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In biofilms, microorganisms are able to communicate together and assemble by them-
selves, creating a consortium with different properties from the original free-floating
microorganisms. In fact, biofilm cells bind strongly to a living or non-living surface, en-
closed in a self-produced extracellular matrix that is composed of extracellular polymeric
substances. One benefit of this lifestyle is the increased resistance or tolerance to antimicro-
bial agents (e.g., antibiotics). Hence, research on the development of alternative strategies
to prevent and control biofilms is highly relevant for society in terms of human health,
industry and the environment. Different approaches to prevent or control biofilms using
antibiotic alternative strategies were submitted to this Special Issue.

An important topic is the study of quorum sensing (QS) mechanisms during biofilm
development. Daza et al. evaluated the use of alkylglycerols as QS inhibitors. The effect
on the biofilm formation of fifteen natural enantiopure alkylglycerols was evaluated on
Chromobacterium violaceum. The authors observed a dose-dependent response using each
alkylglycerol at subinhibitory concentrations, with a maximum response of 97.2% reduction.
(2S)-3-O-(cis-13′-docosenyl)-1,2-propanediol was the best QS inhibitor with just 20 µM [1].

The use of chemical compounds, bacteriophages and enzymes are also alternative
approaches with the potential to control the bacterial growth and the biofilm development.
For instance, Alfarrayeh et al. evaluated the effect of Caffeic Acid Phenethyl Ester (CAPE)
on different Candida species. Both caspase-dependent and caspase-independent apoptosis
were observed after CAPE treatment. The minimum biofilm inhibitory concentration
oscillated between 50 and 100 µg/mL. Regarding biofilm control, the authors observed a
low to high capability to control mature Candida biofilms [2].

In another study, Pereira et al. used gapmers and steric blockers as antisense oligonu-
cleotides against Escherichia coli. These molecules were conjugated with vitamin B12 by
copper-free azide-alkyne click-chemistry. The authors observed that despite the strong
interaction with E. coli, conjugates were mostly located on the outer membrane. Only
6–9% reached the cytosol, which was not sufficient to inhibit bacterial growth. The authors
concluded that this low internalization of conjugates was affected by E. coli’s low uptake for
vitamin B12 and further studies are necessary before applying it to infectious biofilms [3].

Additionally, using stainless steel surfaces, González-Gómez et al. studied the efficacy
of novel bacteriophages against E. coli biofilms. Three bacteriophages isolated from ground
beef and poultry liver samples with a podovirus-like morphology were used alone or in
combination to treat biofilms for 2, 14 and 48 h. Some very significant bacterial cell count
reductions were observed after treatment, with it being important to note that the treatment
success was influenced by the bacterial strain used, the used phage, phage concentration
and biofilm formation stage [4].

1



Antibiotics 2022, 11, 908

The effects of enzymatic and chemical treatments were compared to remove mixed-
species biofilms on surfaces simulating the food processing environment. Iñiguez-Moreno
et al. used a novel chemical product named Sanicip Bio Control or peracetic acid as
chemical agents and protease or α-amylase for enzymatic treatments. Biofilms were formed
on stainless steel or polypropylene B and different media were used (whole milk, TSB with
meat extract and TSB with chicken egg yolk). Despite the success of some treatments, in
general the results were strongly affected by food contact surfaces and the surrounding
media [5].

A combined treatment is another interesting strategy; Aljaafari et al. investigated the
effect of various thermal shocks treatments (different temperature and times), the effect
of different ciprofloxacin hydrochloride concentrations and the interaction of antibiotics
and thermal shock on Pseudomonas aeruginosa biofilms. In addition, to assess the viability
after the thermal shock, the biofilms were subsequently re-incubated under the initial
conditions. To generate biofilms with different population densities, structures, and matu-
rities, P. aeruginosa biofilms were grown on 4-well dishes at 160 rpm in an incubator (ST
biofilms) and in a Drip Flow Reactor (DFR biofilms). The authors concluded that the use of
ciprofloxacin does not appear to enhance thermal shock directly. However, they suggested
that thermal shock and antibiotics act with strictly orthogonal mechanisms on P. aeruginosa
biofilms, decreasing the intensity of thermal shock needed [6].

