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Effect of Extracts, Fractions, and Isolated Molecules of Casearia sylvestris to Control Streptococcus
mutans Cariogenic Biofilm
Reprinted from: Antibiotics 2023, 12, 329, doi:10.3390/antibiotics12020329 . . . . . . . . . . . . . . 109

Guillaume Hamion, Willy Aucher, Charles Tardif, Julie Miranda, Caroline Rouger and
Christine Imbert et al.
Valorization of Invasive Plant Extracts against the Bispecies Biofilm Staphylococcus
aureus–Candida albicans by a Bioguided Molecular Networking Screening
Reprinted from: Antibiotics 2022, 11, 1595, doi:10.3390/antibiotics11111595 . . . . . . . . . . . . . 137

v





Preface to ”Antimicrobial Resistance and
Anti-Biofilms”

This book is based on a topical collection “Antimicrobial resistance and anti-biofilms” in the

journal Antibiotics since November of 2020. This book has one editorial article, eight research

articles, one review article, and one case report article, covering a time period of 15 months

from December of 2021 to February of 2023. Containing three major sub-topics in this book,

four manuscripts focus on the prevalence of resistant microbes, the emergence and evolution of

resistance, and the molecular investigation of resistance mechanisms fall into the first sub-topic

as “Antimicrobial resistance in microorganisms: epidemiology and molecular mechanism”; three

manuscripts fall into the second sub-topic as “New antibiofilm strategy against fungal and/or

bacterial biofilms”; and three manuscripts regarding the production and characteristics of these

functional material-encapsulated/delivered natural compounds, in vitro and in vivo antimicrobial

and antivirulent effects, and their potential applications, such as in food and medicine, fall into

the third sub-topic as “Influence of Functional Material-Based Encapsulation/Delivery on the

Antimicrobial and Antivirulent Effects of Natural Compounds”. Articles contained in this book

have provided comprehensive knowledge and insight in understanding of antimicrobial resistance

epidemiology and molecular mechanism, new antibiofilm strategies, and novel natural compounds

on biofilm eradication, covering food and clinical fields.

Junyan Liu, Ding-Qiang Chen, Yulong Tan, Ren-You Gan, Guanggang Qu, and Zhenbo Xu

Editors

vii
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Case Report

Antimicrobial Treatment on a Catheter-Related Bloodstream
Infection (CRBSI) Case Due to Transition of a
Multi-Drug-Resistant Ralstonia mannitolilytica from
Commensal to Pathogen during Hospitalization
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Abstract: Despite its commonly overlooked role as a commensal, Ralstonia mannitolilytica becomes
an emerging global opportunistic human pathogen and a causative agent of various infections and
diseases. In respiratory illnesses, including cystic fibrosis and chronic obstructive pulmonary disease
(COPD), R. mannitolilytica is also identified presumably as colonizer. In this study, one distinctive
clone of R. mannitolilytica was firstly identified as colonizer for the first 20 days during hospitalization
of a patient. It was then identified as a causative agent for catheter-related bloodstream infection
with negative identification after effective treatment, verifying its transition from commensal to
pathogen. In conclusion, we provide convincing evidence that during hospitalization of a patient, R.
mannitolilytica transitioned from commensal to pathogen in the respiratory tract leading to catheter-
related bloodstream infection (CRBSI).

Keywords: Ralstonia mannitolilytica; chronic obstructive pulmonary disease (COPD); catheter-related
bloodstream infection (CRBSI); commensal; pathogen

1. Introduction

As a worldwide public health challenge [1], chronic obstructive pulmonary disease
(COPD) ranks the third leading cause of death and overall prevalence ranges from 8.6%
to 13.6% in China [2,3]. COPD patients present an altered airway microbiome, with Ral-
stonia mannitolilytica identified at a significantly higher rate comparing with a healthy
population [4]. Reservoirs of R. mannitolilytica in the hospital environment include wa-
ter [5], saline solutions [6] and oxygen delivery devices [7]. Despite its commonly over-
looked role as a commensal, Ralstonia mannitolilytica becomes an emerging global op-
portunistic human pathogen and a causative agent of various infections and diseases,
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including bacteremia [8–10], meningitis [11], sepsis [12], peritonitis [13], osteomyelitis [14],
hemoperitoneum [14] and urinary tract infection [7]. Furthermore, R. mannitolilytica is
also identified in respiratory illnesses such as cystic fibrosis and COPD, presumably as a
colonizer [15–18]. From the first report in 2011, R. mannitolilytica isolate G100 was sam-
pled from the sputum of a COPD patient on admission, and the patient was treated with
piperacillin/tazobactam [16]. Despite negative identification of R. mannitolilytica thereafter,
the patient continued to suffer from respiratory failure and eventually died, suggesting
this microorganism was a benign colonizer [16,19–21]. Such a finding is in accordance with
a recent comprehensive study on airway microbiomes, where the presence of R. mannito-
lilytica was occasionally found colonizing COPD patients and indicating its potential role
in recurrent infections and diseases [4,22].

For the first time, we report a catheter-related bloodstream infection (CRBSI) case
caused by R. mannitolilytica in the respiratory tract of a hospitalized COPD patient.

2. Results and Discussion
2.1. Antimicrobial Agent Treatment
2.1.1. Phase I: From Admission to Day 3

On admission, the patient was diagnosed with acute exacerbations COPD (AECOPD),
severe pneumonia and type II respiratory failure, with symptoms of fever and dyspnea on
day 1 and high fever and dyspnea on day 2. On day 1, sputum culture identified Acinetobac-
ter baumannii, Chryseobacterium meningosepticum and R. mannitolilytica, with negative culture
from a blood sample. During day 1 to 3, antimicrobial treatment had been conducted using
meropenem, vancomycin, caspofungin and voriconazole, with peripherally inserted central
venous catheters (PICC) used from day 1 onwards.

2.1.2. Phase II: From Day 4 to 18

Despite antimicrobial treatment during day 1 to 3, the patient failed to recover and
a blood test on day 4 revealed an uncontrolled infection accompanied by dyspnea and
wheezing. In detail, he had suffered from low fever and wheezing on day 4; low fever,
dyspnea and wheezing on day 5; and fever and wheezing on day 6. Consequently, the
patient was treated with different antimicrobial therapy (Table 1). Nevertheless, he suffered
from intermittent fever. Despite negative blood culture, sputum culture on Day 6 identified
A. baumannii, C. meningosepticum and R. mannitolilytica (Guangzhou-RMAS10/11, and on
day 10, only R. mannitolilytica was identified), which are common colonizers in the respira-
tory tract. As antimicrobial treatment was concerned, the patient had been treated with
meropenem, vancomycin, caspofungin and amphotericin B during day 4 to 7; meropenem,
linezolid, caspofungin and amphotericin B during day 8 and 9; piperacillin/tazobactam,
linezolid, caspofungin and amphotericin B during day 10 to 13; cefoperazone/sulbactam, ri-
fampin, vancomycin and amphotericin B during day 14 to 16; and cefoperazone/sulbactam,
meropenem, rifampin, vancomycin and caspofungin during day 17 and 18.

Table 1. Clinical data of the patient.

Detection

Admission
Time

Temperature
(◦C)

WBC
(×109 L)

Neutrophils
(%)

Blood Gas: pH/HCO3 * (mmol/L)
/SpO2 * /PaCO2 * (mm Hg)

/PaO2 * (mm Hg)

PCT *
(ng/mL) HCCT *

Phase I
D1 38.3 16.6 77.4 7.42/24.5 /98%/51.2/90.6 0.45 RLLLA *
D2 38.8–40 20.6 90.1
D3 37.5 19.8 94.1
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Table 1. Cont.

Detection

Admission
Time

Temperature
(◦C)

WBC
(×109 L)

Neutrophils
(%)

Blood Gas: pH/HCO3 * (mmol/L)
/SpO2 * /PaCO2 * (mm Hg)

/PaO2 * (mm Hg)

PCT *
(ng/mL) HCCT *

Phase II

D4 18.3 84.7 7.435/29.1/96.3%/42.8/85.6
D5 15.7 82.9
D6 15.6 82.3 7.504/26.5/98.8%/33.9/159 4.08 RLLLA
D7 37.6–38.0 14.6 81.9
D8 38.8
D9 38.4
D10 36.7–38.3
D11 38.0
D12 38.0 14.3 81.2
D13 37.7
D14 38.0
D15 38.3
D16 37.9
D17 38.0
D18 36.9 16.0 90.7

Phase III

D19 37.0–38.5 7.346/24.7/98.1%/47.1/152
D20 39.4
D21 37.9 13.7 75.5
D22 37.0–37.9 14.1 88.9
D23 38.3
D24 37.2–38.3
D25 38.0
D26 37.1 11.7 89.0 7.365/25.3/98.5%/47.2/119 0.80 Not done
D27 37.2 9.6 82.7

* HCCT: High-resolution chest computed tomography. * RLLLA: Right lung lower lobe cavity. * PCT: procalcitonin.
* HCO3: bicarbonate. * SpO2: Saturation of peripheral oxygen. * PaCO2: Partial pressure of carbon dioxide.
* PaO2: Partial pressure of oxygen. Sampling on D1, D6, D10, D19 and D26, and results obtained on D3, D8,
D12, D20 and D27, respectively. For blood samples, 3 pairs of aerobic and anaerobic blood culture bottles were
collected at different fever spikes, including 1 pair drawn through the catheter and another 2 pairs drawn by
bilateral peripheral venipuncture.

2.1.3. Phase III: From Day 19 to 27

On day 19, the patient presented with fever, shivering and dyspnea, and on day 20,
his condition deteriorated to high fever, severe dyspnea and septic shock. Remarkably,
R. mannitolilytica had been identified from both sputum and blood samples (Guangzhou-
RMAB10/11/12, three isolates, one from the catheter of PICC and two from peripheral
blood) on day 19, validating the occurrence of catheter-related bloodstream infection
(CRBSI). According to its antimicrobial profile, ciprofloxacin was used from day 21 on. The
patient showed decreased body temperature and improvement in dyspnea, with symptoms
of low fever and relieved dyspnea during day 21 to 25, then no fever or dyspnea on day
26 and 27. In addition, a blood test on day 26 revealed normal white blood cell count and
serum procalcitonin (PCT), with no positive identification of R. mannitolilytica from either
blood or sputum samples. Also, PICC was removed on day 27 after the result was reported.

2.1.4. Phase IV: After Day 27 to Discharging

Two months later, this patient presented cough with thick yellow sputum and oc-
casional wheezing. On day 82, the sputum culture identified Pseudomonas aeruginosa,
Achromobacter xylosoxidans and A. baumannii, and blood culture identified Enterococcus
faecium and A. baumannii. Consequently, routine treatment for these symptoms was further
conducted and the patient was eventually discharged on day 132.

2.2. Bacterial Identification

Seven R. mannitolilytica isolates were sampled, including four strains (Guangzhou-
RMAS10/11/12/13) from sputum and three strains (Guangzhou-RMAB10/11/12) from
blood. In detail, R. mannitolilytica Guangzhou-RMAS10, Guangzhou-RMAS11, Guangzhou-
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RMAS12 and Guangzhou-RMAS13 had been recovered from sputum samples on day 1,
day 6, day 10 and day 19, respectively. R. mannitolilytica Guangzhou-RMAB10, Guangzhou-
RMAB11 and Guangzhou-RMAB12 had been obtained from blood samples on day 19.
According to the results of 16S rRNA sequencing, compared with all known sequences in
GenBank by BLASTn, the sequencing results of all R. mannitolilytica strains were found to be
identical and clustered at 100% sequence similarity with the R. mannitolilytica strain AU255
(AY043379) and AU428 (AY043378) from a cystic fibrosis patient in the United States, and
strains LMG 6866 (NR_025385) from cases of nosocomial recurrent meningitis in Belgium.

2.3. Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing (AST) using Vitek2TM Automated System had
been performed on seven R. mannitolilytica strains [23]. All R. mannitolilytica strains
shared distinctive antimicrobial resistance profiles, and exhibited resistance to 14 antimi-
crobial agents, including ampicillin/sulbactam, aztreonam, cefazolin, cefepime, cefopera-
zone/sulbactam, cefotaxime, cefotetan, cefuroxime, gentamicin, imipenem, meropenem,
piperacillin, piperacillin/tazobactam and tobramycin, with only a few susceptible excep-
tions such as ceftriaxone, ciprofloxacin and levofloxacin. The AST results had been used to
determine the antimicrobial treatment on R. mannitolilytica strains.

2.4. Clonal Relatedness of R. mannitolilytica Strains

According to the results from randomly amplified polymorphic DNA polymerase
chain reaction (RAPD-PCR), the acquired indistinguishable fingerprinting patterns had
suggested all seven R. mannitolilytica belonged to the same genotype and thus were clonally
related (patterns from representative strains shown in Figure 1). As further confirmed
by genomic comparison, their identical genomes with similarity higher than 99.99% had
convincingly verified that all R. mannitolilytica strains originated from a distinct clone (the
genome sequences of the distinct R. mannitolilytica strain are deposited under accession
number CP049132 for chromosome 1 and CP049133 for chromosome 2). In connection
with the sampling background, the colonizing R. mannitolilytica strain had highly likely
induced invasive infection in the respiratory tract and subsequently caused bacteremia in
the patient, which explained the identification of clonally related bacteria from sputum and
blood culture [24].
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2.5. Extensive Surveillance on R. mannitolilytica Strains

In addition, from an extensive surveillance during 2014 (including the duration of
hospitalization), the R. mannitolilytica strain was rarely identified as an infectious agent for
other patients, nor was it routinely isolated from drinking water, laboratory-based water,
saline solutions used for patient care or catheters [25–27].

2.6. Transition from Commensal to Pathogen

In this case, rare identification of R. mannitolilytica from patients or environmental
samples, no recent hospitalization history for the patient, as well as the immediate detection
of R. mannitolilytica on admission ruled out the likelihood of nosocomial infection or
contamination and, thus, highly suggests a community origin of this microorganism.
During hospitalization, one identical R. mannitolilytica strain was found colonizing the
patient’s respiratory tract despite broad antimicrobial therapy (during admission to day 20,
shown by four isolates independently sampled from sputum at different time points), and
further caused CRBSI (shown by three isolates separately sampled on day 19 including one
isolate sampled from the catheter). In addition, the specific treatment of R. mannitolilytica
(since day 21) correlated with the improvement of symptoms and negative identification of
R. mannitolilytica (on day 26 and thereafter).

R. mannitolilytica has been implicated in acute exacerbation of chronic obstructive
pulmonary disease (AECOPD); however, it is still controversial if the bacterium is the
causative agent [4,16]. Mostly importantly, this study reported R. mannitolilytica bacteremia
in a patient diagnosed with AECOPD, confirming its pathogenic role in this disease. Im-
portant evidence for this confirmation and verification were as follows: Firstly, for a patient
diagnosed with AECOPD, R. mannitolilytica strain Guangzhou-RMAS10 was independently
isolated from sputum samples (with identical strains) on day 6, but negative for blood
samples. Secondly, R. mannitolilytica strain Guangzhou-RMAB10 was independently iso-
lated from all three pairs of blood culture bottles on Day 20. Thirdly, R. mannitolilytica
strains Guangzhou-RMAS10 and Guangzhou-RMAB10 were identical according to the
antimicrobial profile, RAPD and genomic sequences. The above evidence strongly indicates
the opportunistic pathogen R. mannitolilytica induced invasive infection in the respiratory
tract (isolates from sputum) and subsequently caused bacteremia (isolates from blood)
for this patient. Fourthly, no R. mannitolilytica infection for other patients had been re-
ported in the First Affiliated Hospital of Guangzhou Medical University (FAHGMU) in
the whole year of 2014 (this bacterium is extremely rare to be reported), and also, during
hospitalization of the patient, none of R. mannitolilytica were isolated from drinking water,
laboratory-based water, saline solutions used for patient care, or catheters. The above
evidence and observation highly suggested the unlikelihood of nosocomial infection or
contamination as the infection cause. Fifthly, after the confirmation of R. mannitolilytica
on day 20, the antimicrobial therapy was changed to ciprofloxacin after day 22. Shortly
after this, significant improvement from the blood test and negative identification of R.
mannitolilytica (on day 25 and thereafter) were found. The above evidence presented strong
evidence that R. mannitolilytica caused bacteremia during the therapy of AECOPD of a
patient, as well as its pathogenic role in this disease. In combination with the above evi-
dence, the R. mannitolilytica bacteremia in a patient diagnosed with AECOPD, as well as its
pathogenicity, is convincing.

3. Materials and Methods
3.1. Clinical Samples and Bacterial Strains

A total of 16 strains were isolated during the hospitalization of a patient, including 7
Acinetobacter baumannii and R. mannitolilytica (4 from sputum and 3 from blood samples,
sampling on day 1 and 6, and on day 82 (June 22) from both sputum and blood), 2
Chryseobacterium meningosepticum (sampling on day 1 and 6), 1 Pseudomonas aeruginosa
(sampling on day 82 (22 June) from sputum), 1 Achromobacter xylosoxidans (sampling on
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day 82 (22 June) from sputum), and 1 Enterococcus faecium (sampling on day 82 (22 June)
from blood) strains.

3.2. Clinical Case

On 2 April 2014, a 72-year-old male patient presenting with fever and dyspnea was
admitted to the First Affiliated Hospital of Guangzhou Medical University (FAHGMU)
in Guangzhou, China. With a COPD history dating back to 2004, this patient was treated
to relieve symptoms of dyspnea. On admission, the patient was diagnosed with acute
exacerbations COPD (AECOPD), severe pneumonia and type II respiratory failure, with
symptoms of fever and dyspnea on day 1 and high fever and dyspnea on day 2.

Concerning the clinical history, in January of 2014, the patient was diagnosed with
pulmonary aspergillosis and was treated with voriconazole during hospitalization. On
26 February 2014, the patient was hospitalized again due to gastrointestinal bleeding
and cured by an antiacid drug. Considering the pulmonary aspergillosis was not cured,
the patient was successively treated with voriconazole, mezlocillin sodium/sulbactam
sodium, and meropenem in combination with continuous positive airway pressure. On 14
March 2014, the patient was transferred to ICU and successively treated with biapenem,
vancomycin hydrochloride, voriconazole and moxifloxacin hydrochloride.

3.3. Species Identification

For all samples, bacterial identification was performed with a Vitek2TM Automated
System (bioMerieux, Saint-Louis, MO, USA). In addition, all R. mannitolilytica isolates were
further assessed by sequencing the 16S rRNA gene [28] using universal primers 27F and
1492R to amplify and then sequence the 16S rRNA gene, and the obtained sequences were
compared to all known sequences in GenBank by BLASTn against the Nr database.

3.4. Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing (AST) was performed with a Vitek2TM Auto-
mated System [23]. For R. mannitolilytica isolates, 17 antibiotics were used including ampi-
cillin/sulbactam, aztreonam, cefazolin, cefepime, cefoperazone/sulbactam, cefotaxime,
cefotetan, ceftriaxone, cefuroxime, ciprofloxacin, gentamicin, imipenem, levofloxacin,
meropenem, piperacillin, Piperacillin/Tazobactam and tobramycin (BBI Solutions, Crumlin, UK).

3.5. Analysis on Clonal Relatedness of R. mannitolilytica Strains

Random amplification of polymorphic DNA (RAPD) PCR was applied to characterize
the genetic relatedness of all R. mannitolilytica strains with different origin. The RAPD
primer (RM270: 5′–TGC GCG CGG G–3′) was used for random amplification as described
previously for Ralstonia spp. [29]. Obtaining identical DNA fingerprinting from all 7 R. man-
nitolilytica strains, additionally, genomic sequencing by Illumina HiSeq 2500 (Illumina, San
Diego, CA, USA) and genome comparison were further performed for confirmation [30,31].

3.6. Extensive Surveillance on R. mannitolilytica Strains

Extensive surveillance on R. mannitolilytica was conducted at the same medical setting
(FAHGMU) during the whole year of hospitalization (2014).

4. Conclusions

In conclusion, we provide convincing evidence that during hospitalization of a patient,
R. mannitolilytica transitioned from commensal to pathogen in the respiratory tract leading
to CRBSI.
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Abstract: The spread of multidrug-resistant enterobacteria strains has posed a significant concern
in public health, especially when the strain harbors metallo-beta-lactamase (MBL)-encoding and
mobilized colistin resistance (mcr) genes as such genetic components potentially mediate multidrug
resistance. Here we report an IncHI2/2A plasmid carrying blaIMP-26 and mcr-9 in multidrug-resistant
Serratia marcescens human isolates YL4. Antimicrobial susceptibility testing was performed by the
broth microdilution method. According to the results, S. marcescens YL4 was resistant to several
antimicrobials, including β-lactams, fluorquinolones, sulfanilamide, glycylcycline, and aminogly-
cosides, except for amikacin. To investigate the plasmid further, we conducted whole-genome
sequencing and sequence analysis. As shown, S. marcescens YL4 possessed a circular chromosome
with 5,171,477 bp length and two plasmids, pYL4.1 (321,744 bp) and pYL4.2 (46,771 bp). Importantly,
sharing high similarity with plasmids pZHZJ1 and pIMP-26, pYL4.1 has an IncHI2/2A backbone
holding a variable region containing blaIMP-26, mcr-9, and two copies of blaTEM-1B. After compre-
hensively comparing relevant plasmids, we proposed an evolutionary pathway originating from
ancestor pZHZJ1. Then, via an acquisition of the mcr-9 element and a few recombination events, this
plasmid eventually evolved into pYL4.1 and pIMP-26 through two different pathways. In addition,
the phage-like plasmid pYL4.2 also carried a blaTEM-1B gene. Remarkably, this study first identified a
multidrug-resistant S. marcescens strain co-harboring blaIMP-26 and mcr-9 on a megaplasmid pYL4.1
and also included a proposed evolutionary pathway of epidemic megaplasmids carrying blaIMP-26.

Keywords: Serratia marcescens; multidrug resistance; mcr-9; blaIMP-26; megaplasmids IMP-26;
evolutionary pathway

1. Introduction

Serratia marcescens is a bacterium of the Enterobacteriaceae family that thrives in damp
environments such as water and soil and can survive for months on inanimate surfaces.
The bacteria were thought to be nonpathogenic for a long time before the infections caused
by this microorganism were confirmed [1]. Its threat to health remained unclear until
the outbreak of nosocomial S. marcescens infections in the late 20th century [2,3]. Even
though this organism exhibits a wide range of virulence factors and is relatively weak
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in virulence, it can infect critically ill or immunocompromised patients, as well as in-
fants and newborns [4–6]. Researchers have pointed out that this microorganism could
cause multiple infections, including meningitis, pneumonia, septicemia, and urinary tract
infections, associated with poor clinical outcomes [7–10]. Due to their capability of adher-
ence to invasive hospital equipment and forming biofilm, nosocomial infections caused by
S. marcescens were difficult to treat [11,12]. What is more, these strains were usually resistant
to ampicillin, ampicillin-sulbactam, amoxicillin, amoxicillin-clavulanate, narrow-spectrum
cephalosporins, cephamycins, cefuroxime, nitrofurantoin, and colistin according to the
Clinical and Laboratory Standards Institute (CLSI) guidelines. The increasing multidrug-
resistant S. marcescens in the nosocomial environment has become a major concern. The
situation worsens when this species acquires the ability to resist the last-resort antibiotics,
such as carbapenems, due to the transfer of resistance genes, for example, blaKPC was re-
ported [13–15]. Now, the World Health Organization (WHO) has designated it as a research
priority for developing alternative antibacterial strategies.

Beta-Lactam antibiotics have been popular as therapeutic drugs for over 70 years,
which has led to an abundance of β-lactam-inactivating β-lactamases. Beta-lactamases,
including plasmid-mediated extended-spectrum β-lactamases, AmpC cephalosporinases,
and carbapenemases, are now present globally with some variants preferred in particular
regions. A significant challenge in modern medicine has been the presence and dissemina-
tion of carbapenemases in Enterobacteriaceae since this hydrolase can decompose penicillins,
cephalosporins, monobactams, and carbapenems [16,17]. IMP-26 was first identified and
characterized as one kind of metallo-beta-lactamases (MBLs) from a Pseudomonas aeruginosa
isolated in Singapore in 2010 [18]. The protein resembles IMP-4 but differs by one amino
acid (Phe49Val). It displayed higher carbapenem hydrolysis activity toward meropenem
than IMP-1 [19]. Since then, such MBLs have been reported in a variety of microbes world-
wide, including Enterobacteria [20,21], P. aeruginosa [19,22], and Klebsiella pneumoniae [23].
As reported previously, the blaIMP-26 gene was found on various microbial chromosomes;
only four articles ever described its location on a plasmid [24–27].

Colistin is one of the last therapeutic options for infections caused by multidrug-
resistant Gram-negative bacteria [28]. However, a plasmid-mediated colistin resistance
gene, mcr-1, was first identified in Chinese Escherichia coli isolates in 2016 [29]. In the years
following the first description, several reports have described the emergence of mcr-1 to
mcr-10 in different host species and geographic locations [30–32]. The mcr-9 gene was
found in a colistin-exposed Salmonella Typhimurium in 2019 [33]. It shared 65% and 63%
amino acid identities with the closest relatives, MCR-3 and MCR-7, and between 33% and
45% with the other MCRs. Since then, the mcr-9 gene has been identified in 40 countries
across six continents [34]. These genes encode phosphoethanolamine transferase enzymes
responsible for adding phosphoethanolamine to lipid A, which leads to a diminished
affinity for colistin and antibiotic resistance [31].

Mobile elements are common in prokaryotic genomes and crucial for the evolution of
plasmids and bacteria [35]. Typically, the evolution of a plasmid driven by transposons or
IS elements usually results in structural changes through homologous recombination [36].
Porse et al. discovered that IS26 mediated a large-scale deletion of a plasmid’s conjugation
machinery, leading to a reduction in the plasmid fitness cost in E. coli hosts, improving
the plasmid–host adaptation [37]. IS26 disseminated antibiotic resistance genes in two
distinct ways which differ from other non-IS6 family members, disseminating antibiotic
resistance genes in two specific ways. The first way is achieved through an IS26-flanked
structure creating a cointegrate formation with duplication of the IS26 and generation of
a target duplication. The second way is forming a non-replicating circular intermediate
containing a single IS26 named a translocatable unit (TU). The IS26 in TU targets an existing
copy of IS26 on the receptor’s sequence and adjacent to it without increasing the number
of IS26 copies or making a further duplication of the target [38,39]. Another noteworthy
mobile element was Tn3 [40]. Tn3 transposons are a big and widespread transposon family
allowing assembly, diversification, and redistribution of antimicrobial resistance genes,
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contributing to the transport of bacterial resistance genes among bacteria. They transpose
in a “copy-and-paste” way in which the donor and target molecules are fused by repeated
transposon copies [41].

Here, we characterized an IncHI2/2A plasmid harboring blaIMP-26 and mcr-9 in a
multidrug-resistant S. marcescens which displayed resistance to carbapenems and further
studied the evolutionary pathway of such epidemic megaplasmids carrying blaIMP-26 medi-
ated by IS26 and Tn3.

2. Results
2.1. Antimicrobial Susceptibility Profiles

MICs obtained by the broth micro-dilution method are shown in Table 1. The isolate
was susceptible only to amikacin according to CLSI breakpoints of 2021 (Table 1).

Table 1. Antimicrobial susceptibility of S. marcescens YL4 isolate.

Antimicrobial Class Antimicrobial Agents MIC
(µg/mL) S I R

Cephalosporins
Cefepime 16 ≤2 4–8 ≥16

Ceftazidime ≥64 ≤4 8 ≥16
Cefatriaxone ≥64 ≤1 2 ≥4

β-lactam inhibitor
combinations Ticarcillin/clavulanate ≥128/2 ≤16/2 32/2–64/2 ≥128/2

Carbapenems
Imipenem ≥16 ≤1 2 ≥4

Meropenem ≥16 ≤1 2 ≥4
Ertapenem ≥8 ≤0.5 1 ≥2

Aminoglycosides Tobramycin ≥16 ≤4 8 ≥16
Amikacin 16 ≤16 32 ≥64

Fluorquinolones Levofloxacin 4 ≤0.5 1 ≥2
Ciprofloxacin 2 ≤0.25 0.5 ≥1

Sulfanilamides Trimethoprim/sulfamethoxazole ≥16/304 ≤2/38 - ≥4/76

Glycylcycline Tigecycline ≥8 ≤0.5 - -

Monobactams Aztreonam ≥64 ≤4 8 ≥16

Tetracyclines Minocycline ≥16 ≤4 8 ≥16
Doxycycline ≥16 ≤4 8 ≥16

2.2. Genome Sequencing of S. marcescens YL4

S. marcescens YL4 possessed a circular chromosome with 5,171,477 bp and two plasmids
(pYL4.1 and pYL4.2) with 316,459 bp and 46,771 bp, respectively. The GC content of
chromosomes and plasmids was 59.30%, 47.64%, and 53.11%. On the YL4’s chromosome,
88 tRNA, 22 rRNA, 38 sRNA, and 4762 open reading frames were annotated using the
Prokaryotic Genomes Annotation Pipeline server. In addition, 2 prophages, 1 CRISPR
array, and 27 insertion elements were detected on the chromosome. ResFinder server
analysis showed that the YL4 strain chromosome contains three resistance genes, including
one beta-lactam resistance gene (blaSRT-1), aminoglycoside resistance gene (aac(6′)-Ic), and
Tetracycline resistance gene (tet(41)) (Table 2).

2.3. Characteristics of the IncHI2/2A Plasmid pYL4.1

The IncHI2/2A plasmid pYL4.1’s DNA sequence comprises 316,459 bp with a G+C con-
tent of 47.64%. There are two replicons on the plasmid. One was 876 bp (291,621..292,496) in
size; the other was 1056 bp (227,123..278,178) in length. BLAST search showed the backbone
regions of pYL4 similar to pIMP-26 (Genbank ID: MH399264) [25], pEHZJ1 (Genbank
ID: CP033103) [26], pEC-IMPQ (Genbank ID: EU855788) [42], pGMI14-002 (Genbank ID:
CP028197), and p505108-MDR (Genbank ID: KY978628) (Figure 1).

11



Antibiotics 2022, 11, 869

Table 2. Antibiotic resistance genes in S. marcescens YL4.

Location Antimicrobial Agents Resistant
Genes Identity

Alignment
Length/Gene

Length
Start End

Chromosome of
YL4 strain

(access No. CP083754)

Beta-lactam blaSRT-1 96.22 1137/1137 775,741 776,877
Tetracyline tet(41) 93.57 1151/1182 1,054,107 1,055,257

Aminoglycoside aac(6′)-Ic 94.33 441/441 2,918,180 2,918,620

Plasmid pYL4.1
(access No. CP083755)

Aminoglycoside
aph(6)-Id 100.0 837/837 168,510 169,346
aph(3”)-Ib 99.88 804/804 169,346 170,149
aac(6′)-Ib3 100.0 555/555 241,940 242,494

Polymyxin mcr-9 100.0 1620/1620 158,061 159,680

Fosfomycin fosA5 100.0 420/420 181,153 181,572

Macrolide mph(A) 100.0 906/906 66,782 67,687

Folate pathway
antagonist sul1 100.0 840/840 189,399 190,238

Tetracycline dfrA19 100.0 570/570 195,200 195,769
tet(D) 100.0 1185/1185 70,462 71,646

Beta-lactam

blaTEM-1B 100.0 861/861 175,551 176,411
blaIMP-26 100.0 741/741 192,691 193,431
blaTEM-1B 100.0 861/861 205,714 206,574
blaSHV-12 100.0 861/861 245,958 246,818

Quaternary ammonium
compound qacE 100.0 282/333 190,298 190,579

Amphenicol catA2 96.11 642/642 231,688 232,329

Phage-like
plasmid pYL4.2

(access No. CP083756)
Beta-lactam blaTEM-1B 100.0 861/861 23,202 24,062

2.4. Gene Environments of blaIMP-26

The genetic environment of blaIMP-26 reveals that it was partitioned into the class
1 integron cassette, sequentially arranged as sul1-qacE∆1-ItrA-blaIMP-26-Int1. It contained a
5′-conserved segment (5′-CS) adjacent to IS6100, InsB, ISVsa5, fosA5, Tn3, blaTEM-1B, Tn3,
and the 3′-CS was abutted to drfA19, mobile elements (IS26, couple of ISEc63, Tn2, the
last two belong to Tn3 family), blaTEM-1B. The surrounding of blaIMP-26 in pYL4.1 was
similar to but opposite to that of pEHZJ1 from E. hormaechei ST1103 in Zhejiang (accession:
CP033103) and pIMP26 from E. cloacae RJ702 in Shanghai (accession: MH399264). The
three highly similar plasmids share most genetic structures outside the class 1 integron
cassette, for example, insertion elements (IS26, ISEc63, IS4, IS1, Tn3) and resistance genes
(fosA5, blaTEM-1B). Two Tn2 transposons flank the multiple resistant regions, one on either
end, and could be combined to create a composite transposon capable of moving as a
single unit. Additionally, the Tn3 family transposon at the 5′-CS of pEHZJ1 was ISEc63,
a transposon of the Tn3 family, but not Tn2. Moreover, we found a blaIMP-26 containing
plasmid pIMP1572 from K. pneumoniae KP-1572 (accession: MH464586) which differed
from pYL4.1. The two plasmids only share the class 1 integron cassette region, and they
do not share the other resistance genes and other elements. Importantly, although there is
more or less a difference between the four plasmids, the blaIMP-26 is always located in the
class 1 integron cassette, IntI1-blaIMP-26-ORF1-qacE41-sul1, which consists of a complete
5′-conserved sequence (5′-CS, integrase intl1) and 3′-CS (qacE41-sul1). It infers that class
1 integron may be significant for the transmission of blaIMP-26 between plasmids (Figure 2).
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Figure 1. Genetic features of the pYL4.1 plasmid. Inner and outer circles correspond to average G+C
content (black circle) and GC skew information (green and purple circles, respectively). The colored
circles represent different plasmids (details are in the legend), and the Genbank numbers are as
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2.5. Gene Environments of Mcr-9

We compared three mcr-9 harboring plasmids reported in the last two years with our
target plasmids. The four plasmids were pIMP-26 from Enterobacter cloacae, p1575-1 from
E. hormaechei (accession: CP068288) [43], pEC3 from E. coli (accession: MW509820) [44], and
pK714029-2 from K. pneumoniae (accession: CP073658) [45]. Comparing mcr-9-possessing
regions among pYL4.1, pIMP-26, and p1575-1 revealed that they shared the same areas
flanked by two mobile elements (from ISCNY to InsB) with 100% coverage and 98.88%
identity. In all five plasmids, the upstream sequences of mcr-9 were highly homologous,
except for pK710429.2, which contained an insertion of the InsB. The structure of rcnR-rcnA-
pcoE-pcoS-IS903-mcr-9-wbuC is present on all four plasmids, providing further evidence
that these core elements perform a significant role in the conjugation and recombination
processes of mcr-9. There are some unique sequences evident in the downstream line.
Regulatory genes qseC and qseB, crucial to colistin resistance induction, were typically
absent among the four observed plasmids, excluding pEC (Figure 3). However, the mcr-9
gene expression did not increase after pretreatment with colistin in qseC-qseB carrying
pEC [44]. In contrast, up-regulation of the mcr-9 gene following colistin treatment was
observed in pK714029-2 [45], the plasmid lacking qseC-qseB. The evidence suggests that
the effect of qseC-qseB on mcr-9 induction might differ among isolates with diverse genetic
backgrounds [46]. Some additional genes may play a prominent role in mcr-9 stimula-
tion [34,47]. Further studies will be necessary to verify whether the qseC-qseB module or
the other genes are essential for mcr-9 induction.
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2.6. Evolutionary Pathway of Megaplasmids IMP-26

We compared pYL4.1’s whole sequence to the two most similar plasmids, pIMP-26
with 95% query coverage and 99.99% nucleotide identity and pEHZJ1 with 79% query
coverage and 99.99% nucleotide identity. After a comprehensive comparison with all
megaplasmids with blaIMP-26, the evolutionary path was hypothesized as below (Figure 4).
For the pEHZJ1-derived module, a deletion of a 54 kb region followed by the acquisition
of the mcr-9 harboring multi-resistant region (MRR) and another acquisition of the IntI1
area that occurred in pEHZJ1 generated a hypothetical module A plasmid. In the second
step, a 179 kb MRR flanked by IS26 and Tn3 on module A reversed and developed a critical
theoretical module B, from which pYL4 and pIMP-26 evolved in different pathways. A

14



Antibiotics 2022, 11, 869

series of restructuring events occurred in the evolution from module B to pYL4.1. First, an
IS26 flanking MRR shear from module B formed a circle by connecting IS26 on each end of
the fragment. Second, deletion of a class 1 integron also flanked by IS26 was conducted,
creating a new component. Next, this fragment was reinserted between Tn3 and IS26,
located downstream of module B. The recombination was followed by a reversion of the
blaIMP-26 harboring region backed by Tn3. In contrast, another evolutionary pathway from
module B to pIMP-26 was simple, with a 13 kb hypothetical protein deletion behind IS5 on
the tail of module B and evolving into pIMP-26.
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2.7. A Phage-Like Plasmid pYL4.2 Carrying blaTEM-1B

Interestingly, the S. marcescens YL4 harbors another small plasmid, pYL4.2, a phage-
like plasmid containing a large proportion of phage-related sequences, 46,771 bp in the
plasmid sequence, with a 53.10% GC content. A fragment of ~8 kb in the plasmid was
identified as the genome sequence of S. marcescens strain CBS12 isolated from contaminated
platelet concentrates obtained from a Canadian donor. No more fragments are found similar
to pYL4.2. Plasmid pYL4.2 belongs to the IncFII group and contains 74 ORFs. Noteworthy,
the pYL4.2 genome encodes 47 proteins related to phages, such as coat protein, tail fiber
protein, portal protein, terminator, outer membrane lytic protein, and others (Table 1). It
suggests that pYL4.2 is a phage-like plasmid that carries many phage-like elements. A
beta-lactamase encoding gene, blaTEM-1B, was identified on the pYL4.2, located downstream
of a complete transposon Tn3 and the insertion elements IS26. No additional antibiotic
resistance genes were found in pYL4.2 (Figure 5).
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3. Discussion

S. marcescens is an opportunistic nosocomial pathogen and is intrinsically multidrug
resistant, mainly due to the presence of a large number of efflux pump genes [48,49], with
the ability to produce myriad extracellular enzymes as well as metabolites which make it
capable of adapting to both hostile and changing environments [50–52]. In S. marcescens,
the PhoPQ system can regulate the expression of the arn operon by sensing polymyxin B
(PB) and Mg2+, which results in the LPS being modified and leads to PB resistance [53,54].
Another important feature of S. marcescens is that pathogens can acquire antibiotic resistance
genes from the surroundings rapidly, mainly due to the acquisition of plasmids and
resistance genes [52], for example, blaKPC, as reported [13–15].

Here, we found the S. marcescens isolate YL4 possessed three drug-resistance genes
on the chromosome, including beta-lactam resistance gene (blaSRT-1), aminoglycoside resis-
tance gene (aac(6′)-Ic), and tetracycline resistance gene (tet(41)), together with two plasmids
harboring a resistance gene. In addition, we found a plasmid-mediated colistin resistance
gene, mcr-9, from a plasmid captured by the YL4 strain. This gene encodes a phospho-
ethanolamine transferase, contributing to narrowing the negative charge of the outer
membrane of bacteria, and attenuates the affinity for colistin via the phosphoethanolamine
incorporation into lipid A’s phosphate group, which results in colistin resistance [31]. It
was suspected that mcr-9 gene entered the S. marcescens YL4 by plasmid transfer, which is
unnecessary for the survival of S. marcescens, bacteria intrinsically resistant to colistin [52].
The phenomenon portends a worrying prospect that the mcr-9 gene may induce colistin
resistance in other non-colistin resistant bacteria by horizontal gene transfer as reported [45].
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pYL4.1 is a megaplasmid, which belongs to IncHI2/2A plasmid. The entire gene
analysis revealed that the plasmid pYL4.1 was a close match to two blaIMP-26 harboring
plasmids, pIMP-26 from E. cloacae RJ702 in Shanghai (accession: MH399264) [25] and
pEHZJ1 from E. hormaeechei in Zhejiang (accession: CP033103) [26] reported before. An
evolutionary path from pEHZJ1 to pYL4.1 or from pEHZJ1 to pIMP-26 was hypothesized.
We assumed an IS26-flanked MRR experienced a process with shear, circulation, deletion,
and insertion from module B to pYL4.1. This hypothesis is built on the theory posted by
Harmer CJ et al. IS26 transmits drug-resistance genes in two distinct forms, a couple of
IS26s flanked cointegrate formation or single IS26 containing a translocatable unit (TU) [38].
Past reports have confirmed that IS26 is associated with the transfer of antibiotic resistance
genes for its capability of forming translatable units. The translatable unit can be excised
from the chromosome and reinserted into it. As a result, a tandem array is created and
the number of copies of the resistant gene increases, which does not involve any fitness
cost but does increase resistance to drugs [55,56]. Other deletions and reversion are closely
related to IS26 and another mobile element, Tn3, a transposon using a “copy-and-paste”
mechanism to transfer gene fragments [41]. It is speculated that IS26 and Tn3 participation
in the plasmid reorganization from clinical strains are likely to promote the spread of
resistance genes among S. marcescens and other Enterobacterales.

Furthermore, the genetic content of blaIMP-26 was analyzed, and the results show that
the blaIMP-26 was closely followed by IntI1. The blaIMP-26 harboring a class 1 integron cassette,
sequentially arranged as sul1-qacE∆1-ItrA-blaIMP-26-Int1, were identical to the other three
plasmids reported before (pEHZJ1 from E. hormaechei ST1103 (accession: CP033103) [26],
pIMP-26 from E. cloacae RJ702 (accession: MH399264) [25], pIMP1572 from K. pneumoniae
KP-1572 (accession: MH464586)) [27]. It suggests that the transmission of blaIMP-26 between
plasmids may be mediated by and dependent on a class 1 integron, a mobile genetic
component responsible for the transmission of multiple drug resistance [57]. These elements
are capable of capturing, mobilizing, and integrating antibiotic-resistant gene cassettes [58].
Through lateral DNA transfer, they gained access to a variety of commensal and pathogenic
bacteria and subsequently accumulate diverse antibiotic resistance genes [59,60]. The
blaIMP-26 transfer mediated by class 1 integron might lead to the increase in carbapenem-
resistant isolates, which are a risk to healthcare systems.

4. Materials and Methods
4.1. Bacterial Strain and Clinical Data

A 66-year-old female was hospitalized with pneumonia in Guangzhou, China, in
February 2021. An injury to the central nervous system (CNS), type II respiratory failure,
and type II diabetes were observed in the patient. S. marcescens was isolated from sputum
samples collected during this patient’s hospitalization.

4.2. Bacterial Identification and Antimicrobial Susceptibility Testing

Antimicrobial susceptibility tests and biochemical identifications were performed
using the Vitek 2 Compact system. The MIC values were determined using the broth micro-
dilution methods. Results were interpreted according to guidelines set by the Clinical and
Laboratory Standards Institute (CLSI) in 2021. The S. marcescens strain YL4 was used for
further determinant analysis and antimicrobial element testing.

4.3. Whole-Genome Sequencing and Bioinformatics Analysis

According to the manufacturer’s instructions, genomic DNA was extracted using
HiPure Bacterial DNA Kits (Magen, Guangzhou, China). Our libraries were constructed
from a 350 bp small fragment genomic DNA library and a 10 kb fragment library. Genomic
sequencing was performed using the Illumina Novaseq 6000 and Pacific Biosciences Sequel
platforms (Guangzhou Gene Denovo Bioinformatics Technology Company, Guangzhou,
China) to obtain short-read data and long-read data, respectively. Hybrid assembly was
performed using Falcon (version 0.3.0) for long-read de novo assembly. The filtered short
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reads were utilized to correct the genome sequences to improve the quality of the assembly
and determine the final genome sequences using Pilon (version 1.23). Genomic sequences
were annotated using RAST 2.0 (http://rast.nmpdr.org/, accessed on 4 November 2021)
and BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 4 November 2021) to
confirm the annotation results. PlasmidFinder was used to identify the plasmid (https:
//cge.food.dtu.dk/services/PlasmidFinder, accessed on 4 November 2021). ISFinder
(https://www-is.biotoul.fr, accessed on 4 November 2021) and ResFinder (https://cge.
cbs.dtu.dk/services/ResFinder, accessed on 4 November 2021) were used to identify
resistance genes and insertion elements. Prophages were predicted by PHASTER (http://
phaster.ca/, accessed on 15 November 2021). Plasmid sequence alignment to the GenBank
database was performed using BLASTn (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed
on 4 November 2021).

4.4. GenBank Accession Numbers

The complete genome sequence of S. marcescens YL4 was submitted to GenBank
under the accession number CP083754 (chromosome of S. marcescens YL4 strain), CP083755
(Plasmid pYL4.1), CP083756 (Phage like plasmid pYL4.2).

5. Conclusions

In summary, we first identified an IncHI2/2A plasmid carrying blaIMP-26 and mcr-9 in
a multidrug-resistant Serratia marcescens human isolate. After comprehensively comparing
this plasmid and other relevant similar plasmids, we proposed an evolutionary pathway
originating from ancestor pZHZJ1, including the acquisition of the mcr-9 element and a few
recombination events mediated by mobile factors, which resulted in the capture and loss of
some drug-resistance genes. As widely known, mobile genetic elements play a crucial part
in the transmission of antibiotic resistance genes between plasmids or between plasmids
and strains’ chromosomes. Focusing on the evolutionary pathways between structurally
similar plasmids is necessary in order to fully understand how multidrug-resistant plasmids
evolve and move through microbial populations in diverse settings.
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Abstract: The worldwide spread and increasing prevalence of carbapenem-resistant Enterobacteri-
aceae (CRE) is of utmost concern and a problem for public health. This resistance is mainly conferred
by carbapenemase production. Such strains are a potential source of outbreaks in healthcare settings
and are associated with high rates of morbidity and mortality. In this study, we aimed to determine
the dominance of NDM-producing Enterobacteriaceae at a teaching hospital in Karachi. A total of
238 Enterobacteriaceae isolates were collected from patients admitted to Jinnah Postgraduate Medical
Centre (Unit 4) in Karachi, Pakistan, a tertiary care hospital. Phenotypic and genotypic methods were
used for detection of metallo-β-lactamase. Out of 238 isolates, 52 (21.8%) were CRE and 50 isolates
were carbapenemase producers, as determined by the CARBA NP test; two isolates were found
negative for carbapenemase production by CARB NP and PCR. Four carbapenemase-producing
isolates phenotypically appeared negative for metallo-β-lactamase (MBL). Of the 52 CRE isolates,
46 (88.46%) were blaNDM positive. Most of the NDM producers were Klebsiella pneumoniae, followed
by Enterobacter cloacae and Escherichia coli. In all the NDM-positive isolates, the blaNDM gene was
found on plasmid. These isolates were found negative for the VIM and IPM MBLs. All the CRE and
carbapenem-sensitive isolates were sensitive to colistin. It is concluded that the NDM is the main
resistance mechanism against carbapenems and is dominant in this region.

