly reducing the therapeutic effect of
antibacterial drugs. CAPE, a natural phenolic compound predominantly derived from
propolis, exhibits a broad spectrum of biological activities. Previous studies have shown
that CAPE exhibits significant antibacterial and antibiofilm activities against a variety of
oral microorganisms, such as Staphylococcus aureus, Streptococcus mutans, and Streptococcus
salivarius [22,38]. However, no relevant studies on the antibiofilm activity and underlying
mechanisms of CAPE against MRSA have been reported to date; therefore, our findings
cannot be directly compared with the existing literature. In this study, despite the rela-
tively high MIC values of CAPE against planktonic MRSA strains, its antibiofilm activity
was remarkably potent, especially against CI2, a strain characterized by strong biofilm
formation. The results showed that CAPE can not only block the initial formation process
of fresh MRSA biofilms but also disrupt the development and consolidation of biofilms.
Furthermore, SEM observations indicated that MRSA biofilms treated with CAPE appeared
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loose and fragmented, and the integrity of the bacterial colonies was destroyed. These
findings are consistent with CAPE’s ability to impair biofilm adhesion.

The formation of MRSA biofilms is a complex process with multiple stages and pre-
cise regulation by various factors. The formation of biofilms follows the law of dynamic
evolution, mainly going through four consecutive stages: adhesion, aggregation and pro-
liferation, maturation, and detachment and diffusion. Among these stages, microbial
adhesion represents a crucial stage, as it not only enables the assembly of newly forming
biofilms but also contributes to maintaining the integrity of those already present [39,40].
Based on this, this study systematically explored how CAPE influences MRSA adhesion.
The experimental results showed that CAPE had a significant inhibitory impact on MRSA
adhesion. The adhesion ability of MRSA is closely related to the synthesis of its extracellular
polysaccharides. The results of this study indicated that CAPE demonstrated a strong
ability to suppress the production of both alkali- and water-soluble polysaccharides in
MRSA. This suggests that the above-mentioned inhibition of the synthesis of extracellu-
lar polysaccharides may be one of the effective mechanisms by which CAPE blocks the
adhesion process of MRSA.

Polysaccharide intercellular adhesin (PIA) is the main extracellular polysaccharide,
and its synthesis is regulated by the icaADBC genes [30]. PIA synthesis is catalytically
mediated by proteins encoded by the ica operon, which consists of four functional genes
(icaADBC) and a repressor gene (icaR). Among them, the protein encoded by icaA has N-
acetylglucosamine transferase activity, the expression product of icaD can significantly en-
hance this enzyme activity, the icaB gene is responsible for encoding a secretory deacetylase,
and the membrane protein encoded by icaC is responsible for the extracellular transport of
PIA [41]. icaR is transcribed in the reverse orientation relative to icaADBC, and the product
resulting from its expression acts to suppress the activity of this genetic unit [42].

Furthermore, it has been reported that fibronectin-binding proteins (FnbpA, FnbpB),
clumping factors (CIfA, ClfB), fibrinogen-binding protein (Fib), laminin-binding protein
(Eno), elastin-binding protein (Ebps), collagen-binding protein (Cna), and extracellular
adhesion protein (Eap) can promote the adhesion and aggregation of bacteria, thereby
supporting the formation of biofilms, with the corresponding genes being fnbAB, clfAB,
fib, eno, ebpS, cna, bbp and eap [43-45]. The DNA-binding protein SarA, encoded by sarA,
plays a critical role in ica operon transcription, PIA synthesis, and biofilm formation. It is a
positive regulatory factor for the functional genes of the ica operon and an important global
regulatory factor for various staphylococcal virulence factors [46]. Having established that
CAPE markedly suppresses expression of the ica gene, which regulates PIA production
in MRSA, the present investigation subsequently examined how this compound affects
additional genetic regulators responsible for the previously mentioned proteins within
MRSA. We found that CAPE can significantly reduce the expression of the icaADBC, sarA,
fnbAB, and cIfAB genes in MRSA CI2. Based on the above results, it is speculated that the
potential mechanism of action of CAPE involves two pathways: one leading to significant
inhibition of PIA synthesis, and the other resulting in reduced production of various
adhesion-related proteins. The potential mechanism of action may be the key to CAPE’s
inhibition of MRSA biofilm formation. Furthermore, previous studies from our group
have shown that propolis displays marked antibiofilm activity against MRSA [29]. Since
CAPE is a major constituent of propolis, the current findings lead us to propose that CAPE
is one of the principal bioactive compounds responsible for the antibiofilm properties of
propolis. Furthermore, given that CAPE did not completely inhibit MRSA biofilms, future
studies could focus on its combination with conventional antibiotics as a potential strategy
to improve overall biofilm inhibitory efficacy. Overall, CAPE exhibits significant inhibitory
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activity against MRSA biofilms, and this property indicates that the substance has broad
application potential in the treatment of MRSA-mediated bacterial infections.

5. Conclusions

This study found that CAPE has significant antibiofilm activity against MRSA. Its an-
tibiofilm effects are mainly manifested as: significantly reducing the biofilms’ biomass and
decreasing biofilm activity. By detecting bacterial adhesion ability, extracellular polysac-
charides, and the expression of related genes, this study clarified the possible mechanism
by which CAPE inhibits MRSA biofilm formation: CAPE downregulates the expression of
the icaADBC, sarA, fnbAB, and clfAB genes, thereby reducing the synthesis of extracellular
polysaccharide and adhesion-related proteins, weakening the adhesion ability of MRSA,
and consequently achieving antibiofilm effects. In conclusion, CAPE has broad application
prospects in the prevention and treatment of MRSA-related diseases.
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MRSA Methicillin-Resistant Staphylococcus aureus
PBP 2a Penicillin-Binding Protein 2a

EPS Extracellular Polymeric Substance

CAPE Caffeic Acid Phenethyl Ester
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PBS Phosphate-Buffered Saline

CFU Colony-Forming Unit

cv Crystal Violet

XTT 2,3-Bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide
SEM Scanning Electron Microscopy

RT-gPCR  Real-time quantitative Polymerase Chain Reaction
PIA Polysaccharide Intercellular Adhesin
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