Barros et al. tested the antimicrobial activity of biocide benzalkonium chloride (BAC)
immobilized in millimetric aluminum oxide particles, against Escherichia coli bacteria in the
planktonic state. The alumina particles were functionalized by using a nitrogen precursor
(Dopamine (DA)). At the highest particle concentration (3000 mg/L), an inactivation of
bacterial cells within 5 min was observed. In addition, a total loss of membrane integrity
was achieved after 15 min for all tested concentrations. However, when reusing the Al2O3-
DA-BAC particles, a higher contact time was needed to reach total inactivation. The authors
concluded that Al2O3-DA-BAC particles are a suitable antimicrobial agent for the treatment
of continuous water systems with minimal environmental and health impacts [7].

Surface engineering approaches are another successful strategy to control biofilms.
Sunthar et al. analyzed the antibacterial properties of Cellulose Acetate (CA) reinforced with
different weight percentages of aluminum nitride (AlN) composites against Staphylococcus
epidermidis and E. coli. The results showed an effective antibacterial effect when AIN was
added in weight percentages >10 wt.%, suggesting the potential application of CA/AlN
composites as alternative materials for plastic packaging in the food industry. However,
the authors suggest that the degradability and stability of this composite material should
be studied in future work [8].

Using a different and innovative approach, Carvalho et al. evaluated the effect of two
probiotic strains (Lactobacillus plantarum and Lactobacillus rhamnosus) in displacing E. coli
and Staphylococcus aureus pre-formed biofilms. The biofilms were grown under conditions
that mimic the urological devices, including silicone surfaces, artificial urine medium and
a shear stress similar to those found inside of urinary catheters. This is the first study
that demonstrates the ability of L. plantarum and L. rhamnosus to displace pre-established
biofilms of E. coli and S. aureus. These results showed the potential of these Lactobacillus
strains to control the development of biofilms on urinary tract devices [9].

Finally, Esteves et al. provided a review to evaluate the significance of the incorpo-
ration of antibacterial coatings in the reduction in the occurrence of bacterial infections
and evaluate its effect on dental implant success rate. The authors summarize the diverse
strategies proposed to enhance the antibacterial properties of titanium dental implants.
This is significant because antibacterial coatings are a promising solution to control and
prevent bacterial infections that compromise dental and orthopedic implant success [10].

Author Contributions: A.S.A. and L.D.R.M. wrote and reviewed the manuscript. All authors have
read and agreed to the published version of the manuscript.
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Natural and Enantiopure Alkylglycerols as Antibiofilms
Against Clinical Bacterial Isolates and Quorum Sensing
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Abstract: Resistance mechanisms occur in almost all clinical bacterial isolates and represent one of the
most worrisome health problems worldwide. Bacteria can form biofilms and communicate through
quorum sensing (QS), which allow them to develop resistance against conventional antibiotics.
Thus, new therapeutic candidates are sought. We focus on alkylglycerols (AKGs) because of their
recently discovered quorum sensing inhibition (QSI) ability and antibiofilm potential. Fifteen natural
enantiopure AKGs were tested to determine their effect on the biofilm formation of other clinical
bacterial isolates, two reference strains and their QSI was determined using Chromobacterium violaceum
ATCC 12472. The highest biofilm inhibition rates (%) and minimum QS inhibitory concentration
were determined by a microtiter plate assay and ciprofloxacin was used as the standard antibiotic.
At subinhibitory concentrations, each AKG reduced biofilm formation in a concentration-dependent
manner against seven bacterial isolates, with values up to 97.2%. Each AKG displayed QSI at different
levels of ability without affecting the growth of C. violaceum. AKG (2S)-3-O-(cis-13’-docosenyl)-1,2-
propanediol was the best QS inhibitor (20 µM), while (2S)-3-O-(cis-9’-hexadecenyl)-1,2-propanediol
was the least effective (795 µM). The results showed for the first time the QSI activity of this natural
AKG series and suggest that AKGs could be promising candidates for further studies on preventing
antimicrobial resistance.