Keywords: carbapenem-resistant Enterobacteriaceae; metallo-β-lactamases; NDM producers

1. Introduction

Many Enterobacteriaceae species are the pathogens involved in hospital-associated
and community-acquired infections, especially in urinary and respiratory tracts, the blood
stream, and intra-abdominal and surgical sites [1]. The most commonly encountered
pathogens of the family Enterobacteriaceae are Escherichia coli, Klebsiella pneumoniae, Proteus,
Salmonella, Shigella and Enterobacter spp. These genera are reportedly very susceptible to
carbapenems [2]. Hence, carbapenems are considered as a good option to treat the infections
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caused by extended-spectrum β-lactamase (ESBL) producing strains and other multidrug-
resistant (MDR) bacteria [3,4]. Owing to the emergence (up to 32%) of carbapenem-resistant
Enterobacteriaceae (CRE) and their inclusion in the list of priority pathogens, they have
received attention globally [4–9]. CRE strains can also spread resistance markers by hori-
zontal transfer to other strains in hospitals and augment problems in healthcare sectors [4].
In the case of bloodstream infections, CRE significantly increase the mortality rate up
to 65.4% in comparison to carbapenemase-susceptible Enterobacteriaceae pathogens [8].
CRE strains have a common mechanism of resistance against carbapenem antibiotics by
producing carbapenemases [4].

Many types and subtypes of carbapenemases (blaIMP, blaVIM, blaSIM, blaSPM, blaGIM,
blaKPC, blaSME) have been recognized among Enterobacteriaceae; the arrival of NDM-1 is
the ‘final straw’ in this increasing antimicrobial resistance problem [10]. Rapid and easy
determination of carbapenemases in Enterobacteriaceae is needed for effective clinical
practices and infection control measures. Different phenotypic approaches are employed
for the diagnosis of CPE, including the modified Hodge test (MHT), Blue-Carba test and
Rapidec CARBA NP test. The Rapidec CARBA NP test is a biochemical assay with a good
sensitivity and specificity, but it cannot differentiate among types of carbapenemases [7,11].
This test is also recommended by the Clinical and Laboratory Standards Institute (CLSI) [12].
Likewise, another inhibitory test, EDTA with imipenem or meropenem, is a phenotypic test
for the detection of metallo-β-lactamases in Enterobacteriaceae. Both tests are cost-effective
and are feasible for the screening of carbapenemases and metallo-β-lactamases prior to
performing costly and sophisticated genotypic tests in low-income countries.

This cross-sectional, single-center study was conducted on the admitted patients in
the medical unit of Jinnah Postgraduate Medical Centre in Karachi, Pakistan. The different
clinical specimens were collected according to the site of infection. Traditional micro-
biological techniques and some cost-effective assays were used for the detection of the
carbapenemases, with specific emphasis on metallo-β-lactamases. The goal of this research
was three-fold: to monitor antimicrobial resistance among the members of Enterobacteri-
aceae, to detect the presence of CRE and to study the prevalence of metallo-β-lactamases
producing Enterobacteriaceae by phenotypic and genotypic methods.

2. Results

Among 238 Enterobacteriaceae isolates, E. cloacae (40; 16.80%), K. pneumonia (69; 28.99%)
and E. coli (84; 35.29%) were the most common pathogens (Table 1). Klebsiella aerogenes,
K. oxytoca, P. mirabilis, P. vulgaris and S. typhi were isolated less frequently. Out of 238 isolates,
52 (21.84%) were CRE. The carbapenem resistance was higher in Klebsiella aerogenes (3; 23.1%),
K. pneumoniae (20; 28.9%), E. cloacae (9; 22.5%) and E. coli (18; 21.4%) in comparison to other
species of Enterobacteriaceae (Table 2). The isolates of different species are small in number,
and for the validation of these results, the large scale studies are required. The resistance
against the ampicillin, cefazolin and cefuroxime was 90–100%. A large number of isolates
(46.2% to 83.3%) exhibited resistance against β-lactamase inhibitors and cephalosporin.
The resistance to aminoglycosides was 45–71% (Figure 1), and all the isolates were suscepti-
ble to colistin, except the Proteus spp. having intrinsic resistance. Out the 52 CRE isolates,
46 (88.5%) found carbapenemase producers by the phenotypic colorimetric assay, Rapedic
CARBA NP. The metallo-β-lactamase detection was determined by the phenotypic inhibitor
based EDTA+ IMP and MEM discs. A total of 43 (82.7%) showed metallo-β-lactamase
producers using this method. For the confirmation by the PCR assay, 41 (78.8%) were
positive for blaNDM. The blaVIM and blaIMP could not be detected in any isolate, and out of
52 CRE, 11(21%) isolates were negative for blaNDM, blaVIM and blaIMP. The blaNDM positive
isolates were analyzed for the plasmid extraction, and PCR was performed; all the isolates
showed the presence of blaNDM on plasmids. The conjugation results revealed that blaNDM
was transferred to E. coli J53 recipient successfully from 38 blaNDM positive isolates, and 03
E. coli isolates failed to show the transmissibility by conjugation on several attempts.
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Table 1. Proportion of different species of Enterobacteriaceae (n = 238).

Species Number (%) of CR * Number (%) of CS ** Total No. of Isolates (%)

E. coli 18 (21.42) 66 (78.57) 84 (35.29)
K. pneumoniae 20 (28.98) 49 (71.01) 69 (28.99)

Enterobacter cloacae 9 (22.50) 31 (77.50) 40 (16.80)
Klebsiella aerogenes 3 (23.07) 10 (76.92) 13 (5.46)

S. typhi - 10 (100) 10 (4.20)
P. mirabilis 2 (20.0) 8 (80.00) 10 (4.20)
K. oxytoca - 6 (100) 6 (2.52)
P. vulgaris - 4 (100) 4 (1.68)

S. marcescens - 2 (100) 2 (0.84)
Total 52 (21.84) 186 (78.15) 238 (100)

* CR, carbapenem-resistant isolate (resistant to both imipenem and meropenem); ** CS, carbapenem susceptible.

Table 2. Phenotypic detection of carbapenemases by Rapedic CARBA NP test, MBL detection by
EDTA synergy with carbapenems (double disc diffusion test, (DDST)) and carbapenemases by PCR
in CRE isolates (n = 52).

Carbapenem-Resistant
(CR) Species

Rapedic CARBA NP Positive No. (%),
n = 52

MBL Positive No. (%),
n = 52

PCR blaNDM No. (%),
n = 52

E. coli 16 (30.76) 15 (28.84) 15 (28.84)
K. pneumoniae 19 (36.53) 17 (32.69) 16 (30.76)

E. cloacae 8 (15.38) 8 (15.38) 7 (13.46)
Klebsiella aerogenes 3 (5.76) 3 (5.76) 3 (5.76)

Total No. (%) 46 (88.46) 43 (82.69) 41 (78.84)

Figure 1. Resistance pattern of major isolated pathogens Escherichia coli, Klebsiella pneumoniae
and Enterobacter cloacae. AMP: ampicillin, AMC: amoxicillin/clavulanic acid, CXM: cefuroxime,
CRO: ceftriaxone, CAZ: ceftazidime, CFP: Cefepime, PTZ: piperacillin/tazobatam, IPM: imipenem,
MEM: meropenem, CN: gentamicin, AK: amikacin, CIP: ciprofloxacin, AZT: aztreonam,
SXT: sulfamethoxazole-trimethoprim.

3. Discussion

The incidence of infection by the carbapenem-resistant Enterobacteriaceae (CRE) is
increasing worldwide and poses a threat to public health and a challenge for physicians [2].
Among CREs, K. pneumoniae is a leading pathogen, followed by E. coli and E. cloacae [13].
The common mode for carbapenem resistance in Enterobacteriaceae is the production of
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carbapenemases, particularly New Delhi metallo-β-lactamase (NDM-1), on the Indian
subcontinent [14]. The carbapenem resistance and carbapenemase production in Enterobac-
teriaceae vary geographically with respect to prevalence, pathogen and type of carbapen-
emase, so it is necessary to continuously monitor the presence and prevalence of these
bugs [15]. Although, K. pneumoniae Carbapenemase-2 (KPC-2) has been found dominantly
in China, NDM is the most frequently detected (71.4%) metallo-β-lactamase in Hunan
among CRE isolates, as reported by Chinese network for CRE surveillance [13]. The preva-
lence of carbapenem resistance in Enterobacteriaceae isolates was 21.84% in the present
study. The resistance to other classes of β-lactams, including cephalosporins, penicillins
and aztreonam, was higher (61–100%) in comparison to ciprofloxacin and aminoglyco-
sides. This higher resistance to penicillins and cephalosporins may be attributed to the
higher prevalence (60–80%) of ESBLs, modification in the outer membrane porins or AmpC
overexpression or other mechanisms as deciphered for the isolates from Asia [16].

Comparing carbapenem resistance among the members of Enterobacteriaceae, most of
the K. pneumoniae isolates appeared resistant, followed by Enterobacter spp. and E. coli.
In the majority of CRE isolates (88.5%), carbapenemase production was the main mode of
resistance to carbapenems by the phenotypic Rapidec CARBA NP test. This is a colorimet-
ric, phenotypic test that is easy to perform without any special requirements. A simple
color change can be read by the technician, so it does not require highly skilled or spe-
cially trained staff. This provides rapid identification of carbapenemase-producing strains
within 30 min to 2 h, at a lower cost in comparison to the molecular assays [17]. This is
helpful for the screening of carbapenemase-producing isolates, especially in low- and
middle-income countries, including Pakistan, where molecular assays are not very com-
mon. The prevalence of metallo-β-lactamases was higher (82.69%) in CRE by phenotypic
assay in the present study. These results were in accordance with the PCR results; therefore,
this cost-effective technique may be used to screen metallo-β-lactamases in CRE isolates
and provide information regarding the selection of therapeutic options.

NDM production is the main mode of resistance against the carbapenems in enterobac-
tericeae, as found in this study. NDM was initially reported in K. pneumoniae and E. coli strains
isolated from a Swedish patient, having history of seeking medical care in New Delhi, India,
in 2009. It has since been spread all over the world and has been detected in different
species of Enterobacteriaceae as well as in other Gram-negative bacilli. Unlike in North
America and Europe, NDM, IMP and VIM are the most common carbapenemases in CRE
in Southeast Asia and were similarly observed in the present work in Karachi, Pakistan.
The previous data revealed that the NDM is endemic in Pakistan, Bangladesh and India,
while KPCs are endemic in Colombia, Brazil, Argentina and USA [7,13]. Surveillance
reports from India and neighboring countries summarized that, in Enterobacteriaceae,
the most predominant carbapenemase is NDM [7]. These findings coincide with the present
work. The higher prevalence of NDM producers in this study revealed that the NDM-
harboring isolates are dominant in this region. A previous study from Pakistan reported
that the major carbapenemase among the carbapenemase-producing Enterobacteriaceae is
NDM [18].

The results of the plasmid DNA extraction and conjugation assay indicated that the
blaNDM is plasmid mediated, although a more sensitive assay needs to be performed to
confirm this conclusion. Similar findings were reported in an earlier report [15]. In the
present research work, the blaVIM and blaIPM could not be detected in the CRE isolates.
However, these are reported in the members of Enterobacteriaceae isolates in the regions
and health care settings where blaVIM and blaIPM carrying P. aeruginosa and other glucose
non-fermenter Gram-negative bacilli are common [19,20]. In the present work six CRE
isolates were negative for carbapenemase production by the Rapidec CARBA NP test,
and 11 isolates were negative for blaNDM, blaIPM and blaVIM by PCR. These isolates may carry
any AmpC, KPC or OXA carbapenemses in combination with other carbapenem-resistant
mechanisms, including overexpression of efflux pumps and the decreased permeability
to carbapenems.
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4. Materials and Methods
4.1. Setting

The study was conducted in the Department of Microbiology, Basic Medical Sciences
Institute (BMSI) and Medical Unit-4 of Jinnah Postgraduate Medical Centre (JPMC) Karachi,
Pakistan, in collaboration with the department of Microbiology and the department of
Physiology, University of Karachi.

4.2. Sample Size and Collection

A total of 238 Enterobacteriaceae isolates were included in this study. The clinical
specimens were collected from January to June 2018 from medical Unit-4 (Department
of Medicine and Critical Care), which comprises a general ward and an ICU. The sam-
ples were collected from the urine patients suspecting of having urinary tract infections,
from respiratory secretions including endotracheal tubes, tracheal aspirates and sputum
for respiratory tract infections, and from blood in the case of septicemia. One isolate per
patient was included, and the repeated samples of the same patient were excluded in the
present study according to the adjusted criteria.

Inclusion criteria: During this period all the admitted patients presenting urinary tract
infection, hospital acquired pneumonia and bacteremia were included.

Exclusion criteria: Isolates other than Enterobacteriaceae and growth-negative speci-
mens were excluded.

4.3. Identification of the Isolates

Bacterial isolates were identified by the routine techniques, which comprised cultural
and morphological features and a battery of biochemical and motility tests. The species
identification was further confirmed by API 20E (BioMérieux, Lyon, France). The an-
timicrobial susceptibility testing (AST) was determined by the disc diffusion technique
following the CLSI recommendations and protocol [12]. Colistin susceptibility testing was
performed by the broth microdilution method [12]. The quality control strains included
E. coli (ATCC 25922) for AST and Pseudomonas aeruginosa (ATCC 27853) for carbapenem
resistance. The break points for imipenem (IPM) and meropenem (MEM) against En-
terobacteriaceae were interpreted as sensitive, intermediate and resistant at the MICs
of ≤1 µg mL−1, 2 µg mL−1 and ≥4 µg mL−1, respectively, as recommended by the
CLSI [12]. The MICs were performed by the Etest strip (BioMérieux, Lyon, France). The Ra-
pedic CARBA NP (RCNP) kit was used for the phenotypic detection of carbapenemases.
The test was performed according to the manufacturer’s instructions and standard operat-
ing procedures (BioMérieux, Lyon, France). The metallo-β-lactamases were phenotypically
screened and detected by the double disc diffusion method using EDTA as a metallo-β-
lactamase inhibitor and imipenem (IPM, 10 µg) and meropenem (MEM, 10 µg) disc, (Oxoid,
Basingstoke, Hampshire, UK). After lawn formation on Muller Hinton agar (MHA) surface,
IPM and MEM discs were placed 30 mm apart from one another, and a filter paper disc
having 10 µL of 0.5 M EDTA solution was placed at the center of both discs. Inoculated
plates were incubated at 37 ◦C overnight [21]. The synergistic effect of EDTA and carbapen-
ems against metallo-β-lactamase producers appeared when the zone of inhibition due to
the carbapenem discs increased with EDTA-containing discs.

4.4. Manual PCR Method

The RCNP positive isolates were selected to analyze metallo-β-lactamase produc-
tion by targeting common genes, including blaVIM (F-GGTGTTTGGTCGCATATCGC R-
CCATTCAGCCAGATCGGCATC), blaNDM (F-CACCTCATGTTTGAATTCGCC R- CTCTGT
CACATCGAAATCGC) and blaIPM (F-GGAATAGAGTGGCTTAATTC R-CAACCAGTTTTG
CCTTACC), with 503bp, 984bp and 327bp, respectively. PCR reaction (25 µL) was prepared
in according to the master mix protocol (Promega, Madison, WI, USA). The PCR conditions
were maintained as previously described [19,22].
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4.5. Plasmid Extraction and Conjugation

The GeneJET plasmid miniprep kit (Thermo Scientific™, Waltham, MA, USA, #K0502)
was used for the plasmid extraction, according to the manufacturer’s instructions and the
protocol for amplification of blaVIM, blaIMP and blaNDM. The PCR mixture and conditions
were the same as for the whole DNA sample amplification. Conjugation was performed
as described by Borgia et al. [23]. The PCR positive blaNDM CRE strains were used as the
donors with the recipient E. coli J53 (a sodium azide resistant) strain. The transconjugants
were selected by inoculating a mixture of donor and recipient fresh cultures on Mueller-
Hinton (MH) agar containing sodium azide (100 µg mL−1) and imipenem (1 µg mL−1).
The blaNDM gene was detected in transconjugants by using PCR, with the same primers
and conditions used for the whole genome DNA and plasmid of clinical isolates.

5. Conclusions

In conclusion, this study supports the dominance of NDM in this setting and supports
continuous monitoring to control outbreaks and infection mitigating measures against the
spread of these bugs.
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Abstract: Introduction: Scant data are available on the 30-day financial burden associated with
incident complicated urinary tract infections (cUTIs) in a cohort of predominately elderly patients.
This study sought to examine total and cUTI-related 30-day Medicare spending (MS), a proxy for
healthcare costs, among Medicare fee-for-service (FFS) beneficiaries who resided in the community
with newly diagnosed cUTIs. Methods: A retrospective multicenter cohort study of adult beneficiaries
in the Medicare FFS database with a cUTI between 2017 and 2018 was performed. Patients were
included if they were enrolled in Medicare FFS and Medicare Part D from 2016 to 2019, had a
cUTI first diagnosis in 2017–2018, no evidence of any UTI diagnoses in 2016, and residence in the
community between 2016 and 2018. Results: During the study period, 723,324 cases occurred in
Medicare beneficiaries who met the study criteria. Overall and cUTI-related 30-day MS were $7.6 and
$4.5 billion, respectively. The average overall and cUTI-related 30-day MS per beneficiary were $10,527
and $6181, respectively. The major driver of cUTI-related 30-day MS was acute care hospitalizations
($3.2 billion) and the average overall and cUTI-related 30-day MS per hospitalizations were $16,431
and $15,438, respectively. Conclusion: Overall 30-day MS for Medicare FSS patients who resided
in the community with incident cUTIs was substantial, with cUTI-related MS accounting for 59%.
As the major driver of cUTI-related 30-day MS was acute care hospitalizations, healthcare systems
should develop well-defined criteria for hospital admissions that aim to avert hospitalizations in
clinically stable patients and expedite the transition of patients to the outpatient setting to complete
their care.

Keywords: complicated urinary tract infections; outcomes; costs; burden of illness; Medicare

1. Introduction

Complicated urinary tract infections (cUTI) are among the most frequent bacterial
infections in the community and were the 14th-ranked principal diagnosis for hospital
admissions in the 2018 Healthcare Cost and Utilization Project [1–3]. Recently, a U.S.
national database study indicated that there are over 2.8 million cases of cUTI per year,
resulting in annual 30-day total costs of more than $6 billion [4]. Complicated urinary
tract infections are also commonplace in elderly patients [5–7], with a spectrum of disease
severity ranging from a mild illness with limited or no systemic symptoms to severe
sepsis [8–11]. Despite the frequency of cUTIs in elderly patients, most U.S. burden of illness
studies have focused on younger patient cohorts [4,12] and scant data are available on
the financial burden associated with incident cUTIs episodes in a cohort of predominately
elderly patients. Given this gap in the literature, this study sought to examine total and
cUTI-related 30-day Medicare spending (MS), a proxy for healthcare costs, among Medicare
beneficiaries who resided in the community (i.e., non-long-term care facility) with newly
diagnosed cUTIs. As part of the study, we were most interested in defining the number of
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incident cUTI cases, 30-day cUTI-related costs, and drivers of cUTI-related costs. Given
that Medicare represents approximately 15% of total federal spending in the US [13], we
believed a comprehensive understanding of the overall and drivers of 30-day cUTI MS
would provide insights into the treatment approaches required to potentially reduce the
financial burden associated with cUTIs in Medicare beneficiaries.

2. Methods

A retrospective multicenter cohort study of adult beneficiaries in the Medicare fee-
for-service (FFS) database with a cUTI between 2017 and 2018 was performed. Patients
were included in the study if they: (1) were enrolled in Medicare FFS and Medicare Part
D (Medicare pharmacy benefits) from 2016 to 2019, (2) were not enrolled in Medicare
Advantage, (3) had a cUTI first diagnosis (Supplemental Table S1) [4,14] in 2017–2018,
(4) had no evidence of any UTI diagnoses in 2016, and (4) had no residence in a long-term
care facility in 2016–2018. For patients with ≥1 cUTI between 2017 and 2018, the first cUTI
was examined.

Baseline demographics and covariates included age, sex, race, dual eligibility status
(enrolled in Medicare and Medicaid), and low-income subsidy (LIS) status. Charlson
Comorbidity Index (CCI) score [15] and other diagnoses in the 30-day post-cUTI diagnosis
period were recorded [15]. Overall and cUTI-related healthcare resource utilization (HRU),
MS, and Medicare Spending per beneficiary (MSPB) were also collected in the 30-day
post-cUTI index date period for the entire study population and among beneficiaries
with an encounter in the following service categories: acute care inpatient facilities, non-
acute/long-term care inpatient facilities, physician offices, and outpatient. Acute care
inpatient facilities included acute care hospitals, critical access hospitals, and other inpatient
facilities. Non-acute/long-term care inpatient facilities included skilled nursing facilities
(SNF), inpatient rehabilitation facilities (IRF), long-term acute care hospitals (LTACH), and
inpatient psychiatric facilities. Physician classifications included primary care, physician
specialist, and carrier non-physicians. Outpatient included hospital outpatient, home
health, hospices, renal dialysis, outpatient nursing homes, outpatient pharmacy (Medicare
Part D), and other outpatient. To quantify the 30-day economic burden of newly diagnosed
cUTIs in Medicare beneficiaries who resided in the community, the following overall and
cUTI-related outcomes were reported: (1) MS (total sum of MS in the 30-day follow-up
period across all beneficiaries included in the study), (2) MS in each service category (total
sum of MS in each service category in the 30-day follow-up period across all beneficiaries
included in the study), (3) average MSPB (total sum of MS divided by the number of
beneficiaries included in the study), (4) average number of encounters per beneficiary
(total number of encounters in the study population divided by number of beneficiaries
included in the study) (5), average number of encounters per beneficiary in each service
category (total number of encounters in the study population in each service category
divided by the number of beneficiaries included in the study), and (6) average MS per
encounter in each service category (total sum of MS in the study population in each service
category divided by the number of total encounters in the service category). Medicare
spending was considered related to the cUTI if the claim(s) included any diagnosis (i.e.,
primary or secondary) of a UTI (Supplemental Table S1) [4]. Data aggregation, analysis,
and visualization were performed using Tableau 2021.4 and Microsoft Excel.

3. Results

Among the beneficiaries in Medicare FFS only and Medicare Part D between 2016 and
2019 with no evidence of any UTI diagnoses in 2016, 2,330,123 had a newly diagnosed UTI
in 2017–2018. Of the 2,330,123 beneficiaries with a UTI, 772,896 had a cUTI and 723,324
(93.5%) occurred in beneficiaries who resided in the community (i.e., non-long-term care
facility). Among the beneficiaries in the final study population, most were male (61%),
and age distribution was as follows: 13% were <65 years, 29% were 65–74 years, 35%
were 75–84 years, and 23% were ≥85 years. Seventeen percent of beneficiaries in the study
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population had partial or full dual Medicare and Medicaid coverage and 19% had a partial
or full LIS status (Table 1). The average CCI score was 2.2 in the 30-day post-cUTI index
follow-up period. Diagnosed conditions identified in the 30-day post-cUTI index follow-up
period are listed in Supplemental Table S2.

Table 1. Baseline demographic and clinical characteristics.

Characteristics Patients

(N = 723,324)

Age Distribution n (%)

<65 93,459 (12.9%)
65–74 211,279 (29.2%)
75–84 253,524 (35.0%)
85+ 165,062 (22.8%)
Sex

Male 441,452 (61.0%)
Female 256,878 (35.5%)

Unknown 24,994 (3.5%)
Race

Non-Hispanic White 575,316 (79.5%)
Black 49,713 (6.9%0

Hispanic 39,770 (5.5%)
Asian/Pacific Islander 17,163 (2.4%)

Other/Unknown 41,362 (5.7%)
Dual eligible status

Full dual 95,311 (13.2%)
Partial dual 27,145 (3.8%)
Non-dual 600,868 (83.1%)

Low-income subsidy (LIS) status
Full LIS 124,354 (17.2%)

Partial LIS 14,604 (2.0%)
No LIS 584,366 (80.8%)

Overall and cUTI-related 30-day MS were $7.6 and $4.5 billion, respectively (Figure 1).
The average overall and cUTI-related 30-day MSPB were $10,527 and $6181, respectively.
Acute care hospitalizations represented the highest proportion of overall and cUTI-related
MS and MSPB. Non-acute/long-term care facilities were the second highest, followed
by physician, and outpatient services. On average, beneficiaries had 4.4 and 2.2 overall
and cUTI-related service encounters, respectively. The mean number of encounters per
beneficiary in each service category and average MS per encounter in each service category
are displayed in Figure 2. The mean number of encounters per beneficiary for cUTI-related
physician specialists and primary care visits were 0.8 and 0.3, respectively. Receipt of care
in acute care and outpatient hospitals were also commonplace in the 30-day follow-up
period (mean number of cUTI-related encounters per beneficiary was 0.3 for both service
categories). The mean number of cUTI-related encounters per beneficiary was ≤0.05 for all
other service categories. Average MS for cUTI-related encounters for physician specialist,
primary care, and outpatient hospitals were $269, $310, and $869, respectively. Among
beneficiaries with acute care hospitalizations, the average overall and cUTI-related 30-day
MS per encounter were $16,431 and $15,438, respectively.

33



Antibiotics 2022, 11, 578 Antibiotics 2022, 11, x FOR PEER REVIEW 4 of 9 
 

 
Figure 1. Overall and cUTI-related 30-day Medicare spending by setting of care. Figure 1. Overall and cUTI-related 30-day Medicare spending by setting of care.

Antibiotics 2022, 11, x FOR PEER REVIEW 5 of 9 
 

 
Figure 2. Mean number of overall and cUTI-related 30-day encounters per beneficiary in each ser-
vice category and average 30-day Medicare spending per encounter in each service category. 

4. Discussion 
Thirty-day MS for beneficiaries who resided in the community (i.e., non-long-term 

care facility) with incident cUTIs between 2017 and 2018 was substantial (overall: $7.6 bil-
lion), with cUTI-related MS accounting for 59% (cUTI-related: $4.5 billion) of 30-day MS. 
On average, 30-day cUTI-related MSPB was $6181. The major driver of 30-day cUTI-re-
lated MS was acute care hospitalizations, which totaled at $3.2 billion. Approximately 30% 
of beneficiaries in the study cohort had an acute care hospitalization and the average cost 
of a cUTI-related hospitalization was $15,438. Although the proportion of beneficiaries 
with encounters for non-acute long-term care facilities in the 30-day follow-up period was 
low, it was the second major contributor to 30-day cUTI-related MS, followed by MS on 
physician visits and other outpatient medical services. Medicare Part D spending (cUTI-
related: 7.6 million) was only a small component of 30-day cUTI-related MS, reflecting the 
low costs of the generic antibiotics used to treat cUTIs patients.  

To put these 30-day cUTI-related MS statistics in proper perspective, the annual Med-
icare FFS payments for Parts A and B benefits were $403 billion, and $95 billion for Part 
D, in 2018 [13]. Annual average MS per enrollee in Medicare Parts A and/or B was $10,229 
in 2018 [16]. Thus, the cUTI-related MS in the 30-day post-cUTI follow-up period alone 
consumed ~0.5% of the annual Medicare budget FFS for Parts A and B, but was only a 
small fraction of Part D spending. More importantly, 30-day cUTI-related MS for each 
beneficiary who experienced a cUTI was considerable when compared with the total av-
erage amount spent on each beneficiary per year. Given the aging of the population and 
growth in Medicare enrollment, the future number of cUTIs and total cUTI-related MS is 

Figure 2. Mean number of overall and cUTI-related 30-day encounters per beneficiary in each service
category and average 30-day Medicare spending per encounter in each service category.

34



Antibiotics 2022, 11, 578

4. Discussion

Thirty-day MS for beneficiaries who resided in the community (i.e., non-long-term care
facility) with incident cUTIs between 2017 and 2018 was substantial (overall: $7.6 billion),
with cUTI-related MS accounting for 59% (cUTI-related: $4.5 billion) of 30-day MS. On
average, 30-day cUTI-related MSPB was $6181. The major driver of 30-day cUTI-related
MS was acute care hospitalizations, which totaled at $3.2 billion. Approximately 30% of
beneficiaries in the study cohort had an acute care hospitalization and the average cost of a
cUTI-related hospitalization was $15,438. Although the proportion of beneficiaries with
encounters for non-acute long-term care facilities in the 30-day follow-up period was low, it
was the second major contributor to 30-day cUTI-related MS, followed by MS on physician
visits and other outpatient medical services. Medicare Part D spending (cUTI-related:
7.6 million) was only a small component of 30-day cUTI-related MS, reflecting the low costs
of the generic antibiotics used to treat cUTIs patients.

To put these 30-day cUTI-related MS statistics in proper perspective, the annual
Medicare FFS payments for Parts A and B benefits were $403 billion, and $95 billion for
Part D, in 2018 [13]. Annual average MS per enrollee in Medicare Parts A and/or B was
$10,229 in 2018 [16]. Thus, the cUTI-related MS in the 30-day post-cUTI follow-up period
alone consumed ~0.5% of the annual Medicare budget FFS for Parts A and B, but was
only a small fraction of Part D spending. More importantly, 30-day cUTI-related MS for
each beneficiary who experienced a cUTI was considerable when compared with the total
average amount spent on each beneficiary per year. Given the aging of the population and
growth in Medicare enrollment, the future number of cUTIs and total cUTI-related MS is
expected to be even greater. These findings highlight the critical need for educating patients
on ways to mitigate the occurrence of cUTIs (i.e., maintain adequate hydration, proper
hygiene, urinate as soon as the need arises, etc.). They also indicate that clinicians need
to proactively implement cUTI prevention measures [17,18], especially among patients
with indwelling urinary catheters, and create individualized patient care plans [19] to
reduce the clinical and economic sequelae associated with cUTIs. Since 70% of cUTI-
related 30-day MS was for acute care hospitalizations, healthcare systems also need to
develop institutional site-of-care clinical pathways that aim to expedite the transition of
patients to the outpatient setting once they are stabilized in the emergency department,
observation unit, or hospital [20–24]. Given the vulnerability of many elderly patients and
observed diagnosed conditions identified in the 30-day post-cUTI index follow-up period
(Supplemental Table S2), it is likely that most elderly patients will require initial care in
the hospital. However, data indicates that admission patterns were highly variable among
cUTI patients and many hospitalized cUTI patients ≥65 years had low disease acuity and
were potential candidates for outpatient care or early hospital discharge [4,12,25]. For
instance, if hospitals were able to avert acute care hospitalizations by 5–10% among elderly
patients, it would reduce 30-day cUTI MS by upwards of $200–400 million.

Outpatient treatment options for appropriate elderly cUTI patients that may poten-
tially lessen the financial burden of cUTI-related hospitalization on the Medicare program
include oral antibiotics and outpatient parenteral therapy (OPAT). While it is always pre-
ferred to treat with oral antibiotics when possible, their use is somewhat limited for many
elderly cUTI patients due to the high resistance rates to first-line oral cUTI agents among
common uropathogens [26–28]. An alternative to oral antibiotics is OPAT, which can be
administered at home, in a physician’s office or infusion suite, or in a non-acute long-term
care facility. There are several considerations with the use of OPAT across these settings.
Medicare currently provides limited coverage of home infusions, limiting their use for
many elderly cUTI patients [29]. It is challenging for many elderly patients, especially
those homebound, to travel daily to physicians’ offices/infusion centers for receipt of OPAT.
Furthermore, data indicate that elderly patients are at an increased risk for OPAT-related ad-
verse events and subsequent hospital admissions/readmissions [30–38]. Cost of delivering
care in non-acute long-term care facilities is comparable to those associated with acute care
hospitalizations [39]. Although their use was limited in the 30-day post-cUTI follow-up
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period, the average MS for a SNF, IRF, and LTACH encounter were $8859, $23,401, and
$41,127, respectively. Fortunately, there are several pharmacokinetic and pharmacody-
namic dose-optimized oral antibiotics in development with reliable activity against highly
resistant common uropathogens [40] and these have the potential to lessen the financial
burden of cUTIs on the Medicare program. Like all new treatments, the ability of these new
agents to improve the efficiency of healthcare delivery for elderly cUTI patients will need
to be demonstrated before they can be adopted in clinical practice.

Several things should be noted when interpreting study findings. This study was
subject to the limits inherent in all administrative claims database analyses. Diagnoses of
cUTIs were based on diagnostic and procedure codes, but many of the claims used have
been shown to have high positive predictive values [41,42]. The study population included
all Medicare FFS beneficiaries with part D coverage, including those ≤65 years who
qualified for Medicare due to a permanent disability. We included Medicare beneficiaries
<65 years because they represented 12.9% of the study population and their rates of chronic
conditions, functional limitations, and cognitive impairments are consistent with Medicare
beneficiaries ≥65 years, which minimizes the potential for any downward bias on observed
results due to younger age [43]. Due to the nature of the study, we could not determine
if beneficiaries presented to the hospital with a cUTI or developed their cUTI during
a hospitalization. However, it is likely that a fair proportion of patients presented to
the hospital with a cUTI given that this report was limited to beneficiaries who resided
in the community. Lastly, MS may have been a conservative estimate of the true costs
as data shows that the amount reimbursed by Medicare is often less than the accrued
healthcare costs [44]. Future studies are needed to determine the actual cost of cUTI-related
hospitalizations. Since cUTIs have different pathologies, future studies should analyze
costs across the different cUTI diagnosis-related groups (DRGs).

In summary, 30-day MS for beneficiaries who resided in the community (i.e., non-long-
term care facility) with incident cUTIs was substantial, with cUTI-related MS accounting for
56% of the total. While a variety of service categories contributed to 30-day cUTI-related MS,
the major driver was acute care hospitalizations. Healthcare systems should develop well-
defined criteria for hospital admissions that aim to expedite the transition of stable patients
to the outpatient setting to complete their care. Although acute care hospitalization will
still be required for most elderly cUTI patients, even modest reductions in hospitalization
rates will have a major impact on cUTI-related MS. The findings also highlight the need
for additional treatment options that maximize the efficiency of healthcare delivery for
beneficiaries who can be safely and effectively managed in the outpatient setting.
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Abstract: Bacteria can form biofilms in natural and clinical environments on both biotic and abiotic
surfaces. The bacterial aggregates embedded in biofilms are formed by their own produced extra-
cellular matrix. Staphylococcus aureus (S. aureus) is one of the most common pathogens of biofilm
infections. The formation of biofilm can protect bacteria from being attacked by the host immune
system and antibiotics and thus bacteria can be persistent against external challenges. Therefore,
clinical treatments for biofilm infections are currently encountering difficulty. To address this critical
challenge, a new and effective treatment method needs to be developed. A comprehensive under-
standing of bacterial biofilm formation and regulation mechanisms may provide meaningful insights
against antibiotic resistance due to bacterial biofilms. In this review, we discuss an overview of S.
aureus biofilms including the formation process, structural and functional properties of biofilm matrix,
and the mechanism regulating biofilm formation.

Keywords: Staphylococcus aureus; biofilms; extracellular matrix; quorum sensing; antibiofilm;
antibiotic resistance

1. Introduction

Biofilm is an organized bacterial population and refers to the membrane-like extracel-
lular matrix (ECM) formed by the adhesion of bacterial colonies and extracellular polymeric
substances (EPS) such as polysaccharides, nucleic acids, and proteins secreted by bacteria
during the growth process [1]. The interaction between EPS and bacterial aggregates
endows biofilm with cohesion and viscoelasticity [2]. As a result, bacteria can attach to
both biotic and abiotic surfaces. The formation of pathogenic biofilm plays an important
role in causing chronic persistent infection [3]. Currently, researchers generally believe that
more than 80% of chronic infections are mediated by bacterial biofilms [4]. Staphylococcus
aureus (S. aureus) is prevalent in hospital environments. It attaches to and persists on host
tissues and indwelling medical devices. This may cause skin and soft tissue infection,
osteomyelitis, endocarditis, pneumonia, bacteremia, etc. [5–8]. These infections are difficult
to cure due to the biofilm formed that enhances the resistance of S. aureus to antibiotics [9].
Additionally, biofilm formation is considered to be a protected growth mode for bacteria to
adapt to harsh environments [10]. The biofilm acts as a barrier to create a stable internal
environment for bacterial cell activity and protects bacterial cells from adverse conditions
including extreme temperature, nutritional restriction and dehydration, and even antibacte-
rial drugs [11]. Consequently, bacteria can settle quickly and protect themselves from host
defense mechanisms and then promote long-term infection by enhancing adhesion to the
host surface. Biofilm is therefore the first self-protection line of bacteria. It has been known
that biofilm-forming bacteria are resistant to most antibiotics [12]. Most clinical antibiotics
are developed targeting planktonic microbial cells. Antibiotics targeting planktonic cells
may exert selective pressure on microorganisms, thus giving them a survival advantage
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over susceptible competitors [13]. Therefore, antibiotic therapy against biofilm usually
requires long-term use antibiotics at high doses [14]. However, chronic treatment with such
antibiotics may lead to increase the risk of antibiotic resistance and drug toxicity [15]. Due
to the highly complex and rapid adaptability of biofilm population [16], an in-depth under-
standing of biofilm formation mechanism may provide new insights for the development
of effective infection control strategy against biofilms [17,18].

2. Biofilm Formation Process

The formation of three-dimensional biofilm by bacteria is a complex process. It is
generally divided into four stages: adhesion, aggregation, maturation, and dispersion
(Figure 1) [19].

During the adhesion stage, S. aureus planktonic cells use a range of different factors
and relevant regulatory mechanisms, such as the expression of cell wall-anchored protein
(CWP), adhesin, and eDNA, to promote the combination with the host [20]. The most
characteristic of these regulations is the organization of microbial surface components
recognizing adhesive matrix molecules (MSCRAMMs) that mainly include fibronectin-
binding proteins (FnBPs, including FnbA and FnbB) [21], fibrinogen-binding protein (Fib),
clumping factors (ClfA, ClfB) [22], and serine-aspartate repeat family proteins (SdrC, SdrD,
and SdrE) [23]. These components mediate bacterial adhesion to natural tissues and
biomaterial surfaces. In addition, bacterial appendages, such as flagella, cilia, and pili,
allow for more permanent adherence of bacteria to surfaces [24].

After adhering to surfaces, the adherent bacterial cells begin to divide and accumulate
in the presence of a sufficient nutrient source [19]. During the aggregation stage, bacte-
ria regulate biofilm formation by sensing environmental signals that trigger regulatory
networks and intracellular signal molecules. Then, bacteria continue to proliferate and
thicken to form a biofilm [25]. The biofilm formed can provide resistance against the human
immune system and antibiotics [26]. Bacterial cells proliferating in the matrix may lose
direct contact with the graft surface and host protein and mainly depend on cell–cell and
cell–EPS adhesion [27].

During the maturation stage, the structure of biofilm is highly structured and a
compact three-dimensional mushroom or tower structure is formed [28]. A large number
of pipes around the microcolony is constructed to promote the transport of nutrients to
the deep layer of the biofilm [29]. Mature biofilms have diverse and unique metabolic
structures that enable them to resist harmful environmental factors and stress drivers [30].

EPS can be attached by many single bacterial cells to form microcolonies, which are
the basic units of biofilm structures [31]. Once microcolonies are formed, the bacterial
biofilm continues to thicken and disperse the biofilm under the influence of specific genetic
regulations or external factors. The process of dispersion may involve multiple steps,
including the production of exoenzymes and surfactants to degrade EPS [32] and physi-
ological changes that prepare cells for conditions outside the biofilm [33]. The dispersed
bacteria form planktonic bacteria, which in turn can colonize other sites and form biofilm
under certain conditions, thus forming a cyclic process.

The dispersion step is the final stage of the biofilm life cycle and the beginning of
another life cycle [34]. During the growth and development of biofilm, surfactant phenol-
soluble modulins (PSMs) are a key effector molecule for the dispersion and transmission
of S. aureus biofilms [35]. PSMs are characterized by amphiphilicity α-helical secondary
structure, which gives them surfactant-like properties [36]. These properties can destroy
the non-covalent force in the biofilm matrix, forming the necessary channels to transport
nutrients to the deeper layer of the biofilm. It also provides the necessary destructive force
to spread the biofilm masses to the distal position [37]. PSMs of S. aureus not only exist
in soluble form, but also aggregate into amyloid fibers to eliminate the biofilm-degrading
activity of monomeric PSMs peptides and stabilize the biofilm structure [38]. In S. aureus,
α-PSM1 and α-PSM4 peptides are the main amyloid proteins involved in the α-PSMs fibril
production [39].
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Figure 1. A model of the growth cycle of biofilm. In the first step of biofilm formation, planktonic cells
attach to the surface via surface-associated proteins. After attachment, the cells gradually aggregate
and begin to produce ECM, thus forming microcolonies. With cell division, a mature biofilm is
gradually formed. Finally, in the separation stage, enzymes such as protease, nuclease, and a quorum
sensing system promote the dispersion of biofilm, allowing the bacterial cells to detach from the
biofilm and return to a planktonic state to colonize new ecological niches [40].

3. Biofilm Formation Mechanism
3.1. Polysaccharide Intercellular Adhesion(PIA)-Dependent Mechanism

Among the polymeric molecules involved in ECM, polysaccharide intercellular ad-
hesion (PIA) (also known as poly-N-acetylglucosamine; PNAG) is an important factor
in S. aureus biofilm formation [41]. PIA has a cationic property (Figure 2) and plays an
important role in the adhesion and aggregation stage [42]. In mutual strains lacking PIA,
the ability of bacterial cells adhering to each other is decreased significantly. In S. aureus, the
mechanism of biofilm formation is controlled by the production of PIA through proteins
encoded by icaADBC operon in the ica locus (Figure 3) [43]. In this mechanism, icaA and
icaD genes are essential in the regulation of biofilm formation. The product of the icaA
gene is N-acetylamino-glucosamine transferase which is a transmembrane protein [44].
The product of the icaD gene is the chaperone protein of icaA. It maintains the correct
folding of icaA and increases the specificity of icaA to polymers [45]. The product of the
icaC gene is a transmembrane protein that mediates the transfer of the newly synthesized
PIA to the cell surface [46]. The product of the icaB gene is a deacetylase responsible for the
deacetylation of mature PIA. This deacetylation gives the polymer a net positive charge,
which is required for adhesion onto the cell surface and intercellular adhesion [47]. The
maximum length of poly N-acetylglucosamine oligomer produced by icaAD is 20 residues.
Longer oligomer chains are synthesized only when icaAD is co-expressed with icaC. PIA
also increases biofilm retention and its resistance to antimicrobial peptides (AMPs) through
deacetylation [48]. Non-deacetylated polyglucosamine in the homogenous icaB mutant
cannot adhere to the surface of bacterial cells or mediate the biofilm formation [49]. The
icaADBC-mediated polysaccharide production is an important mechanism for biofilm for-
mation and contributes to the early growth of bacteria. Additionally, it is believed that
the ica operon is under phase variation, which has a role in slipped strand mispairing and
leads to an on/off switch for expressing the products [50].
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Figure 2. The structure of polysaccharide intercellular adhesin (PIA). PIA is a beta-linear homogly-
can composed of 1,6-linked N-acetylglucosamine residues, 15–20% of which are deacetylated and
therefore positively charged [41].

Figure 3. Genetic encoding and biosynthesis of PIA. PIA is synthesized from the product of icaADBC
operon. IcaA and IcaD are two membrane proteins that polymerize N-acetylglucosamine from
the activated precursor UDP-N-acetylglucosamine monomers. This chain may be exported by the
membrane protein IcaC. IcaB is an acetylase attached to the outer surface of bacteria. By deacetylation
of residues, IcaB introduces a positive charge into the originally neutral PIA molecule [41].

3.2. Protein-Dependent Mechanisms

Some studies reveal that the strains without ica operon can also form biofilm [51,52].
Among the strains forming biofilm, the mutation of the ica gene does not affect the formation
of biofilm. When treated with proteases, the biofilm of these strains can be depolymer-
ized [51]. This indicates that there are proteins involved in biofilm formation through other
mechanisms independent of the ica operon.

The bap gene of S. aureus encodes a surface protein Bap (biofilm-associated protein)
containing 2276 amino acids. Bap was identified as the main determinant of successful
surface adhesion and intercellular adhesion during biofilm formation. It promotes the initial
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adhesion of bacteria to biological and abiotic surfaces and intercellular adhesion through an
extracellular polysaccharides-independent mechanism [52]. All S. aureus strains carrying
the bap gene have high adhesion and strong biofilm-forming ability, indicating that there is
a strong correlation between the existence of this protein and the biofilm-forming ability
onto an abiotic surface. The N-terminal region of Bap is released into ECM and assembled
into amyloid fibers to help the construction of S. aureus biofilms [53]. The Bap core domain
contains C repeats, which are predicted to fold into new structures and participate in cell
adhesion. The Bap C-terminal contains a typical cell wall attachment region [54]. During
infection, Bap promotes persistence in the mammary gland by enhancing adhesion to
epithelial cells and binds to host receptors to prevent cellular internalization, thereby
interfering with the FnBPs-mediated invasion pathway [53].