Keywords: antimicrobial resistance; natural alkylglycerols; ether lipids; 1-O-alkyl-sn-glycerols;
antibiofilm activity; quorum sensing inhibition

1. Introduction

Antibiotics were discovered in the early 20th century and have been widely used in
the treatment of bacterial infections. However, the indiscriminate and excessive usage
of antibiotics has led to the development of antimicrobial resistance, which has steadily
decreased the effectiveness of current antibacterial therapies [1,2]. Resistance mechanisms
occur in almost all clinical isolates of bacteria and recurrent infections caused by persis-
tent bacteria hamper the successful treatment of infections [3]. This situation highlights
the urgency of identifying new therapeutic candidates and less toxic treatment targets.
Consequently, considerable research has focused on developing novel strategies to control
bacterial diseases [4]. Infectious diseases cause the death of more than 16 million people
annually and at least 65% of these cases are linked to bacterial communities that prolif-
erate by forming biofilms [5,6]. Biofilms consist of microorganisms that are attached to
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a substratum and embedded in a matrix of extracellular polymers that protects the cells
from harsh environmental conditions, including disinfectant treatments and antibiotics [7].
Bacterial biofilms are developed by a cell communication process called quorum sensing
(QS), through which Gram-negative and Gram-positive bacteria synchronize their behav-
iors in a cell density-dependent mode by a series of signal molecules termed autoinducers,
thereby mediating the production and secretion of virulence traits. In general, QS is a
regulatory mechanism that promotes the establishment of infection, expression of virulence
factors, formation of biofilm and development of resistance [8,9]. Biofilms are involved
in many clinical infections and during biofilm infection, simultaneous activation of both
innate and acquired host immune responses may occur; however, these responses do
not eliminate the biofilm pathogen but rather accelerate collateral tissue damage [10]. A
strategy for controlling microbial infections involves the use of agents that inhibit bacterial
pathogenicity (e.g., production of virulence factors and biofilm formation) rather than
targeting growth-dependent mechanisms that will inevitably lead to the development of
microbial resistance [11,12]. QS inhibitors do not kill bacteria or inhibit bacterial growth;
rather, they quench QS-regulated pathogenic behaviors, which inhibits bacterial pathogene-
sis and does not easily induce antibiotic-resistant mutations [13,14]. The communication of
individual cells is essential for the formation of biofilms; therefore, blocking this QS process
is an important goal for the control of biofilm infections and represents a new method of
combating antimicrobial resistance [15].

Efforts have been made to disrupt biofilms by inhibiting the QS system and many
natural and synthetic molecules exhibiting quorum sensing inhibition (QSI) have been
identified with potential therapeutic approaches [2]. However, natural products continue
to be a prolific source of drugs [13,16] and the rich biodiversity in the marine environment
suggests that it represents an enormous resource of novel therapeutic candidates with
antibiofilm and QSI activities [17,18]. Marine sources, such as shark liver oil, contain high
levels of alkylglycerols (AKGs), which are minor constituents of bacteria, protozoa, fungi,
higher plants, animals and humans [19,20]. Natural AKGs called 1-O-alkyl-sn-glycerols are
structurally glycerol ether lipids that occur as a mixture of alkyl chains of varying lengths
and unsaturation levels and as pure enantiomers with an S configuration at the asymmetric
carbon [21,22]. AKGs generally occur in their diacylated form as 1-O-alkyl-2,3-diacyl-sn-
glycerols and they are also natural precursors of their derivatives ether phospholipids,
which participate in the structure and function of cell membranes [20,23]. AKGs display a
broad range of beneficial effects on human health and can be used to treat gastric ulcers
and colon inflammation; stimulate hematopoiesis, immunological defense and vaccination
efficiency; reduce tumor growth, metastasis, radiotherapy side effects, obesity and oxidative
stress; increase therapeutic molecule permeability through the hematoencephalic barrier
and sperm motility; and regulate cell differentiation and neuropathic pain [19,20,23–28].
Their activity spectrum also includes antifungal [29] and antibacterial properties [30–35].

In preliminary works to identify bioactive compounds from marine invertebrates [36],
extracts from two soft coral Eunicea species and an AKG purified from them, which is
known as batyl alcohol 8, showed antibiofilm capacity against bacteria isolated from
marine fouled surfaces [37,38]. Two more AKGs demonstrated growth inhibition of marine
biofilm-forming bacteria, which are regarded as potential antifouling compounds [39,40].
In addition, a mixture of AKGs from Eunicea together with the AKG (2S)-3-O-dodecyl-
1,2-propanediol 4 and (2S)-3-O-tetradecyl-1,2-propanediol 5 also showed QSI activity
in C. violaceum ATCC 31532 [41]. Fifteen natural enantiopure AKGs were synthesized
and they depicted promising ability against two biofilm-forming bacteria, clinical isolate
Staphylococcus aureus 91 and Pseudomonas aeruginosa ATCC 15442 [42]. Thus, in the current
study, we selected this natural AKG series to evaluate their antibiofilm activity against
other clinical bacterial isolates, other reference strains and assess their QSI ability using
C. violaceum ATCC 12472.