Fibronectin-binding proteins are multi-structural domain glycoproteins (440 kDa),
which are found in almost all tissues and organs and biological fluids and play an important
role in cell adhesion and migration [55]. The N-terminal A structure of fibronectin-binding
proteins A (FnbA) is structurally and functionally related to cohesion factor ClfA and
Staphylococcus epidermidis SdrG protein. FnbA binds to fibrinogen at the N2 and N3 ends of
the A structural domain through changes in the DLL (dock, lock, and latch) mechanism to
form a highly stable complex [56], promotes the accumulation phase and initial adhesion
phase of the biofilm, and increases bacterial aggregation [27].

The attachment of clumping factors promotes colonization of S. aureus in the host,
facilitates biofilm formation, and causes virulence by binding soluble fibrinogen for immune
escape [57]. However, even in the absence of fibrinogen, the biofilm of some strains is
dependent on increased ClfB activity in the absence of calcium. ClfB accumulates on the
bacterial surface and mediates biofilm formation [58].

S. aureus surface protein G (SasG) causes intercellular adhesion and promotes biofilm
formation through zinc-dependent dimerization [59]. The fibrillar nature of SasG can mask
the binding of S. aureus MSCRAMM to their ligands and also promote biofilm formation [60].
S. aureus surface protein C (SasC) mediates cell cluster formation, intercellular adhesion,
and biofilm formation, but SasC does not mediate the interaction with fibrinogen or
fibronectin [61].

The carboxyl terminus of serine–aspartate repeat family proteins contains motifs re-
quired for cell-wall anchoring. SdrC mediates strong cellular interactions with hydrophobic
surfaces, which may be related to the initial attachment of biological materials, the first
stage of biofilm formation [62], while SdrC binds with low-affinity homophilic bonds and
promotes cell adhesion as well as biofilm formation [62]. SdrD is an important key factor
in the ability of S. aureus to survive and evade the blood’s intrinsic immune system. SdrD
promotes S. aureus adhesion to exfoliated nasal epithelial cells [63] and human keratin-
forming cells in vitro [64]. It also promotes abscess formation in vivo [65]. SdrE traps the
C-terminal tail of complement factor H (CFH) by a unique mechanism and isolates CFH on
the surface of S. aureus to evade complement [66].

The collagen-binding adhesin (CAN) was originally reported to be necessary and
sufficient for the binding of S. aureus to collagen-rich stromal cartilage [67]. CAN is a
virulence factor in several animal models of infectious diseases. It also functions as an
adhesin [68,69]. CAN is also a potential complement inhibitor that disrupts the molecular
mechanism of complement activation and represents a potential immune evasion strategy
that is associated with the development of multiple diseases [70].

3.3. Extracellular DNA (eDNA)-Dependent Mechanism

The mature S. aureus biofilm is sensitive to the external addition of DNase I, indicating
that eDNA is a structural component of the biofilm matrix [71]. Due to the negative charge
of DNA polymer, eDNA may participate in the early adhesion stage and mature stage of
biofilms as an electrostatic polymer and play a basic structural function in the structural
integrity of biofilms [72]. Its mechanism is to connect PIA and biofilm-related proteins
and other biofilm components to stabilize the biofilm structure [73,74]. At the same time,
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eDNA also introduces favorable acid-base interactions to enhance adhesion and surface
aggregation [75]. The accumulation of eDNA in the biofilm and infection site can acidify
the local environment and promote antibiotic resistance phenotype [76]. It was found that
eDNA also mediated horizontal gene transfer though conjugation of plasmids between
cells in biofilms [77] and neutralized the important effector molecules of innate immunity
such as AMPs by binding and isolating cations from the surrounding environment [78]. In
Staphylococcus epidermidis, eDNA has also been found to be thermodynamically favorable
interacting with positively charged vancomycin. It can reduce the potency of vancomycin,
inhibit the transport of vancomycin in the biofilm, and thus protect the bacteria embedded
in the biofilms [79]. eDNA is released through cell death and lysis and it is mainly regulated
by the cidA gene. cidA encodes a responser of cell wall hydrolase activity and regulates
cell death. cidA mediated cell lysis contributes to S. aureus biofilm formation in vivo and
in vitro [80]. The inhibition of cidA activity by lgrAB operon can inhibit cell lysis and
adhesion in the process of biofilm formation. Mutation of lgrAB operon leads to the
formation of more adherent biofilms and higher eDNA contents [81]. Although these are
the main components of the biofilm matrix, the exact composition of the biofilm matrix
may vary and depends on matrix availability and physical factors.

4. Regulation Mechanism of Biofilm Formation

Biofilm formation is a social group behavior. Each of the steps from initial attachment
to the dispersion and transmission of mature biofilm is strictly controlled by multiple
regulatory systems or regulators [82].

4.1. Regulation of Quorum-Sensing System-Mediated Biofilm Formation

Intercellular signal transduction, commonly known as quorum sensing, is an internal
communication system of bacteria. Bacteria detect the changes in the number of individual
bacterial cells or other bacterial populations in the surrounding environment based on the
changes in the concentration of a specific signal autoinducer. When the signal molecule
reaches a certain threshold, the expression of relevant genes in bacteria is initiated to adapt
to the changes in the environment [83]. The quorum sensing system usually involves
signal transduction pathways that regulate biofilm formation, virulence, binding, antibiotic
resistance, motility, and sporulation [84]. The quorum sensing system of S. aureus includes
an accessory regulatory factor (Agr) system and LuxS/AI-2 system [85]. These two systems
reduce biofilm formation in two different ways. The Agr system dissociates bacterial
biofilm by upregulating the transcription of RNAIII, while the LuxS/AI-2 system reduces
the expression of PIA.

The agr locus is a complex polygenic system (Figure 4). It responds to bacterial cell
density and controls the expression of S. aureus adhesion and extracellular protein. The
regulation of the Agr system on biofilm is multifaceted and is mainly involved in the
adhesion, maturation, and dispersion stages [40]. The Agr system uses an autoinducing
peptide (AIP) as the signal molecule of cell density [86]. The agr locus encodes a two-
component quorum sensing system consisting of two relatively independent transcription
units driven by P2 and P3 promoters [87]. The P2 promoter starts the transcription of RNAII.
The RNAII transcript harbors four open reading frames including agrA, agrB, agrC, and
agrD, which encode the proteins required for AIP biosynthesis, transport, signal sensing,
and regulation of target genes [88]. AgrC is a signal transduction factor with sensor histidine
protein kinase activity; AgrA is a response regulator; AgrD is a precursor of the AIP; and
AgrB is a multifunctional endopeptidase and chaperone protein. On the one hand, AgrB
participates in the processing of AgrD as a protease to make it a mature AIP, but on the other
hand, it acts as an oligopeptide transporter that helps secrete mature AIP out of cells [89].
The P3 promoter initiates the transcription of RNAIII. When the concentration of AIP in
the environment reaches a certain threshold, it binds to and activates the histidine kinase
AgrC, which leads to autophosphorylation and initials the signal transduction process [90].
AgrC phosphorylates AgrA after activation, which in turn induces the P3 promoter to
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transcriptionally express RNAIII; the main effector molecule of quorum sensing system [88].
RNAIII positively regulates the expression of toxin genes, prevents the translation of the
repressor of toxin (Rot) [91], and reduces the expression of several surface adhesins, which
are negatively associated with biofilm formation [92]. At the same time, an increased
level of the AIP can promote the depolymerization of S. aureus biofilms by increasing the
secretion of extracellular protease [85,93]. Different from other targets, the production of
PSMs is generated by the direct binding of AgrA to its promoter [94,95]. Upregulation of
agr leads to an increase in PSMs and promotes maturation and spreading of biofilm. In
addition, some nutrients can affect the biofilm formation through the Agr system. Studies
have shown that glucose strongly inhibits the expression of the P3 promoter. In established
biofilms, glucose consumption activates the Agr system and leads to biofilm diffusion [93].
In S. aureus, some regulatory systems are interconnected with the Agr system that regulates
the response to changes in environmental conditions and the development of biofilms
(Figure 5) [20].

Figure 4. The role of the Agr quorum sensing system in biofilm formation in S. aureus. The Agr
system is controlled by agr operon. AgrD is the precursor of self-induced peptides (AIPS), which is
modified by AgrB and secreted into the extracellular matrix. AIPs are intracellular signal molecules
that respond to cell density. When the bacterial density increases, AIP activates the transmembrane
protein AgrC. Phosphorylated AgrC further activates AgrA and finally promotes the expression of
target genes. AgrA acts on P2, which regulates the Agr protein, and P3, which can activate RNAIII
expression. RNAIII is the effector molecule of agr locus. RNAIII induces the expression of virulence
factors, such as protease and toxin. On the other hand, RNAIII also inhibits the expression of surface
adhesion proteins [83].
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Figure 5. The interaction between Agr quorum sensing system and some important biofilms regula-
tors (LytSR TCS, SigB, CodY and SarA) [20].

LuxS/AI-2 quorum sensing system is shared by both Gram-negative and Gram-
positive bacteria. It is mediated by the signal molecule AI-2 (furanyl borate diester) syn-
thesized by luxS gene (AI-2 synthase). It enables bacteria to make collective decisions
about the expression of a specific set of genes. The precursor of AI-2 is 4,5-dihydroxy-
2,3-pentanedione (DPD) [96]. LuxS/AI-2 quorum sensing system that exists in S. aureus
plays a role in the regulation of biofilm formation [97]. Two early studies have shown
that LuxS is a negative regulator of biofilm formation. Biofilm formation is significantly
increased in luxS mutant strains compared with wild strains. A study reported that the
transcript level of icaR was significantly reduced in luxS mutants, while icaA expression
was significantly increased, suggesting that AI-2 represses icaADBC transcription through
activation of icaR [98]. Moreover, when a low nanomolar concentration range of DPD was
added, the biofilm formation was changed. On the contrary, when higher concentrations of
DPD were added, no effect on biofilm formation was observed [98]. Another study found
that Rbf was a positive regulator of biofilm. It promotes PIA-dependent biofilm formation
in S. aureus by binding to the sarX promoter, upregulating sarX transcription, and indirectly
downregulating icaR expression [99]. The transcription level of rbf was increased in luxS
mutant strains. The transcription of the rbf gene could also be restored to normal when
supplemented with luxS-containing plasmids or effective concentrations of exogenous AI-2.
The results suggest that luxS may suppress rbf expression and reduce the transcription
level of icaA through AI-2-mediated signaling, thereby reducing PIA-dependent biofilm
formation [100]. In contrast to the above study, another study observed upregulation of the
icaADBC by AI-2 in S. epidermidis. The expression of the icaADBC was also upregulated
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when micromolar concentrations of DPD were added [101]. This result suggests that the
effect of signal molecule AI-2 may be very different for each species, even depending on
the concentration.

4.2. The Global Response Regulator

Staphylococcal accessory regulator (SarA) is a DNA-binding protein encoded by sarA
locus [102]. It is the main global regulator of many virulence determinants and directly
regulates the expression of some virulence factors [103]. sarA locus is necessary for ica
operon transcription, PIA/PNAG production, and biofilm formation of S. aureus [104].
SarA regulates biofilm formation through the agr-dependent pathway, binds to the agr
promoter to stimulate transcription of RNAIII, and cascades and regulates downstream
target genes [105,106]. SarA can control gene expression by directly interacting with target
gene promoters through the agr-independent pathway [104]. In addition, SarA activates the
P2 promoter and promotes transcription by bending the DNA region of the agr promoter,
thereby enhancing agr dimer interactions to upregulate agr expression [107]. A sequence
with 58% homology to the predicted recognition sequence of sarA exists at 70 nt upstream
of ica start codon in S. aureus. The purified SarA binds to this sequence with high affinity
to upregulate ica operon expression and promote biofilm formation [108]. SarA not only
induces the transcription of ica operon but also of its suppressor icaR, indicating that
SarA may prevent the excessive production of PIA [109]. Another role of SarA in biofilm
formation is the inhibition of extracellular proteases production [110]. sarA mutants have
a global impact on the abundance of many S. aureus transcripts, producing high levels of
proteases, such as metalloproteinase Aur, serine protease SspA, cysteine protease SspB and
ScpA, resulting in the inability to form biofilms [110]. Only by simultaneously eliminating
the production of these extracellular proteases, the biofilm formation and virulence of sarA
mutants can be fully restored [111]. In summary, SarA is an important regulator controlling
the biofilm formation of S. aureus through a variety of mechanisms.

σB is a product of sigB operon and is the main regulator of S. aureus response to
environmental stress. It plays an important role in the production of bacterial drug resis-
tance, biofilm formation, and the expression regulation of virulence-related genes [112].
Under osmotic stress, the biofilm formation of S. aureus wild strain MA12 is significantly
stimulated, but the sigB deletion mutation eliminates the biofilm formation. After sup-
plying the sigB-containing plasmid, biofilm formation could be restored to normal under
conventional conditions or stimulated by osmotic stress [113]. However, another study
reported that the sigB deletion mutant still formed biofilm effectively, suggesting that sigB
could regulate S. aureus biofilm in a strain-dependent manner [114]. σB also mediates an
increase in SarA level and decreases the level of RNA III of the Agr system, leading to
growth-stage-dependent differences in some virulence factors [115]. Moreover, it mediates
the production of several cell surface proteins related to the early adhesion of biofilms, such
as FnbA and ClfA. σB promotes the transcription of fnbA in early growth and significantly
upregulates the transcription of clfA in late growth [116]. However, various exoprotein
genes that are important for biofilm dispersal are repressed by σB [117].

In S. aureus, the global transcription factor CodY acts mainly as a repressor of metabolic
and virulence genes, directly or indirectly regulating more than 200 genes [118]. Under
adequate nutritional conditions, CodY interacts with its effector molecules, leading to
conformational changes in CodY that enhance the affinity of CodY to its DNA binding
sites [119]. CodY strongly inhibits the agr locus [120]. Some studies have shown that
CodY may bind to a locus in agrC in vitro [121,122], but this binding does not affect the
in vivo transcription of agrA, suggesting that CodY does not control agr gene expression
through direct binding within the agr locus [122]. The identification of CodY regulatory
Agr system targets reveals undoubtedly a new regulatory pathway affecting most virulence
genes in S. aureus. CodY regulates biofilm formation by mediating ica expression and
PIA production [117,123]. In the codY deletion mutant, the icaA was overexpressed; in
the icaR deletion mutant, the transcript level of icaA gene was extremely low and the
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amount of biofilm formation was low; in the icaR and codY double mutant, the transcript
level of icaA was similar to that of the codY mutant, but the amount of biofilm formation
was three times more than that of the codY mutant, indicating that codY may override the
icaR-mediated loss of the ica locus repression and that codY is epistatic to icaR [118]. In
addition to regulating PIA-dependent biofilm, CodY also represses the exoprotease and
thermonuclease (nuc), which are important regulators of biofilm formation [118,124]. nuc
is directly controlled by the SaeRS system, and in codY null mutants, nuc overexpression
requires SaeR, indicating that the codY overexpression phenotype is at least partially via
the SaeRS system [118]. In addition, CodY regulates the sae locus in a Rot-dependent and
Rot-independent manner [125].

4.3. ica Operon

The enzyme required for PIA synthesis is encoded by icaADBC. icaR are located
upstream of icaADBC and belong to the TetR family encoding transcriptional repressors
of the ica locus [126]. IcaR is a DNA-binding protein that negatively regulates icaADBC
expression by binding to the upstream region of the icaA start codon [127]. In addition
to IcaR, a second icaADBC direct repressor has been identified. This regulator, named
TcaR (teicoplanin-associated locus regulator), belongs to the MarR family of transcriptional
regulators [128]. The putative binding sequence of TcaR has been identified in the promoter
region of the icaADBC operon and has been shown to function as a direct repressor by
TcaR [129].

Existing studies have pointed out that S. aureus isolates carrying the deletion of
the 5 bp motif “TATTT” between the icaR and icaA intergenic region exhibit a mucoid
phenotype, resulting in the increased transcription of ica and inducing excessive production
of PIA/PNAG in S. aureus [130]. Through the electrophoretic mobility shift assay and
DNaseI footprint assay of recombinant IcaR, it was found that the recombinant IcaR
protected a 42 bp region upstream of the icaA gene, but not with the region containing
5 bp motif. It shows that the transcriptional control of 5 bp at ica site is independent of
icaR [131]. The effect of the 5 bp motif on icaADBC expression is considered to be controlled
by other undetermined repressors. Whole-genome sequencing and microarray analysis
revealed that another clinical isolate with a mucus phenotype contained a hypothetical
transcriptional regulatory gene with a spontaneous mutation that was expressed at a
significantly higher level than in a control strain without biofilm formation [132]. This gene
was named “regulator of biofilm” (rob). Rob is a DNA-binding protein that shares homology
with the TetR family. Rob was experimentally shown to recognize and bind a 25 bp region
between the icaR and icaA intergenic regions (including the 5 bp motif). In the absence of
5 bp, Rob cannot bind to this region, resulting in excessive biofilm formation and is a novel
repressor of the ica locus [132]. Rob was first discovered as the gbaAB (glucose-induced
biofilm access gene) operon. GbaAB can participate in the regulation of the multicellular
aggregation step of glucose responsive S. aureus biofilm formation through ica locus and
PIA [133]. However, Rob affects biofilm formation in a glucose-independent manner [132].
Although the strains used in these two studies are different, the potential mechanisms need
to be further explored.

4.4. Two-Component Regulatory System

The SrrAB TCS (Staphylococcal respiratory response regulator) is a major regulator
of respiratory growth and virulence in S. aureus, which is critical for survival under en-
vironment conditions such as hypoxic and oxidative [134]. The oxygen utilization plays
an important role in S. aureus virulence by regulating toxin production and biofilm for-
mation [135]. SrrAB TCS sensor kinase SrrB responds to oxygen in the environment by
autophosphorylation and the effector molecule SrrA activates or represses the regulation
of target genes [136]. Purified phosphorylated SrrA binds to a 100 bp DNA sequence
upstream of icaA in a concentration-dependent manner to induce transcription of icaA
and PIA production under anaerobic conditions [137]. In particular, the introduction of
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insertional mutations in srrA resulted in increased PIA production but reduced biofilm
formation [138]. Meanwhile, the cysteine residues within the SrrB Cache domain form
redox-sensitive disulfide bonds, which are required for biofilm formation and virulence
expression under anaerobic and microaerobic conditions [134]. Another study showed that
SrrAB-dependent biofilms increased with decreased respiratory activity due to fermenting
cells increasing eDNA and proteins in an AtlA murein hydrolase-dependent manner [139].
In srrAB mutants, biofilm formation decreased over time and cell death levels increased
under static aeration conditions compared with wild strains [140], indicating that the SrrAB
is important for long-term biofilm stability and survival. This difference could be caused
by different ways of hypoxia production, different growth media and different culture time.
All these factors emphasize the importance of biofilm growth models [141].

The S. aureus exoprotein expression (SaeRS) TCS is a key regulator of toxin and
exoprotein, which has critical roles in evasion of innate immunity and pathogenesis [142].
SaeRS TCS is composed of sensor kinase SaeS and response regulator SaeR along with
two auxiliary proteins SaeP and SaeQ [143]. SaeP and SaeQ form a protein complex with
SaeS, which activates the phosphatase activity of the SaeS and returns to the pre-activation
state via a negative feedback mechanism [144]. SaeRS regulates the expression of genes
associated with biofilm adhesion proteins such as fnbA, fnbB, and fib [109,145,146]. The
accumulation of biofilm-related proteins enhances biofilm formation [147]. SaeRS mutation
limits the biofilm formation of S. aureus. However, in S. aureus Newman, a point mutation
in SaeS (SaeSP) leads to overexpression of SaeRS activity, preventing this strain from
forming a robust biofilm, and exhibiting a SaeRS polymorphism [148]. In addition to
SrrAB, SaeRS also regulates fermentation biofilm formation, decreased respiration caused
an increasing activity in SaeRS, leading to increased expression of AtlA and FnbA as well
as biofilm formation [149]. Recently, overexpression of ScrA (S. aureus clumping regulator
A) was found causing an increase in bacterial aggregation [150]. Through proteomics and
transcriptomics, strain overexpressing ScrA was found to cause cell aggregation and biofilm
formation through activation of SaeRS, resulting in upregulation of multiple adhesins and
downregulation of secreted proteases [150].

The cell death and lysis of S. aureus are regulated by LytSR TCS through a bacteriophage-
like holin/antiholin system [151]. Holin is encoded by cidABC operon, CidA oligomerizes
and forms pores in the cytoplasmic membrane, leading to membrane depolarization, ac-
tivation of murine protein hydrolase activity, and cell lysis [151,152]. The CidA mutant
exhibits decreased lysis, resulting in reduced eDNA content and impaired biofilm forma-
tion [153]. Antiholin inhibits the activity of CidA, encoded by lrgAB operon [81], which
is an inhibitor of these processes [154], counteracts CidA activity by interfering with the
ability of CidA to depolarize membranes and cause subsequent death and lysis [77]. The
lrgAB operon, together with the cidABC operon, have been shown to be the regulators of cell
death and lysis during biofilm development [152]. In S. aureus, LytSR positively regulates
lrgAB operon and CidR enhances the expression of cidABC and lrgAB [155]. Agr and SarA,
like LytSR, are positively regulating lrgAB expression. Mutations in the agr locus reduce
lrgAB expression by approximately sixfold, whereas mutations in the sarA reduce lrgAB
expression to undetectable levels [156]. lytS mutation results in more eDNA produced in
ECM, leading to a thicker and more adherent biofilm [157]. Some studies have shown that
the activity of the lrgAB promoter is mainly expressed in the tower structure of S. aureus
biofilms [158], while a small part of the tower structure formed by lytS mutant strain still
shows significant lrgAB expression. The results suggest that there is a LytS-independent
pathway of LytR activation [159]. Since mutations in srrAB lead to increased cell death
during biofilm development, it is reported that SrrAB inhibits cell death by directly sup-
pressing the expression of the cidABC under conditions of glucose overload [160]. The cell
death could be due to the effect of cidABC expression leading to increased reactive oxygen
species (ROS) accumulation [160].

ArlRS TCS was originally identified as a regulator of autolysis and biofilm forma-
tion [161]. MgrA is a global transcriptional regulator downstream of ArlRS that forms a
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regulatory cascade with ArlRS [162]. ArlRS activates the expression of MgrA and regulates
a variety of genes through MgrA, including seven CWPs and virulence [162]. Among the
15 mutants of non-essential TCSs, ArlRS TCS, SrrAB TCS, and Agr are required for biofilm
formation, with ArlRS playing a major role in the process [163]. ArlRS enhances the expres-
sion of icaADBC by suppressing the expression of icaR, which activates PNAG production,
and in arl mutants, the synthesis of PNAG is lost [163]. However, overexpression of MgrA
could not restore PNAG expression in ArlRS mutants [164]. In contrast, MgrA can act
as a negative regulator of psm expression, negatively regulating biofilm formation and
dispersion by directly binding to the psm promoter region to repress transcription of the
psm operon in cultures and biofilms [165]. These results suggest that ArlRS is a key TCS for
biofilm formation.

4.5. The Second Messenger

Cyclic dinucleotides are highly versatile signaling molecules in prokaryotes involved
in the control of various important biological processes [166]. These intracellular signal
nucleotides coordinate diverse aspects of bacterial colony behavior, including motility,
biofilm formation, and virulence gene expression [167]. The second messenger, cyclic
diguanylic acid (c-di-GMP), is synthesized by two molecules of GTP by the diguanylate
cyclases (DGCs) and degraded by the c-di-GMP phosphodiesterases (PDEs) [167], which is
the main regulator of the conversion between free movement and biofilm of Gram-negative
bacteria [168]. A high c-di-GMP level reduces the expression and/or activity of flagella and
stimulates the synthesis of adhesins and biofilm-related extracellular polysaccharide [169],
promoting biofilm formation [170]. In S. aureus, the second messenger, c-di-AMP, is syn-
thesized by two molecules of ATP by the diadenylyl cyclase (DAC) enzyme DacA and
degraded by the c-di-AMP phosphodiesterase GdpP-containing GGDEF domain [171].
Similar to c-di-GMP, in the S. aureus SEJ1 strain with gdpP mutation, the level of c-di-AMP
and the amount of biofilm are significantly increased [171]. However, the S. aureus USA300
LAC strain could not form a robust biofilm in this condition [171], indicating that the effect
of c-di-AMP on biofilm might be strain dependent. The gdpP mutation also leads to reduced
eDNA levels, indicating that c-di-AMP is also involved in the release of eDNA [172]. In
addition, The c-di-AMP also interacts with the purine biosynthesis pathway. In purine
biosynthesis mutant methicillin-sensitive S. aureus (MRSA) strains, ADP, ATP, c-di-AMP,
and eDNA levels were lower, and biofilm formation was less; vancomycin binding and its
induced cleavage were increased [173]. In S. aureus, GdpS, a protein containing the GGDEF
domain, inhibits early biofilm formation and is independent of autolysis by reducing lr-
gAB and cidABC-mediated release of eDNA [174]. These results reveal the influence of
c-di-AMP on biofilms, which may play an important role in the persistence of S. aureus
biofilm infection.

4.6. sRNAs

In addition to regulating transcriptional proteins, RNA molecules are now recognized
as key players in gene regulation in all organisms [175]. Small RNAs (sRNAs) are usually
non-coding and function at the level of transcription, translation, or RNA degradation [176],
playing a key role in biofilm formation through base pairing with target mRNAs or in-
teractions with regulatory proteins, resulting in both positive and negative regulatory
mechanisms [177,178]. sRNA RsaA inhibits the synthesis of MgrA and enhances biofilm
formation by binding to two regions of the mRNA of mgrA [179]. In addition, the synthesis
of RsaA is controlled by SigB. Thus, RsaA functionally connects the global regulators SigB
and MgrA [179]. The sRNA RsaF binds the hyaluronate lyase HsyA and serine protease-
like protein SplD; the disruption of RsaF leads to a decreasing activity in HysA, which in
turn increases biofilm formation [180]. sRNA RsaI (or RsaOG) depress the formation of
biofilms at high glucose concentrations by binding to the 3′-UTR of icaR. Inhibition of IcaR
synthesis by stabilization of mRNA recycles and/or by counteracts binding to activators
of IcaR mRNA translation, but the exact molecular mechanism has not been determined.
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The unwinding of biofilm formation occurs by binding to the 3′-UTR of icaR. This result
corroborates with previous reports of increased biofilm formation observed in hysA mu-
tants [181]. The 5′-untranslated region of sarA contains two sRNAs, named teg49 and teg48,
which are detectable in the P3-P1 and P1 regions of the sarA promoter, respectively [182].
sRNA teg58 plays an important role in regulating arginine biosynthesis and biofilm forma-
tion in S. aureus. teg58 inhibits arginine synthesis; the arginine biosynthesis gene (argGH)
is upregulated in teg58 mutants. Biofilm formation is reduced in parental strains after
supplementation with exogenous arginine or endogenous argGH [183]. However, teg49
does not affect biofilm formation. Biofilm-associated genes (such as ica locus) are not
affected in the case of teg49 inactivation or overexpression [184]. Transcriptomic analysis
suggests that teg49 may post-transcriptionally affect the SaeRS and LytRS TCS, but the
exact mechanism is unclear [184]. The sRNA SprX is encoded in the pathogenicity island of
the MRSA Newman strain. SprX1 is one of three copies of SprX. SprX1 interacts directly
with mRNAs encoding ClfB and Hld. Cells overexpressing SprX1 exhibited increased
intercellular aggregation and biofilm formation [185]. In addition, SprX may modulate its
effect on biofilms by increasing the stability of RNAIII [185]. In general, the mechanism of
sRNA in the regulatory pathway of biofilm formation is not very clear at present. Further
exploration is still needed.

5. Conclusions and Future Perspectives

The presence of S. aureus and most bacteria in the form of a biofilm is a considerable
challenge for the medical community. Biofilms are a survival strategy for bacteria, making
them extremely difficult to treat due to their inherent immune response and antibiotic resis-
tance. Therefore, it is necessary to further study the formation and regulation mechanism
of S. aureus biofilm for research and development of anti-biofilm drugs that inhibit biofilm
formation. The process of biofilm formation is complex and involves the co-expression of
multiple genes. S. aureus relies on a broad network of regulatory systems that coordinate
biofilm formation in a complementary or opposing way. At present, although progress has
been made in the regulatory mechanism of the formation of S. aureus biofilm, researchers
have not yet understood the synergy between different regulatory networks. Moreover,
the regulation mechanism of biofilm is dynamic. For example, different growth times and
different environments may have different regulatory genes. How to realize these signals
thus needs further investigation. At the same time, little is known about whether the
regulation mechanism of biofilm in vivo is the same as in vitro. Human organoid models
may be one of the most exciting tools to understand the regulation mechanism of S. aureus
biofilm. On the other hand, the experimental results of reference strains may not be similar
to the results of clinical isolates. The results obtained from reference strains may have some
differences from that of clinical isolates. Therefore, different clinical isolates can be used
for further research to provide better clinical significance. In addition, in clinical infection,
S. aureus can also form mixed species biofilm with other bacteria and/or fungi. It is also
important to include mixed species biofilm in the study.
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Abstract: Staphylococcus aureus can cause a variety of infections, including persistent biofilm in-
fections, which are difficult to eradicate with current antibiotic treatments. Here, we demonstrate
that combining drugs that have robust anti-persister activity, such as clinafloxacin or oritavancin,
in combination with drugs that have high activity against growing bacteria, such as vancomycin
or meropenem, could completely eradicate S. aureus biofilm bacteria in vitro. In contrast, single
or two drugs, including the current treatment doxycycline plus rifampin for persistent S. aureus
infection, failed to kill all biofilm bacteria in vitro. In a chronic persistent skin infection mouse model,
we showed that the drug combination clinafloxacin + meropenem + daptomycin which killed all
biofilm bacteria in vitro completely eradicated S. aureus biofilm infection in mice while the current
treatments failed to do so. The complete eradication of biofilm bacteria is attributed to the unique
high anti-persister activity of clinafloxacin, which could not be replaced by other fluoroquinolones
including moxifloxacin, levofloxacin, or ciprofloxacin. We also compared our persister drug combina-
tion with the current approaches for treating persistent infections, including gentamicin + fructose
and ADEP4 + rifampin in the S. aureus biofilm infection mouse model, and found neither treatment
could eradicate the biofilm infection. Our study demonstrates an important treatment principle, the
Yin–Yang model, for persistent infections by targeting both growing and non-growing heterogeneous
bacterial populations, utilizing persister drugs for the more effective eradication of persistent and
biofilm infections. Our findings have implications for the improved treatment of other persistent and
biofilm infections in general.

Keywords: Staphylococcus aureus; persisters; biofilm; antimicrobial activity; drug combination

1. Introduction

As a virulent opportunistic pathogen, Staphylococcus aureus is the most common cause
of skin infections and can also cause chronic persistent infections such as endocarditis and
osteomyelitis [1–3]. For conditions, such as endocarditis and osteomyelitis, and prosthetic
joint infections, treatments with vancomycin as a monotherapy or drug combination for
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at least six weeks are recommended. Drug combinations, such as doxycycline + rifampin
for up to 10 days, vancomycin + gentamicin + rifampin for at least six weeks, are recom-
mended to treat chronic infections, such as recurrent tissue infections and endocarditis
on prosthetic valves, respectively (The Johns Hopkins Antibiotics Guide). In particular,
indwelling devices are conducive to biofilm formation, complicating treatment and leading
to prolonged infections. Up to 80% of human infections are biofilm infections, and globally,
chronic persistent and biofilm infections represent a huge burden to public health as they
increase the length of hospital stay, cause relapse, cost of treatment, and risk of death
by at least three-fold [4]. Bacteria in biofilms are more tolerant to antibiotics compared
to planktonic cells [5]. Studies have shown that antibiotics can penetrate the biofilm but
they do not always kill the bacteria, suggesting that tolerance to treatment is not due to
impaired antibiotic penetration or genetic resistance [6,7], but due to dormant non-growing
or slow growing persister bacteria. Bacteria inside the biofilm are quite heterogeneous as
some cells grow slowly, which are representative of stationary phase bacteria, while others
form dormant persister cells due to the high cell density, nutrient, and oxygen limiting
environment inside the biofilm matrix [8].

Persisters were first described in 1942 by Hobby et al., who found that while 99%
of S. aureus cells were killed by penicillin, about 1% of residual metabolically quiescent
or dormant cells called persisters were not killed [9]. The persisters were not resistant
to penicillin, and hence did not undergo genetic changes, but were phenotypic variants
that became tolerant to antibiotics [10]. Similarly, a clinical observation was also made
as penicillin failed to clear chronic infections due to the presence of persister cells found
in patients [10]. While the mechanisms of S. aureus persistence were largely unknown
for a long time, recent studies have shown that pathways involved in quorum sensing,
pigmentation production, and metabolic processes, such as oxidative phosphorylation, gly-
colysis, amino acid, and energy metabolism [11–15], are involved. Despite the observation
of persister bacteria from 1940s and their implications in causing prolonged treatment and
post-treatment relapse, the importance of persister bacteria and drugs that target persister
bacteria in clinical settings has been ignored largely because no persister drugs have been
found that can cure or shorten treatment duration or reduce relapse in clinically relevant
persistent infections. The importance of persister drugs to more effectively cure persistent
infections is only recognized in the case of tuberculosis persister drug pyrazinamide (PZA),
which shortens the treatment from 9–12 months to six months after its inclusion in a drug
combination setting [16]. PZA’s activity in killing M. tuberculosis persisters, unlike the other
drugs used to treat tuberculosis, is crucial in developing a shorter treatment due to its
unique mechanisms of action by inhibiting persister targets, including energy metabolism
(CoA synthesis via PanD) and protein degradation pathways (RpsA and ClpC1) essential
for persister survival [16–19]. The drug PZA validates an important principle of using a
persister drug in combination with other drugs targeting both non-growing persisters and
growing bacteria in formulating an effective therapy for chronic persistent infections [20,21].
In support of this idea, more recently, a similar approach was used to identify the effec-
tive drug combination using persister drug daptomycin in combination with doxycycline
and cefuroxime, which completely eradicated biofilm-like structures of Borrelia burgdorferi
in vitro [22] and in mice [23].

Using this approach, in a recent study aimed at identifying drugs targeting non-growing
persisters, we used a stationary phase culture of S. aureus as a drug screen model and identified
several drugs, such as clinafloxacin and tosufloxacin, with high activity against S. aureus
persisters [24]. However, their activities alone and in drug combinations in killing biofilms
have not been evaluated in vitro or in related S. aureus persistent infections in vivo. In
this study, we developed persister drug combinations utilizing persister drug clinafloxacin
that can more effectively eradicate S. aureus biofilms by formulating drug combinations
that have high activities against growing bacteria and non-growing persisters in a biofilm
model in vitro initially. Then, we established a persistent skin infection mouse model for
S. aureus using biofilm “persister seeding” [21,25] and evaluated drug combinations in clearing
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the biofilm infection in this persistent infection model. Here, we show that combining
meropenem and daptomycin targeting growing bacteria, with persister drug clinafloxacin
targeting biofilm persister bacteria led to the complete eradication of S. aureus biofilms not
only in vitro, but more importantly also in vivo in a murine model of persistent skin infection,
whereas other approaches for treating persistent infections and the currently recommended
drug combination treatment without persister drugs failed to do so.

2. Materials and Methods
2.1. Culture Media, Antibiotics, and Chemicals

Staphylococcus aureus strains Newman, USA300 (a biofilm-proficient common circulat-
ing strain of community acquired-MRSA, CA-MRSA) and clinical strains CA-409, CA-127,
and GA-656 were obtained from American Type Tissue Collections (Manassas, VA, USA)
and cultivated in tryptic soy broth (TSB) and tryptic soy agar (TSA) (Becton Dickinson,
Franklin Lakes, NJ, USA) at 37 ◦C. Vancomycin, gentamicin, rifampicin, levofloxacin,
ciprofloxacin, moxifloxacin, and oritavancin were obtained from Sigma-Aldrich Co. (St.
Louis, MO, USA). Daptomycin, meropenem, tosufloxacin, and clinafloxacin were obtained
from AK Scientific, Inc. (Union City, CA, USA). Stock solutions were prepared in the
laboratory, filter-sterilized, and used at indicated concentrations.

2.2. Microtiter Plate Biofilm Drug Exposure Assay and the SYBR Green I/PI Assay

S. aureus strains grown overnight in TSB were diluted 1:100 and 100 µL aliquots
of each diluted culture, placed into a 96-well flat-bottom microtiter plate, and statically
incubated for 24 h at 37 ◦C [26]. Planktonic cells were removed and discarded from the
microtiter plates. Drugs at the indicated Cmax concentrations were then added to the
biofilms attached to the bottom of the microtiter plate in a total volume of 100 µL in TSB
medium and incubated at 37 ◦C without shaking for 4 days. To determine the cell and
biofilm density, the supernatant was removed from the well and the biofilms were washed
twice with PBS (1×). To enumerate bacterial cell counts, the biofilms in the wells were
resuspended in TSB and scraped with a pipette tip before serial dilution and plating on
TSA plates for CFU counts.

SYBR Green I/PI assay was used to assess biofilm cell viability using the ratio of green:red
fluorescence to determine the ratio of live:dead cells, respectively, as described [27]. Briefly,
the staining dyes were prepared by mixing SYBR Green I/PI (10,000× stock, Invitrogen,
Carlsbad, CA, USA) with propidium iodide (20 mM, Sigma-Aldrich) in distilled water at a
ratio 1:3 in 100 µL distilled H2O. The SYBR Green I/PI dye mix (10 µL) was added to each
100 µL of sample and incubated at room temperature in the dark for 20 min. With excitation
wavelengths of 485 nm and 538 nm and 612 nm for green and red emission, respectively, the
green and red fluorescence intensity was determined for each sample using a Synergy H1
microplate reader by BioTek Instruments (Winooski, VT, USA).

2.3. Mouse Skin Infection Model

Female Swiss-Webster mice of 6 weeks of age were obtained from Charles River. They
were housed 3–5 per cage under BSL-2 housing conditions. All animal procedures were
approved by the Johns Hopkins University Animal Care and Use Committee (protocol code
MO17H167 and 23 May 2017 approval). S. aureus strain USA300 and strain Newman were
used in the mouse infection experiments. The details of the biofilm mouse infection model
were described in our previous study [25]. Briefly, mice were anesthetized and then shaved
to remove a patch of fur of approximately 3 cm by 2 cm. For the preparation of biofilm
inoculum for infection, biofilms were first grown in microtiter plates as we described
previously [25], and then resuspended and scraped up with a pipette tip. Quantification of
all inoculum was performed by serial dilution and plating. Bacteria of indicated inoculum
size (108 CFU/mL) were subcutaneously injected into the mice. Treatment was started after
1 week of infection with different drugs and drug combinations for 1 week. For details on
drugs, drug dosage, and route of administration, please refer to Table 1. Skin lesion sizes
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were measured at the indicated time points using a caliper. The area of the lesion size was
calculated by measuring the lesion as an oval shape [area = π × (length/2) × (width/2)].
Mice were euthanized after 1 week post-treatment, and skin tissues were removed, homog-
enized, and serially diluted for bacterial counting on TSA plates.

Table 1. Drug dosage, scheduling, and administration.

Drug Dosage Route Times Treated
Cmax Tested

(Clinically Achievable
Concentrations) *

Vancomycin 110 mg/kg Intraperitoneally Twice/daily 20 µg/mL

Daptomycin 50 mg/kg Intraperitoneally Once/daily 80 µg/mL

Meropenem 50 mg/kg Intraperitoneally Once/daily 20 µg/mL

Clinafloxacin 50 mg/kg Intraperitoneally Once/daily 2 µg/mL

Doxycycline 100 mg/kg Oral Twice/daily 5 µg/mL

Rifampin 10 mg/kg Oral Twice/daily 5 µg/mL

Moxifloxacin 100 mg/kg Oral Once/daily 4 µg/mL

ADEP4 25 mg/kg and
35 mg/kg Intraperitoneally Twice/daily

Rifampin (for ADEP4
combination) 30 mg/kg Intraperitoneally Once/daily

Gentamicin 20 mg/kg Intraperitoneally Once/daily

Fructose 1.5 g/kg Intraperitoneally Once/daily

Oritavancin — — — 5 µg/mL

Ciprofloxacin — — — 10 µg/mL

Levofloxacin — — — 10 µg/mL

* Cmax concentrations refer to maximum blood drug concentrations in humans and were derived from Johns
Hopkins Antibiotics Guides (https://www.hopkinsguides.com/hopkins/index/Johns_Hopkins_ABX_Guide/
Antibiotics, accessed on 20 June 2019).

2.4. Histopathology

Skin tissues were dissected, laid flat, and fixed for 24 hrs with neutral buffered formalin.
Tissues were embedded in paraffin, cut into 5-µm sections, and mounted on glass slides.
Tissue sections were stained with hematoxylin and eosin for histopathological scoring.
Tissue sections were evaluated for lesion crust formation, ulcer formation, hyperplasia,
inflammation, gross size, and bacterial count and were assigned a score on a 0–3 scale
(0 = none, 1 = mild, 2 = moderate, and 3 = severe). The cumulative pathology score
represented the sum of each individual pathology parameter. Scoring was performed by an
observer in consultation with a veterinary pathologist. Representative images were taken
using a Keyence BZ-X710 Microscope (Itasca, IL, USA).

2.5. Statistical Analyses

Statistical analyses were performed using ANOVA or Student’s t-test where appro-
priate. Mean differences were considered statistically significant if the p value was <0.05.
All experiments were performed in triplicates. Analyses were performed using GraphPad
Prism version 8.0.2 and Microsoft Office Excel 2016.

3. Results
3.1. Commonly Used Treatments for MRSA Have Poor Activity against Biofilms In Vitro

We first evaluated the activity of the above drugs in killing biofilm bacteria in vitro using
traditional bacterial CFU counts (Figure 1A) and viability assessment by SYBR Green I/PI
staining that has been developed to screen for drugs targeting Borrelia persister bacteria [27]
(Figure 1B). We found that such clinically used combinations were not completely effective
against biofilms, as shown by different assays, i.e., CFU assay (Figure 1A), SYBR Green/PI
assay (Figure 1B). After four days of treatment, biofilm bacteria were not completely eradi-
cated by any of the current treatments with vancomycin alone, or doxycycline + rifampin or
vancomycin + gentamicin + rifampin as shown by significant numbers of bacteria remaining
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(Figure 1). However, of note, vancomycin + gentamicin + rifampin was more active than
vancomycin alone or doxycycline + rifampin in killing biofilm bacteria (Figure 1A).

1 
 

 

 
(A) (B) 

 Figure 1. Clinically recommended treatments for chronic S. aureus infections only partially
killed S. aureus USA300 biofilm bacteria in vitro. Treatments (all 50 µM) of vancomycin alone,
doxycycline + rifampin, and the combination of vancomycin + gentamicin + rifampin for 4 days were
evaluated for biofilm killing by CFU enumeration (A) and viability staining using SYBR Green I/PI
(B). See Methods section for details. Vancomycin, Van; Doxycycline, Dox; Rifampin, Rif; Gentamicin,
Gen. Student’s t-test, * p < 0.05, ** p < 0.005. Error bars indicate standard deviation.

3.2. Identification of Drug Combinations with Strong Anti-Biofilm Activity

To address the clinical unmet need for better treatments for persistent biofilm infec-
tions, we hypothesize that a drug combination that includes drugs that act on growing
bacteria, such as cell wall (e.g., vancomycin, meropenem) or cell membrane inhibitors (e.g.,
daptomycin), plus a drug that acts on persister bacteria will be more potent in eradicating
biofilm bacteria. Previous studies from our lab identified tosufloxacin and clinafloxacin
as having strong anti-persister activity against S. aureus [24]. In order to identify a po-
tent combination, we tested various drug combinations that include drugs against both
growing bacteria and non-growing persisters in a biofilm model with S. aureus USA300,
a common biofilm-proficient clinical MRSA strain. While we previously showed that
tosufloxacin had robust activity against S. aureus persister cells [24], the drug combination
of vancomycin/meropenem + daptomycin + tosufloxacin achieved only partial eradication,
with 105 CFU/mL biofilm bacteria remaining after treatment (Figure 2A,B). In contrast, the
combination of vancomycin/meropenem + daptomycin + clinafloxacin showed complete
eradication of biofilms after 4-day treatment, as shown by 0 CFU and a live/dead ratio
below the limit of detection in SYBR Green/PI assay (Figure 2A,B). Although we used the
same molar concentration of each individual drug at 50 µM for comparison of relative drug
activity, to evaluate the activity of the drug combination in a more clinically relevant man-
ner, we treated the biofilms with the drugs at their Cmax concentrations (Table 1). Since the
drugs used in the anti-biofilm studies are mostly clinically used drugs, they would not be
expected to have significant cytotoxicity at their respective Cmax (maximum human blood)
drug concentrations. Our findings with Cmax drug concentrations were confirmatory
as the drug combination of vancomycin/meropenem + daptomycin + clinafloxacin still
achieved complete eradication, while drug-free control and the clinically used combination
of doxycycline + rifampin could not. The clearance of biofilms was confirmed by both CFU
counts and the SYBR Green I/PI viability stain (Figure 2C,D).
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Figure 2. Identification of drug combinations that kill MRSA biofilms. Various drug combina-
tions consisting of drugs (at 50 µM) highly active against the growing phase and persister cells
were incubated with S. aureus USA300 biofilm bacteria for 4 days followed by assessing the anti-
biofilm activity using SYBR Green I/PI viability staining (A) and CFU enumeration (B). Drug
combinations with sterilizing activity against USA300 biofilms were tested at clinically achiev-
able Cmax concentrations using SYBR Green I/PI viability staining (C) and CFU enumeration
(D). Validation of meropenem + daptomycin + clinafloxacin in killing biofilms of various MRSA clin-
ical isolates (E,F). Vancomycin, Van; Meropenem, Mer; Daptomycin, Dap; Tosufloxacin, Tosu; Cli-
nafloxacin, Clina; Doxycycline, Dox; Rifampin, Rif. One-way ANOVA and post hoc Tukey’s test was
used for multiple group comparisons. * p < 0.05, ** p < 0.005, *** p < 0.0005. Error bars indicate
standard deviation.

We then tested the potential of the drug combination of meropenem + daptomycin
+ clinafloxacin to eradicate biofilm bacteria from different MRSA S. aureus strains, including
CA-MRSA clinical isolates CA-409, CA-127, and hospital-acquired MRSA strain GA-656.
Complete eradication (0 CFU/mL) and undetectable levels of live cells (under the limit of
detection) were found for all of the MRSA strains tested after 4 days of treatment with the
combination meropenem + daptomycin + clinafloxacin (Figure 2E,F).

3.3. Unique Anti-Persister Activity of Clinafloxacin Could Not Be Replaced by Other
Fluoroquinolone Drugs

Clinafloxacin is a member of the fluoroquinolone antibiotics which inhibits DNA
replication by binding to DNA gyrase. As our results suggest (Figure 2D), clinafloxacin is a
powerful anti-persister drug. Hence, we wanted to rank the anti-biofilm activity of different
fluoroquinolones to determine whether the robust anti-biofilm activity of clinafloxacin
is unique or can be replaced by other fluoroquinolones by using CFU assay and SYBR
Green/PI viability assay. We used the S. aureus Newman strain due to its susceptibility to
many fluoroquinolones to avoid any confounding factors due to inherent drug resistance.
While other fluoroquinolones such as ciprofloxacin, levofloxacin, and moxifloxacin had
certain anti-biofilm activity when used in combination with meropenem and daptomycin
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after four days of treatment, the drug combination with clinafloxacin was indeed the
most active and was the only combination that achieved complete sterilization as seen by
CFU count (Figure 3A). By contrast, biofilms treated with other quinolone (ciprofloxacin,
moxifloxacin, levofloxacin) combinations still had 104–108 CFU/mL bacteria remaining
(Figure 3A). The results with the SYBR Green/PI viability assay, where lower live/dead
ratios would indicate lower number of viabile bacteria, were consistent with the CFU assay.
However, the SYBR Green/PI assay, while being quick and showing general agreement
with the CFU assay, was not as discriminative or accurate as the CFU assay (Figure 3B) as it
could not distinguish between Mer+Dap+Clina, Mer+Dap+Cipro, and Mer+Dap+Moxi
as the assay reached the limit of detection near live/dead ratios of 1–2 (Figure 3B). When
used in combination, the activity of the quinolones from strongest to weakest as ranked by
both viability assessment and viable cell counts is as follows: clinafloxacin, ciprofloxacin,
moxifloxacin, and levofloxacin (Figure 3). Hence, clinafloxacin has unique potent activity
against biofilm bacteria compared to other fluoroquinolone counterparts.
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Figure 3. Ranking of fluoroquinolones in drug combinations at Cmax concentrations for activ-
ity against S. aureus USA300 biofilm bacteria. Commonly used fluoroquinolones ciprofloxacin,
moxifloxacin, levofloxacin were evaluated together with clinafloxacin in combination with
meropenem+daptomycin in drug exposure tests for 4 days with S. aureus Newman biofilm bac-
teria, when the effect of the treatment was assessed by (A) CFU count and (B) SYBR Green/PI
viability assay as described in Methods. Meropenem, Mer; Daptomycin, Dap; Clinafloxacin, Clina;
Ciprofloxacin, Cipro; Moxifloxacin, Moxi; Levofloxacin, Levo. One-way ANOVA and post hoc
Tukey’s test was used for multiple group comparisons. ** p < 0.05, *** p < 0.005, **** p < 0.0001.
Error bars indicate standard deviation.

3.4. Anti-Biofilm Activity of Oritavancin and Dalbavancin

Thus far, our data suggest that the inclusion of a drug with great anti-biofilm activity
can be beneficial in killing biofilm bacteria (Figures 2 and 3). To identify other potential
anti-biofilm drug candidates, we turned to the new generation of lipoglycopeptides such as
oritavancin and dalbavancin. These drugs have multiple mechanisms of action: inhibition
of transglycosylation, transpeptidation, and cell membrane disruption, a property of
persister drugs [17]. We first tested the activity of oritavancin and dalbavancin in killing
S. aureus biofilm bacteria in comparison with their parent compound vancomycin, and
the results revealed oritavancin was the best in killing biofilm among the three drugs
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(Figure 4A). After six days of drug exposure, oritavancin killed 106 CFU/mL bacteria as
compared with dalbavancin or vancomycin, which killed only about 102 CFU/mL.
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Figure 4. Evaluation of oritavancin in killing S. aureus USA300 biofilms as a single drug or in combi-
nations. (A) Comparison of novel lipoglycopeptides oritavancin and dalbavancin with vancomycin
(at 50 µM) in their activity to kill biofilm bacteria. (B) Evaluating oritavancin in killing persisters in
combination with meropenem + daptomycin, and (C) in killing growing phase bacteria in combi-
nation with clinafloxacin (at Cmax concentrations). (D) Time-kill curve of biofilms comparing the
top drug combination candidates (at Cmax concentrations). Meropenem, Mer; Daptomycin, Dap;
Oritavancin, Orita; Clinafloxacin, Clina; Doxycycline, Dox; Rifampin, Rif. One- or two-way ANOVA
and post hoc Tukey’s test was used for multiple group comparisons., ** p < 0.005, *** p < 0.0005.
Error bars indicate standard deviation.

Since oritavancin showed strong anti-biofilm activity, we next evaluated oritavancin’s
activity in drug combinations. After replacing clinafloxacin with oritavancin, we observed
that the combination of meropenem + daptomycin + oritavancin exhibited partial activity
against biofilms, causing a decrease of 105 CFU/mL, which is much better than the activity
achieved by single drugs or two-drug combinations, but still was inferior to the clinafloxacin
combination (Figure 4B).

Due to oritavancin’s strong activity against growing S. aureus (MIC = 0.03 mg/L) [28,29]
and its dual mechanism of action that mimics cell wall + cell membrane inhibitor, we tested
oritavancin in place of meropenem and daptomycin. Surprisingly, the combination of
oritavancin + clinafloxacin was also able to achieve complete eradication of biofilms sug-
gesting that oritavancin can replace the drugs against growing bacteria (Figure 4C). It is
also important to note that oritavancin alone could not kill biofilms (no change in CFU
after 4-day treatment), which further validates the importance of drug combinations for
biofilm bacteria.
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To compare the activity of the three combinations tested thus far with clinafloxacin, we
performed a time-kill experiment which revealed that oritavancin + clinafloxacin could kill
all biofilms by day 2 of treatment whereas it took four days for meropenem/vancomycin +
daptomycin + clinafloxacin to eradicate the biofilm bacteria (Figure 4D). Overall, our data
suggest that the inclusion of an anti-biofilm drug in a drug combination to treat biofilms
is paramount and these combinations possess much better activity than current clinically
used regimens based on our in vitro studies (Figure 4B,C).

3.5. The Drug Combination Meropenem + Daptomycin +Clinafloxacin Eradicated Biofilm
Infections in the Mouse Skin Persistent Infection Model

Given the robust activity of our drug combinations in eradicating biofilms in vitro, we
were interested to know if the drug combination could also eradicate persistent infections
in vivo. To do so, we chose to infect mice with biofilm bacteria from S. aureus strain USA300,
a clinical MRSA strain most representative to cause persistent infections in humans. We
allowed the infection to develop for seven days, followed by seven days of treatment
with different regimens (Figure 5A). Previously, we have shown that mice infected with
biofilm bacteria developed more chronic skin lesions [25]. Administration of the combi-
nation of doxycycline + rifampin (a control group as a clinically used treatment) or drug
combination vancomycin + daptomycin + clinafloxacin decreased the bacteria load (about
1-log of bacteria) but did not clear the infection (Figure 5B). Other reported treatments
which supposedly eradicate chronic S. aureus infections, such as ADEP4 + rifampin [30] or
gentamicin + fructose [31], did not show sterilizing activity in our biofilm infection model,
but instead caused increased lesion size and inflammation (Figure 5C,H). Remarkably,
the combination of meropenem + daptomycin + clinafloxacin cleared the infection com-
pletely, decreased the size of lesions, reduced histopathology scores, and healed the lesions
completely (Figure 5B,C,G), while other treatments, such as the control treatment with
doxycycline + rifampin still had considerable lesions (Figure 5B,C,F). Intriguingly, in gross
lesion examination, consistent with the lesion size data in Figure 5C, ADEP4 + rifampin [30]
or gentamicin + fructose [31] produced worsened lesions (Figure 5H).

To verify the above observation, we performed a separate study with a methicillin-
susceptible S. aureus (MSSA) Newman strain and compared clinafloxacin’s activity with
other quinolones. We were able to confirm the above findings with the MRSA strain and
found that despite moxifloxacin and clinafloxacin having the same MIC for the Newman
strain, the combination of meropenem + daptomycin + moxifloxacin was not effective in
clearing the biofilm infection. In contrast, the meropenem + daptomycin + clinafloxacin
combination indeed eradicated the infection completely (Figure 5I). This indicates cli-
nafloxacin combination works for both MRSA and MSSA strains, and the unique sterilizing
activity of clinafloxacin cannot be replaced by moxifloxacin. The above data support our
hypothesis that a drug combination targeting both growing (e.g., meropenem, daptomycin)
and persister bacteria (e.g., clinafloxacin) is essential in clearing chronic infections in vivo,
such as the persistent skin infection caused by S. aureus biofilm.
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Figure 5. Validation of drug combinations in a chronic skin infection model established with S. aureus
USA300 biofilm bacteria. (A) Study design of mouse treatment studies. (B) Bacterial load in the
skin lesions. (C) Changes in lesion sizes and histology of skin tissues of mice infected with USA300
biofilm bacteria and treated 7-days with drug combinations and respective controls were measured.
Histopathology of uninfected mice (D), infected mice receiving 7-days of no treatment (E), or treated
with doxycycline + rifampin (F), or treated with meropenem + daptomycin + clinafloxacin (G) was
analyzed. (H) Gross pathology lesions of skin tissues of mice treated 7-days with drug combinations
and respective controls (in mm). (I) Bacterial loads in the skin tissues of mice infected with MSSA
Newman strain and treated for 7-days with drug combinations or control treatments were enumerated.
Images were taken at 200 X magnification. Meropenem, Mer; Daptomycin, Dap; Clinafloxacin, Clina;
Doxycycline, Dox; Rifampin, Rif, Gentamicin, Gen. Blue arrows indicate crust formation, red brackets
indicate hyperplasia and cellular infiltration. One-way ANOVA and post hoc Tukey’s test was used for
multiple group comparisons. * p < 0.05, ** p < 0.005. Error bars indicate standard deviation.

4. Discussion

Numerous studies have documented how resilient biofilms are to antibiotic treatments [32–35].
Since persister cells that are embedded in the biofilm are mostly responsible for the recalcitrance
of biofilms to antibiotic treatments, many attempts have been made to identify novel effective
treatments and synthetic compounds that kill bacterial persisters [36,37]. Some approaches include
resuscitating or altering the metabolic status of persisters [38,39] or enhancing the activity of
aminoglycoside antibiotics with sugars such as fructose [31] or activating protease by ADEP4
plus rifampin [30]. Although these new therapeutic approaches showed promising results in vitro
and in some cases in animal models [30,36,40], not all treatments achieved complete sterilization
and their utility in more persistent biofilm infections remains to be demonstrated. The animal
models used either rely on immunosuppressant agents or short-term infections [30,31,36], which
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do not reflect true persistent infections clinically. Here, we used a recently developed more relevant
persistent infection mouse model using biofilm inocula that mimic human infections without the
use of immunosuppressant agents [25] for evaluation of drug combinations. Previous studies
have mostly used log phase bacteria as inocula for infection in animal models [25]. However, we
showed that S. aureus biofilm inocula produced a more severe lesion and more persistent infection
than the log phase bacteria and the current treatments failed to eradicate the biofilm infection [25].
This biofilm-inocula model could serve as a useful model for evaluating treatment regimens
against biofilm infections in vivo in general. Importantly, we demonstrate that the persister
drug combination meropenem + daptomycin + clinafloxacin completely eradicated the biofilm
infection in the mouse model, while the currently recommended treatment doxycycline+rifampin
or daptomycin+meropenem and the well-known experimental persister treatment regimens,
such as ADEP4+rifampin [30] or gentamicin+fructose [31], failed to do so (Figure 5B). To our
knowledge, this is the first time a biofilm infection is completely eradicated by a specific persister
drug combination but not by the current clinically used standard antibiotic treatments or other
known experimental treatments, such as ADEP4+rifampin [30] or gentamicin+fructose [31], for
persistent infections.

The mechanisms by which combination treatment effectively eradicates biofilm-
derived bacteria are worth commenting upon. The well-known experimental regimens for
killing persisters and treating persistent biofilm infections include ADEP4+rifampin [30]
and gentamicin+fructose [31]. ADEP4 is a ClpP protease activator that kills persisters by
degrading numerous cellular proteins, forcing cells to self-digest, and its combination with
rifampin was shown to completely eradicate S. aureus biofilms in vitro and in a mouse
model [30]. The other experimental approach to kill persisters is to use fructose to cause
increased generation of proton-motive force (PMF) which facilitates aminoglycoside uptake
for enhanced drug activity [31]. However, the highly potent anti-biofilm agent clinafloxacin
seems to work differently. We previously hypothesized, per the Yin–Yang model, that
a drug combination approach using drugs targeting different bacterial populations, i.e.,
non-growing persisters (Yin) and growing bacteria (Yang), will be required to more ef-
fectively cure persistent and biofilm infections [21]. Thus, it is likely that the sterilizing
activity of the clinafloxacin drug combination (meropenem + daptomycin + clinafloxacin)
in eradicating the biofilm bacteria in vitro and persistent skin infections in mice is due to
the combined action of the unique anti-persister activity of clinafloxacin targeting persisters
in combination with meropenem + daptomycin targeting growing bacteria. The strong
activity of meropenem (cell wall inhibitor) and daptomycin (cell membrane disruptor)
against S. aureus growing bacteria [41,42] allows for the rapid killing of growing bacteria in
the biofilm bacterial population. While meropenem and daptomycin are directed at killing
growing bacteria, they also have certain activity against persisters. Meropenem used in
combination with polymyxin B has been shown to eradicate persisters in Acinetobacter bau-
mannii [43]. Similarly, daptomycin has activity against S. aureus biofilms [44]. Daptomycin
in combination with doxycycline and cefoperazone or cefuroxime has been shown to kill
biofilm-like microcolony persisters of B. burgdorferi in vitro and in mice [23,45]. Dapto-
mycin could disrupt the bacterial membrane structure and cause rapid depolarization of
the membrane [46], which may affect the viability of some persisters. Nevertheless, Dapto-
mycin alone or with other drug combinations had limited activity against S. aureus biofilm
bacteria and could not achieve sterilization (Figures 2 and 5). To kill non-growing biofilm
persisters, clinafloxacin has been shown to be crucial in the combination as moxifloxacin
or levofloxacin in place of clinafloxacin in the above combination failed to eradicate the
biofilm bacteria in vitro and in mice (Figures 3A and 5B). This occurs despite the MICs for
clinafloxacin and moxifloxacin for S. aureus being the same, yet they differ in their activity to
kill persisters both singly and in drug combinations both in vitro and in mice (Figure 5B,I).
As a quinolone, clinafloxacin inhibits bacterial DNA gyrase and topoisomerase and thereby
interferes with DNA synthesis. However, not all quinolones have significant anti-persister
activity [24] (Figure 3). The unique anti-persister and biofilm activity of clinafloxacin seems
to be beyond its common mechanism of action on inhibition of DNA synthesis and may
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be due to its additional chemical groups that attack critical persister targets. Comparing
the chemical structure of clinafloxacin to the other quinolones that have relatively weak
anti-persister activity (ciprofloxacin, moxifloxacin, and levofloxacin), a chloride group
attached to the benzene ring appears to be unique to clinafloxacin and may be responsible
for its high anti-biofilm activity. Further studies are required to explore the mechanism of
clinafloxacin’s unique ability to kill persisters, including the possibility that clinafloxacin
may bind to the target gyrase with higher affinity or it might have preferential activity
against targets crucial for persister survival.

It is important to note that the chronic persistent infection status of the mice inoculated
with biofilm bacteria is a key component of our disease model. While Conlon et al. used a
1:100 dilution of stationary phase culture (2 × 106) as inocula to infect their mice and caused
a deep-seated infection, the infection was allowed to develop for only 24 hours before
treatment which cannot be a persistent infection; and the mice were made neutropenic [30],
a condition that may not apply to most patients suffering from chronic S. aureus infec-
tions. Such differences in the animal models may explain why ADEP4 + rifampin, which
was claimed to have sterilizing activity and eradicated persistent infection [30], failed to
eradicate the more persistent infection in our model established with biofilm inocula and
allowed to develop for one week before treatment. In addition, although the combination
of an aminoglycoside + sugars has been proposed as an approach for killing persisters
and treating persistent infections and was shown to be effective in an E. coli urinary tract
infection mouse model [31], this approach was not effective in our biofilm infection model
either. Allison et al. showed that gentamicin + fructose reduced 1.5-fold S. aureus biofilms
in vitro after four hours of treatment [31] but it was not tested in animals. In our study
here, we showed that mice treated for seven days with gentamicin + fructose still har-
bored 105 CFU/mL in skin tissues (Figure 5B). Surprisingly, gentamicin + fructose and
ADEP4 + rifampin caused an increase in lesion size despite the treatment (Figure 5C,H),
which is hard to explain. In both the above cases, the discrepancy could be due to differences
in the disease models, as ours is a more persistent biofilm skin infection model established
with biofilm inocula and would be expected to be more difficult to cure than those in the
other studies that did not use biofilm inocula for the infection. Although our persistent
biofilm infection was established using USA300 strain, a biofilm-proficient clinical MRSA
strain, we fully expect that this model can be reproduced with the more clinically essential
clones such as ST93, ST80, ST30. We noted that the S. aureus Newman strain had a point
mutation (Pro18Leu) in the SaeS of the two-component system SaeRS, causing a defect in
biofilm formation [47]. However, our study was performed mostly on the biofilm-proficient
clinical MRSA strain USA300 and only used the Newman strain for confirmation as a
drug susceptible strain control (see Figure 5I). In both cases with USA300 and Newman,
the clinafloxacin drug combination (meropenem+daptomycin+clinafloxacin) completely
eradicated the biofilm infection (Figure 5B,I). Therefore, there should be no concern about
the validity of the results on the eradication of biofilm bacteria by the clinafloxacin drug
combination, because the main findings of the study were taken on the USA300 strain
(Figures 1–5, except Figure 5I) but not on the biofilm defective Newman strain. It is worth
noting that our focus is to identify more powerful drug combinations that eradicate biofilm
infections without any residual surviving bacteria but not on host immune factors that clear
the bacterial infection. The near normal or minimal tissue inflammation and pathology
after treatment with the most effective regimen meropenem+daptomycin+clinafloxacin
(Figure 5G) is meant to show the effectiveness of the treatment in comparison with the
standard treatment with doxycycline+rifampin, which still had significant tissue pathology
(Figure 5F). Future studies to examine the role of immune control of the persistent biofilm
infection in this model would be of interest.

Clinafloxacin shows impressive anti-biofilm activity in this study and both oral and
intravenous formulations have been developed [48,49]. The drugs used in the antibiofilm
studies are mostly clinically used drugs, and as such they would not be expected to
have significant cytotoxicity at their respective Cmax (maximum human blood drug)
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concentrations. In addition, clinafloxacin administration drastically improved the condition
of a cystic fibrosis patient who had a chronic Burkholderia cenocepacia infection and was
not responding to other antibiotic treatments [50]. A human trial with patients having
native or prosthetic valve endocarditis also showed that clinafloxacin was an effective
treatment [51]. Nevertheless, clinafloxacin is not FDA-approved due to photosensitivity
and hypoglycemia. However, the topical use of clinafloxacin or its drug combinations for
chronic skin infections would be of interest and could be explored in the future. Further
studies with new analogs of clinafloxacin without significant side effects but maintaining
high anti-persister activity are needed in the future. Our in vitro data also suggested that
oritavancin used in combination with clinafloxacin had robust activity against biofilms,
killing all the bacteria after a short treatment of two days. The administration of oritavancin
is a single 1200-mg dose given in a slow, three-hour infusion, which may also be of interest
for patients due to the ease of administration and long half-life. Hence, further preclinical
studies in mice to test oritavancin’s activity in chronic infection models are warranted.

Currently used regimens for treating persistent infections are lengthy and ineffective
and the inability to clear the bacteria in a timely fashion may also increase the chance of
developing antibiotic resistance. A drug combination approach that targets both growing
bacteria and non-growing persister cells as proposed in the Yin–Yang model [21] has
promising potential in developing a more effective therapy for treating chronic persistent
infections including biofilm infections. This study provides further validation of the Yin–
Yang model [21] for treating persistent infections [23,52] and emphasizes the importance of
persister drugs such as clinafloxacin in eradicating a persistent infection. This treatment
algorithm takes into account the heterogeneous population of bacterial cells that exists
upon encountering stress. With this principle in mind, this study reports novel drug
combinations that are effective in killing S. aureus biofilms and treating chronic infections.
In further support of this Yin–Yang model of targeting both growing and non-growing
bacteria for more effective treatment of persistent infections, we also demonstrated, in a
separate study, the complete eradication of a different persistent pulmonary infection with
Pseudomonas aeruginosa in a mouse model of cystic fibrosis [52].

In conclusion, we showed that commonly used treatments for S. aureus infections have
poor activity against biofilms in vitro and in vivo, and importantly, we were able to identify
promising persister drug clinafloxacin drug combinations, meropenem (or vancomycin)
+ daptomycin + clinafloxacin, or oritavancin + clinafloxacin, that achieved complete eradi-
cation of S. aureus biofilm bacteria in vitro. More importantly, we demonstrated that the
persister drug combination meropenem + daptomycin + clinafloxacin completely eradicated
the bacterial load and healed lesions promptly with reduced pathology and inflammation
in the mouse model of persistent biofilm infection, while the current treatments failed to do
so. Our approach of combining drugs targeting both growing and non-growing bacteria
with persister drugs to completely eradicate biofilm infections may have implications for
developing more effective treatments against other persistent infections caused by different
bacterial pathogens, fungi, and even cancer.
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Abstract: Uropathogenic Escherichia coli has a propensity to build biofilms to resist host defense and
antimicrobials. Recurrent urinary tract infection (UTI) caused by multidrug-resistant, biofilm-forming
E. coli is a significant public health problem. Consequently, searching for alternative medications
has become essential. This study was undertaken to investigate the antibacterial, synergistic, and
antibiofilm activities of catechin isolated from Canarium patentinervium Miq. against three E. coli ATCC
reference strains (ATCC 25922, ATCC 8739, and ATCC 43895) and fifteen clinical isolates collected
from UTI patients in Baghdad, Iraq. In addition, the expression of the biofilm-related gene, acrA, was
evaluated with and without catechin treatment. Molecular docking was performed to evaluate the
binding mode between catechin and the target protein using Autodock Vina 1.2.0 software. Catechin
demonstrated significant bactericidal activity with a minimum inhibitory concentration (MIC) range
of 1–2 mg/mL and a minimum bactericidal concentration (MBC) range of 2–4 mg/mL and strong
synergy when combined with tetracycline at the MBC value. In addition, catechin substantially
reduced E. coli biofilm by downregulating the acrA gene with a reduction percent ≥ 60%. In silico
analysis revealed that catechin bound with high affinity (∆G = −8.2 kcal/mol) to AcrB protein
(PDB-ID: 5ENT), one of the key AcrAB-TolC efflux pump proteins suggesting that catechin might
inhibit the acrA gene indirectly by docking at the active site of AcrB protein.

Keywords: Canarium patentinervium Miq.; multidrug resistance; antibiofilm activity; AcrAB-TolC
efflux pump; molecular docking; Autodock Vina

1. Introduction

Escherichia coli is a Gram-negative multifaceted bacterium that comprises commensal
E. coli, which normally colonizes in the gastrointestinal tract of humans and animals a
few hours after birth [1], and pathogenic E. coli, which is the most common cause of
gastrointestinal infections such as diarrheal disease caused by enterotoxigenic E. coli (ETEC)
and extraintestinal infections such as urinary tract infections (UTI) caused by uropathogenic
E. coli (UPEC) [2]. Some E. coli clones became pathogenic when they gain a number of
specialized virulence factors, such as different adhesins, toxins, siderophores, and iron
acquisition systems that interfere with the way the host cell works [3].

UTIs are commonly classified as community-acquired or healthcare-associated UTIs,
and as complicated or uncomplicated UTIs, depending on the severity of the infection [4].
UTI is one of the most common bacterial infections worldwide, with an estimated 150 million
UTI cases occurring each year [5]. Due to the anatomy of the female urinary tract, it is
estimated that 50–60% of women will develop an UTI at some point in their lives [6]. UTIs
are treatable in most cases. However, the progression of multidrug-resistant strains results
in recurrent infections, treatment failure, and complications associated with increased rates
of mortality and morbidity [7].
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E. coli resists antibiotics through several mechanisms, such as production of enzymes
called “beta-lactamases”, which is a group of more than 2800 compounds derived from
environmental sources, including extended spectrum beta-lactamase (ESBL), AmpC beta-
lactamase that acquires resistance to penicillin and cephalosporins, New Delhi metallo-
beta-lactamase, and Carbapenem hydrolyzing oxacillinase-48 [8]. Furthermore, efflux
pump activity such as the resistance-nodulation-division (RND) tripartite efflux pump,
AcrAB-TolC, represents the major contributor to intrinsic multidrug resistance in E. coli [9].
In addition, E. coli possesses several virulence factors to ensure survival, such as hemolysis
and biofilm formation [10].

Biofilm formation enables E. coli colonies to evade the immune system and antibiotics,
making it difficult to eradicate and resulting in multiple antibiotic resistance [11]. Increased
drug resistance and the emergence of bacterial infections with no treatment options yet
available make research into new antimicrobial agents urgent. On the other hand, medicinal
plants provide a promising source for drug discovery. Since ancient times, Indigenous
peoples have utilized medicinal plants to treat various conditions [12]. Today, people
continue to depend on herbal therapy, particularly in developing nations where 80% of the
population uses traditional medicine to treat a variety of illnesses [13].

Canarium patentinervium Miq. is a rare tropical plant belonging to the family Burser-
aceae, genus Canarium L., native to Asiatic–Pacific region, Malaysia, and Brunei [14]. It has
been used for wound healing by Indigenous peoples of Malaysia [14]. Our team previously
reported the antibacterial activity of the crude extracts, fractions, and isolated compounds
from the leaves and bark of this plant [15,16]. The current study aimed to comprehensively
evaluate the antibacterial activity of catechin (Figure 1), one of the active compounds iso-
lated previously from the leaves of Canarium patentinervium Miq., against biofilm-forming,
uropathogenic E. coli isolates from UTI urine samples collected in Baghdad, Iraq during the
period November–December 2021. Molecular docking was carried out to achieve a deep
insight into the molecular mechanism and to analyze the binding mode between catechin
and the target protein proposed in the study.
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2. Results
2.1. Evaluation of the Antibacterial Activity

The study investigated the antibacterial activity of catechin isolated from the leaves
of Canarium patentinervium Miq. against three E. coli ATCC strains (E. coli ATCC 25922,
E. coli ATCC 8739, and E. coli 43895) and 15 multidrug-resistant E. coli clinical isolates. The
results are displayed in Table 1. Among the tested antibiotics, tetracycline, erythromycin,
clindamycin, and vancomycin showed insignificant inhibition zones in all E. coli ATCC
strains. E. coli ATCC 8739 had intermediate sensitivity to rifampin (17.24 mm) and gen-
tamicin (13.14 mm). In addition, gentamicin displayed moderate inhibition against E. coli
ATCC 43895 (13.6 mm), although it showed a significant zone of inhibition against E.
coli ATCC 25922 (31.32 mm). Nevertheless, E. coli clinical isolates displayed insignificant
inhibition zones for most of the tested antibiotics. In regard to catechin, E. coli ATCC
8739 was resistant (9 mm), although catechin displayed remarkable inhibition against the
remaining E. coli strains ATCC 25922 (10.47 mm), E. coli ATCC 43895 (11.8 mm) and most of
the clinical isolates (zone of inhibition ranges from 9.93 mm to 13.92 mm). The synergistic
effect of catechin in combination with the tested antibiotics was evaluated in this study.
Results are displayed in Table 1. The strongest synergistic effect was observed between
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catechin and tetracycline, through which all the isolates (n = 15) showed synergism with
no antagonism reported. In addition, combinations between catechin with azithromycin,
gentamicin, erythromycin, and clindamycin displayed a high percentage of synergism with
additive effects reported in three isolates, while the combination of catechin with rifampin
had the lowest synergy with high antagonism reported.

Table 1. Zone of inhibition (mm) for the antimicrobial agents and catechin alone and in combination
against E. coli isolates.

Bacteria Antimicrobials

Zone of Inhibition (ZI) (mm)

ZI of
Antimicrobials

ZI Breakpoints
According to

CLSI *

ZI of
Catechin

ZI of Catechin in
Combination with

Antimicrobials
Outcome

Escherichia coli
ATCC 25922 #

Rifampin 7.42 ± 0.0 R

10.47 ± 0.0

16 ± 0.0 Antagonism
Tetracycline - R 10.4 ± 0.0 Additive

Erythromycin - R 10.0 ± 0.0 Antagonism
Clindamycin - R 10.45 ± 0.0 Additive
Azithromycin 10.95 ± 0.0 R 22.5 Synergy
Vancomycin - R 10.4 ± 0.0 Additive
Gentamicin 31.32 ± 0.0 S 35 ± 0.0 Antagonism

Escherichia coli
ATCC 8739 #

Rifampin 17.24 ± 0.0 I

9 ± 0.0

26 ± 0.0 Additive
Tetracycline - R 9.1 ± 0.0 Additive

Erythromycin - R 8.8 ± 0.0 Antagonism
Clindamycin - R 9.0 ± 0.0 Additive
Azithromycin 15.15 ± 0.0 S 25 ± 0.0 Synergy
Vancomycin - R 9.5 ± 0.0 Synergy
Gentamicin 13.14 ± 0.0 I 22 ± 0.0 Additive

Escherichia coli
ATCC 43895 #

Rifampin - R

11.8 ± 0.0

11.5 ± 0.0 Antagonism
Tetracycline - R 12.0 ± 0.0 Synergy

Erythromycin - R 11.5 ± 0.0 Antagonism
Clindamycin - R 11.45 ± 0.0 Antagonism
Azithromycin 6.03 ± 0.0 R 17 ± 0.0 Synergy
Vancomycin - R 11.8 ± 0.0 Additive
Gentamycin 13.6 ± 0.0 I 22 Antagonism

Escherichia coli
(isolate 1)

Rifampin 2.45 ± 4.2 R

12.27 ± 1.3

13.89 ± 3.6 Antagonism
Tetracycline 13.85 ± 2.5 I 28.58 ± 1.0 Synergy

Erythromycin 11.97 ± 7.9 I 25.04 ± 0.6 Synergy
Clindamycin 7.71 ± 8.7 R 22.19 ± 1.3 Synergy
Azithromycin 11.58 ± 3.2 R 24.8 ± 0.5 Synergy
Vancomycin 13.72 ± 7.2 I 26.43 ± 0.5 Synergy
Gentamicin 10.42 ± 5.6 R 23.58 ± 0.4 Synergy

Escherichia coli
(isolate 2)

Rifampin - R

13.92 ± 3.6

14.0 ± 0.0 Additive
Tetracycline 16.83 ± 1.0 S 31.5 ± 10.0 Synergy

Erythromycin 18.97 ± 3.5 I 33.1 ± 0.0 Synergy
Clindamycin 17.75 ± 0.4 I 31.5 ± 4.5 Additive
Azithromycin 12.60 ± 2.84 I 27.2 ± 0.5 Synergy
Vancomycin 17.87 ± 2.2 S 31.6 ± 0.9 Additive
Gentamicin 16.95 ± 0.3 S 30.7 ± 0.8 Additive

Escherichia coli
(isolate 3)

Rifampin - R

12.9 ± 2.4

9.0 ± 5.2 Antagonism
Tetracycline 12.35 ± 0.4 I 26.12 ± 0.2 Synergy

Erythromycin 16.19 ± 1.0 I 31.5 ± 2.1 Synergy
Clindamycin 15.37 ± 3.8 I 28.2 ± 3.1 Additive
Azithromycin 12.43 ± 2.2 I 26.3 ± 0.3 Synergy
Vancomycin 18.87 ± 0.0 S 32.0 ± 0.7 Synergy
Gentamicin 16.24 ± 1.3 S 29.0 ± 0.1 Additive
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Table 1. Cont.

Bacteria Antimicrobials

Zone of Inhibition (ZI) (mm)

ZI of
Antimicrobials

ZI Breakpoints
According to

CLSI *

ZI of
Catechin

ZI of Catechin in
Combination with

Antimicrobials
Outcome

Escherichia coli
(isolate 4)

Rifampin 10.87 ± 0.0 R

13.09 ± 0.0

20.21 ± 1.6 Antagonism
Tetracycline 15.26 ± 0.5 S 30.0 ± 1.6 Synergy

Erythromycin 20.61 ± 4.0 I 34.0 ± 0.0 Synergy
Clindamycin 16.42 ± 1.1 I 29.5 ± 1.2 Additive
Azithromycin 12.42 ± 0.7 I 26.1 ± 0.5 Synergy
Vancomycin 20.03 ± 5.2 S 25.5 ± 0.1 Additive
Gentamicin - R 13.1 ± 2.4 Additive

Escherichia coli
(isolate 5)

Rifampin - R

10.68 ± 5.6

10.71 ± 1.1 Additive
Tetracycline 16.82 ± 2.3 S 30.23 ± 0.0 Synergy

Erythromycin 16.5 ± 0.0 I 28.0 ± 4.4 Synergy
Clindamycin - R 12.1 ± 3.3 Synergy
Azithromycin 12.12 ± 1.5 I 24.0 ± 0.8 Synergy
Vancomycin 17.71 ± 3.4 S 29.0 ± 0.3 Synergy
Gentamicin - R 11.0 ± 0.2 Synergy

Escherichia coli
(isolate 6)

Rifampin - R

9.93 ± 3.6

9.0 ± 4.5 Additive
Tetracycline 12.26 ± 1.0 I 25.0 ± 0.0 Synergy

Erythromycin 14.1 ± 0.6 I 25.0 ± 0.0 Synergy
Clindamycin - R 10.5 ± 0.0 Synergy
Azithromycin 12.31 ± 2.6 I 23.2 ± 0.4 Synergy
Vancomycin 16.82 ± 0.5 I 27.0 ± 0.5 Synergy
Gentamicin 11.45 ± 0.0 R 21.8 ± 0.3 Synergy

Escherichia coli
(isolate 7)

Rifampin - R

12.75 ± 5.6

14.74 ± 8.3 Synergy
Tetracycline 12.93 ± 0.2 I 27.3 ± 0.9 Synergy

Erythromycin 14.59 ± 1.4 I 28.1 ± 3.4 Synergy
Clindamycin - R 13.22 ± 0.2 Synergy
Azithromycin 12.94 ± 0.6 I 26.6 ± 0.9 Synergy
Vancomycin 18.21 ± 1.5 S 30.89 ± 0.6 Additive
Gentamicin 11.81 ± 0.0 R 25.6 ± 0.4 Synergy

Escherichia coli
(isolate 8)

Rifampin - R

10.08 ± 4.3

14.69 ± 0.8 Synergy
Tetracycline 12.12 ± 11.0 I 24.6 ± 5.3 Synergy

Erythromycin 17.73 ± 8.76 I 28.4 ± 0.0 Synergy
Clindamycin - R 11.54 ± 1.3 Synergy
Azithromycin 12.04 ± 5.6 I 23.1 ± 0.2 Synergy
Vancomycin - R 10.0 ± 3.4 Additive
Gentamicin 11.02 ± 7.0 R 22.0 ± 1.1 Synergy

Escherichia coli
(isolate 9)

Rifampin 9.46 ± 1.1 R

13.58 ± 2.3

23.1 ± 2.5 Additive
Tetracycline 13.46 ± 2.3 I 27.89 ± 6.8 Synergy

Erythromycin 19.09 ± 0.6 I 33.1 ± 0.5 Synergy
Clindamycin - R 14.0 ± 0.0 Synergy
Azithromycin 12.82 ± 0.0 I 27.0 ± 0.4 Synergy
Vancomycin - R 13.5 ± 0.6 Additive
Gentamicin 11.1 ± 0.0 R 26.4 ± 0.8 Synergy

Escherichia coli
(isolate 10)

Rifampin - R

12.9 ± 1.7

12.6 ± 1.3 Additive
Tetracycline 13.4 ± 0.5 I 27.0 ± 1.1 Synergy

Erythromycin 14.34 ± 4.1 I 28.5 ± 8.85 Synergy
Clindamycin 15.38 ± 3.2 I 30.0 ± 5.5 Synergy
Azithromycin 12.55 ± 8.5 I 26.4 ± 0.5 Synergy
Vancomycin - R 12.82 ± 0.9 Additive
Gentamicin 13.52 ± 6.1 I 27.2 ± 0.4 Synergy
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Table 1. Cont.

Bacteria Antimicrobials

Zone of Inhibition (ZI) (mm)

ZI of
Antimicrobials

ZI Breakpoints
According to

CLSI *

ZI of
Catechin

ZI of Catechin in
Combination with

Antimicrobials
Outcome

Escherichia coli
(isolate 11)

Rifampin - R

10.38 ± 0.6

10.4 ± 0.5 Additive
Tetracycline 12.28 ± 0.0 I 24.5 ± 0.7 Synergy

Erythromycin - R 10.5 ± 1.4 Additive
Clindamycin 16.69 ± 1.1 I 28.1 ± 1.1 Synergy
Azithromycin 12.21 ± 0.9 I 22.5 ± 0.5 Additive
Vancomycin 16.59 ± 3.1 I 29.0 ± 0.7 Synergy
Gentamicin 13.76 ± 2.5 I 25.4 ± 1.1 Synergy

Escherichia coli
(isolate 12)

Rifampin 8.76 ± 5.3 R

13.17 ± 1.5

22.5 ± 6.4 Synergy
Tetracycline 18.34 ± 7.1 I 31.9 ± 0.5 Synergy

Erythromycin - R 13.4 ± 11.0 Additive
Clindamycin 15.71 ± 2.6 I 30.5 ± 0.0 Synergy
Azithromycin 12.77 ± 1.5 I 26.4 ± 0.2 Synergy
Vancomycin 15.24 ± 1.1 I 28.5 ± 0.4 Additive
Gentamicin 13.73 ± 0.6 I 27.5 ± 0.9 Synergy

Escherichia coli
(isolate 13)

Rifampin - R

13.18 ± 8.7

13.0 ± 0.0 Additive
Tetracycline 9.82 ± 4.3 R 25.4 ± 1.4 Synergy

Erythromycin - R 14.21 ± 0.0 Synergy
Clindamycin 18.27 ± 5.2 I 32.0 ± 0.5 Synergy
Azithromycin 12.67 ± 9.7 I 27.1 ± 0.0 Synergy
Vancomycin 16.37 ± 10.0 I 29.45 ± 0.5 Additive
Gentamicin 13.14 ± 8.7 I 27.2 ± 0.3 Synergy

Escherichia coli
(isolate 14)

Rifampin 7.67 ± 2.6 R

12.4 ± 1.3

20.0 ± 3.8 Additive
Tetracycline 10.22 ± 11.0 R 23.4 ± 1.5 Synergy

Erythromycin - R 12.42 ± 0.5 Additive
Clindamycin - R 13.1 ± 0.6 Synergy
Azithromycin 11.28 ± 5.4 I 23.5 ± 2.7 Additive
Vancomycin 16.24 ± 8.6 I 29.0 ± 0.4 Synergy
Gentamicin 11.81 ± 5.9 I 25.1 ± 0.2 Synergy

Escherichia coli
(isolate 15)

Rifampin - R

12.62 ± 6.6

12.5 ± 7.8 Additive
Tetracycline 15.89 ± 7.4 S 29.1 ± 0.0 Synergy

Erythromycin 9.42 ± 11.0 R 24.01 ± 11.6 Synergy
Clindamycin - R 14.0 ± 4.3 Synergy
Azithromycin - R 12.5 ± 0.9 Additive
Vancomycin 15.37 ± 8.3 I 28.0 ± 0.9 Additive
Gentamicin - R 13.2 ± 0.6 Synergy

“#” means statistical data are unavailable, “-” means no activity, and “*” indicates that the results are categorized
according to Clinical and Laboratory Standards Institute (CLSI) guidelines into R resistant; I intermediately
resistant; and S sensitive. All the data were obtained from three independent experiments and is expressed as
mean ± SD.

The minimum inhibitory concentration is the lowest antimicrobial concentration that
inhibits the visible growth of a bacterium following overnight incubation [17]. Azithromycin
showed potent antibacterial activity with a minimum inhibitory concentration (MIC) of
0.5 mg/mL against E. coli ATCC 8739 and 0.5–1 mg/mL against E. coli clinical isolates
(Table 2). The MICs for the rest of the antibiotics ranged from 2 to 32 mg/mL, and they
were only moderately effective against all of the strains tested. Catechin exhibited moderate
activity (MIC = 1 mg/mL) against E. coli ATCC 25922, E. coli ATCC 43895, and E. coli clinical
isolates, weak activity against E. coli ATCC 8739 (MIC = 2 mg/mL), and potent activity
against two clinical isolates (isolate numbers 9 and 10) with a MIC of 0.5 mg/mL. According
to the literature, strong antibacterial activity is considered with MIC values ranging from
0.05–0.5 mg/mL, moderate activity with MIC values ranging from 0.6–1.5 mg/mL, and
weak antibacterial activity when the MIC values exceed 1.5 mg/mL [18].
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Table 2. Minimum bactericidal concentration (MBC) (mg/mL), minimum inhibitory concentration
(MIC) (mg/mL), and MBC/MIC ratio for the antimicrobial agents and catechin against E. coli isolates.

Bacteria Effect Rifampin Tetracycline Erythromycin Clindamycin Azithromycin Vancomycin Gentamycin Catechin

Escherichia
coli ATCC

25922 #

MBC 8 32 32 8 8 64 4 2
MIC 4 16 8 4 4 16 2 1

MBC/MIC 2(+) 2(+) 4(+) 2(+) 2(+) 4(+) 2(+) 2(+)

Escherichia
coli ATCC

8739 #

MBC 4 32 32 16 1 32 4 4
MIC 2 16 16 8 0.5 16 2 2

MBC/MIC 2(+) 2(+) 2(+) 2(+) 2(+) 2(+) 2(+) 2(+)

Escherichia
coli ATCC

43895 #

MBC 8 32 16 8 16 16 4 2
MIC 4 16 8 4 8 8 2 1

MBC/MIC 2(+) 2(+) 2(+) 2(+) 2(+) 2(+) 2(+) 2(+)

Escherichia
coli

(isolate 1)

MBC 32 32 32 32 2 32 8 4
MIC 16 8 4 4 0.5 8 4 1

MBC/MIC 2(+) 4(+) 8(−) 8(−) 4(+) 4(+) 2(+) 4(+)

Escherichia
coli

(isolate 2)

MBC 16 32 16 32 2 32 8 4
MIC 8 4 4 4 1 8 4 1

MBC/MIC 2(+) 8(−) 4(+) 8(−) 2(+) 4(+) 2(+) 4(+)

Escherichia
coli

(isolate 3)

MBC 16 32 32 32 1 16 8 4
MIC 8 8 4 4 0.5 2 4 1

MBC/MIC 2(+) 4(+) 8(−) 8(−) 2(+) 8(−) 2(+) 4(+)

Escherichia
coli

(isolate 4)

MBC 32 64 32 32 1 32 8 4
MIC 16 4 8 8 0.5 8 4 1

MBC/MIC 2(+) 16(−) 4(+) 4(+) 2(+) 4(+) 2(+) 4(+)

Escherichia
coli

(isolate 5)

MBC 16 64 32 32 1 32 8 4
MIC 8 4 8 2 0.5 8 4 1

MBC/MIC 2(+) 16(−) 4(+) 16(−) 2(+) 4(+) 2(+) 4(+)

Escherichia
coli

(isolate 6)

MBC 16 32 16 32 2 64 4 4
MIC 8 4 4 8 1 16 1 1

MBC/MIC 2(+) 8(−) 4(+) 4(+) 2(+) 4(+) 4(+) 4(+)

Escherichia
coli

(isolate 7)

MBC 32 32 64 32 2 64 16 4
MIC 8 8 8 2 1 8 8 1

MBC/MIC 4(+) 4(+) 8(−) 16(−) 2(+) 8(−) 2(+) 4(+)

Escherichia
coli

(isolate 8)

MBC 64 32 32 32 4 32 32 4
MIC 8 8 4 4 1 16 16 1

MBC/MIC 8(−) 4(+) 8(−) 8(−) 4(+) 2(+) 2(+) 4(+)

Escherichia
coli

(isolate 9)

MBC 64 32 32 32 2 32 4 2
MIC 16 8 8 4 1 8 2 0.5

MBC/MIC 4(+) 4(+) 4(−) 8(−) 2(+) 4(+) 2(+) 4(+)

Escherichia
coli

(isolate 10)

MBC 64 32 32 32 4 64 4 2
MIC 32 8 4 4 1 16 2 0.5

MBC/MIC 2(+) 4(+) 8(−) 8(−) 4(+) 4(+) 2(+) 4(+)

Escherichia
coli

(isolate 11)

MBC 64 32 16 32 2 16 8 4
MIC 32 8 4 4 0.5 4 2 1

MBC/MIC 2(+) 4(+) 4(+) 8(−) 4(+) 4(+) 4(+) 4(+)

Escherichia
coli

(isolate 12)

MBC 64 32 64 32 4 32 8 4
MIC 32 8 8 4 1 8 2 1

MBC/MIC 2(+) 4(+) 8(−) 8(−) 4(+) 4(+) 4(+) 4(+)

Escherichia
coli

(isolate 13)

MBC 64 32 16 16 2 32 8 4
MIC 32 4 8 4 0.5 8 4 1

MBC/MIC 2(+) 8(−) 2(+) 4(+) 4(+) 4(+) 2(+) 4(+)

Escherichia
coli

(isolate 14)

MBC 16 64 32 32 2 32 8 4
MIC 8 32 4 4 1 4 4 1

MBC/MIC 2(+) 2(+) 8(−) 8(−) 2(+) 8(−) 2(+) 4(+)

Escherichia
coli

(isolate 15)

MBC 32 64 32 32 1 32 8 4
MIC 16 32 4 4 0.5 16 4 1

MBC/MIC 2(+) 2(+) 8(−) 8(−) 2(+) 2(+) 2(+) 4(+)

“#” means statistical data are unavailable. All the data were obtained from three independent experiments. For the
MBC/MIC ratio, (+) bactericidal; (−) bacteriostatic.
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The minimum bactericidal concentration (MBC) is the lowest antimicrobial concentra-
tion that will stop an organism from growing after being subcultured on an antibiotic-free
medium [17]. According to the ratio of MBC/MIC, the antibacterial effect is consid-
ered bactericidal if the MBC/MIC ≤ 4, and the effect is considered bacteriostatic if the
MBC/MIC > 4 [19]. The MBC, MIC, and MBC/MIC ratio for the tested antibiotics and
catechin are displayed in Table 2. All the tested antibiotics showed bactericidal activity
against the tested strains except for tetracycline, erythromycin, and clindamycin, which
showed bacteriostatic activity against some of the clinical isolates. Catechin exhibited
bactericidal action against all the tested E. coli strains. Azithromycin was the most ac-
tive antibiotic and E. coli ATCC 8739 was the most susceptible strain (MIC = 0.5 mg/mL,
MBC = 1 mg/mL, MBC/MIC = 2). It is noteworthy that E. coli ATCC 8739 was resistant
to catechin and all antibiotics except azithromycin. Interestingly, E. coli ATCC 43895 was
the most sensitive strain to catechin (MIC = 1 mg/mL, MBC = 2 mg/ mL, MBC/MIC = 2),
although it was resistant to all the tested antibiotics. Both catechin and azithromycin had
significant antibacterial activity against E. coli clinical isolates with bactericidal effects,
while the remaining antibiotics were inactive against the tested strains (MIC ranges of
2–32 mg/mL, MBC ranges of 4–64 mg/mL).