6
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2. Results
2.1. Structures of Natural and Enantiopure Alkylglycerols

The AKGs included in this study, 1–6, 8, 12 and 14, are of saturated aliphatic chains,
while AKGs 7, 9, 13 and 15 are mono-unsaturated, 10 is di-unsaturated and 11 is a tri-
unsaturated AKG. They have a chain from 6 to 22 carbons atoms and between 176 to
400 amu (Figure 1).

Figure 1. Structures of alkylglycerols used in this study.

2.2. Minimal Inhibitory Concentration (MIC) of Alkylglycerols

An initial in vitro screening was performed to evaluate the MIC of all AKGs (Figure 1)
against the bacterial strains included in this study and the results are summarized in
Table 1.

Table 1. Minimal inhibitory concentration values (µM) of the examined alkylglycerols.

Strains
Alkylglycerols a

CPX b 2 3 4 5 6 7 9 10 11

K. pneumoniae 792 0.09 >1224 >1076 >960 >867 >790 >795 >730 >734 >738
E. cloacae 250 48.2 >1224 >1076 >960 >867 395 >795 >730 >734 >738

E. coli 667 0.09 >1224 >1076 >960 >867 >790 >795 >730 >734 >738
P. aeruginosa 740 1.51 >1224 >1076 >960 >867 >790 >795 >730 >734 >738

P. mirabilis 26 0.09 >1224 1076 >960 >867 >790 >795 >730 >734 >738
C. violaceum
ATCC 12472 0.18 >1224 269 >960 >867 >790 >795 730 >734 >738

E. faecalis 12 0.51 >1224 538 119 433 >790 199 365 734 >738
E. gallinarum 662 48.2 >1224 >1076 119 >867 >790 >795 >730 >734 >738

S. epidermidis ATCC 12228 0.39 >1224 538 119 108 >790 795 >730 734 >738
S. aureus

ATCC 6538 0.18 612 67 30 27 >790 99 >730 367 369

a Alkylglycerols 1, 8, 12, 13, 14 and 15 had a MIC values >1418, >726, >671, >675, >624 and >627 µM respectively for all tested bacterial
strains. All experiments were performed with a maximum of 0.9% (v/v) DMSO in MHB medium and it did not interfere with bacterial
growth. b CPX = ciprofloxacin. CPX was the antibacterial agent used as the standard. Values are the means of triplicate determinations.

2.3. Alkylglycerols Ability to Inhibit of Biofilm Formation

The clinical bacterial isolates and the reference strains were selected because of their
biofilm-forming ability evidenced in this study. All examined AKGs were able to inhibit
biofilm formation of most clinical isolates and reference strains and showed different
capacities against each microorganism assayed. However, the inhibition intensity varied
depending on the compound concentration (Figure 2a,b). The highest values of the biofilm
inhibitory percentage were observed at AKGs concentrations corresponding to 0.50 MIC.
Remarkable biofilm inhibition ratios of several AKGs above 50% were found for E. cloacae
250, P. aeruginosa 740 and S. aureus ATCC 6538, while a low response below 27% was found
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for S. epidermidis ATCC 12228. K. pneumoniae 792 and S. aureus ATCC 6538 were the only
strains active against all AKGs.

Figure 2. Cont.
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Figure 2. (a) Biofilm inhibition represented as percentages of enantiopure alkylglycerols against clinical bacterial isolates: K. pneumoniae
792, E. cloacae 250, E. coli 667 and P. aeruginosa 740 at different subinhibitory concentrations. (b) Biofilm inhibition represented as
percentages of enantiopure alkylglycerols against clinical bacterial isolates: P. mirabilis 26, E. faecalis 12, E. gallinarum 662 and reference
strains S. epidermidis ATCC 12228 and S. aureus ATCC 6538 at different subinhibitory concentrations. CPX was subject to the same
assays. The results are expressed as the mean of three independent experiments and error bars represent the standard deviation.
Biofilm formation was significantly reduced compared to untreated control biofilms of each of these bacteria at the tested concentrations
of the compounds.