2.2. Biofilm Inhibition

The results for the biofilm inhibition assay of this study are shown in Figure 2. All the
tested E. coli strains were biofilm producers. E. coli ATCC 43894 and the clinical isolates
were strong biofilm formers (mean OD = 0.25), while E. coli ATCC 8739 and E. coli ATCC
25922 were moderate biofilm formers (mean OD = 0.18). According to the literature, mean
OD values > 0.24 indicate that the tested bacterium can form strong biofilm, mean OD
values 0.12–0.24 indicate that the test bacterium has moderate biofilm-forming ability, and
mean OD values < 0.12 indicate weak or no biofilm formation [20]. Catechin at the MIC
level distorted the biofilm formation of all the tested E. coli. The results indicated that
catechin inhibited E. coli adhesion at a percentage of inhibition equal to 90.3% for E. coli
ATCC 25922, 60% for E. coli ATCC 8739, 100% for E. coli ATCC 43895, and an average of 82%
biofilm inhibition for E. coli clinical isolates. Inhibition of biofilm formation by gentamicin
was modest against all of the examined E. coli strains.

2.3. In Silico Study

In a previous study, the relationship of the acrA gene with the biofilm formation
ability of E. coli was established [11]. Thus, a molecular docking study was carried out
to check catechin binding affinity to this protein. The AcrA protein is one of the AcrAB-
TolC multidrug-resistant efflux pump proteins (Figure 3). AcrAB-TolC is a member of the
resistance nodulation division family (RND) that is present in Gram-negative bacteria and
has a crucial role in the E. coli resistance mechanism to broad spectrum antibiotics [21]. The
pump consists of three major proteins; an outer membrane channel called TolC acts as an
exit pathway of substrates; periplasmic protein AcrA is responsible for the stability of the
connection between AcrB and TolC; and an inner membrane protein called AcrB, which
is the target site for substrate binding [22–25]. In addition to the small residue that was
identified recently, AcrZ affects substrate preference of AcrB [26].

It is noteworthy that the AcrA protein has no substrate binding site and AcrB is the
substrate binding site in several antimicrobial agents such as Puromycin (PDB-ID: 5NC5),
Erythromycin (PDB-ID: 3AOC), Rifampicin (PDB-ID: 3AOD), Levofloxacin (PDB-ID: 7B8T),
Doxycycline (PDB-ID: 7B8R), Linezolid (PDB-ID: 4K7Q), Fusidic acid (PDB-ID: 6Q4P), and
Minocycline (PDB-ID: 5ENT). In this regard, catechin binding affinity to AcrB was tested
and the result was presented in Figure 2. Catechin showed high binding affinity to AcrB
(PDB-ID: 5ENT) with ∆G = −8.2 Kcal/mol compared to the control ligand (minocycline)
with ∆G = −8.8 Kcal/mol (Table 3). Nevertheless, further in vitro tests on the catechin
effect on the AcrAB-TolC are required to confirm efflux pump inhibition of catechin.
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Figure 2. Biofilm formation ability of E. coli ATCC and clinical isolates (A), and biofilm inhibition
effect of catechin (B). Gentamicin is the positive control. All the data were obtained from three
independent experiments, and the mean values were presented.
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Figure 3. (A) Cryo-EM asymmetric structure of AcrBZ-Tolc pump of E. coli at 6.50 Å resolution
(PDB-ID: 5NG5). (B) Binding affinity of catechin to AcrB protein of E. coli (docked catechin in yellow
whereas docked minocycline is in red color). (C) the amino acids involved in the binding site of
catechin to AcrB protein.
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Table 3. Binding affinity of catechin to AcrB protein of E. coli.

Compound
Molecular Docking
Binding Affinity ∆G

(Kcal/mol)
Residue Involved in the Binding Site Bonds Involved in the

Binding Site

Minocycline (control) −8.8
PHE-178 (chain C), ASN-274 (chain C) Hydrogen bond
VAL-612 (chain C), ALA-279 (chain C) Pi-Pi stacked
ILE-277 (chain C), PHE-615 (chain C) Pi-Sigma

Catechin −8.2

GLY-179 (chain C) Hydrogen bond
LEU-177 (chain C) Carbon Hydrogen bond

PHE-178 (chain C), VAL-612 (chain C),
ILE-277 (chain C) Pi-Pi stacked

2.4. Gene Expression

In the current study, fifteen clinical E. coli isolates were tested for the expression of the
biofilm related gene, acrA, using the SYBR green assay for real-time PCR [27]. The results
are summarized in Figure 4 and Table 4. A housekeeping gene, 16S rRNA, was used, which
is commonly used in PCR analysis of bacteria [28]. The acrA gene was expressed in nine
E. coli isolates (60% target gene expression). However, the expression was depressed in
E. coli isolates treated with catechin at sub-MIC (0.5 mg/mL).
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Ct (thermal cycle) is the number of cycles required for the fluorescent signal to cross
the thresholds and it is inversely proportional to the amount of the target gene (i.e., lower
Ct indicates greater amount of target gene) [29]. Cts values of 29 indicate an abundance of
target genes and strong positive reactions, according to the literature. Cts values ranging
from 30–37 indicate a moderate number of target genes. Cts values of 38–40 are considered
weak reactions with a small number of target genes [30,31]. In this study, acrA expression
occurred in Ct < 29, reflecting a positive reaction. Moreover E. coli isolates that were treated
with catechin showed a significant reduction in the target gene (acrA). By combining the
results of the in silico and the in vitro studies, we suggested that catechin antibacterial action
against multidrug-resistant uropathogenic E. coli is due to biofilm inhibition and efflux
pump mechanism. According to the in silico result, catechin binds the substrate recognition
site in the AcrAB-TolC of E. coli, which might indirectly affect the AcrA protein. Further
in vitro tests on the catechin activity on the E. coli efflux pump system are warranted.
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Table 4. The expression level of the 16S rRNA and acrA genes in E. coli clinical isolates.

Isolate
Number

Mean of Ct of
16S rRNA

(Untreated)

Mean of Ct of
16S rRNA
(Treated)

Mean of Ct of
acrA Gene
(Untreated)

Mean of Ct of acrA
Gene (Catechin

Treated)

∆Ct for acrA
Gene Result

1 17 19.34 17.8 24.8 7 Down

2 16.9 18.45 17.2 24.7 7.5 Down

3 17.2 19.5 - - - -

4 17.2 18.45 - - -

5 17.3 21.5 16.8 24.7 7.9 Down

6 17.6 19.34 18.3 25 6.9 Down

7 18.2 19 - - - -

8 17.7 21 - - - -

9 18 20.41 17.8 24.8 7 Down

10 18.1 19.45 16.6 26.7 10.1 Down

11 17.6 18 - - -

12 17.7 18.2 18 27.2 9.2 Down

13 16.9 17.7 17.7 24.8 7.1 Down

14 16.7 17.9 16.9 24.7 7.8 Down

15 17.3 19.3 - - - -

Ct, thermal cycle; -, acrA gene is not detected. ∆Ct = CtacrA (treated with catechin) − CtacrA (untreated).

3. Discussion

Urinary tract infections (UTIs) are one of the most prevalent infectious diseases with a
high recurrence rate worldwide [32]. Among several pathogens that cause UTIs, E. coli is
considered as the major causative pathogen, accounting for 90% of community-acquired
infections and 50% of nosocomial infections [33]. Recurrent UTIs with multidrug-resistant
E.coli impose both an economic and health burden [34]. It has been reported that 78%
of recurrent urinary tract infections are caused by multidrug-resistant, biofilm-forming
E. coli [33]. Biofilm formation by many pathogens is considered as one of the indirect
strategies for multidrug resistance [35]. Bacteria producing biofilm are difficult to eradicate
and are able to transfer their resistance genes within their biofilm community, causing
recurrent infections [36]. Many species have the ability to form biofilms, such as Escherichia,
Pseudomonas, Staphylococcus, Bacillus, etc. [37].

A biofilm is a complex matrix composed of polysaccharides, nucleic acids, proteins,
lipids, water, various ions, and other organic components in which cells bind together
to survive harsh conditions such as host defense and accumulation of various noxious
substances and antimicrobial agents [38]. According to the recent assessment by the
National Institute of Health (NIH), more than 60% of in vivo infections are due to biofilm-
forming microorganisms [39]. Currently, biofilm-producing bacteria have been designated
as a major concern because of chronic infections [40]. It has been proven that biofilm
formation makes bacteria 10–1000 times more antibiotic resistant. Several pathogens such
as Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter spp. that are known as “ESKAPE” infections are
distinguished by their strong biofilm formation [38]. Thus, the search for new antimicrobials
with biofilm inhibition properties is urgently needed.

Plant secondary metabolites have acquired extra attention in the area of drug devel-
opment as they are safe, derived from natural sources, and have high bioavailability [41].
Many of them have been proven to have antibiofilm activity [42]. Canarium patentinervium
Miq. is a rare plant from the Burseraceae family, genus Canarium L., found in Asia [43]. Our
team previously documented several medicinal activities of this plant, such as antibacte-
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rial, antioxidant, anti-inflammatory, anticholinesterase, and antitumor [16,44,45]. In this
study, the antibacterial activity of catechin isolated from the ethanolic extract of the leaves
of Canarium patentinervium Miq. was assessed against reference and multidrug-resistant
uropathogenic E. coli. Based on the findings, catechin had significant antibacterial activity
(MIC ranges of 1–2 mg/mL, MBC/MIC ≤ 4) against all the tested strains. In addition,
catechin showed high synergism with the tetracycline combination. Catechin’s antibacterial
effect against E. coli has been reported in several studies [46–48]. It was shown that catechin
inhibited E. coli growth in a dose-dependent manner [48,49].

In this study, the biofilm formation ability of E. coli strains was assessed quantitatively,
and the result indicated that all the tested E. coli strains formed biofilm and were multidrug
resistant. Catechin inhibited E. coli biofilm significantly, with a percent inhibition range of
60–100%. The antibiofilm activity of catechin has been reported in several studies [50,51].
Catechin at a concentration of 0.026 g/L showed significant biofilm inhibition in MRSA
strains through downregulation of fnbA and icaBC genes in MRSA [50]. Similarly, green
tea epigallocatechin gallate EGCG at sub-inhibitory concentration remarkably reduced the
adhesion of MRSA by interfering with bacterial glucosyltransferase involved in biofilm
formation [52]. In E. coli, EGCG showed antibiofilm activity by attenuating the expression
or activity of several virulence factors such as Shiga toxin [53].

In the current study, catechin attenuated the expression of the acrA gene related to
E. coli biofilm formation and multidrug resistance. In a previous study, the expression
of acrA was significantly reduced in multidrug-resistant E. coli strains under the pres-
sure of four aminoglycosides (streptomycin, gentamicin, amikacin, and apramycin) at
sub-inhibitory concentration [11]. Molecular docking was performed to achieve a better
understanding of catechin action on E. coli biofilm-related genes. Based on the result,
catechin exhibited high binding affinity to the AcrB protein, which is one of the AcrAB-
TolC efflux pump proteins that are responsible for E. coli multidrug resistance [21]. The
AcrAB-TolC efflux pump is an RND-type tripartite efflux pump that is a major contributor
to multidrug resistance in Gram-negative bacteria. It has three major proteins, one of which
is the AcrB protein, which represents the ligand interaction site. Upon ligand binding
to AcrB, quaternary structural changes occurred in AcrB that communicated with AcrA
to trigger structural changes leading to the opening of the TolC channel from the sealing
resting state [54]. Although the AcrA protein lacks a substrate binding site, it serves as
a link between AcrB and TolC and plays an important role in the stability of the AcrAB-
TolC pump [54]. Based on the in silico result, we suggested that catechin isolated from
Canarium patentinervium Miq. might indirectly reduce the expression of the biofilm related
acrA gene by binding to the AcrB domain of the E. coli AcrAB-TolC efflux pump. Further
in vitro tests to confirm the efflux pump inhibition effect of catechin are required.

4. Materials and Methods
4.1. Plant Material

The leaves and bark of Canarium patentinervium Miq. were previously collected from
one individual tree in Bukit Putih, Selangor, Malaysia (3◦5′24′ ′ N 101◦46′0′ ′ E). The plant
was collected with the approval and assistance of the local Indigenous people. The plant
was identified by Mr. Kamaruddin (Forest Research Institute of Malaysia). A herbarium
sample (PID 251210-12) has been deposited at the Forest Research Institute of Malaysia.
The leaves and bark were air dried and ground into small particles using an industrial
grinder. Our team previously isolated catechin from the ethanolic extracts of the leaves
through bioassay-guided fractionation using Sephadex LH-20 (30 cm × 60 cm) and Silica
gel (4 cm × 90 cm) [55].

4.2. Chemicals

The following chemicals were purchased from different manufacturers: MacConkey
agar and Mannitol salt agar (Himedia, Thane, India), Nutrient agar, EMB agar medium,
Mueller–Hinton agar medium and Mueller–Hinton broth medium (Oxoid, Hampshire,
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England), Brain Heart Infusion (BHI) broth and CCA medium (Condalab, Madrid, Spain),
Gram stain solutions (Fluka, Buch, Switzerland), Glycerol (B.D.H, London, UK), Normal
saline (Mediplast, Dubai, United Arab Emirates), Absolute ethanol 99% (Merck, Darmstadt,
Germany), DMSO ≥ 99% (Merck, Darmstadt, Germany), EasyScript ®First-Strand cDNA
Synthesis SuperMix (Transgen, Beijing, China), Real mod TM green (Takara, Maebashi,
Japan), Quick-RNA Fungal/Bacterial Microprep Kit (Zymo, CA, USA).

4.3. Bacterial Strains

The clinical isolates of E. coli were obtained from the Bacteriology Unit, Department
of Clinical Laboratory in the Medical City, Baghdad, Iraq. Samples were collected from
UTI patients during the period from November 2021 to December 2021. E. coli ATCC
reference bacteria (ATCC 25922, ATCC 8739, and ATCC 43895) were obtained from the
Central Health Lab, Baghdad, Iraq. For all experiments except for the gene expression,
three E. coli (ATCC reference) cultures and 15 clinical isolates were used.

Bacteria were cultured in a Brain Heart Infusion (BHI) broth medium and incubated at
37 ◦C for 24 h (Incubator IN55 Plus, Memmert GmBH, Schwabach, Germany) to promote
bacterial growth. To identify E. coli, bacteria were streaked in general nutrient agar and
differential culture media such as Chromogenic Coliforms Agar (CCA) medium and Eosin
Methylene Blue agar (EMB). Antibiotic susceptibility (Table 5) was performed in VITEK®2
system (bioMérieux, Craponne, France) according to manufacturing company, E. coli was
inoculated on MacConkey agar and incubated at 37 ◦C for 24 h.

Table 5. Bacterial source and antibiotic resistance profile.

Bacteria Source Resistance Profile

Escherichia coli ATCC 25922 Central Health Lab/Iraq (R) TET, ERY, VAN, RIF, AZM, PIP
(S) GEN, MIN, MEM

Escherichia coli ATCC 8739 Central Health Lab/Iraq (R) TET, ERY, CLI, VAN
(S) GEN, AZM, RIF

Escherichia coli ATCC 43895 Central Health Lab/Iraq (R) RIF, TET, ERY, AZM, PIP, TIC, TOB
(S) CFM, FEP, MIN

Escherichia coli Urine from UTI samples
(R) TIC, PIP, GEN, TOB, CIP, SXT

(S) TIM, TZP, CAZ, FEP, ATM, IPM,
MEM, AMK, MIN

(R) resistant, (S) sensitive, TET tetracycline, ERY erythromycin, VAN vancomycin, RIF rifampin, AZM
azithromycin, PIP piperacillin, GEN gentamycin, MIN minocycline, MEM meropenem, CLI clindamycin, TIC
ticarcillin, TOB tobramycin, CFM cefixime, FEP cefepime, CIP ciprofloxacin, SXT trimethoprim-sulfamethoxazole,
TIM ticarcillin- Clavulanic acid, TZP piperacillin-tazobactam, CAZ ceftazidime, ATM aztreonam, IPM imipenem,
AMK amikacin.

4.4. Evaluation of Antibacterial Activity
4.4.1. Disc Diffusion Assay

This test was performed using the Kirby–Bauer technique for disc diffusion following
the National Committee for Clinical Laboratory Standards methods (NCCLS) [56]. Seven an-
timicrobial discs have been used (azithromycin 15 µg, vancomycin 30 µg, clindamycin 2 µg,
erythromycin 10 µg, gentamicin 10 µg, rifampin 5 µg, and tetracycline 10 µg) (Bioanalyse,
Ankara, Turkey) based on recommendations given by the Clinical Laboratory Standards
Institute (CLSI,2020) [57]. The inoculum was prepared by transferring at least 3–5 isolated
colonies that were grown previously in CCA agar to a bijou bottle containing 3 mL of
normal saline and incubated at 35 ◦C for 2 h to achieve the turbidity of growth equal to the
normal turbidity standard of 0.5 McFarland/625 nm (inoculation of 1 × 108 CFU/mL).

The bacterial broth was used 15 min after the inoculum turbidity was adjusted. Then
the inoculum was streaked into a petri dish with Mueller–Hinton agar medium with a
thickness of 4 mm. The plate was dried at room temperature, then the antibiotic discs
were added and incubated at 35 ◦C for 24 h. Catechin was used at a concentration of
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100 mg/mL dissolved in DMSO≥ 99%. The agar well diffusion method was performed for
catechin based on the CLSI recommendation. A well with a diameter of 6 mm was punched
aseptically into the petri dish with a sterile cork borer, and 20 µL of catechin solution
was transferred into the well and incubated at 37 ◦C for 24 h [58]. Positive and negative
controls were used, where the negative control included the solvent (DMSO ≥ 99%), and
the positive control represented the antibiotic discs. The diameter of the zone of inhibition
was measured using a digital vernier caliper to determine the microbial growth. The
experiments were performed in triplicate and the mean values were presented.

4.4.2. Minimum Inhibitory Concentration (MIC)

The broth microdilution method was performed based on the guidelines given by
CLSI as described by Eloff [59]. A stock solution of catechin dissolved in DMSO ≥ 99%
was prepared in 1.5 mL microcentrifuge tubes (Eppendorff) to a final concentration of
64 mg/mL and filtered with a 0.22 Millipore filter. Likewise, each individual antibiotic
powder (Panpharma S.A., Luitré, France) was dissolved in a suitable solvent, DMSO ≥ 99%
for (azithromycin, tetracycline, erythromycin, and rifampin) and distilled water for (gen-
tamicin, vancomycin, and clindamycin) with an initial concentration of 64 mg/mL for
all antibiotics. Two-fold serial dilutions were made from the stock solution to obtain a
concentration range from 32 mg/mL to 0.125 mg/mL using Mueller–Hinton broth in
96-well plates.

A standardized bacterial suspension (100 µL) at a concentration of 1 × 106 CFU/mL
was added to each well containing the previously prepared 100 µL of diluted antimicrobial
agents, resulting in a final volume of 200 µL in each well and final antibiotic concentrations
ranging from 16 mg/mL to 0.125 mg/mL for a recommended final bacterial cell count
of about 5 × 105 CFU/mL. To find out how sensitive the bacteria being tested were, a
positive control was made up of broth, the antimicrobial agent’s solvent (either distilled
water or DMSO), and the bacteria. On the other hand, a broth without inoculum and an
antimicrobial agent solvent served as the negative control. Then the microtiter plates were
incubated at 37 ◦C for 24 h. After that, the MIC value was determined visually by recording
the lowest concentration with no visible growth (the first clear well). MIC values were
determined in triplicate and repeated to confirm activity.

4.4.3. Minimum Bactericidal Concentration (MBC)

The minimum bactericidal concentration (MBC) was recorded as the lowest concentra-
tion that resulted in 99.9% killing of bacteria growth [60]. The MBC assay was performed
using Ozturk and Ercisli method [61] by which only the susceptible bacteria from the MIC
assay were considered. Ten microliters were taken from the well obtained from the MIC
experiment (MIC value) and two wells above the MIC value well and spread on MHA
plates. The number of colonies was counted after 18–24 h of incubation at 37 ◦C. The
concentration of a sample that produces < 10 colonies is considered as MBC value. Each
experiment was performed in triplicate and the MBC/MIC ratio was determined. If the
ratio MBC/MIC ≤ 4, the effect is considered bactericidal, but if the ratio MBC/MIC > 4,
the effect is defined as bacteriostatic [19,62].

4.4.4. Synergistic Assay

In the presence of different antimicrobial agents (gentamicin, clindamycin, van-
comycin, tetracycline, erythromycin, azithromycin, and Rifampin), the antimicrobial activ-
ity of catechin was tested. The bacterial strain was spread with a turbidity of 0.5 McFarland
on Mueller–Hinton agar (MHA) plates. For the assessments of the synergistic effects,
selected antibiotic discs were discretely impregnated with 5 µL of catechin (at the MBC
value) and employed on the inoculated agar plates. Plates were incubated at 37 ◦C for 18 h.
The zones of inhibition produced by catechin in combination with standard antibiotics
after overnight incubation were estimated. If zones of combination treatment > ‘more than’
(zone of catechin + zone of the corresponding antibiotic), it was interpreted as synergism; if
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zone of combination treatment = (zone of catechin + zone of correspondence antibiotic),
it was interpreted as additive; if zone of combination treatment < ‘less than’ (zone of
catechin + zone of the corresponding antibiotic), it was interpreted as antagonism [63,64].

4.5. Evaluation of Antibiofilm Activity
4.5.1. Biofilm Formation by E. coli

Microtiter plate assay or tissue culture plate (TCP) was used for quantitative determi-
nation of E. coli biofilm formation in accordance with O’Toole with some modification [65].
In brief, a sterile polystyrene tissue culture plate (composed of 96 flat bottom wells) was
filled with 200 µL of the diluted prepared bacterial suspension and incubated at 37 ◦C for
24 h. Then, the content of each well was gently removed by tapping the plates, and the
wells were washed twice with 200 µL phosphate buffer saline (PBS) (pH 7.2) to remove
free-floating ‘planktonic’ bacteria. Biofilms formed by adherent ‘sessile’ bacteria on plate
were fixed by placing them in the incubator at 37 ◦C for 30 min. Then, the wells were
stained with 200 µL of 1% crystal violet solution for 45 min. After that, the microtiter plates
were rinsed three times with sterile distilled water to remove excess dye and left to dry for
45 min at room temperature, then de-stained by adding 200 µL ethanol. A sterile bacterial
broth was used as a negative control to identify non-specific binding. A micro-ELISA reader
(at 570/655 nm wavelength) was used to measure the optical densities (OD) of stained
bacterial biofilms. The experiment was conducted in triplicate and the average OD values
were considered. The results were graded into strong, moderate, and non or weak biofilm.

4.5.2. Biofilm Inhibition Assay

Catechin at MIC value was added to each well of a 96-well microplate except for the
positive control well, which contained gentamicin and the negative control well, which
contained bacterial broth only [66,67]. Bacterial culture (1 × 108 CFU/mL) in an amount
of 100 µL was pipetted into each well and the well was then incubated at 37 ◦C for 18 h.
After that, the content of each well was removed, and the wells were rinsed three times
with distilled water and allow to dry at 60 ◦C for 45 min. Then the wells were stained
with 200 µL of 1% crystal violet and incubated at room temperature for 30 min. Finally,
the plates were rinsed with distilled water, de-stained with ethanol, and incubated at
room temperature for 15 min. A microplate ELISA reader (model 680, Bio-Rad, Hercules,
CA, USA) at 570/655 nm was used to measure the optical densities. The experiment was
conducted in triplicate and the mean absorbance was considered. The percentage of biofilm
inhibition was then compared with the positive control and calculated according to the
following formula:

% Of inhibition =
OD control −OD treatment ∗ 100

OD control
(1)

4.6. In Silico Study
Molecular Docking

A docking study was conducted to predict the target protein for catechin antibiofilm
action. In a previous study, the acrA gene that is related to antibiotic resistance of E. coli
biofilm was identified [11]. The crystal structure of the target protein was retrieved from
the Protein Data Bank database (https://www.rcsb.org/, accessed on 25 April 2022). AcrA
protein (PDB-ID: 5NG5) is a component of the E. coli AcrAB-TolC efflux pump and consists
of an AcrA subunit with six chains and 373 sequence length, an AcrB subunit with three
chains and 1049 sequence length, an AcrZ subunit with three chains and 55 sequence
length, and a TolC protein with three chains and 493 sequence length. The target protein
was prepared for docking by removing water, adding hydrogens and kollman charges and
saved as pdb format using Autodock tools 1.5.1 [68]. Then the natural ligand was extracted
from the protein using Discovery Studio Visualizer software (https://discover.3ds.com/
discovery-studio-visualizer-download, accessed on 25 April 2022). The ligand and the
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protein were edited in Autodock tools 1.5.1. The grid box was centered on the ligand
and control docking was run using Autodock Vina 1.1.2 software [69]. The same protocol
was repeated with catechin as the ligand and the 3D structure of catechin (ID: 9064) was
obtained from the PubChem data base (https://pubchem.ncbi.nlm.nih.gov/, accessed on
26 April 2022). The docking simulation was repeated three times, and the average binding
affinity was considered. Several parameters were evaluated, such as the binding affinity of
catechin toward the target protein, the ligand interaction site, the amino acids involved in
the binding pocket, and the bonds formed at the interaction site. Results were analyzed
using PyMOL [70] and visualized using Discovery Studio Visualizer (Dassault Systèmes,
San Diego, CA, USA).

4.7. Gene Expression Using Quantitative Real-Time RT-PCR

To evaluate the effect of catechin on biofilm-related gene expression, quantitative real-
time PCR (Mx3000P qPCR System, Agilent, Santa Clara, USA) was performed on E. coli clini-
cal isolates with and without catechin (at the sub-inhibitory concentration = 0.5 mg/mL) [71].
E. coli clinical isolates (2 × 105 CFU) were inoculated in 250 mL of tryptic soy broth
(TSB) [50]. Quick-RNA™ Fungal/Bacterial Microprep Kit was used to isolate the total
RNA according to the manufacturer’s instructions (Zymo, USA). The RNA was treated
with DNase/RNase-Free water to remove genomic DNA. The concentration and optical
absorbance of each extracted RNA were confirmed with Nanodrop (Epoch Microplate
Spectrophotometer, Agilent, Santa Clara, USA) at 260 nm/280 nm and samples were kept
at −80 ◦C to elicit DNA contamination from total isolated RNA. EasyScript® First-Strand
cDNA Synthesis SuperMix kit was used to synthesize the cDNA according to the man-
ufacturer’s instructions (Transgen/China). The cDNA reaction components including
Random Primer (N9) in a volume of 1 µL, 2×ES Reaction Mix (10 µL), EasvScript®RT/RI
Enzyme Mix (1 µL), RNase-free Water (Up to 20 µL), Eluted RNA (5 µL). qRT-PCR was
performed by the SYBR Green gene expression assay [27]. In each sterile PCR tube, sample
components of Real MODTM Green W2 2x qPCRmix in a volume of 10 µL, Forward Primer
(10 µM) in a volume of 2.0 µL, Reverse Primer (10 µM) in a volume of 2.0 µL, Template
DNA (4 µL), and DNase/RNase free water (up to 20 µL) were added. The thermal program
was performed as follows: initial activation step, which was optimized at 95 ◦C for 10 min,
1 cycle; denaturation step, which was optimized at 95 ◦C, for 30 s; annealing was optimized
at 60 ◦C, for 30 s; extension was optimized at 72 ◦C for 30 s. Denaturation, annealing, and
extension steps were performed over 40 cycles. Then there was the final extension, which
was optimized at 72 ◦C, for 5 min, 1 cycle. The 16S rRNA gene was used as a housekeeping
gene, while the acrA gene was used as a target gene for E. coli. The primers used in this
study are listed in Table 6.

Table 6. The primer sequences for the real time qPCR analysis.

Genes Type Sequences (5′–3′) Temperature (C)

16 sRNA (reference gene) Forward
Reverse

AGAGTTTGATCMTGGCTCAG
CTGCTGCSYCCCGTAG

50
52

acrAgene (target gene) Forward
Reverse

TTGAAATTCAGGAT
CTTAGCCCTAACAGGATGTG

53
57.2

4.8. Statistical Analysis

All experiments were performed in triplicate and data were expressed as mean ± stan-
dard deviation using GraphPad Prism 9 software for Mac, www.graphpad.com (GraphPad,
San Diego, CA, USA). The data were analyzed using one-way ANOVA followed by Tukey
test. For the gene expression, unpaired T-test was performed. A significant difference was
considered at the level of p < 0.01. Data for the percentage of biofilm inhibiting activity of
catechin were presented using Microsoft Excel.
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5. Conclusions

Biofilm-forming E. coli places a significant burden on the health of the population.
With a high rate of recurrence, E. coli becomes increasingly resistant to antimicrobial
treatments and more difficult to eradicate. Catechin isolated from Canarium patentinervium
Miq. exhibited strong biofilm inhibiting activity by reducing the expression of the biofilm-
related acrA gene. This study highlights how important natural products are for treating
infectious diseases that are resistant to the currently available antimicrobials.
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Abstract: Food contamination caused by food-spoilage bacteria and pathogenic bacteria seriously
affects public health. Staphylococcus aureus is a typical foodborne pathogen which easily forms biofilm.
Once biofilm is formed, it is difficult to remove. The use of nanotechnology for antibiofilm purposes
is becoming more widespread because of its ability to increase the bioavailability and biosorption
of many drugs. In this work, chitosan nanoparticles (CSNPs) were prepared by the ion–gel method
with polyanionic sodium triphosphate (TPP). Cinnamaldehyde (CA) was loaded onto the CSNPs.
The particle size, potential, morphology, encapsulation efficiency and in vitro release behavior of
cinnamaldehyde–chitosan nanoparticles (CSNP-CAs) were studied, and the activity of CA against
S. aureus biofilms was evaluated. The biofilm structure on the silicone surface was investigated
by scanning electron microscopy (SEM). Confocal laser scanning microscopy (CLSM) was used to
detect live/dead organisms within biofilms. The results showed that CSNP-CAs were dispersed in a
circle with an average diameter of 298.1 nm and a zeta potential of +38.73 mV. The encapsulation
efficiency of cinnamaldehyde (CA) reached 39.7%. In vitro release studies have shown that CA can be
continuously released from the CSNPs. Compared with free drugs, CSNP-CAs have a higher efficacy
in removing S. aureus biofilm, and the eradication rate of biofilm can reach 61%. The antibiofilm
effects of CSNP-CAs are determined by their antibacterial properties. The minimum inhibitory
concentration (MIC) of CA is 1.25 mg/mL; at this concentration the bacterial cell wall ruptures and
the permeability of the cell membrane increases, which leads to leakage of the contents. At the
same time, we verified that the MIC of CSNP-CAs is 2.5 mg/mL (drug concentration). The synergy
between CA and CSNPs demonstrates the combinatorial application of a composite as an efficient
novel therapeutic agent against antibiofilm. We can apply it in food preservation and other contexts,
providing new ideas for food preservation.

Keywords: chitosan; nanoparticle; antibiofilm; cinnamaldehyde; Staphylococcus aureus

1. Introduction

Foodborne diseases are prominent health problems. Due to the long food chain and
complex pathogen sources, food is easily contaminated. Meat, poultry, eggs, aquatic
products, dairy products and other foods are very vulnerable to Staphylococcus aureus [1].
S. aureus often contaminates food in the following ways: via food-processing personnel,
when food-processing staff or cooks’ hands or clothes are contaminated with germs and
are not cleaned; when the food itself is contaminated before processing or is contaminated
during processing, resulting in enterotoxin and food poisoning; when the packaging of
cooked food products is not sealed and the contents are contaminated during transportation;
and when, e.g., dairy cows suffer from suppurative mastitis or there is local purulence in
livestock, contamination can occur in other parts of the body, etc. Biofilm can also form on
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the surfaces of food and food-processing equipment [2]. Bacterial biofilm refers to a large
number of aggregated, membrane-like substances formed by bacteria adhering to a contact
surface and secreting polysaccharide matrix, fibrin, lipid protein, etc. [3,4]. The extracellular
polymers on the surface of the biofilm are intricately aggregated, forming a complex and
orderly overall structure, which effectively protects the stability of the biofilm on the
carrier surface. The microorganisms in the biofilm occur together in the form of clusters
and are firmly adsorbed on the surface of the carrier. Using common physicochemical
methods is often difficult to completely remove biofilm. The physical methods include
ultrasonic [5,6], low-current and other methods, such as applications of electromagnetic and
shock waves. Although physical methods can meet the requirements for removing biofilms,
it is difficult to achieve the desired effect for some large-scale processing equipment. The
chemical methods include disinfectants and antibiotics, etc. [7]. These common chemical
disinfectants, such as sodium hypochlorite and chlorine dioxide, and antibiotics, such as
penicillin and tetracycline, cannot achieve ideal removal effects, and their use will also
lead to the development of bacterial drug resistance [8]. Therefore, new drugs to overcome
biofilm resistance and eliminate biofilm-protected bacteria need to be developed.

Cinnamaldehyde (CA) is an active component extracted from cinnamon bark, which
has a variety of effects, such as anticancer, antifungal and antibacterial activities [9–11].
It has been reported that CA can repress bacteria, yeasts and filamentous molds by in-
hibiting ATPases, cell-wall biosynthesis and by changing membrane structure and in-
tegrity [11]. Albano et al. confirmed that CA had the ability to reduce the growth
of Staphylococcus epidermidis in planktonic state, inhibit biofilm formation and eradicate
formed biofilm [12]. Yu et al. found that Campylobacter strains treated with 15.63 µg/mL CA
exhibited significantly decreased bacterial auto-aggregation, motility, exopolysaccharide
production and soluble protein levels, which proved that it had the ability to remove
biofilm [13]. CA also had an inhibitory effect on Candida albicans by inhibiting the release
of its virulence factors [14]. Kot et al. found that trans-cinnamaldehyde is a promising
antibiofilm agent for use in MRSA-biofilm-related infections [15].

Since the antibacterial properties of essential oils (EOs) are limited by their high
volatility and water-insolubility, the stability of EOs has become a key issue in recent
years [16]. Nanoparticles (NPs) have good biocompatibility and can be more stable for the
release of EOs and have been widely used in encapsulating EOs [17]. NPs loaded with an
EO can protect the EO from the external environment to prolong its inhibitory effect on
microorganisms. Chitosan (CS) is an alkaline polysaccharide containing more free amino
groups. It is used as a biological carrier, having good safety and biocompatibility, and has
been identified as having an effective antibacterial membrane effect [18–22]. When the
pH is lower than 10, the amino groups will be protonated and positively charged. The
lipid layer on the surface of the biofilm is negatively charged and easy to electrostatically
adsorb with positively charged chitosan particles [23]. As a pharmaceutical carrier, chitosan
nanoparticles (CSNPs), with the advantages of slow or controlled drug release, can improve
drug solubility and stability, thereby enhancing drug effects and reducing the side effects
of drugs [24]. This paper mainly studied the antibiotic film effect of chitosan nanoparticles
with cinnamaldehyde.

2. Results
2.1. Characterization of Nanoparticles

The surface morphologies and morphologies of CSNPs were shown by TEM. CSNP-
CAs had smooth surfaces and nearly spherical shapes (Figure 1). The average diameters of
the CSNPs and CSNP-CAs were estimated to be 167.3 nm and 298.1 nm, respectively. The
surface zeta potentials of the CSNPs and CSNP-CAs were (+34.60) mV and (+38.73) mV,
respectively. The average amount of CA on the carriers was 39.7%.
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Figure 1. TEM image of CSNP-CAs.

2.2. In Vitro Release Studies

It can be seen from the figure (Figure 2) that the release effect of CSNP-CAs can
be significantly divided into two stages. The drug release was rapid in the early stage,
including the release of unencapsulated CA adsorbed on the surface of the nanoparticles.
The drug release was slow in the later stage, which was due to the gradual release of the
drug inside the NPs. The cumulative release amount was about 77.01% in 7 h, and the
release tended to be gentle after 10 h. The cumulative release amount reached 86.00% in
48 h.

Antibiotics 2022, 11, 1403 3 of 13 
 

The surface zeta potentials of the CSNPs and CSNP-CAs were (+34.60) mV and (+38.73) 

mV, respectively. The average amount of CA on the carriers was 39.7%.  

 

Figure 1. TEM image of CSNP-CAs. 

2.2. In Vitro Release Studies 

It can be seen from the figure (Figure 2) that the release effect of CSNP-CAs can be 

significantly divided into two stages. The drug release was rapid in the early stage, in-

cluding the release of unencapsulated CA adsorbed on the surface of the nanoparticles. 

The drug release was slow in the later stage, which was due to the gradual release of the 

drug inside the NPs. The cumulative release amount was about 77.01% in 7 h, and the 

release tended to be gentle after 10 h. The cumulative release amount reached 86.00% in 

48 h. 

 

Figure 2. In vitro release profiles for CA from CA-loaded chitosan nanoparticles, using an initial 

weight ratio of chitosan to CA of 4:1. Data are presented as means ± SDs, n = 3. 

0 10 20 30 40 50
0

20

40

60

80

100

C
A

 r
el

ea
se

 (
%

)

Time (h)

Figure 2. In vitro release profiles for CA from CA-loaded chitosan nanoparticles, using an initial
weight ratio of chitosan to CA of 4:1. Data are presented as means ± SDs, n = 3.
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2.3. Antibacterial Activity of CA and CSNP-CAs

The antibacterial activity of CA against S. aureus strains (NCTC 8325, RN6390, 15981,
Col) were evaluated in vitro by measuring MIC and MBC values. The MIC and MBC
values for this strain were 1.25 mg/mL and 2.5 mg/mL when the MIC of CSNP-CAs was
2.5 mg/mL.

2.4. Inhibition Activity on Biofilm Formation of CA and CSNP-CAs

As can be seen in Figure 3, biofilm reduction was achieved with all the concentrations
of CA tested in this work. Both free CA and CSNP-CAs showed good biofilm inhibition. The
activities of free CA and loaded CA both increased with the increase in CA concentration,
indicating that the inhibition activities of free CA and loaded CA with respect to biofilm
were concentration-dependent. For free CA, there was almost no biofilm formation when
the concentration was greater than 1.25 mg/mL. In the same concentration range, the
inhibitory activity of loaded CA (CSNP-CAs) was slightly lower than that of free CA.
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Figure 3. Inhibition effects of NPs on biofilm in 96-well microplates. The results represent the means
and standard deviations (error bars) of three independent experiments. * p < 0.05 for comparison
between the untreated and treated groups.

2.5. Antibiofilm Activity on Mature Biofilm of CA and CSNP-CAs

In order to evaluate the effect of CSNP-CAs on the established biofilm, we assessed
the antibiofilm effect of CA and CSNP-CAs by repeated treatment for two days. Figure 4
shows the antibiofilm activity of CSNP-CAs and CA on mature biofilm at various CA
concentrations after 48 h of treatment. As can be seen from the figure, the biofilm was
removed at each concentration, but the effect was different. The removal effect of the
CSNP-CAs was better than that of free CA. When the drug concentration reached 4 × MIC,
the clearance rate of CSNP-CAs for the biofilm was 48.10% and that of free CA was 38.66%.
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2.6. Antibiofilm Effect of CSNP-CAs on Food-Grade Silicone

The biofilm grown on food-grade silicone platelets was observed by SEM (Figure 5).
S. aureus biofilm grown without CA treatment exhibited the typical 3D morphology with
dense structures and water channels (Figure 5A). Under the same conditions but treated
with free CA and CSNP-CAs, the biofilm showed structural changes (Figure 5B–C). CA
can be removed by bactericidal action to form biofilms (Figure 5B). The loading of CA and
NPs enhanced the removal of biofilms (Figure 5C). The silicone surface showed more blank
areas, with only single or no cells sticking to the surface.
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Figure 5. SEM images of S. aureus biofilm formations on medical-grade silicone surfaces with media
without treatment (A) and with CA (B) and CSNP-CA treatments (C).

The images obtained with CLSM (Live/Dead staining) confirmed the results. In the
control group (Figure 6A), a thick green structure (live cells) could be seen, indicating a
mature biofilm structure with active cells. Free CA treatment (Figure 6B) resulted in a
reduction in biofilm thickness. Biofilms had less biomass and reduced biofilm thickness,
and more biofilms were stained red (dead cells). After the treatment with CSNP-CAs
(Figure 6C), biofilms had less biomass and reduced biofilm thickness, the biofilm was
almost completely red (dead cells) and the structure of the biofilm was destroyed. In
conclusion, the CSNP-CAs could better destroy the structure of biofilm and kill the cells.
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Figure 6. CLSM images of S. aureus biofilm formations on medical-grade silicone surfaces with-
out treatment (A) and with CA (B) and CSNP-CA treatments (C). Biofilms were stained with the
Live/Dead® BacLight™ Bacterial Viability and Counting Kit. CLSM reconstructions show the three-
dimensional staining patterns for live cells (SYTO-9, green) and dead cells (propidium iodide, red).
Magnification, ×10.

2.7. Effect of CA on Cell-Wall Integrity of S. aureus

As shown in Figure 7A, the content of extracellular alkaline phosphatase in the bacte-
rial solution treated with CA was increased by more than threefold. The content of alkaline
phosphatase reached the maximum at about 8 h, and it tended to be stable after 8 h. It could
be inferred that CA could destroy the cell wall of S. aureus and increase the permeability of
the cell wall.
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(C) for S. aureus treated with CA.
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2.8. Effect of CA on Membrane Permeability of S. aureus

Figure 8 clearly shows the effect of CA on the morphology of S. aureus. In the control
group without CA, the bacterial cells were spherical and relatively intact, and the bacterial
cell membrane was smooth and not broken (Figure 8A). When the concentration of CA was
1 × MIC, S. aureus lost its original spherical state, many cells collapsed and cell membranes
even ruptured (Figure 8B). After adding CA, the permeability of cell membranes increased,
leading to the outflow of potassium ions and proteins in cells. In Figure 7B, when CA was
added to the bacterial solution, the concentration of extracellular potassium ions increased
gradually and reached a peak at 5 h.
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Figure 8. SEM images of S. aureus untreated (A) and treated (B) with cinnamaldehyde for 4 h.

Meanwhile, the concentration of protein in the bacterial suspension also increased
gradually (Figure 7C). Compared with the control, the protein content increased six times.
This result showed that the addition of CA could rupture the cells of S. aureus and cause
cytoplasmic leakage.

The damaged membranes of S. aureus cells were observed by flow cytometry, as shown
in Figure 9. The figure shows three different types of cells, namely, FITC-/PI- living cells
(Q3), FITC+/PI+ dead cells (Q2) and FITC-/PI+ necrotic cells and debris (Q1). It can be seen
from the figure (Figure 9A) that almost all control cells were clustered in the Q3 type, which
proves that S. aureus has a complete cell-membrane structure in this state. However, after
CA treatment (Figure 9B), the majority of cells changed from Q3 to Q1, which revealed that
the integrity of S. aureus membranes was disrupted after CA treatment. This phenomenon
is consistent with the results observed in SEM experiments. All experiments proved that
cell membranes were damaged after CA treatment.
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3. Discussion

Nowadays, there is an urgent need to develop a method that can efficiently solve the
biofilm problem of foodborne pathogens without causing drug resistance in pathogens.
NPs are defined as particles or materials at the nanometer scale [25]. The antimicrobial
agent loaded on NPs can be protected from sequestering drugs by the biofilm matrix [26].
The antibacterial agent CA selected in this experiment is a safety additive recognized
by the Food and Drug Administration (FDA) [27]. The maximum experimental amount
used in this paper (5 mg/mL) was much lower than the maximum addition amount
(286 mg/mL) specified by the FDA. CA can inhibit the synthesis of bacterial cell walls
and affect membrane permeability and enzyme systems. In the experiment, the drug
concentration of 1 × MIC led to a significant increase in the content of alkaline phosphatase,
which proved that CA can destroy the integrity of bacterial cell walls. The destruction
of the bacterial cell walls led to the death of the bacteria, which was consistent with the
conclusion of Shreaz et al. [11]. Therefore, this article supports the method of loading CA
on CSNPs to clear biofilm and kill bacteria.

Regarding drug delivery, in vitro release profiles for CA from NPs were evaluated.
CSNP-CAs showed a typical release profile, with rapid-burst release at the beginning,
followed by sustained release. The initial burst may have been due to the drug loading
on the surface of the material, after which a persistent pattern was established due to
the release of the drug from the NPs. This phenomenon is more effective for biofilm
clearance, as higher initial drug doses reduce the antibiotic resistance of surviving bacteria
in biofilms [28].

CSNP-CAs were not as effective in inhibiting biofilm formation as free CA, precisely
because the CSNPs had a sustained-release effect, the drug concentration released in the
time period considered here was small and the antibiofilm effect was weak. As shown
in this work, CSNP-CAs were more effective in removing biofilms than free CA. The
unique antibiofilm properties of chitosan were mainly attributed to its polycationic na-
ture, conferred by the amino functionality (NH2) of the N-acetylglucosamine unit [29–31].
The positive charge of chitosan reacts electrostatically with negatively charged biofilm
components, such as EPS, proteins and DNA, resulting in an inhibitory effect on bacterial
biofilms [32,33]. At the same time, nanoparticles can also carry drugs into biofilm and
release drugs to act on the bacteria themselves and kill bacteria. Therefore, CSNP-CAs are
more effective in scavenging biofilms than free CA.

This experiment has confirmed that CSNP-CAs have the effect of removing biofilm and
that the antibacterial effect of cinnamaldehyde plays an important role in it. CA destroyed
the cell wall of S. aureus and changed the permeability of the cell membrane, resulting
in the outflow of potassium ions, alkaline phosphatase, protein and other substances.
Alkaline phosphatase is an enzyme between the cell wall and cell membrane. Under
normal circumstances, its activity cannot be detected outside the cell. When the cell wall
or cell membrane is damaged, alkaline phosphatase will penetrate the outside of the cell
and threaten the integrity of the cell wall. Inoue et al. found that potassium-ion leakage
provided direct evidence of membrane damage [34]. The content of extracellular potassium
ions in the bacterial solution treated with 1 × MIC of CA increased continuously, which
clearly showed the damage to the bacteria caused by CA. Since most of the proteins in
the cell are present in the cytoplasm, leakage of the cytoplasm leads to increased levels of
extracellular proteins. Propidium iodide (PI) is a nucleic-acid dye that cannot penetrate an
intact cell membrane. Since the membranes of injured cells and necrotic cells are destroyed,
PI can enter the cell membranes of injured cells and necrotic cells [35], so that the cells can
be stained with red fluorescence [36]. Phospholipid serine (PS) exists only on the inner
side of the cell membrane in normal cells. When a specific injury occurs, the PS acid on
the inner side of the plasma membrane is redistributed, flipped from the inside of the cell
membrane to the outside of the cell membrane, and exposed on the outer surface of the cell.
PS eversion can be detected by Annexin V. Double staining with FITC-labeled Annexin
V and PI enables sensitive detection of live, injured and dead cells via flow cytometry.
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Therefore, the intracellular PI content can verify the permeability of the cell membrane.
The changes in the permeability of the cell membrane and plasma membrane of S. aureus
lead to cell death.

In summary, we have verified that CA can destroy the cell membrane: on the one hand,
it can change the cell-membrane potential and cause the leakage and death of potassium
ions, proteins and other contents; on the other hand, CA acts on the cell membrane to
redistribute PS inside the plasma membrane, which damages the cell membrane. SEM
images can also clearly show changes in cell morphology and even cell rupture. In addition,
the combination of CSNPs and CA makes it easier for CA to enter the mature biofilm, to
achieve the effect of clearing biofilm.

4. Materials and Methods
4.1. Bacterial Strains and Growth Media

At present, most S. aureus strains have drug resistance. We used four different strains
(NCTC 8325, RN6390, 15981, Col) for the determination of MIC. S. aureus RN6390 can
easily form biofilm and has been wildly used for bovine mastitis infection assays in exper-
iments [37,38], so we used RN6390 to conduct the following detailed experiments. The
strain was cultured overnight in Tryptic Soy Broth (TSB) medium from Solarbio (Beijing,
China) at 37 ◦C, 220 rpm.

CS (low-molecular-weight; degree of deacetylation: 75–85%) and CA (≥95%) were
purchased from Macklin (Shanghai, China). Other reagents were purchased from Solarbio
(Beijing, China).

4.2. Preparation of Nanoparticles

CSNPs were prepared by the ion crosslinking method with polyanionic sodium
triphosphate (TPP). In brief, CS was dissolved in acetic acid (1%) and stirred overnight to
bring the concentration of chitosan to 1 mg/mL. Then, TPP was dissolved in deionized
water for 2 h. TPP solution was mixed dropwise with the CS solution under stirring
conditions (volume ratio CS: TPP = 3:1). CSNPs were separated by ultracentrifugation
(12,000 rpm, 30 min) and then resuspended in PBS.

4.3. Preparation of CSNP-CAs

For the preparation of the CSNP-CAs, CA (1%, v/v) was dissolved in ethanol (25%,
v/v) and slowly dropped into the prepared chitosan solution under mechanical agitation
to ensure that the volume ratio of CA to CS solution was 1:4. Then, the TPP solution was
added to the mixed solution to ensure that the volume ratio of CS solution to TPP solution
was 3:1. The mixed solution continued to be stirred at 600 rpm for 4 h. The prepared liquid
was centrifuged at 12,000 rpm, and the precipitate was washed with distilled water. The
CSNP-CA suspensions were freeze-dried and stored at −20 ◦C before use.

4.4. Particle Size and Zeta Potential of NPs

The size and surface charge of the NPs were measured with a ZetaSizer Nano ZS90
(Malvern Instruments, Malvern, UK). CSNP suspensions were analyzed by dynamic light
scattering (DLS) for size and potential determinations. The morphological character-
istics were confirmed with transmission electron microscopy (TEM, JEM-1200EX, 80kv,
Tokyo, Japan).

4.5. Drug Encapsulation

The standard curve of CA was determined by UV spectroscopy (Persee, TU-1810,
Beijing, China) at 291 nm. The amounts of CA encapsulated in the NPs were determined by
centrifugation. The CSNP-CA solution was centrifuged at 12,000 rpm for 30 min. Then, the
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absorbance of the supernatant was detected by UV spectroscopy. The CA loading capacity
(LC) was calculated according to:

LC = (A−B)/C (1)

where A = total amount of CA, B = total amount of non-loaded CA and C = weight of
the NPs.

4.6. In Vitro Release Test

The in vitro drug-release effect of the CSNP-CAs was passed by dynamic dialysis. The
CSNP-CAs were transferred into a dialysis bag (with a retained relative molecular weight
of 3500) and 50 mL of PBS buffer was used as the release medium. The dialysis bag was
kept at a constant temperature of 37 ◦C and agitated at 70 rpm. At predetermined time
intervals, 5 mL of dialysate was taken and supplemented with the same amount of release
medium. The samples were measured at 291 nm with a UV spectrophotometer, 3 times for
each time point, and an in vitro drug-release curve for the CSNP-CAs was drawn.

4.7. Determinations of Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC)

The determination of the MIC was carried out according to the method described by
Tan et al [3]. Stock solutions of CA were kept in 25% (v/v) ethanol to enhance their solubility
in suspension. Antimicrobial effects of CA were evaluated using a serial twofold dilution
method. CA was initially diluted in 25% (v/v) ethanol (1:100 v/v) and then in TSB medium.
Serial twofold dilutions for CA were prepared to obtain concentrations ranging from 10 to
0.15 mg/mL. A quantity of 100 µL of bacteria at a final concentration of 1 × 105 CFU/mL
in TSB was added into the wells of 96-well microplates. Free CA (10, 5, 2.5, 1.25, 0.62, 0.31,
0.15 or 0 mg/mL) was added to each well. The microplate was incubated at 37 ◦C for 24 h
at 150 rpm. MIC refers to the lowest drug concentration that inhibits the growth of bacteria
in culture medium after 18 to 24 hours of culture in vitro. MBC refers to the minimum drug
concentration capable of killing cultured bacteria after 18 to 24 hours in vitro.

4.8. Growth of Biofilm

Biofilm formation in 96-well microplates was supported and assayed as described
previously [39]. The microplates were incubated at 37 ◦C for 24 h without shaking. After
treatment with different concentrations of CA and CSNP-CAs, the wells were washed
3 times with PBS to remove impurities and plankton. Then, each well was stained with
100 µL of 0.1% (w/v) crystal violet (CV) solution for 15 min. A quantity of 100 µL of 30%
(v/v) acetic acid was used for extraction. After shaking, the absorbance was measured at
570 nm.

4.9. Removal of Biofilm

Biofilm was grown in a 96-well microplate without CSNP-CAs for 48 h, as described
above. Then, CSNP-CAs and free CA solution with different concentrations were added to
each well to remove the biofilm. After 24 h, the microplates were washed with PBS, and
the removal ability was detected by CV staining.

4.10. Antibiofilm Effect on Food-Grade Silicone Surfaces

Scanning electron microscopy (SEM) and biofilm-formation analyses were conducted
according to the method of Tan et al. [4]. Biofilms were formed and treated with CA and
CSNP-Cas, as described above, on silicone (7 mm in diameter; Hongxiang, Jiaxing, China)
as the surface substrate. Afterwards, the biofilm was fixed with 3% glutaraldehyde at 4 ◦C
overnight and then dehydrated in a series of ethanol solutions for 20 min each (70%, 80%,
96% and 100%). After chemical dehydration with tert-butanol (Macklin, Shanghai, China),
the samples were coated with gold and analyzed via SEM (VEGA3, TESCAN, Brno, Czech
Republic), using a 10 kV accelerating voltage.
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4.11. Live/Dead Assay

Biofilm cells were stained with a Live/Dead® BacLight™ Bacterial Staining Kit (40274,
Yeasen, Shanghai, China), according to the manufacturer’s protocol, for 30 min at 37 ◦C in
the dark. Images of biofilm were analyzed by confocal laser scanning microscopy (CLSM;
ZEISS, LSM900, Oberkohen, Germany).

4.12. Effect of CA on Membrane Permeability of S. aureus

To the bacterial suspension, 1 × MIC CA was added at 37 ◦C, and PBS buffer was
used as the control. Samples were taken hourly to measure potassium-ion concentration.
The determination steps for potassium-ion contents were performed according to the
instructions provided with the Nanjing Jiancheng potassium ion kit, and the absorbance
was measured at 440 nm (Persee, TU-1810, Beijing, China). All the experiments were carried
out in triplicate.

4.13. Effect of CA on Cell Wall Integrity of S. aureus

To the bacterial suspension, 1 × MIC CA was added at 37 ◦C, and PBS buffer was used
as the control. Samples were periodically sampled by hourly sampling and centrifuged at
1000 rpm for 10 min, and the supernatant was saved for assay. The instructions provided
with the Nanjing Jiancheng alkaline phosphatase determination kit (AKP) were referred to
for the determination steps, and absorbance was measured at 520 nm.

4.14. The Morphologies of the Bacteria Observed by SEM

The bacterial suspension was cultured to the logarithmic phase, centrifuged at 4000 rpm
for 10 min and the supernatant was discarded. Then, the precipitation was fixed with 2.5%
(v/v) glutaraldehyde at 4 ◦C overnight, followed by dehydration in a series of ethanol
solutions (10%, 30%, 50%, 70%, 80%, 90%, 95%, 100%) for 20 min. Then, the samples were
placed in 50% and 100% tert-butanol solutions (Macklin, China) for chemically dehydration
for 15 min and vacuum dried for 48 h. Then, the samples were sprayed with gold and
analyzed via SEM (VEGA3, TESCAN, Brno, Czech Republic).

4.15. Flow Cytometry Analysis

S. aureus was collected by centrifugation (10,000 rpm, 10 min, 4 ◦C). The bacterial
suspension was washed 3 times with sterile PBS buffer and diluted to bacterial suspension
OD600 = 0.01. Then, 2 × MIC CA was added to the bacterial suspension prior to incubation
for 4 h. Flow cytometry analysis was conducted according to the method of Deng et al.,
with minor modifications [40]. A quantity of 1 mL S. aureus bacterial suspension was added
to 5 µL of FITC and 5 µL of PI staining solution (Meilunbio, Dalian, China), placed in the
dark at 37 ◦C for 30 min and then detected by flow cytometry (Facs AriaIII, BD, New York,
NY, USA).

4.16. Statistical Analysis

All the experiments were carried out in triplicate. Statistical analyses were performed
with SPSS 19.0 (SPSS Inc., Chicago, IL, USA). Means ± standard deviations (SDs) were
calculated for each experiment. Statistical significance was determined by t-test analysis,
with significant differences determined at p < 0.05.

5. Conclusions

The results showed that the antibiofilm activity of CA against S. aureus was enhanced
when loaded on CSNPs. The antibiofilm activity of CSNP-CAs was determined by biofilm
inhibition, biofilm disruption and biofilm live/dead bacterial changes on food-grade
silicone surfaces. Synthetic CSNP-CAs can be used as potential therapeutics to control
S. aureus biofilm formation in the future. Furthermore, CSNPs can be used as platforms
to design more chemically modified agents or be loaded with other antibiofilm agents for
more functional drug-delivery systems.
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Abstract: The effects of extracts, fractions, and molecules of Casearia sylvestris to control the cariogenic
biofilm of Streptococcus mutans were evaluated. First, the antimicrobial and antibiofilm (initial and pre-
formed biofilms) in prolonged exposure (24 h) models were investigated. Second, formulations (with
and without fluoride) were assessed for topical effects (brief exposure) on biofilms. Third, selected
treatments were evaluated via bacterium growth inhibition curves associated with gene expression
and scanning electron microscopy. In initial biofilms, the ethyl acetate (AcOEt) and ethanolic (EtOH)
fractions from Brasília (BRA/DF; 250 µg/mL) and Presidente Venceslau/SP (Water/EtOH 60:40 and
Water/EtOH 40:60; 500 µg/mL) reduced ≥6-logs vs. vehicle. Only the molecule Caseargrewiin F
(CsF; 125 µg/mL) reduced the viable cell count of pre-formed biofilms (5 logs vs. vehicle). For topical
effects, no formulation affected biofilm components. For the growth inhibition assay, CsF yielded a
constant recovery of surviving cells (∼=3.5 logs) until 24 h (i.e., bacteriostatic), and AcOEt_BRA/DF
caused progressive cell death, without cells at 24 h (i.e., bactericidal). CsF and AcOEt_BRA/DF
damaged S. mutans cells and influenced the expression of virulence genes. Thus, an effect against
biofilms occurred after prolonged exposure due to the bacteriostatic and/or bactericidal capacity of a
fraction and a molecule from C. sylvestris.

Keywords: Streptococcus mutans; biofilm; extracellular matrix; dental caries; Casearia sylvestris

1. Introduction

Dental caries is a chronic and multifactorial condition that results from the formation
of a polymicrobial biofilm and dynamic interactions between microorganisms present
in this biofilm, salivary constituents, and dietary carbohydrates (e.g., sucrose) [1,2]. De-
spite attempts to raise awareness, this oral condition is a worrying public health problem
and impairs the quality of life of millions of people [1]. Streptococcus mutans is the bac-
terium associated with dental caries etiology (although other microorganisms may be
associated) [2,3]. S. mutans is acidogenic, aciduric, and the leading producer of extracellular
matrix in biofilms, known as dental plaque [4]. This trait occurs because S. mutans encodes
multiple exoenzymes (e.g., glycosyltransferases or Gtfs), and in the presence of sucrose
(and starch), they produce copious amounts of exopolysaccharides (i.e., mainly glucans but
also fructans) [4,5].

The extracellular matrix provides a cohesive and acidic environment of limited diffu-
sion [6], restricting access to buffering saliva and antimicrobial agents [6,7]. In cariogenic

109



Antibiotics 2023, 12, 329

biofilms, exopolysaccharides are primordial components in the organization of the extracel-
lular matrix [4,5] and are determinants of virulence [6]. In addition to exopolysaccharides,
extracellular DNA (eDNA) and lipoteichoic acids (LTA) are found in large amounts in cario-
genic biofilms [8] and contribute to the matrix structural organization and properties [9,10].
These virulence factors modulate the pathogenesis of dental caries and, thus, are selective
therapeutic targets for preventing this disease.

Fluoride, in its various modalities of administration, is the basis for caries prevention;
however, its current delivery forms are insufficient to overcome the cariogenic challenges
in many individuals; therefore, additional approaches are needed to increase its effec-
tiveness [11]. Chemical agents (such as chlorhexidine?CHX) are widely used to control
cariogenic biofilms [12]. Although CHX can suppress mutans group streptococci levels, its
efficacy is reduced against mature biofilms, mainly because the exopolysaccharides of the
matrix have a negative charge and affect the penetration of CHX (a cationic substance) into
the biofilm, compromising its antimicrobial activity in these biofilms [6,12]. In addition,
CHX eliminates oral bacteria that convert nitrate to nitrite, which can raise systolic blood
pressure [13]. Therefore, CHX cannot be used for a continuous and prolonged period [13].
Natural products are a vast source of structurally diverse molecules with various biological
properties. Therefore, natural antibacterial substances are useful for developing alterna-
tive or adjunctive anticaries therapies. For example, plant extracts have recently been
incorporated into these products to improve their antimicrobial properties [14].

Casearia sylvestris Sw. (Salicaceae) is one of the most promising species from the
genus Casearia due to its biological properties and uses in folk medicine. C. sylvestris
has a high adaptive capacity and is widely disseminated in Central and South America,
and in Brazil, it occurs in practically all biomes [15]. Chemically, extracts from leaves
of C. sylvestris var. sylvestris (Atlantic Forest) are rich in diterpenes (taxonomic markers
for the genus) [16], while phenolic compounds (flavonoids) predominate in var. lingua
(Cerrado) [17]. The range of variations around a basic skeleton found in the diterpenes and
flavonoids of C. sylvestris provides very interesting models for studies on the relationship
between chemical structure and biological activity of these compounds, which have already
demonstrated potential activity in the control of cariogenic biofilms [18].

Studies about different C. sylvestris varieties and their chemical constituents have
pointed out a plethora of biological activities such as cytotoxic, anti-inflammatory, and
anti-tumor effects, among others [18–21]. However, few studies have been carried out at
a deep level regarding its antimicrobial potential [22,23], and little is clarified about its
biological activity against pathogenic microorganisms found in the oral cavity [24]. Thus,
prospective studies of plant extracts and/or isolated molecules with antimicrobial and
antibiofilm properties are relevant for dentistry and other areas. Therefore, this in vitro
study evaluated the effect of extracts, fractions, and isolated molecules of C. sylvestris
(Atlantic and Cerrado Biomes; sylvestris, lingua, and intermediate varieties) to control the
cariogenic biofilm of S. mutans.

2. Results
2.1. Antimicrobial Activity of Crude Extracts

The measure was considered effective when the log10 CFU/mL count was reduced by
3 logs (vs. vehicle) [25,26]. Extracts caused mean reductions of 0.5 logs vs. vehicle control
(Figure 1); therefore, none inhibited > 3 logs of viable cell counts. Thus, the observed effect
is not biologically significant [27]. These data differ from those obtained previously when
adequate reduction occurred [18]. These findings demonstrate the requirement to test all
batches of extracts to ensure that minimal activity standards are achieved.
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Figure 1. Antimicrobial activity of C. sylvestris crude extracts against S. mutans. Log10 CFU data from 
planktonic cells treated by crude extracts (500 µg/mL). The central data are the mean, and the error 
bars are the confidence interval (95% CI). The dotted lines use vehicle data to compare the 
effectiveness of tested treatments. The growth control (no treatment) is represented as Sm for S. 
mutans and V for the vehicle control (with the concentration in each well being 1.75% EtOH and 
0.31% DMSO). The asterisk indicates the raw extracts with the pH adjusted to a value close to the 
vehicle. The experiments were performed in triplicate on two separate occasions (n = 2). 

2.2. Antibiofilm Activity Using the Polystyrene Microplate Model (Prolonged Exposure) 
The CFU/mL data obtained in the antibiofilm assays were converted to log10 to verify 

the log reduction. As for the antimicrobial assay, the effect was considered adequate when 
the log10 CFU/mL count was reduced by 3 logs (vs. vehicle) for 24 h old and 48 h old 
biofilms [25,26]. In early (24 h) biofilms, no extract inhibited > 3 logs of viable cell counts 
(Figure 2A). Therefore, these extracts did not present good biological activity. All fractions 
obtained through methodology 1 reduced the viable population count of S. mutans. 
However, considerable reductions occurred for the AcOEt and EtOH fractions of BRA/DF, 
which decreased 8 and 6 logs of viable cell counts, respectively (vs. vehicle; Figure 2B). 
For the fractions of methodology 2, AcOEt_BRA/DF reduced 8 logs of viable cell count 
(vs. vehicle; Figure 2C). None of the Hex fractions caused a considerable reduction (Tables 
S1 and S2 in the Supplementary Materials). Another attempt to characterize the active 
fraction was made through the fractionation of extracts from leaves (F) and branches (G) 
of C. sylvestris collected in Presidente Venceslau (PRE) by SPE-C18. The fractions 
Water/EtOH 60:40 (F4.2b) and Water/EtOH 40:60 (G3.3a), both at 500 µg/mL, reduced, 
respectively, 6 and 8 logs of the viable cell count of the biofilms (vs. vehicle; Figure 2D). 
Their chromatographic profiles indicate that they are fractions rich in clerodane 
diterpenes and possibly tannins (data shown in Figure A1). 

Figure 1. Antimicrobial activity of C. sylvestris crude extracts against S. mutans. Log10 CFU data
from planktonic cells treated by crude extracts (500 µg/mL). The central data are the mean, and
the error bars are the confidence interval (95% CI). The dotted lines use vehicle data to compare
the effectiveness of tested treatments. The growth control (no treatment) is represented as Sm for
S. mutans and V for the vehicle control (with the concentration in each well being 1.75% EtOH and
0.31% DMSO). The asterisk indicates the raw extracts with the pH adjusted to a value close to the
vehicle. The experiments were performed in triplicate on two separate occasions (n = 2).

2.2. Antibiofilm Activity Using the Polystyrene Microplate Model (Prolonged Exposure)

The CFU/mL data obtained in the antibiofilm assays were converted to log10 to verify
the log reduction. As for the antimicrobial assay, the effect was considered adequate
when the log10 CFU/mL count was reduced by 3 logs (vs. vehicle) for 24 h old and
48 h old biofilms [25,26]. In early (24 h) biofilms, no extract inhibited > 3 logs of viable
cell counts (Figure 2A). Therefore, these extracts did not present good biological activity.
All fractions obtained through methodology 1 reduced the viable population count of
S. mutans. However, considerable reductions occurred for the AcOEt and EtOH fractions
of BRA/DF, which decreased 8 and 6 logs of viable cell counts, respectively (vs. vehicle;
Figure 2B). For the fractions of methodology 2, AcOEt_BRA/DF reduced 8 logs of viable cell
count (vs. vehicle; Figure 2C). None of the Hex fractions caused a considerable reduction
(Tables S1 and S2 in the Supplementary Materials). Another attempt to characterize the
active fraction was made through the fractionation of extracts from leaves (F) and branches
(G) of C. sylvestris collected in Presidente Venceslau (PRE) by SPE-C18. The fractions
Water/EtOH 60:40 (F4.2b) and Water/EtOH 40:60 (G3.3a), both at 500 µg/mL, reduced,
respectively, 6 and 8 logs of the viable cell count of the biofilms (vs. vehicle; Figure 2D).
Their chromatographic profiles indicate that they are fractions rich in clerodane diterpenes
and possibly tannins (data shown in Figure A1).

111



Antibiotics 2023, 12, 329Antibiotics 2023, 12, 329 4 of 30 
 

 

 
Figure 2. The activity of crude extracts, fractions, and molecules of C. sylvestris against initial 
biofilms. The graphs show in (A) log10 CFU of the early (24 h) biofilms treated by the crude extracts 
(500 µg/mL); (B) log10 CFU of the early (24 h) biofilms treated by fractions obtained via methodology 
1 (dry fractions in sample concentrator, 250 µg/mL); (C) log10 CFU of biofilms treated by fractions 
obtained via methodology 2 (dry fractions in the fume hood, 250 µg/mL); (D) log10 CFU of the early 
(24 h) biofilms treated by SPE-C18 fractions of PRE/SP (250 µg/mL and 500 µg/mL). The central data 
are the mean, and the error bars are the confidence interval (95%CI). The dotted lines use vehicle 
data to compare the effectiveness of tested treatments. The growth control (no treatment) is 
represented as Sm for S. mutans and V for the vehicle control (with the concentration in each well 
being 1.75% EtOH and 0.31% DMSO for the crude extracts, while for the AcOEt, EtOH, and Hex 
fractions, it was 5.26% EtOH and 0.94% DMSO, finally for the SPE-C18 fractions, 2.63% EtOH). In 
(A), the asterisk indicates the raw extracts with the pH adjusted to the value close to that of the 
vehicle. The experiments were performed in triplicate on two separate occasions (n = 2). 

Among the four isolated molecules tested, only CsF (125 µg/mL) reduced the viable 
cell count of pre-formed biofilms vs. vehicle (reduced ≅ 5 logs; Figure 3). The BRA/DF 
fractions (500 µg/mL) did not interfere adequately with the viability of S. mutans in the 
treated biofilms. For the samples of C. sylvestris obtained by SPE-Si/C, the chemical profile 
showed bands that could not be related to the main secondary metabolites already 
described for this species, that is, flavonoids and clerodane diterpenes, except for the 
AcOEt fraction obtained from the extract of leaves of C. sylvestris collected in Brasilia-DF 
(BRA/DF). This fraction is enriched in a constituent whose UV spectrum is characteristic 
of casearins, with λmax at 241 nm. The relationship of clerodane diterpenes with 

Figure 2. The activity of crude extracts, fractions, and molecules of C. sylvestris against initial
biofilms. The graphs show in (A) log10 CFU of the early (24 h) biofilms treated by the crude extracts
(500 µg/mL); (B) log10 CFU of the early (24 h) biofilms treated by fractions obtained via methodology
1 (dry fractions in sample concentrator, 250 µg/mL); (C) log10 CFU of biofilms treated by fractions
obtained via methodology 2 (dry fractions in the fume hood, 250 µg/mL); (D) log10 CFU of the early
(24 h) biofilms treated by SPE-C18 fractions of PRE/SP (250 µg/mL and 500 µg/mL). The central data
are the mean, and the error bars are the confidence interval (95%CI). The dotted lines use vehicle data
to compare the effectiveness of tested treatments. The growth control (no treatment) is represented as
Sm for S. mutans and V for the vehicle control (with the concentration in each well being 1.75% EtOH
and 0.31% DMSO for the crude extracts, while for the AcOEt, EtOH, and Hex fractions, it was 5.26%
EtOH and 0.94% DMSO, finally for the SPE-C18 fractions, 2.63% EtOH). In (A), the asterisk indicates
the raw extracts with the pH adjusted to the value close to that of the vehicle. The experiments were
performed in triplicate on two separate occasions (n = 2).

Among the four isolated molecules tested, only CsF (125 µg/mL) reduced the viable
cell count of pre-formed biofilms vs. vehicle (reduced ∼= 5 logs; Figure 3). The BRA/DF
fractions (500 µg/mL) did not interfere adequately with the viability of S. mutans in the
treated biofilms. For the samples of C. sylvestris obtained by SPE-Si/C, the chemical
profile showed bands that could not be related to the main secondary metabolites already
described for this species, that is, flavonoids and clerodane diterpenes, except for the
AcOEt fraction obtained from the extract of leaves of C. sylvestris collected in Brasilia-DF
(BRA/DF). This fraction is enriched in a constituent whose UV spectrum is characteristic of
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casearins, with λmax at 241 nm. The relationship of clerodane diterpenes with antibiofilm
activity was confirmed by the data presented in Figure 3 for CsF, where the activities
of the AcOEt_BRA/DF fraction and patterns of glycosylated flavonoids and casearins
are confronted. For the AcOEt _BRA/DF fraction, chromatography identified the main
peak, indicating a casearin. However, this peak differs at this time from the peaks of the
other casearins used in this study (F, X, and J; chromatographic data shown in Figure A2).
Therefore, we would hypothesize that in AcOEt_BRA/DF, there is the presence of an
unidentified casearin.
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The pH data are represented in Figure 4. These values reflect acidogenicity, 
measuring the concentration of free hydrogen ions in the medium. However, they do not 
show whether acid concentration occurred at any specific location within the biofilm or at 
the interface between the biofilm and the substrate (HA disc). The mean values for 43, 51, 
and 67 h old biofilms are lower or more acidic compared to 19 h old biofilms. All values 
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Figure 3. Log10 CFU of pre-formed biofilms (48 h old biofilms) treated by fractions (500 µg/mL),
flavonoid (125 µg/mL), and casearins (125 µg/mL). The central data are the mean, and the error bars
are the confidence interval (95% CI). The dotted lines use vehicle data to compare the effectiveness
of tested treatments. The growth control (no treatment) is represented as Sm for S. mutans and V
for the vehicle control (with the concentration in each well being 1.75% EtOH and 0.31% DMSO).
The experiments were performed in triplicate on two separate occasions (n = 2).

2.3. Effect of Topical Treatments on Biofilms Grown on Saliva-Coated Hydroxyapatite (sHA) Discs
2.3.1. pH of the Spent Culture Medium

The pH data are represented in Figure 4. These values reflect acidogenicity, measuring
the concentration of free hydrogen ions in the medium. However, they do not show
whether acid concentration occurred at any specific location within the biofilm or at the
interface between the biofilm and the substrate (HA disc). The mean values for 43, 51, and
67 h old biofilms are lower or more acidic compared to 19 h old biofilms. All values are
below 5.5, a pH considered critical for demineralizing dental enamel. However, in general,
there is a similarity in the pH values between the evaluated groups over time, although the
fluoride formulations present higher values.
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are the mean, and the error bars are the confidence interval (95% CI). The vehicle control is 
represented as V (with the concentration being 10.52 % EtOH for the SPE-C18 fractions, 21.04% 
EtOH and 3.75% DMSO for the AcOEt_BRA/DF fractions, and 10.52% EtOH and 1.87% DMSO for 
CsF). The experiments for SPE-C18, AcOEt_BRA/DF, and CsF 125 µg/mL were performed in 
duplicate on one experimental occasion (n = 1) and in duplicate on two separate occasions (n = 2) for 
CsF 250 µg/mL. 

Figure 4. pH of spent culture medium from topically treated biofilms at different developmental
stages. The spent biofilm culture media were analyzed at 19, 27, 43, 51, and 67 h. The central
data are the mean, and the error bars are the confidence interval (95% CI). The vehicle control is
represented as V (with the concentration being 10.52 % EtOH for the SPE-C18 fractions, 21.04% EtOH
and 3.75% DMSO for the AcOEt_BRA/DF fractions, and 10.52% EtOH and 1.87% DMSO for CsF).
The experiments for SPE-C18, AcOEt_BRA/DF, and CsF 125 µg/mL were performed in duplicate
on one experimental occasion (n = 1) and in duplicate on two separate occasions (n = 2) for CsF
250 µg/mL.
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2.3.2. Bacterial Population and Biofilm Dry Weight (Insoluble Dry Weight)

All groups were compared to the vehicle control. Topical exposure (1.5 min for
SPE-C18 fractions and 10 min for AcOEt_BRA/DF and CsF) affected only the bacterial
population, with an increase for Water/EtOH 40:60 (G3.3a) 1000 µg/mL + NaF250 ppm, Wa-
ter/EtOH 40:60 (G3.3a) 500 µg/mL + Water/EtOH 60:40 (F4.2b) 500 µg/mL + NaF250 ppm
(Figure 5A) and at the lowest concentrations tested for the AcOEt_BRA/DF 250 frac-
tion µg/mL and 125 µg/mL CsF combined with NaF (Figure 5B); this also occurred for the
control NaF vs. vehicle (Figure 5A,B). There was no pronounced effect on insoluble dry
weight (Figure 5C,D).
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Figure 5. Characterization of biofilms after topical treatments. (A) Bacterial population
(log10 CFU/biofilm) of the SPE-C18 fractions; (B) bacterial population (log10 CFU/biofilm) of
BRA/DF_AcOEt and Caseargrewiin F (CsF) fractions; (C) dry weight (mg) for biofilms treated
with SPE-C18 fractions; (D) dry weight (mg) for biofilms treated with BRA/DF_AcOEt and Casear-
grewiin F. The central data are the mean, and the error bars are the confidence interval (95% CI). The
dotted lines use vehicle data to compare the effectiveness of tested treatments. The vehicle control is
represented as V (with the concentration being 10.52% EtOH for the SPE-C18 fractions, 21.04% EtOH
and 3.75% DMSO for the AcOEt_BRA/DF fractions, and 10.52% EtOH and 1.87% DMSO for CsF). The
experiments for SPE-C18, AcOEt_BRA/DF, and CsF 125 µg/mL were performed in duplicate on one
experimental occasion (n = 1) and in duplicate on two separate occasions (n = 2) for CsF 250 µg/mL.
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2.3.3. Components of the Extracellular Matrix of Biofilms

The amount of insoluble (ASP, recovered in the insoluble portion of the biofilm matrix)
and soluble (WSP) exopolysaccharides and eDNA (recovered in the soluble portion of
the biofilm matrix) are represented in Figure 6. There was no pronounced effect for these
extracellular matrix components. Therefore, the data indicate that the antibiofilm effect
found in the plate-bottom model may have been mostly due to prolonged exposure (24 h
of exposure during initial biofilm formation or 24 h after initial biofilm formation), and this
effect may be due to an antibacterial action (cell death; see data in Section 2.4).
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similar structural conformation. However, in addition to large microcolonies, there are 
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Figure 6. Components of the extracellular matrix of S. mutans biofilms after topical treatments. The
graphs show the quantification of (A) ASP (µg), (B) WSP (µg), and (C) eDNA (ηg) of biofilms (formed
on sHA discs) after treatment with selected agents and controls. The central data are the mean, and
the error bars are the confidence interval (95% CI). The dotted lines use vehicle data to compare the
effectiveness of tested treatments. The vehicle control is represented as V (with the concentration
being 21.04% EtOH and 3.75% DMSO for the AcOEt_BRA/DF fractions and 10.52% EtOH and 1.87%
DMSO for CsF). The experiments for SPE-C18, AcOEt_BRA/DF, and CsF 125 µg/mL formulations
were performed in duplicate on one experimental occasion (n = 1) and duplicate on two separate
occasions (n = 2) for CsF 250 µg/mL.

2.3.4. Three-Dimensional Structure of Biofilms Using Confocal Microscopy

Figure 7 shows representations of the 3D structure of biofilms on the surface of
sHA discs. In the images of biofilms treated with the vehicle control, there are large
and defined clusters of microcolonies (in green) protected by exopolysaccharides in the
extracellular matrix (in red). The experimental treatments (alone or in combination with
NaF) showed similar structural conformation. However, in addition to large microcolonies,
there are small microcolonies (among the largest) scattered on the surface of the disc.
Finally, for the fluorine-treated (NaF) biofilms, clusters of microcolonies similar to the
vehicle-treated biofilms were observed. Therefore, the treatments did not interfere with the
three-dimensional organization associated with biofilm virulence.
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Figure 7. 3D architecture of S. mutans biofilm grown on sHA discs topically treated with SPE-C18
fractions. Representative confocal images of 67 h old biofilms are displayed in this figure. The red
color represents exopolysaccharides produced by S. mutans (Alexa Fluor 647), and the green color
represents bacterial cells (SYTO 9). The larger image in each set represents the overlay images of
the smaller red and green channels (50 µm scale bars), which are shown separately at a smaller
size. 1. Water/EtOH 40:60 (G3.3a)—1000 µg/mL; 2. Water/EtOH 40:60 (G3.3a)—1000 µg/mL +
NaF 250 ppm; 3. Water/EtOH 60:40 (F4.2b)—500 µg/mL + Water/EtOH 40:60 (G3.3a)—500 µg/mL;
4. Water/EtOH 60:40 (F4.2b)—500 µg/mL + Water/EtOH 40:60 (G3.3a)—500 µg/mL + NaF 250 ppm;
5. NaF 250 ppm; 6. Vehicle (10.52% EtOH).

2.4. Growth Inhibition Curve of CsF and AcOEt_BRA/DF and Three-Dimensional Structure of
Planktonic Cultures Using SEM

The data obtained for the growth inhibition curve in planktonic culture are represented
in Figure 8A. The effect of AcOEt 250 µg/mL is more pronounced (effective in killing
S. mutans), with substantial bacterial death after 1 h of exposure (2 logs vs. vehicle),
with complete elimination of bacteria within 4 to 24 h of exposure. This effect of AcOEt
250 µg/mL may be due to its composition (presence of an unidentified casearin; Figure A2)
or even the concentration used. Importantly, AcOEt 250 µg/mL resulted in 1 log reduction
in bacterial population vs. the vehicle in a 48 h biofilm (pre-formed biofilm) and complete
elimination of the bacteria in an initial 24 h biofilm. In contrast, there was gradual death
from 1 h for CsF 125 µg/mL, and in 4 h, the mean reduction compared to the vehicle
control was 1.71 logs. The average recovery of surviving colonies (cells) for CsF was
constant from 4 to 24 h, the average difference in 24 h being 3.5 logs compared to the
control (vehicle). These data show that the effect of CsF was bacteriostatic, while that of
AcOEt was bacteriocidal. Thus, CsF and AcOEt need to be in contact with S. mutans cells
for much longer than the duration of topical applications (experimentally in this study
and recommended for formulations for chemical control of oral biofilms). SEM analysis
showed that both AcOEt and CsF promoted the disruption of planktonic S. mutans cells
(Figure 8B). The images show the presence of amorphous material originating from the
ruptured cells, with remnants of the cell wall and released intracellular content (arrows).
The surface topography of vehicle-control-treated cultures shows that the vehicle used did
not affect S. mutans cell morphology.
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The concentration of the control vehicle in each well was 5.26% EtOH and 0.94% DMSO. 

2.5. Gene Expression 
The effect of seven selected treatments on S. mutans gene expression is depicted in 

Figure 9. Besides choosing the AcOEt fraction and molecule CsF, other compounds with 
information on possible targets in S. mutans cells were tested. Data were obtained on one 
experimental occasion and quantified by qPCR in triplicate. Genes were not normalized 
by 16S rRNA because there was a difference in expression between flavonoid myricetin 
(J10595) and NaF vs. vehicle. Thus, the normalization was performed by using the same 
amount of RNA used for cDNA synthesis. 16S rRNA presented a higher expression after 

Figure 8. Effects of AcOEt and CsF on planktonic cultures of S. mutans. (A) The central data for each
time, for each evaluated treatment, are the means and the confidence interval (CI 95%) for error bars;
(B) representative SEM images of S. mutans planktonic cells after different exposure times to CsF
and AcOEt. The arrows indicate amorphous material from ruptured cells. Scale bars are 1 µm. The
concentration of the control vehicle in each well was 5.26% EtOH and 0.94% DMSO.

2.5. Gene Expression

The effect of seven selected treatments on S. mutans gene expression is depicted in
Figure 9. Besides choosing the AcOEt fraction and molecule CsF, other compounds with
information on possible targets in S. mutans cells were tested. Data were obtained on one
experimental occasion and quantified by qPCR in triplicate. Genes were not normalized
by 16S rRNA because there was a difference in expression between flavonoid myricetin
(J10595) and NaF vs. vehicle. Thus, the normalization was performed by using the same
amount of RNA used for cDNA synthesis. 16S rRNA presented a higher expression after
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treatment with myricetin (J10595) and NaF. For the nox1, the expression was repressed
by hydroxychalcone C135 and induced by AcOEt and myricetin (J10595) (vs. vehicle).
For eno, a substantial reduction in the expression occurred after AcOEt, tt-farnesol (Far;
a terpenoid), and NaF, while myricetin (J10595) increased the expression of this gene.
Exposure to C135, myricetin (J10595), and NaF increased atpD expression, while exposure
to tt-farnesol repressed atpD (vs. vehicle). The gtfB gene, which encodes an exoenzyme that
synthesizes insoluble exopolysaccharides (glucans), showed higher expression for C135,
tt-farnesol, CsF, myricetin (J10595), and NaF (vs. vehicle). In contrast, it appears that AcOEt
reduces the expression of this gene. The gene lrgA was induced after treatment with C135,
compound 1771 (an inhibitor of LTA metabolism), and myricetin (J10595). This finding
demonstrates that the product of this gene, LrgA, which is responsible for coordinating the
remodeling of the cytoplasmic membrane (a process that releases DNA to the extracellular
milieu), can be affected directly or indirectly because the agents may have interfered with
the fluidity of this membrane.
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AcOEt fraction obtained from the leaves of sample BRA/DF (corresponding to variety 
lingua from the Cerrado biome) are effective in inhibiting S. mutans through irreversible 
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organization). These findings indicate that the antibiofilm effect in the polystyrene plate-
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Figure 9. S. mutans gene expression of planktonic cultures treated with distinct agent. The central
data are the mean, and the error bars are the confidence interval (95% CI). The dotted lines use vehicle
data to compare the effectiveness of tested treatments. For detailed information, see the graph of gtfB
at 6 h for 1771 vs. V in Figure A3.

3. Discussion

C. sylvestris has a phytochemical composition marked by clerodane-types diterpenes
and glycosylated flavonoids [17,18,20,28,29]. Prospection studies of this plant have shown
activity against cariogenic biofilms. Therefore, it is of interest to the community that its
biological properties be explored. Our results indicate that Caseargrewiin F (CsF) and the
AcOEt fraction obtained from the leaves of sample BRA/DF (corresponding to variety
lingua from the Cerrado biome) are effective in inhibiting S. mutans through irreversible
damage to its structure and changes in the expression of specific virulence genes. However,
the topical application does not exert any activity on S. mutans biofilm components (viable
population, biomass, extracellular matrix components, and structural organization). These
findings indicate that the antibiofilm effect in the polystyrene plate-bottom models may
have been mainly due to prolonged exposure (24 h) during (the initial biofilm) or after
biofilm formation (on pre-formed biofilms). Moreover, the activity of these treatments was
primarily due to antibacterial action, verified in the growth inhibition assay. In contrast to
previous findings [18], here, no crude extract of C. sylvestris showed activity against the

120



Antibiotics 2023, 12, 329

long-exposure (24 h) models (Figure 2), which demonstrates that the chemical composition
of secondary metabolites is closely related to geographic location, seasonal effects, and
biological diversity and drastically influences the biological activity of samples [18,30].

In this long-exposure model, the AcOEt_BRA/DF and SPE-C18 fractions of PRE/SP
(Water/EtOH 60:40-F4.2b and Water/EtOH 40:60-G3.3a) reduced the population of the
initial biofilms. Additionally, of the isolated molecules evaluated, only CsF showed activity
against pre-formed biofilms. CsF is a clerodane-type diterpene with the molecular formula
C28H40O8, which was previously isolated from the ethanolic extract of C. sylvestris leaf [20].
The chemical structure of CsF seems relevant for its biological activity against S. mutans.
The presence of OAc at the R2 and R3 terminals of CsF could influence its activity since the
exchange for OBu (Casearin X-C32H46O9) and OMe (Casearin J-C31H44O9) in R1 and OBu
in R2 (Casearin X and J) seems to significantly inhibit casearin activity. No effect was observed
for Casearin X and Casearin J, consistent with the hypothesis of radical terminal placement and
molecule configuration for CsF exerting its impact on the bacterium cell. Nonetheless, when
tested for topical effects (brief exposure) on S. mutans biofilms, these treatments (SPE-C18,
AcOEt_BRA/DF, and CsF) did not inhibit biofilm components (Figures 5–7). Thus, for such
agents to exert their effect, it would be necessary to prepare formulations capable of retaining
their active principle in the oral cavity for the time required for their action. Therefore, in the
future, these treatments could be used for loading in drug delivery systems (suitable for the
oral cavity) to prolong the exposure time at an adequate concentration [31,32].

In addition to the need for a prolonged exposure time for potential activity (see
Figures 2, 3 and 8A), some substances/molecules with antimicrobial activity may not be
an antibiofilm agent, and a compound with antibiofilm activity (e.g., effect on inhibiting
microbial adhesion and/or extracellular matrix build-up) may not be an antimicrobial per
se [33]. Here, this behavior was observed for AcOEt_BRA/DF and CsF. Although brief
exposure to these treatments had no activity, when evaluated through the S. mutans growth
inhibition curve, CsF interfered with the viability of S. mutans after 1 h of contact, and the
mean recovery of surviving cells was constant until the 24 h test, which demonstrates a
bacteriostatic effect. However, the bacterial survival profile obtained for AcOEt_BRA/DF
showed cell death after 1 h of exposure, with a bactericidal effect (Figure 8A). Therefore, the
isolated molecule would be expected to be more effective in eradicating the microorganisms
than the fraction. However, isolated molecules are often not as effective as active fractions
because the biological activity of the whole natural product results from the synergistic
or additive interactions of different compounds in the mixture and not of a single active
molecule [30]. SEM analysis demonstrates that these treatments disrupt S. mutans cells (in
planktonic culture; Figure 8B), which indicates that the antimicrobial mechanism is mainly
related to irreversible damage to the microbial cytoplasmic membrane.

Thus, planktonic cells of S. mutans were also treated with different agents with recog-
nized targets (compound 1771, C135, myricetin, tt-farnesol, and NaF) and, after, evaluated
for the expression of virulence genes via the gene expression profile to understand the
possible mechanisms of action involved in the biological activity observed for CsF and
AcOEt_BRA/DF. Exposure to the flavanoid myricetin (J10595) induced eno and atpD gene
expression. This induction may have occurred because S. mutans has developed adaptive
acid tolerance responses through the induction of multiple cellular pathways to tolerate
the acidification of the acidic environment it produces during glucose consumption [34].
One of these defense pathways against environmental challenges, such as acid shock,
is the bacterial cytoplasmatic membrane itself [34]. The atpD gene encodes a functional
subunit of the F0F1-ATPase system that is membrane-bound and important for the survival
of S. mutans under acidic stress. Therefore, induction of atpD expression demonstrates
that cells reacted to intracellular (cytoplasmic) acidification caused by increased glycolytic
activity (increased eno expression), and this induced atpD expression [35].

The gene gtfB encodes the GtfB enzyme, which metabolizes sucrose into water-
insoluble glucans [36]. Here, we observed that CsF, tt-farnesol, and myricetin (J10595)
induced the expression of this gene. This result was unexpected because the medium

121



Antibiotics 2023, 12, 329

contained glucose and the substrate of the GtfB enzyme is sucrose to synthesize glucans,
demonstrating that the microorganism was expressing a crucial gene for its survival in a car-
iogenic biofilm. It may be that the agents promote stress to bacterial cells in their free form
(planktonic), and in response to this condition, the microorganism responds with an increase
in the gene expression of gtfB as an attempt to produce glucans on the cell surface or to adhere
to a surface to protect the cell from the stressor. However, myricetin (J10595) is an effective
inhibitor of gtfB expression in solution, whereas tt-farnesol targets the cytoplasmatic mem-
brane, decreasing acid tolerance and the Gtfs enzymes of S. mutans [37,38]. Thus, it appears
that cells in biofilm and cells in their free form are affected differently by agents. Therefore,
the gtfB expression profile here (Figure 9) differs from previous ones, where the agents were
tested on biofilms through brief exposure [37,38]. Furthermore, inhibition/induction of gene
expression and enzyme activity are not always correlated because several post-transcriptional
regulatory processes can occur after mRNA is produced (as reviewed before [39].

For lrgA, there was an increase in gene expression after treatment with hydroxychal-
cone C135, compound 1771 (LTA metabolism inhibitor that affects the composition of the
Gram-positive cell wall), and myricetin (J10595). The induction of lrgA expression and in
the expression of genes related to membrane alterations (e.g., induction of atpD expression,
observed for C135) demonstrate that these agents compromise the ability of S. mutans since
LrgA (product of lrgA) is a membrane-associated protein and controls autolysis and cell
death by modulating bacterial cell wall permeability [40,41]. Furthermore, changes in fatty
acid profiles affect F-ATPase function and overall membrane permeability, altering the
ability of S. mutans to maintain intracellular ∆pH, greatly impairing acid tolerance; this
induces atpD expression, as observed for C135 and myricetin (J10595).

Changes in nox1 gene expression alter the fatty acid composition of the microbial mem-
brane and interfere with the activity of its product (Nox) [42]. This finding demonstrates
that the Nox product can be directly or indirectly affected by C135, AcOEt_BRA/DF, and
myricetin (J10595) through changes in membrane physiology, normal function of enzymes
involved in glycolysis (enolase), and exopolysaccharides (GtfB) production because these
agents downregulated eno expression. Alterations in the expression of this gene have a
potentially lethal effect on S. mutans [43], as observed by the structural damage caused by
AcOEt_BRA/DF (SEM images). Repression of eno by tt-farnesol (a terpenoid) and NaF was
already expected since tt-farnesol reduces the glycolytic activity of S. mutans [30,37], and it
is well established that enolase is a target of fluoride [44]. The atpD gene was downregu-
lated after treatment with tt-farnesol, and there seems to be a reduction for AcOEt, although
the magnitude was not relevant at this exposure time. This finding would reinforce that the
treatments cause cytoplasmic acidification, which in turn impairs the normal function of the
enzymes involved in glycolysis (enolase), as already demonstrated for tt-farnesol [30,37].
This outcome would explain the bactericidal effect of AcOEt and the structural damage,
mainly in the cell wall of S. mutans, observed by SEM analysis.

CsF is a clerodane-type diterpene, and AcOEt fractions are rich sources of this sec-
ondary metabolite (also called casearins) [18]. Therefore, we propose that the findings of
this study are closely correlated with this class of secondary metabolites. Studies regarding
the chemistry of different diterpenes and the relationship of their molecular geometry ver-
sus their effectiveness in inhibiting the growth of S. mutans demonstrate that the structural
characteristics are fundamental for the antimicrobial activity observed for these metabo-
lites [45]. The antimicrobial properties of diterpenes are associated with their potential
to promote bacterial lysis and rupture of the cytoplasmic membrane. This activity occurs
through the structural characteristics of diterpenes, which include a lipophilic structure
capable of insertion into the cell membrane and a hydrophilic fragment having a hydrogen-
bonding donor group, which interacts with phosphorylated groups in the membrane [23].
Therefore, we hypothesize that the biological effect obtained for CsF and AcOEt_BRA/DF
is associated with bacteriostatic and/or bactericidal capacity due to alterations in the
membrane of S. mutans by the terpenoids present in these formulations. Furthermore,
agent–membrane interactions may occur during cell division or cell wall remodeling, as
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these events facilitate the entry and/or interaction of the molecule with the cytoplasmic
membrane. Unlike CsF which has bacteriostatic activity, the reason that AcOEt works as a
bactericidal agent seems to be related to the presence of a new casearin not yet identified in
the literature. Therefore, we are working on additional analyses to identify this metabolite.

The ability to effectively disrupt biofilm-specific and lifestyle-essential pathways of
bacterial pathogens, all without affecting the viability of normal flora, is an attractive
approach to the prevention and/or reduction of biofilm-related diseases, especially those
that occur in complex microenvironments, such as the human mouth [30]. Considering the
findings of this study, CsF and AcOEt_BRA/DF bring new and significant perspectives
for developing selective antibiofilm/antimicrobial agents for potential applications in the
prevention of cavities. Although the details of the cytotoxicity of these agents have not
been investigated here, our previous study demonstrated low/moderate toxicity at higher
concentrations of crude extracts of C. sylvestris in long-term exposure models [18]. In
the future, these treatments will be evaluated for their cytotoxic activity through three-
dimensional culture models.

Interpretation of in vitro results requires caution to avoid overestimation of observed
effects. The rapid screening model on polystyrene plates was used here to select agents
with potential antimicrobial and/or antibiofilm activity; however, they do not reflect the
complex polymicrobial, ecological, and environmental influences found in the oral cavity.
Thus, to verify the properties shown in our conditions, future in vitro tests will be carried
out for drug delivery systems to prolong the exposure time at an adequate concentration
using a polymicrobial (microcosmos) model. Additionally, recognizing the common ability
to interact with the cell membrane of S. mutans, we propose as future investigations the
simulation of the insertion of these agents in a phospholipid membrane model to validate
our conclusions about the structure–activity relationships of this class of compounds [23].

4. Materials and Methods
4.1. Plant Material

Samples of C. sylvetris were collected from four trees from three Brazilian regions
belonging to the biomes: Cerrado and Atlantic Forest between September/October 2019
and December 2020 (Table 1; Figure S1). All samples were sent to Instituto Agronômico
de Campinas (State of São Paulo, Brazil) for identity confirmation and variety assignment
by Profa. Dr. Roseli B. Torres. The plant is registered in the National System for the
Management of Genetic Resources and Associated Traditional Knowledge (SisGen; Regis-
tration nº A00892A), and the collections were authorized by the Brazilian Institute for the
Environment and Renewable Natural Resources (IBAMA) through the Authorization and
Biodiversity Information (SISBIO; registration no 33429-1).

Table 1. Samples of C. sylvestris from different Brazilian biomes.

Population a Sample Code Variety b Biome Plant Part Geographic Location

Araraquara/SP ARA/SP L Cerrado Leaves Associação Servidores Campus Araraquara–Ascar
(21◦49′08.7′′ S 48◦11′48.1′′ W)

Araraquara/SP ARA/SP L Cerrado Fruits Associação Servidores Campus Araraquara–Ascar
(21◦49′08.7′′ S 48◦11′48.1′′ W)

Araraquara/SP ARA/SP S Cerrado Leaves Associação Servidores Campus Araraquara–Ascar
(21◦49′08.7′′ S 48◦11′48.1′′ W)

Araraquara/SP ARA/SP I Cerrado Leaves Institute of Chemistry, UNESP
(21◦48′25.0′′ S 48◦11′33.2′′ W)

Brasília/DF BRA/DF L Cerrado Leaves University of Brasilia–UNB
(15◦45′49.4′′ S 47◦54′23.4′′ W)

Presidente
Venceslau/SP PRE/SP S Atlantic Forest Leaves Km 622 of the Raposo Tavares Highway

(21◦51′36.0′′ S 51◦56′29.8′′ W)
Presidente

Venceslau/SP PRE/SP S Atlantic Forest Twigs Km 622 of the Raposo Tavares Highway
(21◦51′36.0′′ S 51◦56′29.8′′ W)

a Four individuals sampled; b varieties based on botanical classification: L: var. lingua; S: var. sylvestris; I:
intermediate morphology.
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4.2. Sample Preparation

The plant materials (fruits, leaves, and/or twigs) were dehydrated (40 ◦C in a circulating
air oven) and then stored protected from light and at room temperature until use. Then,
the samples were individually crushed, and 20 g of each sample was used to prepare the
crude extracts, as described before [18]. First, the extracts were combined and lyophilized,
producing seven lyophilized crude extracts. Then, these extracts were solubilized with 84.15%
ethanol (EtOH; Sigma-Aldrich Co. St. Louis, MO, USA) and 15% dimethyl sulfoxide (DMSO;
Sigma-Aldrich Co. St. Louis, MO, USA) and stored at −80 ◦C until biological assays.

The same plant material was used for a different approach to prepare crude extracts
(combined and subjected to Speed Vac model SPD-Thermo Scientific to remove the ex-
tracting solvent) to optimize fraction yields. Then, two methodologies were adopted for
fractionation (SPE-Si/C fractions). In the first method, fractionation was carried out from
the lyophilized crude extracts, and then the resulting fractions were dried with a Speed Vac
(methodology 1). In the second method, fractionation was performed from the crude extracts
dried under a Speed Vac, and then the fractions were dried in a fume hood (methodology 2).
The fractionation of crude extracts was conducted as described previously [18]. Briefly, a
mixture of 40–63µm, 60 Å silica gel (Merck, Darmstadt, Germany), and activated carbon (Lab-
synth, Diadema, Brazil) (1:1) was added to solid phase extraction (SPE) cartridges. Columns
were preconditioned with 95:5 ethyl acetate (both from J.T. Baker, HPLC grade), and then
150 mg of samples were applied. First, fractions were eluted with 10 mL of 95:5 (% v/v)
hexane/ethyl acetate (Hex fraction), 100% ethyl acetate (AcOEt fraction), and 100% ethanol
(EtOH fraction), respectively. Then, the solvents were evaporated with a Speed Vac or under
the fume hood, resulting in their respective dry fractions. Next, the fractions were solubilized
with 84.15% EtOH and 15% DMSO and stored at −80 ◦C until the biological assays.

For the PRE/SP crude extracts, solid phase fractionation was performed using reversed-
phase silica (Si-C18) (SPE-C18 fractions). The stationary phase consisted of 30 g of C18
silica, dry packed in a polypropylene tube with an internal diameter of 3.7 cm (Polygoprep®

Silica 60–50 C18, 50 µm; Macherey-Nagel). For sample application and elution, the dry
crude extract was dispersed in C18 and deposited on the adsorbent. First, the elution was
carried out with Water/EtOH in the proportions 95:05, 60:40, 40:60, and 20:80 and then with
pure EtOH, with the aid of a vacuum, using about 150 mL of each eluent. Next, the solvents
were evaporated with a Speed Vac, and then, fractions were solubilized with 84.15% EtOH
and 15% DMSO and stored at −80 ◦C until biological assays. After the elution of each
crude extract and fraction, the working solution of each one was evaluated for their pH
value to ensure that all treatments and vehicle control showed no difference concerning
this parameter (Table S3 in the Supplementary Materials).

Four compounds were isolated from leaves extracts screened in a previous study [18]:
the flavonoid 4 (rutin), and the clerodane diterpenes Caseargrewiin F, Casearins X and J
(Table 2). The isolation of molecules was performed as described before [17,28]. Casearin
substitutes are represented in Table 3.

Table 2. Structure of flavonoids and clerodane diterpenes from C. sylvestris.
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Table 3. C. sylvetris clerodane diterpenes and their substituents R1 to R5.

Casearins R1 R2 R3 R4 R5

Caseargrewiin F OBu OAc OAc OH H
Casearin X OBu OBu OAc OH H
Casearin J OMe OBu OAc OH OBu

Casearin substitutes represented in Table 2 and used in the study, where: OBu =
n-C3H7CO2 group; OMe = OCH3 (methoxy) group; OAc group = CH3CO2 (acetate);
OH = O-H (hydroxyl) group; H = hydrogen (adapted from [17]).

4.3. Bacterium Strain and Growth Conditions

Stocks of S. mutans strain UA159 (ATCC 700610) stored at −80 ◦C (tryptic soy broth
containing 25% glycerol; Synth, Diadema, SP, Brazil) were thawed and seeded on blood
agar plates (5% blood of sheep; Laborclin, Pinhais, PR, Brazil) and incubated at 37 ◦C, 5%
CO2 for 48 h (Thermo Scientific, Waltham, MA, USA). After, starter cultures were prepared
using 10 colonies that were inoculated in tryptone-yeast extract broth (TY; 2.5% tryptone,
1.5% yeast extract, pH 7.0; Becton Dickinson and Company, Sparks, MD, USA) containing
1% glucose (Synth, Diadema, SP, Brazil), followed by incubation for 16 h (37 ◦C, 5% CO2).
Then, the starter cultures were diluted 1:20 in fresh TY + 1% glucose and incubated until
the middle of the logarithmic growth phase (optical density or OD540nm 0.847 (±0.273) and
colony forming units per milliliter (CFU/mL) 1.37 × 109 (±6.10 × 107); Kasvi spectropho-
tometer, Beijing, China)). Inoculums for the assays described here were prepared with a
defined population of 2 × 106 CFU/mL in TY + 1% glucose for antimicrobial assays and
TY + 1% sucrose (Synth, Diadema, SP, Brazil) for biofilm assays.

4.4. Antimicrobial Activity through Prolonged Exposure Model (24 h)

Antimicrobial activity was evaluated for crude extracts (500 µg/mL). These concen-
trations were used due to the yield of extracts and fractions and the scientific literature,
which considers adequate studies with 1 mg/mL for extracts or 0.1 mg/mL for isolated
molecules [46]. First, 100 µL of S. mutans cultures (2 × 106 CFU/mL) were transferred to
96-well microplates (Kasvi, Beijing, China) containing test concentrations of treatments
or vehicle (control with diluent of treatments) and culture medium (TY + 1% glucose),
totalizing 200 µL (resulting in 1 × 106 CFU/mL). All experiments contained the following
controls: wells containing culture medium only, wells containing only the experiment
inoculum (microbial growth control), and wells containing the inoculum plus vehicle or
0 µg/mL). Then, the microplates were incubated (24 h, 37 ◦C, 5% CO2). After, a visual anal-
ysis of the wells was performed (turbidity: microbial growth; clear: no growth), followed
by the reading of OD562nm readings (ELISA plate reader, Biochrom Ez, Cambourne, UK).
Furthermore, to determine the viability of the microbial cells, an aliquot from each well was
used for a serial 10-fold dilution (10−1 to 10−5) in microtubes containing saline solution
(0.89% NaCl; Química Moderna, Barueri, SP, Brazil) and 10 µL aliquots of each dilution plus
undiluted culture were used for plating in duplicate on BHI agar plates (Himedia, Dindhori,
Nashik, India) and incubated (48, 37 ◦C, 5% CO2) followed by colony counting. CFU data
were transformed into log10 and analyzed versus the vehicle control. Each treatment was
performed in triplicate on two separate occasions (n = 2) [18,29].

4.5. Antibiofilm Activity through Prolonged Exposure Models (24 h)

The antibiofilm activity of crude extracts 500 µg/mL, fractions (250 µg/mL and
500 µg/mL), and molecules (125 µg/mL) was investigated [18,46]. This analysis was per-
formed using two treatment exposure settings: (I) activity against initial biofilm formation
(incubation of agents with cells from the beginning of biofilm formation until analysis after
24 h) for crude extracts, Hex; AcOEt and EtOH fractions, and SPE-C18 fractions; (II) activity
against pre-formed biofilm (24 h old biofilms were exposed to treatments for 24 h, yielding
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48 h old biofilms) for AcOEt_BRA/DF and EtOH_BRA/DF, Flavonoid 4, Caseargrewiin F
(or CsF), and Casearins X and J.

4.5.1. Activity against Initial Biofilm Formation (24 h Old Biofilms)

For 24 h old biofilms, treatments were introduced at 0 h, and biofilms were evaluated
at 24 h of development to assess inhibition of biofilm formation. Biofilms were formed in
polystyrene microplate wells to verify the viable population (CFU/biofilm) of bacterium
cells in biofilms treated by crude extracts or fractions, as described before [29]. A 96-well
plate was prepared as described in item 4.4, including the set of controls. However, here,
the culture medium used was TY + 1% sucrose. The plate was incubated (24 h, 37 ◦C,
5% CO2). Then, a visual analysis of wells was performed, and the plate was subjected to
orbital shaking (5 min, 75 rpm, 37 ◦C; Quimis, G816 M20, São Paulo, Brazil). The culture
medium with loose cells was aspirated and discarded. The biofilms remaining in the
wells were washed (three times) with a pipette and 200 µL of 0.89% NaCl solution to
remove non-adhered cells. Next, these biofilms were scraped with pipet tips five times
with 200 µL of 0.89% NaCl, totalizing 1 mL of biofilm suspension (from each well). This
biofilm suspension was placed in a microtube and subjected to serial dilutions (10−1 to
10−5), which were plated, as were the undiluted biofilm suspensions. The BHI plates
were incubated (48 h, 37 ◦C, 5% CO2), followed by colony counting. Next, data CFU were
transformed into log10 and analyzed compared to the vehicle control. Two independent
experiments were performed in triplicate (n = 2).

4.5.2. Activity against Pre-Formed Biofilms (48 h Old Biofilms)

In this setting, the biofilms were formed in polystyrene microplate wells without the
addition of any treatment or vehicle control. After 24 h, the formed biofilms were exposed
to treatments for 24 h to determine the prevention of biofilm accumulation (48 h biofilms).
Then, the biofilms were evaluated at 48 h of development to verify the inhibition of biofilm
formation via viable population analysis (CFU/biofilm) [33]. For this evaluation, 50 µL of
final inoculum of S. mutans (2 × 106 CFU/mL) and 50 µL of TY + 1% sucrose (to obtain
1 × 106 CFU/mL), and 50 µL of TY + 1% sucrose (to reach 1 × 106 CFU/mL) were added
to wells of 96-well plates. The microplate was incubated (24 h, 37 ◦C, 5% CO2) without any
treatment or vehicle control. After incubation and biofilm formation, visual analysis was
performed, followed by culture medium removal and washing of the remaining biofilms
(three times with 0.89% NaCl solution). Next, fresh culture medium TY + 1% sucrose and
test concentrations of treatments or the vehicle were added. For each experiment, the same
controls described in item 4.4 were included. The microplate was incubated again (24 h,
37 ◦C, 5% CO2). After incubation (when biofilms were 48 h old), the same processing
protocol applied for 24 h old biofilms was conducted until obtaining 1 mL of biofilm
suspension. The biofilm suspensions were sonicated (30 s, 7 w, Sonicator QSonica, Q125,
Newtown, CT, USA) and subjected to serial dilutions (10−1 to 10−5), which were plated
in BHI agar (in addition to undiluted biofilm suspensions), followed by incubation (48 h,
37 ◦C, 5% CO2) and colony counting. Next, data CFU were transformed into log10 and
analyzed compared to the vehicle control. Two independent experiments were performed
in triplicate (n = 2).

4.6. Analysis of the Effect of Topical Application (Brief Exposure Time) of Formulations on Biofilms
Formed on sHA Discs

In this step, selected treatments (“promising” data for antibiofilm activity on initial
and pre-formed biofilms) were used to prepare formulations (combined with and without
sodium fluoride-NaF). These formulations were then tested on sHA discs and biofilms
grown on them [47]. The selected fractions were AcOEt_BRA/DF, SPE-C18 Water/EtOH
40:60 (G3.3a), and Water/EtOH 60:40 (F4.2b), and the molecule was CsF.
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Biofilm Formation on sHA Discs and Topical Treatments

Biofilms of S. mutans UA159 were grown on sHA discs (surface area of 2.93 ± 0.2 cm2,
Clarkson Chromatography Products Inc., South Williamsport, PA, USA) in batch cultures
for 67 h, as detailed elsewhere [9]. Saliva and pellicle preparation were performed as
described before [48]. Saliva was donated by two volunteers who did not undergo antibiotic
therapy in the last three months. The volunteers rinsed their mouths with 5 mL of Milli-Q
water, then masticated a portion of parafilm, collecting 5 mL of saliva into a collection
tube, which was then discarded. Next, the volunteers continued masticating the parafilm
(Parafilm M; Sigma-Aldrich Co., St. Louis, MO, USA) and collected saliva into an ice-
chilled Falcon tube. The saliva samples from all volunteers were combined and diluted 1:1
with adsorption buffer (AB buffer: 50 mM KCl, 1 mM KPO4, 1 mM CaCl2, 1 mM MgCl2,
0.1 mM PMSF, in dd-H2O, pH 6.5). The samples were centrifuged (3220× g, 20 min, 4 ◦C;
Centrifuge 5810R, Eppendorf), and the clarified portion was filtered-sterilized (0.22 µm low
protein binding polyethersulfone membrane filter, Rapid-flow Nalgene Thermo Scientific,
Monterrey, Mexico). Fresh saliva was used for pellicle formation and culture medium
preparation at the start of the experiment. Aliquots of the prepared saliva samples were
stored at −80 ◦C until use for culture media preparation. Then, sHA discs were vertically
positioned in wells of a 24-well microtiter plate (Kasvi, Beijing, China) with the help of
custom-made disc holders [6]. Next, the sHA discs were dip-washed into wells containing
AB buffer and topically treated with the tested treatments or vehicle control, as summarized
in Table 4.

Table 4. Formulations used to topically treat biofilms formed on sHA discs.

Treatments Topical Treatment Time (min)

G3.3a—1000 µg/mL

1.5

G3.3a—1000 µg/mL + NaF 250
G3.3a—500 µg/mL + F4.2b—500 µg/mL

G3.3a—500 µg/mL + F4.2b—500 µg/mL + NaF 250
NaF 250
Vehicle

AcOEt_BRA/DF—250 µg/mL

10
AcOEt_BRA/DF—250 µg/mL + NaF 250

AcOEt_BRA/DF—1000 µ/mL
AcOEt_BRA/DF—1000 µ/mL + NaF 250

NaF 250

CsF—125 µg/mL

10

CsF—125 µg/mL + NaF 250
CsF—250 µg/mL

CsF—250 µg/mL + NaF 250
NaF 250
Vehicle

G3.3a denotes the fraction SPE-C18 Water/EtOH 40:60; F4.2b denotes the fraction SPE-C18 Water/EtOH 60:40;
NaF 250 is 250 ppm sodium fluoride and diluent carrier 42.075% EtOH, 7.5% DMSO and 50% pH 6.0 buffer.

The surfaces of each sHA disc were subjected to topical treatment for 1.5 min or 10 min
by dripping 300 µL of each treatment or control (two discs per treatment and experiment).
Then, the discs were washed by immersion in wells containing AB buffer (to remove excess
treatment) and transferred to wells containing S. mutans culture for biofilm formation (0 h
biofilm formation). The biofilm inoculum was prepared with the cultures of S. mutans.
After reaching the late exponential growth phase, the cultures were diluted in TY + 0.1%
sucrose and 20% saliva (to obtain 2 × 106 CFU/mL). The biofilms were incubated for 6 h
(37 ◦C, 5% CO2), when the discs with initial biofilm were rinsed with 0.89% NaCl, treated
with each corresponding treatment (as above), rinsed with 0.89% NaCl (to remove excess
treatment), and transferred back to the corresponding culture media until biofilms were
19 h old, when culture medium was changed.
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The culture medium was changed twice a day until the end of each experimental
occasion: at 8 a.m. (TY + 0.1% sucrose and 20% saliva) and 4 p.m. (0.5% sucrose + 1% starch
(Sigma-Aldrich Co., St. Louis, MO, USA) and 20% saliva). After each media change, the
pH of the spent media was measured. The biofilms were topically treated two hours after
each culture change (Figure S2). Biofilms were grown until 67 h for evaluation of bacterial
population, biomass, biochemical characteristics of the extracellular matrix, and structure
(confocal microscopy).

4.7. Biofilm Analyses
4.7.1. Biofilm Processing and Standard Methods of Biochemical Analysis (Colorimetric)
and Microbial Culture Method

When they reached 67 h, the biofilms were processed for analyses following previously
described protocols [48]. Standard methods of biochemical analysis (colorimetric) were
used to determine total protein content (in the soluble portion and the insoluble portion;
Figure A4), exopolysaccharides content (water-soluble and -insoluble) and a bacterial
culture method to determine the biofilm biomass (dry weight) and population. Furthermore,
the amount of eDNA in the matrix was evaluated [47]. Briefly, after 67 h of formation, the
biofilms were washed by immersion in wells containing sterile 0.89% NaCl solution. Each
biofilm (disc) was transferred to a glass tube containing 1 mL of saline. Then, the walls of
each tube were washed with 1 mL of saline solution. The glass tubes with biofilms/discs
were placed in a Beaker, and the set was sonicated in a water bath for 10 min (model
CD-4820, Kondentech Digital, São Carlos, Brazil). Afterward, the surfaces of each disc were
scraped with the aid of a sterile metal spatula, taking care to remove any remaining biofilm
from each disc. The volume of each biofilm suspension (2 mL) was transferred to a new
15 mL tube. Then, each glass tube was washed with 3 mL of saline solution, which was
transferred to the tube containing the initial 2 mL, totaling 5 mL of biofilm suspension per
biofilm/disc. Each biofilm suspension (5 mL) was sonicated through a probe at 7 w for
30 s. An aliquot of each suspension (100 µL) was used for serial dilutions (10−1 to 10−5) to
determine the number of CFU/biofilm by plating on BHI agar plates (48 h, 37 ◦C, 5% CO2).
Next, data CFU were transformed into log10 and analyzed compared to the vehicle control.
One or two independent experiments were performed in duplicate.

The remaining volume (4.9 mL) was centrifuged (3220× g, 20 min, 4 ◦C). The su-
pernatant (with soluble extracellular matrix components) was transferred to a new tube
(15 mL Falcon tube–supernatant), and the pellet (precipitate with the microbial cells and
insoluble matrix components) was washed twice with 2.6 mL sterile Milli-Q water (3220× g,
20 min, 4 ◦C). The supernatants generated during the two washes were combined with
the first supernatant obtained, totaling 10 mL, which was used to isolate and quantify
water-soluble exopolysaccharides (6 mL plus 18 mL of 99% EtOH to precipitate the polysac-
charides, followed by phenol-sulfuric colorimetric assay) [49], eDNA (500 µL) and proteins
(500 µL) [9]. The pellet was suspended in 1 mL of Milli-Q water, of which 50 µL was
used to quantify proteins and 950 µL to quantify insoluble dry weight (biomass), followed
by the isolation and quantitation of water-insoluble exopolysaccharides (or alkali-soluble
polysaccharides [48].

4.7.2. Laser Scanning Confocal Fluorescence Microscopy

For confocal microscopy analyses, biofilms were formed and treated with SPE-C18 (as
described above), except that here, 1 µM Alexa Fluor™ 647-labeled dextran conjugate (ab-
sorbance/fluorescence emission maxima of 647/668 nm; Molecular Probes, Carlsbad, CA,
USA) was added to the culture medium at the beginning of and during the development
of the biofilms [50]. This method allows for the incorporation of labeled dextrans into ex-
opolysaccharides during its synthesis process and matrix build-up. At 67 h of development,
biofilms/discs were dip-washed into wells containing 0.89% NaCl and transferred to wells
containing 0.89% NaCl solution and SYTO™ 9 (485/498 nm; Molecular Probes, Carlsbad,
CA, USA), which is a green, fluorescent nucleic acid marker for detecting bacteria [50]. Each
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biofilm was scanned at three randomly chosen positions, and optical sectioning at each of
these positions generated a series of confocal images. The image of the three-dimensional
structure of these biofilms was performed using a Zeiss LSM 780 microscope (Zeiss, Jena,
Germany) equipped with a Multialkali-PMT detector, 488 nm (SYTO9) and 561 nm (Alexa
Fluor 647) laser, EC Plan-Neofluar objective of 20x, with a scale of 0.312 × 0.312 µm per
pixel and increments of 1.5 µm. Images were acquired and analyzed using ZEN Blue 2.3
software for 3D reconstruction.

4.8. Growth Inhibition Curve for Selected Treatments Associated with Gene Expression Analysis

The fraction AcOEt_BRA/DF (250 µg/mL) showed activity against initial biofilm
formation (24 h), and the molecule CsF (125 µg/mL) showed activity against pre-formed
biofilm (48 h). Thus, they were tested in planktonic culture to determine S. mutans growth
inhibition curve, using the cultures at the mid-log growth phase [51].

4.8.1. Growth Inhibition Curve

In a 48-well polystyrene microplate, 150 µL of S. mutans inoculum (prepared as
described above) was added to each well of the plate containing the treatments at the
concentrations to be evaluated. Two wells were prepared to contain the inoculum and
culture medium (TY + 1% glucose) and one containing only the culture medium (control for
visual analysis of bacterial growth). An aliquot of the inoculum was seeded to determine
the amount of CFU/mL at 0 h (before starting incubation and adding treatments-inoculum
control). After incubation for 1 h, 2 h, 4 h, 6 h, and 24 h (37 ◦C, 5% CO2), visual observation
and seeding of cultures on BHI agar plates were performed. For that, a 10 µL aliquot
of the pure culture was seeded on a BHI agar plate, and 40 µL was removed from each
well and transferred to microtubes containing 360 µL of 0.89% NaCl (dilution 1:10 v/v),
followed by serial dilution and seeding on BHI agar plates. The plates were incubated (48 h,
37 ◦C, 5% CO2). After that, colony counts were performed for the treatment and vehicle
control, and the calculation of the log number of CFU/mL of the treatment was compared
to the vehicle control. Two experimental occasions were carried out, in duplicate, for the
treatments and control tested (n = 2). At 2 h, 4 h and 24 h an aliquot of AcOEt_BRA/DF was
diluted 1:1 (v/v) in 2.5% glutaraldehyde, and the same procedure was performed for CsF
at 4 h and 24 h. The samples were stored in a refrigerator for scanning electron microscopy
(SEM) analysis.

4.8.2. Preparation of Cultures for SEM Analysis

Samples were diluted 1:11 v/v in 2.5% glutaraldehyde and were centrifuged (5 min,
15,294× g, 4 ◦C). Then, the supernatant was discarded, taking care not to detach the pellet,
and 500 µL of 70% EtOH was added to the pellets, and the samples were incubated for 1 h
at room temperature. Afterward, the samples were centrifuged (5 min, 15,294× g, 4 ◦C;
Centrifugue 5430R, Eppendorf, Hamburg, Germany), the supernatant discarded, 500 µL of
90% EtOH was added to the pellets, and the samples were incubated for another 1 h at room
temperature. Afterward, the samples were centrifuged (5 min, 15,294× g, 4 ◦C) and the
supernatant was discarded. Then, the pellets were resuspended in 10 µL of absolute EtOH,
and this volume was transferred to clean coverslips and placed in a 24-well plate. After
complete evaporation of absolute EtOH, the plate was kept in a glass desiccator with silica
until the analysis. Each sample was fixed with double-sided tape on the sample holder,
and after, the samples were covered with carbon. The analysis using a high-resolution
field emission electron microscope (MEV-FEG; JEOL, model JSM-7500F) with PC operating
software PC-SEM v 2,1,0,3, equipped with secondary electron detectors, backscattered
and chemical analysis (energy dispersive spectroscopy-EDS; Thermo Scientific, Ultra Dry
model, USA) with NSS 2.3 operating software.
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4.9. Inhibition of Growth by Different Compounds for Gene Expression Analysis

Lastly, to explain the difference in survival profile between the compounds, S. mutans
planktonic cells were treated with different agents with recognized targets to know which
possible targets were involved in the observed biological activity. The following agents
were used: compound 1771 [(5-phenyl-1,3,4-oxadiazol-2-yl)carbamoyl]methyl 2-{naphtho
[2,1-b]furan-1-yl}acetate) (UkrOrgSynthesis, Ltd., Kiev, Ukraine, catalog n◦ PB25353228;
purity not available), 4′ hydroxychalcone (C135) [(2E)-1-(4-hydroxyphenyl)-3-phenylprop-
2-en-1-one) (AK Scientific, Inc., Union City, USA, catalog n◦ C135; 98% purity), myricetin
(J10595) [3,5,7-trihydroxy-2-(3,4,5-trihydroxyphenyl)-4H-chromen-4-one] (AK Scientific,
Inc., catalog n◦ J10595; 95% purity), tt-farnesol [(E,E)-3,7,11-trimethyl-2,6,10-dodecatrien-1-
ol, trans,trans-3,7,11-trimethyl-2,6,10-dodecatrien-1-ol] (Sigma-Aldrich Co., St. Louis, MO,
USA, catalog n◦ 46,193; 96% purity)], sodium fluoride (Sigma-Aldrich, catalog n◦ 71519),
chlorhexidine digluconate solution (Sigma-Aldrich, catalog no C9394).

The agents and their concentrations were selected based on antimicrobial activity data
previously tested in the laboratory [33,47,51]. The concentration of CHX was the same in
mouthwashes commercialized for the control of biofilms, and sodium fluoride is the most
seen in mouthwashes [52]. A starter culture was prepared as described above. For the
inoculum, two 50 mL Falcon tubes were used to dilute the starter culture (1:20) using 2 mL
of starter culture plus 38 mL TY + 1% glucose. When the appropriate OD was reached, the
cultures were centrifuged (3220× g, 20 min, 4 ◦C), and the supernatants were discarded.
Next, the pellet was resuspended with half the initial volume of TY + 1% glucose. This
volume was divided into 12 tubes, then treatments were added, followed by incubation,
but the time was different based on the survival curve (Table S4 in the Supplementary
Materials). After incubation for the described time, an aliquot was removed for plating (to
confirm the reduction in cell viability; Table S5 in the Supplementary Materials). The tubes
were placed on ice for 15 min, centrifuged (3220× g, 20 min, 4 ◦C), the supernatants were
discarded, and the pellets were resuspended with 1 mL of RNAlater (Ambion, Molecular
Probes, Austin, TX, USA). Samples were frozen at −80 ◦C until RNA was isolated.

Gene Expression of S. mutans

The RT-qPCR (Reverse Transcription–quantitative Polymerase chain reaction) method-
ology included RNA isolation, cDNA synthesis, and gene expression analysis via qPCR
of selected genes. Five specific genes were selected for expression profile analysis: genes
associated with exopolysaccharides (gtfB, synthesis of insoluble glucans) and eDNA (lrgA)
metabolism, acid stress tolerance (atpD), and acid and oxidative stress tolerance (nox1), with
glycolysis (eno, enolase enzyme, fluoride target; Table 5) [6,51,53,54]. The 16S rRNA gene was
included as an expression control (as a normalizer for the expression of specific genes) [55].

Table 5. Primers used for RT-qPCR.

Gene GenBank Locus Tag Sequence
(forward and reverse) Primer Concentration (ηM) Product Size (bp) Reference

16 S
rRNA

ACCAGAAAGGGACGGCTAAC
200 122

[6]
TAGCCTTTTACTCCAGACTTTCCTG

gtfB SMU_1004
AAACAACCGAAGCTGATAC

250 90
CAATTTCTTTTACATTGGGAAG

nox1 SMU.765
GGACAAGAATCTGGTGTTGA

250 91

[54]
CAATATCAGTCTCTACCTTAGGC

atpD SMU.1528c
GGCGACAAGTCTCAAAGAATTG

250 115
AACCATCAGTTGACTCCATAGC

eno SMU_1247
GTTGAACTTCGCGATGGAGAT

250 150 [51]
GTCAAGTGCGATCATTGCTTTAT

lrgA SMU_575c
GTCTATCTATGCTGCTATT

300 109 [53]
AAGGACATACATGAGAAC
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An optimized methodology for S. mutans was used to isolate the RNA, following a
phenol-chloroform separation method, and the purification through the treatment with
DNAse in column (Rneasy Micro Kit, Qiagen) and DNAse in solution (TURBO DNAse;
Ambion) [56]. Afterward, spectrophotometry was used to evaluate the amount (ηg/µL-
OD260nm) and purity (OD 260/280 ratio) of the RNA samples (Nano-spectrophotometer
DS-11+, Denovix). After purification, the RNA was evaluated for integrity through 1%
agarose gel electrophoresis (Ultra Pure Invitrogen). There was no adequate RNA yield for
the CHX-treated culture, and this sample was excluded from the analyses. Samples were
kept at −80 ◦C until cDNA synthesis for RT-qPCR.

cDNA was synthesized (in triplicate per sample) using 0.25 µg of total RNA, and
the High-Capacity cDNA Reverse Transcription kit (Thermo Fisher; catalog n◦ 4368814).
Reactions containing all kit ingredients except the reverse transcriptase enzyme served
as negative controls, determining whether there was DNA contamination. Reactions
were incubated using the CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad
Laboratories, Hercules, CA, USA), using the protocol determined by the manufacturer,
following the cycle: 10 min/25 ◦C, 120 min/37 ◦C, 5 min/85 ◦C, ∞/4 ◦C. Then, the samples
were stored in a freezer at −20 ◦C until their dilution (1:5 for specific genes; 1:1000 for
16S rRNA gene and cDNA negative controls were not diluted) and used to quantify gene
expression. The cDNA dilutions and negative controls were also stored in a −20 ◦C freezer.

The cDNA and negative controls were amplified by the CFX96 using specific primers
from the literature and 2× SYBR PowerUp Green Master Mix (Thermo Fisher; catalog n◦

A25776), following previously determined protocols [54]. For each gene, a standard curve
based on the purified PCR product of the target gene was included [57]. The reactions were
incubated in the CFX96 thermocycler, using the following amplification cycle: 2 min/50 ◦C;
2 min/95 ◦C; 39 times: 0:15 min/95 ◦C; 0:30 min/58 ◦C and 1 min/72 ◦C; 0:15 min/95 ◦C;
Melt Curve 60.0 ◦C to 95.0 ◦C: Increment 0.5 ◦C 0:05. It was observed that for the gtfB and
lrgA genes, the amplification was inadequate using the SYBR Thermo (i.e., the efficiency
was lower than 90%), and so, the reaction was carried out with the iQTM SYBR® Green
Supermix, Bio-rad (catalog n◦ 170-8882) and its cycle. This amplification was adequate,
as per the MIQE246 guidelines [58]. The standard curves were used to transform the
Quantification Cycle (Cq) values to relative numbers of cDNA molecules. Next, a fold
difference was calculated per agent/treatment vs. the vehicle control for each gene.

4.10. Data Analyses

The data obtained were submitted to descriptive statistical analysis to compare groups
with the vehicle. Data were organized in a database (Excel). The graphical representation of
the results was performed using the statistical software Prism 8 (GraphPad Software). Data
from antimicrobial activity, antibiofilm activity (long exposure time), and growth inhibition
curve were analyzed by comparing the evaluated groups with vehicle control (independent
variables) as CFU/mL count (dependent variable) and gene expression (fold-change). The
biofilm characterization data included the response variables: biomass (mg), population
(CFU/biofilm), and extracellular matrix components (ASP (µg), WSP (µg), and eDNA (ηg)).
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(24 h) of fractions of C. sylvestris against S. mutans; Figure S1. Samples of leaves and fruits of specimens
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C. sylvestris; Table S4. The treatment agents used and their respective incubation were different
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spectrum. 
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tannins. Asterisks (*) indicate which chromatographic band corresponds to the UV spectrum.
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Figure A2. (A) The chemical profile of AcOEt fractions from C. sylvestris samples. (B) Substitutes of 
casearins, where: BuO = n-C3H7CO2; MeO = OCH3 (methoxy); AcO = CH3CO2 (acetate); OH = O-H 
(hydroxyl); H = hydrogen. (C) Structure of C. sylvestris flavonoids and their substituents. The 
chemical profile of AcOEt was obtained from C. sylvestris. The chemical profile of the AcOEt 
fractions for most samples of C. sylvestris showed bands that could not be related to the main 
secondary metabolites already described for this species, that is, flavonoids and clerodane 
diterpenes, with the exception of the AcOEt fraction obtained from the AcOEt extract leaves of C. 
sylvestris collected in Brasilia/DF. This fraction is enriched in a constituent whose UV spectrum is 
characteristic of casearins, with λmax at 241 nm. 
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effectiveness of tested treatments. 
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tutes of casearins, where: BuO = n-C3H7CO2; MeO = OCH3 (methoxy); AcO = CH3CO2 (acetate);
OH = O-H (hydroxyl); H = hydrogen. (C) Structure of C. sylvestris flavonoids and their substituents.
The chemical profile of AcOEt was obtained from C. sylvestris. The chemical profile of the AcOEt frac-
tions for most samples of C. sylvestris showed bands that could not be related to the main secondary
metabolites already described for this species, that is, flavonoids and clerodane diterpenes, with
the exception of the AcOEt fraction obtained from the AcOEt extract leaves of C. sylvestris collected
in Brasilia/DF. This fraction is enriched in a constituent whose UV spectrum is characteristic of
casearins, with λmax at 241 nm.
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Figure A4. Total protein content (soluble and insoluble portions) of topically treated biofilms. The 
graphs show the total protein content in the soluble (A) and the insoluble portions (B) of topically 
treated biofilms. The central data are the mean, and the error bars are the confidence interval (95% 
CI). The blue dotted lines use vehicle data to compare the effectiveness of tested treatments. The 
vehicle control is represented as V (with the concentration being 21.04% EtOH and 3.75% DMSO for 
the AcOEt_BRA/DF fractions and 10.52% EtOH and 1.87% DMSO for CsF). The experiments for 
AcOEt_BRA/DF and CsF 125 µg/mL were performed in duplicate on one experimental occasion (n 
= 2) and in duplicate on two separate occasions (n = 4) for CsF 250 µg/mL. 
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Abstract: Invasive plants efficiently colonize non-native territories, suggesting a great production
of bioactive metabolites which could be effective antibiofilm weapons. Our study aimed to look
for original molecules able to inhibit bispecies biofilm formed by S. aureus and C. albicans. Extracts
from five invasive macrophytes (Ludwigia peploides, Ludwigia grandiflora, Myriophyllum aquaticum,
Lagarosiphon major and Egeria densa) were prepared and tested in vitro against 24 h old bispecies
biofilms using a crystal violet staining (CVS) assay. The activities of the extracts reducing the biofilm
total biomass by 50% or more were comparatively analyzed against each microbial species forming
the biofilm by flow cytometry (FCM) and scanning electron microscopy. Extracts active against both
species were fractionated. Obtained fractions were analyzed by UHPLC-MS/MS and evaluated
by the CVS assay. Chemical and biological data were combined into a bioactivity-based molecular
networking (BBMN) to identify active compounds. The aerial stem extract of L. grandiflora showed
the highest antibiofilm activity (>50% inhibition at 50 µg·mL−1). The biological, chemical and BBMN
investigations of its fractions highlighted nine ions correlated with the antibiofilm activity. The most
correlated compound, identified as betulinic acid (BA), inhibited bispecies biofilms regardless of the
three tested couples of strains (ATCC strains: >40% inhibition, clinical isolates: ≈27% inhibition),
confirming its antibiofilm interest.

Keywords: antibiofilm; invasive plants; natural products; molecular networking; Staphylococcus
aureus; Candida albicans; betulinic acid

1. Introduction

Biofilms are complex structures in which microorganisms belonging to different
species can grow, proliferate, interact, communicate and acquire original attributes al-
lowing them to tolerate or resist numerous conventional antimicrobial agents [1].

In human health, biofilms have been the subject of numerous studies over the last few
decades to understand the origin of therapeutic failures and relapses in case of infection
related to biofilms. Indeed, many fungal and bacterial infections can be associated with
a biofilm which develops on a medical device or a biotic surface [1]. The structure and
architecture of biofilms are becoming increasingly known, particularly concerning those
formed by Staphylococcus aureus bacteria and Candida albicans yeasts. These two important
and ubiquitous species are among the most studied microorganisms because of their
frequency of isolation in the case of infections. The retrospective study by He et al. indicated
that C. albicans was the third most common organism isolated on central venous catheters,
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after Acinetobacter and Staphylococcus epidermidis, and was the third most common species
causing central line-associated bloodstream infection, just after Acinetobacter and S. aureus.
In this last case, the authors found close prevalence for S. aureus (13.1%) and C. albicans
(12.1%) [2].

C. albicans is a commensal species of the human oral cavity, gastrointestinal and
reproductive tract. It is also an opportunistic pathogen capable of causing superficial
to systemic and hematogenously disseminated candidiasis, depending on the patient’s
immune status and other predisposing factors [3–5]. In addition, candidiasis is often
associated with a biofilm [6]. The Gram-positive bacterium S. aureus is a commensal
species, as well as an opportunistic pathogen, responsible for superficial to life-threatening
diseases, often related to a biofilm [7,8]. C. albicans and S. aureus share numerous host
niches contributing to their frequent coisolation [9].

Not surprisingly, numerous cases of mixed C. albicans–S. aureus infections have been
reported, including bloodstream infections [10–12]. In this latter case, numerous risk
factors have been recently identified, such as a prolonged stay in an intensive care unit,
antimicrobial administration and the presence of two or more central venous catheters [11].

The propensity of C. albicans and S. aureus to grow together within interkingdom
biofilms is well documented, as well as their respective ability to protect each other from
antimicrobial treatments [13]. Thus, the resistance and tolerance inherent in the biofilm
lifestyle are worsened by the protection induced by the polymicrobial character of the
biofilm, in which communication and interaction processes further strengthen the microor-
ganisms [14,15]. Unfortunately, no treatment is yet available to prevent the severe mortality
and morbidity associated to interkingdom biofilms formed by these two infamous species.
It is therefore necessary and urgent to search for new and original molecules capable of
destroying or inhibiting mixed C. albicans–S. aureus biofilms, and thus to fight against
associated infections [13–15].

Invasive alien plants (IAPs) are a source of compounds of interest and could therefore
meet this expectation. Invasive alien species are defined as “alien species that reach the final
stage of the invasion process and have the capacity to spread [...] with highly detrimental
impact in the regions concerned, not only on local biodiversity and on the way ecosystems
work, but also on socioeconomic parameters, including animal production and hence
animal health, and lastly on public health” [16].

According to the International Union for Conservation of Nature (IUCN), invasive
alien species are “one of the biggest causes of biodiversity loss and species extinctions” [17].
IAPs often have no natural predators in their new environments and display a high capacity
of dispersion and of forming a dense monospecific population entering into competition
with the native plants. It is known, for example, that invasive Ludwigia species, because of
their capacity to rapidly cover the entire surface of a body of water, lead to a modification
of the environment that is harmful to the local fauna and flora [18].

However, despite these features and the economic, ecological and health-related neg-
ative impacts of invasive plants, they also constitute a reservoir of molecules with great
potential. Indeed, their ease of adaptation, control of the new habitat and resistance to
predators involve their chemical machinery. Some studies mention their capacity to synthe-
size new or more concentrated allelopathic, defense or antibiotic biochemicals resulting in
a different chemical composition than that of native plants [19,20].

Thanks to these compounds, some IAPs have previously demonstrated antioxidant,
antimicrobial, antiviral, neuroprotective, antiproliferative and cytotoxic, anticholinesterase
activities [20]. Among them, several aquatic species have been highlighted. For example,
invasive Ludwigia peploides (Onagraceae family) previously demonstrated antimicrobial, an-
tioxidant and antiproliferative activities [21], while invasive Ludwigia grandiflora also demon-
strated antibacterial activities against Gram-positive and Gram-negative bacteria [22].

Invasive plant extracts are still poorly investigated for their curative activities against
polymicrobial biofilms, despite their presumed interesting potentials. Thus, this work aims
to demonstrate the interest of invasive plants, in particular aquatic IAPs, in the discovery of
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compounds active against polymicrobial S. aureus–C. albicans biofilms. This work focuses
on five IAPs registered on the list of plants of concern in France: Egeria densa, L. grandiflora,
L. peploides, Myriophyllum aquaticum and Lagarosiphon major. Thus, this study could provide
a new treatment to reinforce the therapeutic arsenal against biofilm and biofilm-related
infections.

2. Results and Discussion
2.1. Plant Extracts

The five plants (E. densa, L. grandiflora, L. peploides, M. aquaticum and L. major) were
identified, sampled and dried. Then, they were successively extracted using four solvents of
increasing polarity (MeTHF, EtOAc, EtOH and EtOH/W, respectively). Forty extracts were
obtained, and their yields are reported in Table 1. For each plant, the best yield of extraction
was obtained with the mixture EtOH/W (2.9–19.7%). The solvents MeTHF and EtOH led
to intermediate yields: (1.1–11.2%) and (0.5–11%), respectively. The solvents MeTHF and
EtOAc have a close polarity index (4 and 4.4, respectively), which largely explains the low
yield associated to EtOAc. Indeed, MeTHF already drained the compounds in this polarity
range. Thus, the EtOAc extracts would have a limited interest. The best total yields were
obtained with Ludwigia species and M. aquaticum, especially their leaves. E. densa and L.
major contained fewer compounds extractable by these solvents.

Table 1. Extraction yields of different invasive plant parts, obtained with four solvents.

Plants and Parts 2 Extracted

Extraction Solvents
Total per Plant

MeTHF 1 EtOAc EtOH EtOH/W

Yield (%) Yield (%) Weight (mg)

E. densa WP 1.09 0.58 1.39 4.59 7.67 2142
L. major WP 1.19 0.06 0.56 2.89 4.69 940

M. aquaticum S 4.85 0.95 8.52 19.30 33.64 6731
L 6.59 1.05 11.09 19.75 38.49 7701

L. peploides
AS 2.54 0.30 3.41 16.09 22.37 4476
SS 2.18 0.19 3.07 11.42 16.87 3376
L 11.21 0.16 6.44 19.62 37.42 7496

L. grandiflora
AS 2.73 0.12 2.84 13.20 18.90 3783
SS 2.35 0.13 1.48 8.63 12.60 2522
L 5.33 0.56 6.92 16.50 29.32 5873

1 The used solvents are listed in running order: 2-methyltetrahydrofuran (MeTHF), ethyl acetate (EtOAc), ethanol
(EtOH) and ethanol/water 50:50 (EtOH/W). 2 Abbreviation of parts: WP: whole plant, S: stems, L: leaves,
AS: aerial stems, SS: submerged stems with roots.

These results suggested that polar components were present in great quantity in the
studied plants. Other studies also observed that, after extraction by solvents of increasing
polarity, the highest yields were obtained with the most polar solvents [23]. This observation
is not surprising given that numerous primary and secondary metabolites commonly
present in plants are polar, including sugars, amino acids, organic acids or most components
of the large category of phenolic compounds [24].

2.2. Antibiofilm Activities Screening

The forty extracts were first screened for their activity against bispecies biofilms of C.
albicans and S. aureus, using three concentrations ranging between 50 and 200 µg·mL−1. The
ability of these extracts to reduce already-formed 24 h old biofilms was investigated. The
activity varied according to the extracts (Figure 1a), but in general, the results suggested that
the least polar solvents used (MeTHF and EtOAc) were the most active against biofilms,
except for L. grandiflora leaves (Lg-L) and L. peploides leaves (Lp-L), with MeTHF ones
especially being the most active of all. Several studies have already shown the weakly
polar nature of many compounds active against biofilms. For example, essential oils have
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shown a great activity against biofilm adhesion [25]. Some lipids are also known for
having antibiofilm activities, especially against mixed C. albicans and S. aureus biofilms [26].
Concerning L. grandiflora, more polar extracts were also highlighted (EtOH and EtOH/W)
but they were not obtained from the same part, which suggested that all parts were of
interest in this plant: polar compounds from leaves and less polar compounds from AS
and SS parts.
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Figure 1. Plant extracts activity against S. aureus–C. albicans biofilm. Antibiofilm activities were
assessed using crystal violet staining assay: (a) Heatmap displaying screening results of 40 plant
extracts, with in ordinate the solvents of extraction and the final tested concentrations (50, 100,
200 µg·mL−1), and in abscissa the extracted plant part; (b) Inhibition curves of the six most active
extracts (6.25 to 200 µg·mL−1), expressed in percentage of biofilm inhibition. Abbreviations: Lg
(Ludwigia grandiflora), Lp (Ludwigia peploides), Ed (Egeria densa), Lm (Lagarosiphon major), Ma (Myrio-
phyllum aquaticum), L (leaves), AS (aerial stems), SS (submerged stems with roots), S (stems), WP
(whole plants).

Based on these results, completed by a Dunn statistical analysis, six extracts, from
L. grandiflora leaves (Lg-L), aerial stems (Lg-AS), submerged stems with roots (Lg-SS)
and M. aquaticum stems (Ma-S), demonstrated a significant antibiofilm activity compared
to the nontreated control conditions and were therefore identified as promising: Lg-L-
EtOH/W; Lg-L-EtOH; Lg-AS-MeTHF; Lg-SS-MeTHF; Ma-S-EtOAc; Ma-S-MeTHF. Their
dose-dependency activity was then shown by testing concentrations above 50 µg·mL−1

(Figure 1b). Due to the closeness of the chromatographic profiles of the Ma-S-MeTHF
and Ma-S-EtOAc extracts and the limiting amounts obtained for Ma-S-EtOAc extract, this
last one was not further investigated. Thus, the antibiofilm activity of the remaining five
selected extracts was then further detailed.

2.3. Characterization of Active Extracts

Through an FCM approach, we evaluated the activity of these five extracts specifically
against the bacterial and fungal populations of bispecies biofilms. Indeed, the difference
in cell size allowed us to distinguish these two populations, as we previously showed
in another bispecies biofilm model [27]. The SYTO9 staining allowed counting the mi-
croorganisms obtained after biofilm scraping in order to compare the populations of the
control biofilms (DMSO) to those treated by one of the five studied extracts. The number of
bacterial cells counted was about 100 times as high as that of the fungal cells (Figure 2a,b).
For the five extracts studied, only Lg-AS-MeTHF significantly reduced by a factor of three
compared to the control for the bacterial (p < 0.001) and by a factor of two for the fungal
(p < 0.05) population of the bispecies biofilms (Figure 2a,b). The Lg-SS-MeTHF and Lg-
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L-EtOH extracts also reduced the S. aureus population (p < 0.05) but had no significant
effect on the C. albicans one. Finally, the extracts Lg-L-EtOH/W and Ma-S-MeTHF were not
active, regardless of the targeted population. Results obtained by CVS and FCM approaches
may appear partially diverging. The large difference between the two populations can
be explained by the shorter doubling time for bacteria than for yeast in the in vitro condi-
tion [28,29]. Moreover, differences between CVS and FCM approaches were not surprising,
as these approaches targeted different constituents of the biofilm. The sonication performed
before the FCM analyses eliminated the aggregates, resulting in single-cell suspensions. In
addition, applied FCM settings allowed to provide quite strict microbial cell counts that
excluded other constituents that may be present, such as matrix or cellular fragments and
free components. In a different way, the CVS method required several successive washes
that may detach the bacteria and yeasts less strongly attached to the biofilm. This method
also tagged all constituents of the biofilm [30], thus giving a global view of the biofilm,
wider than the microorganism’s count. It is therefore possible that the extracts whose
activity was not observed using FCM acted mainly on the matrix.
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Figure 2. Inhibition activities of crude extracts at 100 µg·mL−1 on 48 h old bispecies biofilm of
C. albicans–S. aureus: (a,b) enumeration of each population in bispecies biofilm (a) S. aureus and
(b) C. albicans by FCM after 24 h of treatment with the five selected crude extracts, compared with
control (DMSO 2% treatment) (error bars in SEM). p-value calculated by Dunn’s test were given with
*: 0.05 > p-value > 0.01; ***: 0.001 > p-value.

Addition of propidium iodide (PI) to the microbial suspensions analyzed by FCM
allowed to evaluate the effect of the extracts on the cell membrane permeability. PI-labelled
cells could be considered dead [27,31]. PI labelling did not reveal any difference between
cells from treated biofilms and controls, regardless of the extract studied. This result
suggested that the active extracts did not alter the membrane permeability, and thus that
all microbial cells present in the cell suspensions analyzed by FCM were alive. This was
consistent with the results of SEM observations of the bispecies biofilms treated or not
with Lg-AS-MeTHF extract at 50 µg·mL−1 and 100 µg·mL−1. We did not observe any
morphological modification of the cells after treatment, neither for bacteria nor for yeasts
(Supplementary Materials Figure S1a,b). Unfortunately, this SEM approach did not allow
any cell quantification to complete this result.
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2.4. Bioactive Molecular Networking

In order to identify the largest possible panel of interesting compounds, the extracts
both active with CVS and FCM methods most likely to have different compositions were
selected for further investigation. As Lg-AS-MeTHF and Lg-SS-MeTHF presented similar
HPLC profiles, suggesting a very close composition, the latter was not retained. The Lg-AS-
MeTHF and Lg-L-EtOH extracts were finally considered for further investigation. Their
fractionation resulted in seven and nine fractions, respectively (Table 2). The strongest
antibiofilm activities (bispecies biofilm, CVS method) were associated with the fractions
derived from the Lg-AS-MeTHF extract. Two of them exhibited comparable (F5) or even
higher (F4) activities than the initial extract. Overall, the most active fractions of this extract
were obtained with high percentages of acetonitrile (70–100%), suggesting the presence
of moderately or highly apolar compounds. In the case of the Lg-L-EtOH extract, only
two fractions (F3′and F4′) exhibited activities comparable to that of the extract, while the
others displayed lower activities. The Lg-AS-MeTHF extract was therefore considered the
most promising. As fractions and extract were tested at the same concentration, it can
be assumed that the fraction 4 was enriched in the compound(s) active against biofilm.
A bioactive score was calculated for each fraction and extract. This score considered the
variability of biological tests and was defined as the probability for a molecule of being
bioactive [32]. These scores allowed composition–activity correlation studies that aimed
to highlight compounds supposed to be responsible for, or involved in, the activity of
the plant. For this purpose, the chemical profiles of the Lg-AS-MeTHF extract and all its
fractions were analyzed, regardless of their bioactive score. Concerning the fractions from
the Lg-L-EtOH extract, only the inactive ones (score ≤ 15) were considered so that the
analysis was as discriminating as possible. This was made possible since the two selected
extracts were prepared from the same plant.

Table 2. Yields, antibiofilm activity and bioactivity scores calculated for L. grandiflora Lg-AS-MeTHF
and Lg-L-EtOH fractions and crude extracts.

Yield Activity
(CVS, 50 µg·mL−1)

Bioactive
Score

(%) Inhibition
(%) SD (%)

Lg-AS-
MeTHF
(238 mg)

F1 7.11 0 20.03 0
F2 1.50 0 27.50 0
F3 2.59 30.82 9.89 37
F4 1.10 63.96 6.89 100
F5 1.77 50.83 8.16 74
F6 1.87 39.19 13.63 44
F7 14.54 25.61 12.55 23

Extract 53.88 7.96 80

Lg-L-EtOH
(600 mg)

F1′ 15.71 0 21.20 0
F2′ 1.84 10.39 18.70 0
F3′ 9.13 33.85 13.96 34
F4′ 4.14 39.26 9.52 52
F5′ 1.50 27.78 8.94 33
F6′ 1.61 25.74 16.96 15
F7′ 4.05 0 24.28 0
F8′ 1.76 20.19 12.55 13
F9′ 7.13 15.56 20.20 0

Extract 42.25 7.85 60

The samples (Lg-AS-MeTHF extract and its fractions 1–7, fractions 1′–2′ and 6′–9′

of Lg-L-EtOH) were analyzed by LC-HRMS2 in positive and negative modes in order to
cover as many compounds as possible. This approach also facilitated the identification
of compounds detected in both active and negative modes. After processing the data on
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MZmine2, a total of 993 positive precursor ions and 4735 negative ones were detected in
the samples for MS1. The data obtained in positive and negative ionization were treated
separately. Finally, an antibiofilm activity score was assigned to each sample and the area
under the curve was calculated for each compound detected. As a result, nine compounds
correlated with antibiofilm activity were found, seven in positive mode (LUg1 to LUg7)
and two in negative mode (LUgA and B).

Molecular networks were constructed to partially or completely elucidate the structure
of these nine ions, represented with their correlation scores and their identification from
GNPS databases and/or from manual annotation using in silico fragmentation software
MetFrag (Figure 3).
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Figure 3. Feature-based molecular networks corresponding to L. grandiflora fractions and extracts.
(a) Molecular networks generated from positive and negative ionization mode, with legend of
represented ions. (b) List of bioactive correlated ions including correlations scoring (r), p-value,
m/z value, retention time (RT), adduct ions detected, predicted chemical formula and identification
predicted by databases (GNPS, MetFrag).
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Of the seven positive ions correlated with the bioactivity (Figure 3a), the most corre-
lated one called LUg1 (correlation score r at 0.95, with p-value at 1.1 × 10−4) was detected
at m/z 439.3581 and a retention time (RT) of 18.62 min. GNPS databases identified it
as an [M−H2O+H]+ ion with the calculated chemical formula C30H47O2 corresponding
to the pentacyclic triterpenoid betulinic acid (BA). In the same network as BA, another
triterpenoid matched with the database search: the betulin (C30H50O2), displaying a struc-
ture close to BA with a primary alcohol instead of carboxylic acid function on the 28th
carbon (Figure S2). BA was available as commercial standard (Sigma-Aldrich, Saint Louis,
MO, USA), and in order to confirm its identification, the HPLC-UV (210 nm) and targeted
HPLC-MS/MS profiles of F4 and the Lg-AS-MeTHF extract were compared with the stan-
dard. Results showed a peak at the same retention time (Figure S3a) and a similar MS/MS
fragmentation profile (m/z fragments and their relative intensity) (Figure S3b), which
supported the BA identification hypothesis.

Two other putative bioactive compounds highly correlated, LUg3 (m/z 297.2426 at
16.89 min) and LUg6 (m/z 279.2319 at 15.72 min), were identified in the GNPS database
as epoxidized fatty acids, respectively, as [M+H]+ of 12,13-epoxy-9-octadecenoic acid and
[M−H2O+H]+ 9,10-epoxy-12-octadecenoic acid. LUg3 was networked with three ions
with the same m/z of 297.2426, including a hypothetical stereoisomer (RT at 17.1 min),
[M−H2O+H]+ 9,10-dihydroxy-12-octadecenoic acid (RT at 16.95 min) and [M+H]+ 9,10-
epoxy-12-octadecenoic acid (RT at 13.63 min) (Table S1). Lug6 was also networked
with identified compounds on GNPS: as probably a stereoisomer ([M−H2O+H]+ 9,10-
epoxy-12-octadecenoic acid, RT at 15.44 min), five closed structures of linolenic acid
([M+H]+ m/z 279.2320 at 17.97, 18.1, 18.35, 18.82 min), [M−H2O+H]+ 9-hydroxy-10,12,15-
octadecatrienoic acid (m/z 277.2163 at 16.31 min) and two putative isomers of [M+H]+

9-oxo-10,12-octadecadienoic acid (m/z 295.2270 at 16.14 and 16.33 min). These networks of
fatty acids and derivatives confirmed the nature of the LUg3 and LUg6 structures. However,
the complexity of their determination and difficulties for synthetizing standards would
require the isolation and investigation of their absolute structure.

The remaining bioactivity correlated ions were not identified within the GNPS database
but through in silico fragmentation, either by direct comparison on MetFrag with their
MS/MS spectra and/or by comparing the MS/MS spectra of their networked ions, thus
helping to improve their identifications. For LUg2 (m/z 401.2667 at 16.95 min), with the
chemical formula C23H38O4Na (∆m/z = 1.169 ppm), the postanalysis attributed 37 out of
59 similar fragments on its MS/MS spectrum with theoretical MS/MS spectrum of [M+Na]+

2-arachidonoylglycerol (C23H38O4). On the LUg2 cluster, five putative stereoisomers of
[M+H]+ monolinolenin (m/z 353.2687 at 12.63, 13.07, 13.33, 14.53, 14.64 min), [M+H]+

1-linoleoylglycerol (m/z 355.2837 at 14.08 min) and [M+NH4]+ 9,12,15-octadecatrienoic
acid, 3-(hexopyranosyloxy)-2-hydroxypropyl ester (m/z 532.3484 at 14.61 min) were identi-
fied with the GNPS database (Supplementary Materials Table S1). All these compounds
were composed of a glycerol part esterified with a long chain unsaturated fatty acid.
These assumptions are consistent with the identification of LUg2 as 2-arachidonoylglycerol
(Figure S2).

LUg4 (m/z 295.2269 at 15.77 min) was found to be related to the in silico fragmentation
of [M+H]+ 17-hydroxyoctadeca-9,11,13-trienoic acid (47 out of 69 fragments in MS/MS
spectrum). In parallel, a negative ion at the same retention time was detected (m/z 293.2124
at 15.76 min) (Figure 3b), and the MS/MS comparison gave [M−H]− 2-hydroxylinolenic
acid (12/31 similar fragments), implementing the hypothesis that LUg4 was a C18:3 mono-
hydroxylated fatty acid.

In the same way, LUg7 (m/z 649.4100 at 17.97 min) had a high number of similar peaks,
with an in silico spectrum of eucalyptic acid (52 matches/79 peaks), 3-O-feruloyl-2-hydroxy-
12-ursen-28-oic acid (52/79) and 11-hydroxy-10-{[3-(3-hydroxy-4-methoxyphenyl)prop-2-
enoyl]oxy}-1,2,6a,6b,9,9,12a-heptamethyl-1,2,3,4,4a,5,6,6a,6b,7,8,8a,9,10,11,12,12a,12b,13,14b-
icosahydropicene-4-carboxylic acid (58/79). These three molecules have C40H56O7 as a
molecular formula and consist of a pentacyclic triterpenic part esterified with a phenolic
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acid (ferulic or isoferulic acid). Two networked compounds with LUg7 were assimilated to
similar structures: m/z 619.4001 at 17.75 min as 2-O-p-coumaroyl alphitolic acid (45/60)
(C39H54O6) and m/z 635.3947 at 16.98 min as 3-caffeoyloxy-2-hydroxyurs-12-en-28-oic
acid (38/58) (C39H54O7). Moreover, the negative ion of LUg7 at m/z 647.3964 showed
spectral similarities with the 3-alpha-O-trans-feruloyl-2-alpha-hydroxy-12-ursen-28-oic
acid and the trans-3-feruloylcorosolic acid (10/23 common fragments, molecular formula
C40H56O7) (Figure 3a). All these similarities converged towards the hypothesis of a pen-
tacyclic triterpenic structure esterified with a cinnamic acid derivative for LUg7. Seven
other networked compounds matched with the GNPS databases and were identified as
triterpenoïds (Table S1).

LUg5 (m/z 419.2773 at 18.78 min) showed a low number of peaks in the MS/MS
spectrum, but an intense ion at m/z 207.0995 (100% relative intensity) and another main
one at m/z 335.2196 (7.5%). The calculated raw formula for the parent ion was C23H40O5Na
(∆m/z = 0.965 ppm). Comparisons with databases gave no similarity with known natural
compounds, suggesting the presence of a new compound.

Finally, the last two compounds correlated in the molecular network with the negative
ionisation mode, LUgA (m/z 295.2281 at 15.44 min) and LUgB (m/z 523.3410 at 18.62 min),
shown in Figure 3a, which exhibited similarities with the ions already described. LUgA
was the [M−H]− adduct of LUg6. Its MS1 calculated molecular formula (C18H31O3) and
the in silico comparison of its MS2 spectrum resulted in its identification as [M−H]− 9,10-
epoxy-12-octadecenoic acid (12/31 common fragments). LUgB showed the same retention
time as LUg1 (BA), with a major MS2 peak at m/z 455.3535, assuming that LUgB is the
[M+HCOONa–H]− adduct of BA.

To summarize, the activity of Lg-AS-MeTHF is correlated with two families of molecules.
The first one is lipids including acylglycerols and derivatives of fatty acids, especially hy-
droxylated and epoxidized derivatives. Epoxidized and hydroxylated fatty acids are often
found in plants and are notably part of oxylipins biosynthesis (enzymatically oxygenated
fatty acids), metabolites involved in intra/intercellular communication in plants [33]. The
presence of free fatty acids as linoleic, linolenic and arachidonic acids was also confirmed
in the close species Ludwigia octovalvis [34]. Several studies highlighted the antibiofilm
activities of fatty acids such as linoleic acid and their derivatives on Gram-positive bacteria
(including S. aureus) [35,36]. Moreover, fatty acids would have effects on intraspecies
microbial communication as C. albicans quorum sensing. Indeed, they can, for example,
mimic the effect of farnesol, an important signal molecule secreted by Candida yeasts,
making the study of fatty acids interesting to target the yeast hyphal form [37,38]. The
second chemical family of interest concerns pentacyclic triterpenes such as betulinic acid,
a secondary metabolite of many plants involved in the biosynthesis of saponins, natural
surfactant biomolecules [39]. BA and betulin were also identified in the Ludwigia adscendens
extract [40]. Several pentacyclic triterpenoids, such as glycyrrhetinic acid, ursolic acid
and BA, have been shown to display antibiofilm effects against Gram-negative bacteria
Acinetobacter baumannii and Pseudomonas aeruginosa [41]; an activity of BA and several
derivatives was also described on the S. aureus biofilm [42].

Among the nine correlated ions, BA appeared to be the best candidate molecule to be
involved in the antibiofilm activity of the L. grandiflora extract. Its activity was investigated
on the bispecies biofilm to confirm this hypothesis using commercial pure BA.

2.5. Antibiofilm Activity and Quantification of Betulinic Acid

BA effects on 24 h mature biofilms were assayed using the same protocol as for plant
extracts, with a CVS measurement of the total biomass after treatment. Different con-
centrations, ranging from 6.25 to 50 µg·mL−1 (13.7 to 109.5 µM) (concentrations below
BA’s solubility limit), were tested on three couples of microorganisms: two were con-
stituted of reference strains (Couple A: C. albicans ATCC 28367–S. aureus ATCC 29213;
Couple B: C. albicans ATCC MYA2876–S. aureus ATCC 6538) and one of clinical isolates
(Couple C: C. albicans Aca1–S. aureus SCO4). The results, shown in Figure 4, highlighted
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a significant inhibition of the biofilm of at least 12.5 µg·mL−1 for the reference strains (A
and B). Biofilm inhibition reached up to 42% at 25 µg·mL−1 (55 µM) for pair A, with a
loss of activity from 12.5 µg·mL−1 (27.4 µM). For couple B, BA showed activity at lower
concentrations than for couple A, with still 34% inhibition at 6.25 µg·mL−1, but showed
similar activity at 25 µg·mL−1 (41–43% inhibition). For the clinical strains pair, we observed
a lower inhibition than for the collection couples, with a maximum obtained inhibition of
27% at 25 µg·mL−1.
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Figure 4. Betulinic acid (BA) activities on total biomass (CVS assay) of bispecies biofilm strains of C.
albicans–S. aureus (error bars in SEM): (A) C. albicans ATCC 28367–S. aureus ATCC 29213; (B) C. albicans
ATCC MYA-2876–S. aureus ATCC 6538; (C) C. albicans Aca1–S. aureus SCO4. p-values calculated by
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Thus, these results showed an activity against the bispecies biofilm C. albicans–S.
aureus, regardless of the tested couples (with a slightly lower activity for the clinical strains,
generally more resistant to treatments), highlighting the nonstrain dependence and the
interest of this compound.

BA was quantified by HPLC-UV within F4, F5 (most active fractions) and the Lg-AS-
MeTHF extract in order to investigate the activity/BA quantity relationship (Figure S4).
Analyses suggested that 1 mg of F4 and F5 contained 169.31 µg and 24.79 µg of BA,
respectively, and that 1 mg of the extract contained 23.73 µg of BA. Thus, F4 has been
strongly enriched in BA. The 64% and 50% of biofilm reduction induced by F4 and F5 at
50 µg·mL−1 corresponded to a concentration of 8.5 and 1.2 µg·mL−1 of BA in contact with
the biofilm. BA alone did not demonstrate such high activity on the bispecies biofilm before,
and efficient concentrations reached around 25 µg·mL−1 BA (43% biofilm inhibition), which
suggested that BA was not the only compound responsible for the activity. Nevertheless,
the highest concentration of BA in F4 compared to F5 seems to be correlated with a higher
activity. A study of the other correlated compounds would allow to check the potential
synergistic effect between the different active ingredients contained in the extracts of
L. grandiflora.

BA is fairly well known, but its antibiofilm potential requires our full attention. A
wide variety of actions has already been associated with BA (anticancer, anti-inflammatory,
anti-HIV, antimalarial and anthelmintic activities), yet no cytotoxicity has been reported on
healthy cells [43]. Some studies have described the mechanism of action of BA, particularly
on mammalian myeloma cells. BA induced the apoptosis of cells by targeting mitochondria,
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generating an increase of reactive oxygen species in cytosol, and consequently an oxidative
stress [44]. For all these applications, BA is still largely investigated in different studies,
including its improvement of its bioavailability, due to its low solubility in aqueous medium
that limiting its applications. One approach under consideration is its incorporation in
nanoparticles, that permits to enhance its concentration and control its release during
treatment [45]. The large applications of BA and actual studies of this molecule make it a
promising treatment in human health.

3. Materials and Methods
3.1. Plant Material

Five aquatic IAPs: E. densa, L. grandiflora, L. peploides, L. major and M. aquaticum were
collected in July 2020 in west region of France (Nouvelle-Aquitaine) (GPS localization:
E. densa (46.569233, 0.640664); L. grandiflora (46.645098, 0.584291); L. peploides (46.910908,
0.247578); L. major (46.557362, 0.409080); M. aquaticum (45.645026, −0.053613)). Botanical
identification was performed by the Conservatoire Botanique National Sud-Atlantique
(CBNSA). Samples were washed in water baths and air-dried for one week. A voucher
specimen of each plant was deposited at the Herbarium of the School of Pharmacy at the
University of Poitiers (France).

3.2. Chemicals and Reagents

LC-MS grade acetonitrile (ACN) and methanol (Fisher Scientific, Waltham, MA, USA)
were used for the UHPLC analysis. Extractions and fractionation were performed with
2-methyltetrahydrofuran (MeTHF), ethyl acetate (EtOAc), ethanol (EtOH), isopropanol
(IPA) and cyclohexane (CHX) (E. Merck, Darmstadt, Germany). Deionized water (W) was
purified by Milli-Q system (Millipore, Burlington, MA, USA). Betulinic acid analytical
grade was purchased from Sigma–Aldrich Chemical Corporation (Saint Louis, MO, USA).

3.3. Extraction and Fractionation

Whole plants (WP) or parts of plants (stems (S) and leaves (L) for M. aquaticum leaves,
aerial stems (AS) and submerged stems with roots (SS) for L. grandiflora and L. peploides)
were reduced to a powder and 20 g were extracted by maceration assisted by sonication for
1 h at room temperature. Four solvents of increasing polarity were used successively on the
same sample: MeTHF, EtOAc, EtOH, EtOH-W (1:1 v/v). After filtration by using a Büchner
funnel, the extracts were evaporated under low pressure at 40 ◦C. A supplementary step of
freeze-drying was added for MeTHF and EtOH-W extracts.

The most active extracts against bispecies biofilm (600 mg of EtOH leaves extract from
L. peploides and 250 mg of MeTHF aerial stem extract from L. grandiflora) were fractionated by
using flash chromatography (Puriflash® 4250 from Interchim (Montluçon, France) equipped
with a diode array detector) on prepacked C18 columns (C18-HP 30 µm, 51 g for EtOH
extract and 32 g for MeTHF extract, Interchim). Samples were solubilized in MeOH to
perform a liquid loading, and compounds elution was monitored using UV detection at
220 and 265 nm. Compounds were eluted at 10 mL·min−1 with ACN/H2O (5:95 to 30:70 in
30 min and then 30:70 to 100:0 in 5 min for EtOH extract; 5:95 to 60:40 in 15 min and then
60:40 to 100:0 in 5 min for MeTHF extract), and finally eluted for 30 min using, successively,
100% ACN, 100% IPA and 100% CHX to afford nine and seven fractions from EtOH and
MeTHF extracts, respectively. The fractions were evaporated under low pressure at 40 ◦C
and/or by lyophilization. Dried fractions and extracts were stored at −80 ◦C.

3.4. HPLC Analysis

All extracts and fractions were analyzed on DIONEX UltiMate 3000 UHPLC (Thermo
Fisher scientific, Waltham, MA, USA) with a diode array detector (UHPLC-DAD) on a C18
analytical column (DIONEX, C18, 5 µm, 120 Å, 4.6 mm × 250 mm Acclaim®) protected
by a Phenomenex® SecurityGuard (Torrance, CA, USA). The elution was performed with
ACN/H2O gradient complemented with 0.1% of trifluoroacetic acid (5:95 to 100:0 during
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40 min and then 100:0 for 10 min, 0.8 mL·min−1). The column oven temperature was set at
25 ◦C. UV detection was monitored at 210, 220 and 265 nm. Samples were injected from 1
to 10 mg·mL−1 in MeOH after centrifugation.

3.5. Organisms

Three reference strains of C. albicans and three reference strains of S. aureus were
used: C. albicans ATCC® 28367™, C. albicans ATCC® MYA-2876™, C. albicans Aca1 (isolate
recovered from venous catheter), S. aureus ATCC® 29213™, S. aureus ATCC® 6538 ™, S.
aureus SC04 (isolate recovered from human lungs). C. albicans and S. aureus were grown
for 48 h on Sabouraud glucose with chloramphenicol (0.05 g·L−1) (SGC) (Sigma-Aldrich,
Saint Louis, MO, USA) or brain heart infusion (BHI) (BD DifcoTM, Sparks, MD, USA) agar
plates at 37 ◦C, respectively. Prior to biofilm assays, each strain was cultured in liquid BHI
medium at 37 ◦C overnight, with agitation at 80 rpm only for S. aureus.

3.6. Biofilm Studies
3.6.1. Biofilm Growth

An amount of 25 mL of previously prepared BHI liquid cultures were centrifuged
at 5000 g for 5 min. The pellet was washed with 10 mL of Phosphate Buffer Saline (PBS)
(GIBCO, New York, NY, USA) and centrifuged again in the same condition. Cell concentra-
tion was determined by absorbance measurement at 600 nm for S. aureus and by using the
previously determined equation:

1.4 DO600nm = 23 × 109 CFU/mL (1)

A direct counting with a Fast-Read 102® counting chamber (Biosigma, Cantarana,
Italy) was performed for cell concentration determination of C. albicans.

Single- and dual-species biofilms were cultured in 96-well polystyrene nontreated
microtiter plates (Costar, Corning, NY, USA). For single-species biofilms, 200 µL of cultures
at 106 CFU·mL−1 for S. aureus and 106 cell·mL−1 for C. albicans were inoculated in each well.
For dual-species biofilms, 100 µL of each suspension at 106 CFU·mL−1/106 cell·mL−1 were
inoculated for a 1:1 ratio. After incubation at 37 ◦C for 2 h, culture medium was removed
to eliminate nonadherent cells, and 200 µL of fresh BHI medium was added. After 24 h
of total incubation at 37 ◦C, supernatants were discarded and biofilms were washed once
with PBS. An amount of 196 µL of fresh medium and 4 µL of DMSO (control condition) or
extract/fraction suspended at 10 mg·mL−1 in DMSO was added. Wells without treatment
were preserved (negative control). Plates were incubated for 24 h at 37 ◦C.

3.6.2. Crystal Violet Staining (CVS) Assay

After 24 h of incubation, wells were washed with 200 µL of PBS. An amount of 200 µL
of MeOH was then added in each well and left in contact during 10 min. After removing
MeOH, 200 µL of crystal violet (0.3% in demineralized water) was added and the plates
were incubated at room temperature for 5 min. Excesses of crystal violet were washed with
demineralized water and 200 µL of acetic acid 33% was added and left in contact during
15 min under agitation (150 rpm). The absorbance was measured at 510 nm (Infinite M Plex
absorbance reader, TECAN, Zürich, Switzerland).

The percentage of inhibition (I) of each sample was calculated with Formula (2) by
comparing with intraplate controls (DMSO 2%).

I (%) =

(
DO510control − DO510x

DO510control

)
× 100 (2)

The inhibitory percentages and the concentration that inhibited 50% of the biofilm
formation (IC50) were determined for each tested sample by constructing a dose–response
curve and selecting the closest tested concentration value above or equal to 50% inhibition.
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3.6.3. Flow Cytometry (FCM) Assay

According to the adapted protocol of Kerstens et al. [46], after 24 h of incubation, each
well was washed with 200 µL of PBS to remove residual nonadherent cells. An amount
of 50 µL of PBS previously filtrated at 0.1 µm was added in each well and the biofilms
were scratched vigorously with a sterile folded cone before pipetting. All the obtained
suspensions were diluted one tenth in filtrated PBS, followed by 10 min of sonication and
30 s of vortex. Suspensions were double stained with 1 to 2 µL of 334 µM SYTO 9 (S9) and
1 µL of 2 mM propidium iodide (PI) (LIVE/DEAD™ Viability/Cytotoxicity Kit, Invitrogen,
Carlsbad, CA, USA). Measurements were performed with a CytoFLEX flow cytometer
(Beckman Coulter, Brea, CA, USA) equipped with a blue diode laser (excitation 488 nm)
and a violet diode laser (excitation 405 nm) managed by CytExpert 2.0.0.153 software
(Beckman Coulter) (SYTO 9 excitation filter, 525/40 nm; PI excitation filter, 610/20 nm). A
compensation matrix was defined using unstained and single-stained heat-killed biofilm
suspension (60 ◦C during 15 min) prior to sample measurements.

3.6.4. Cryo-Scanning Electron Microscopy

Bispecies biofilms were grown as described above with slight differences: 600 µL of
each strain was inoculated at 1× 106 cells·mL−1 on sterile polycarbonate coupons (diameter:
13 mm, thickness: BIOFOULING 3514 mm; BioSurface Technologies Corporation, Bozeman,
MO, USA) deposed in 24-well microplates. After 2 h, the medium was substituted with
1.2 mL fresh BHI. After 24 h, extracts or 2% DMSO were added and the biofilm grew for an
additional 24 h. Coupons were then recovered and dried few minutes before they were
frozen with liquid nitrogen (Leica EM VCM Vacuum Cryo Manipulation system), sublimed
and coated with platinum (Leica EM ACE600 High Vacuum Coater). Samples were then
observed with a FEI Teneo Volume Scope (FEI Company, Hillsboro, OR, USA).

3.7. Molecular Networking

3.7.1. Data-Dependent LC-ESI-HRMS2 Analyses

Selected extracts and fractions of L. grandiflora were suspended in MeOH at 1 mg·mL−1.
After vortex and sonication, samples were filtrated at 0.2 µm. The sequence was prepared
by injecting the samples randomly, with a quality control sample every 10 samples ana-
lyzed, consisting in the mixture of an equal volume of all samples. A blank control with
100% MeOH was prepared and analyzed before and after the sample list. The UHPLC
was performed on a Vanquish system (Thermo Fischer Scientific, Les Ulis, France) using a
reverse-phase column (Zorbax RRHD SB-C18 1.8 µm, 2.1 mm × 100 mm, Agilent Technolo-
gies, Les Ulis, France) with a similar method to HPLC analysis, adapted for UHPLC (5:95
to 100:0 ratio of ACN/W gradient during 20 min and then 4 min at 100:0, 0.4 mL·min−1).
MilliQ W and ACN were acidified by 0.1% of formic acid. One µL per sample was injected.
Column temperature was set at 30 ◦C.

Mass spectra were acquired in a Q-Exactive PlusTM mass spectrometer (Thermo Fis-
cher Scientific) equipped with a heated electrospray ionization (HESI-II) probe. Acquisition
was performed using both positive and negative ionization modes, setting spray voltage at
3.7 kV and 2.8 kV, respectively, capillary temperature at 310 ◦C and probe heater tempera-
ture at 280 ◦C. The MS1 scan range was 150–1200 m/z with a resolution at 70,000 (full width
at half maximum (FWHM) at m/z 200). Each full MS scan was followed by data-dependent
acquisitions (DDA) selecting the 5 most intense ions and acquiring MS2 between 50 and
1200 m/z, with a resolution of 17,500 and a normalized collision energy (NCE) of 20%, 35%
and 50%. Data were acquired in centroid format.

3.7.2. MZmine 2 Data Preprocessing Parameters

The spectral features detection of MS/MS data was performed on MZmine 2.53 [47].
Each file of MS2 analysis was imported in RAW format. Positive and negative ionization
modes data were treated independently. Positive acquisitions were adjusted with asym-
metric baseline corrector to 1E7. Peaks detection was set at 2E6 in MS1 level and 0 in MS2
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level. Chromatograms were built for the detected ions with the “ADAP chromatogram
builder” algorithm, with a minimum group size of 4 scans, a group intensity threshold
of 2E6, a minimum highest intensity of 6E6 and an m/z tolerance of 0.0015 or 5 ppm.
Peaks deconvolution was applied with the “local minimum search” algorithm with the
following parameters: chromatographic threshold of 10%, search minimum in RT range
of 0.5 min, minimum relative height of 10%, minimum absolute height of 6E6, min ratio
of peak top/edge of 1 and peak duration range from 0 to 0.5 min. MS2 scan pairing was
set at the m/z range of 0.02 Da and the RT range of 0.1 min. Isotopic peaks grouper was
applied with an m/z tolerance of 0.0015 or 5 ppm, with an RT tolerance of 0.2 min and a
maximum charge of 2. Representative isotope was set on most intense. Features alignment
step with Join aligner was performed with an m/z tolerance at 0.0015 or 5 ppm, with a
weight for m/z of 75% and a weight for RT of 25%. The RT tolerance was set at 0.2 min.
A final gap-filling step was performed with 10% intensity tolerance, 0.0015 m/z or 5 ppm
tolerance, 0.2 min RT tolerance and with an RT correction. Exportation of data generated
*.csv and *.mgf files with MS2 data and MS1 peaks area integration. The same parameters
were applied to negative ionization data, with the exception of noise level, which was set
to 5E5 for MS1 peaks detection.

3.7.3. Molecular Networks Analysis

Molecular networks were created using Global Natural Products Social molecular
networking (GNPS, http://gnps.ucsd.edu, accessed on 21 October 2022). The MGF and
CSV files of processed data on MZmine 2 were uploaded on GNPS. Files were used
to generate an MS/MS molecular network using the GNPS Feature-Based Molecular
Networking workflow [48]. The precursor ion mass tolerance and the product ion mass
tolerance were set to 0.02 Da. Networks were generated using 5 minimum matched peaks
and a cosine score of 0.6. The library search options were set to minimum 5 matched
peaks and a score threshold of 0.6 without search of analogs. In complement to GNPS
databases, in silico fragmentation software MetFrag was used with several molecular
databases (Pubchem, Human Metabolome Database (HMDB), Coconut).

Predictions of active compounds were realized with workflow from Nothias et al. [31]
from an R-based Jupyter notebook available on GitHub, https://github.com/DorresteinLab
oratory/Bioactive_Molecular_Networks (accessed on 21 October 2022). Briefly, bioactivity
scores of antibiofilm inhibition at 50 µg·mL−1 from CVS tests were calculated to optimize
disparity between samples with the Formula (3).

Bioactive score =
(I − SD)× 100
Imax − SDImax

(3)

where the standard deviation (SD) from each condition was subtracted to the percentage of
inhibition (I). A bioactive score of 100 was attributed to the most active sample (Imax). For
the other samples, scores were attributed proportionally relative to inhibition (%). A score
of 0 was assigned to the samples with negative values.

Scores were added on the spectral features table obtained with MZmine 2 work-
flow. The Jupyter notebook applied 3 steps of analysis: (i) normalization of TIC intensity,
(ii) calculation of Pearson correlation and its significance (p-value) between features and
bioactivity scores and (iii) Bonferroni correction. Results were imported as a table in Cy-
toscape 3.8.2 [49] on the molecular network data from GNPS. Compounds which were
clustered with correlated compounds, i.e., displaying MS/MS spectral similarities, were
also studied to identify or confirm their molecular family. p-value and correlation value
thresholds were respectively defined as ≤0.05 and ≥0.85.

3.8. Annotation and Quantification of Betulinic Acid

In order to confirm the identification and to quantify BA in the MeTHF aerial stems
extract of L. grandiflora and its F4 and F5 fractions, commercial standard of BA was analyzed
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by HPLC-DAD and HPLC-MS/MS. HPLC-DAD analysis was performed with the same
method as described before, adapted with a flow at 0.5 mL·min−1. Ten µL of samples
were injected, with BA at 0.5 mg·mL−1 in MeOH, and crude extract and fractions at
1 mg·mL−1 in MeOH. Each sample was injected separately and mixed in solution (extract
or fractions mixed with BA). To quantify BA, 7 dilutions (0.5 to 0.01 mg·mL−1 in MeOH)
of the standard were injected to realize a standard curve. UV detection was monitored at
210 nm, corresponding to the maximal absorbance of BA, as described in Zhao, Yan and
Cao [50]. HPLC-MS/MS analysis was performed on a Waters system equipped with a
time-of-flight XEVO™ G2 Q-TOF analyzer (Waters Corporation, Milford, MA, USA) with
an ESI source in positive mode with the same chromatographic method as HPLC-DAD,
and a 5 µL injection of the samples. MS2 targeted acquisition was set at m/z 439.36 and
457.36, corresponding, respectively, to the [M+H−H2O]+ and [M+H]+ adducts. Source was
set at 120 ◦C at 3.7 eV, collision energy at 40 eV and acquisition range at m/z 50–1000 with
centroid mode.

Data were analyzed using MassLynxTM software (V4.1, 2013) from Waters.

3.9. Statistical Analyses

All biological experiments were performed at least three times with triplicate for
each condition.

The Kruskal–Wallis test with Dunn’s multiple comparisons test was applied to deter-
mine the statistical significance between obtained measures with treated biofilms and con-
trols, using GraphPad Prism® version 6.01 (GraphPad Software Inc, San Diego, CA, USA).

PCA and OPLS-DA tests on MZmine2 data including QCs were realized to check
the method performance of LC-MS acquiring data, on SIMCA 14.1 software (Sartorius,
Goettingen, Germany).

4. Conclusions

The aerial stem extract of L. grandiflora demonstrated the highest activity against the
bispecies biofilm C. albicans–S. aureus among the 40 extracts prepared from five aquatic inva-
sive plant species. Biochemometric studies have highlighted several families of compounds
potentially responsible for this activity, including fatty acids and their hydroxylated and
epoxidated derivatives, monoacylglycerols and pentacyclic triterpenoids. Antibiofilm tests
confirmed the betulinic acid activity, a pentacyclic lupane-type triterpenoid, which opens
interesting perspectives for the research of new treatment to fight multispecies biofilms.
Its mechanism of action must now be further investigated and characterized, and further
studies are needed to increase its solubility and bioavailability. Its original structure opens
interesting perspectives for possible combinations with already available conventional
antibiotic and/or antifungal agents that could be complementary by both destructuring
the biofilm and killing microbial cells. Moreover, the isolation of the other compounds cor-
related to the antibiofilm activity in the pure state will be necessary to complete this study
of the L. grandiflora extract antibiofilm potential. Finally, this work confirmed the interest
of invasive aquatic plants in the discovery of compounds active against polymicrobial
biofilms and encourages their further studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics11111595/s1, Table S1: List of detected and analyzed
LC-MS2 data with bioactivity-based molecular networking for their identification and correlation
with the antibiofilm activity; Figure S1: SEM approach of 24 h preformed polymicrobial biofilm
C. albicans–S. aureus treated; Figure S2: Synthesis of structures putatively identified for detected
ions; Figure S3: Identification of betulinic acid (BA) in Lg-AS-MeTHF extract and F4 fraction with
comparison with standard: (a) HPLC-UV detection method at 210 nm; (b) MS2 spectrum of MS
targeted method (detection MS1 at m/z 439.36); Figure S4: HPLC-UV dosage of betulinic acid (BA)
from extract Lg-AS-MeTHF and active fractions F4 and F5 of L. grandiflora compared to the relative
bispecies biofilm inhibition: (a) quantification table of betulinic acid with quantity per mg, final
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concentration per wells and their respective biofilm inhibition activity; (b) standard range of betulinic
acid curve area (absorbance at 210 nm) in function of concentration.
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