AKG 9 showed a reduction in biofilm formation of all strains exhibiting the best
antibiofilm activity and the highest inhibition ratios were observed for the Gram-negative
clinical isolates, E. cloacae 250 (97.2%), E. coli 667 (82.6%) at 0.50 MIC and P. aeruginosa 740
(63.7%) at 0.25 MIC. AKG 11 showed great biofilm reduction for E. cloacae 250 (81.6%) and
P. aeruginosa 740 (78.2%) at 0.50 MIC. The other AKGs were less effective.

K. pneumoniae 792 was inhibited by AKG 3 up to 62.5% and AKGs 7, 8 and 10 by close
to 46.5% at 0.50 MIC. In E. cloacae 250 in addition to AKGs 9 and 11, AKGs 1, 3, 4 and 14
showed effectiveness and reached inhibition rates of approximately 76% at 0.50 MIC. Other
compounds, such as 1 and 6, decreased biofilm formation by E. coli 667 by up to 56.9% and
AKGs 2, 3, 8, 12, 14 and 15 reached almost 45% at 0.50 MIC.

In P. aeruginosa 740, biofilm inhibition was also shown by AKGs 3 and 5 at up to
72.6% at 0.50 MIC and a lower response was observed with other compounds. At 0.50 MIC
compounds 10 (47.3%), 3 and 8 were the most active against P. mirabilis 26. In the case
of Gram-positive strains, E. faecalis 12 was most susceptible to AKGs 10, 5 and 1 and an
inhibition rate of 83.9% was found for 10. In addition, for E. gallinarum 662 moderate
inhibition by AKGs 13 (52.9%), 10 (52.4%) and 8 (40.7%) was observed at 0.50 MIC. For the
reference strain S. epidermidis ATCC 12228, compounds 7 (27.0%) and 4 (20.3%) at 0.50 MIC
exhibited low activity, whereas for S. aureus ATCC 6538 showed inhibition up to 70.6% for
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AKG 8 at 0.05 MIC and up to 66.9% for compounds 12 and 14. In comparison, CPX, which
is the antibacterial agent and subjected to same treatment, only inhibited biofilm formation
of E. faecalis 12 up to 90.7%, E. coli 667 up to 37.2% and K. pneumoniae 792 up to 28.2% at
0.50 MIC.

2.4. Quorum Sensing Inhibition Activity of Natural Alkylglycerols

To determine the effect on the QSI activity using C. violaceum ATCC 12472 without
interference from the antibacterial activity of the tested compounds, the AKGs were an-
alyzed at subinhibitory concentrations. All AKGs were capable of inhibiting violacein
production with varying degrees of action depending on the aliphatic chains on their
structures (Table 2). Notably, the highest QSI activity was exhibited by AKG 15, with a
minimum concentration of 20 µM. To a lesser extent, compounds 3, 4, 5 and 10 showed
relevant activity and reached a reduction in QS up to an inhibitory concentration of 135, 120,
109 and 92 µM respectivelly, followed by AKG 6 at a minimum concentration of 197 µM.
In regard to the majority of AKGs, the potential of QSI was lower for 1, 2, 8, 9, 11, 12, 13
and 14 at a concentration varied from 312 to 709 µM, while C. violaceum ATCC 12472 was
less sensitive for the inhibition of QS to AKG 7 (795 µM).

Table 2. Minimum quorum sensing inhibitory concentration (µM) of alkylglycerols against C.
violaceum ATCC 12472.

Values.
µM a

Alkylglycerols
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

709 611 135 120 109 197 795 363 365 92 369 335 337 312 20
a Minimum quantity µM of compound required to inhibit violacein pigment. Values represent the means from
three independent experiments.

The bacterial viability of C. violaceum ATCC 12472 was also assessed for both the
positive control and AKG-treated samples and the results in terms of colony-forming
units/mL (CFU/mL) did not show significant differences between the groups. Therefore,
the reduction in violacein production was attributed to the effect of the AKGs.

3. Discussion

Bacteria have developed multiple mechanisms to adapt to changes in the environ-
ment, especially the widespread use of antibiotics and these mechanics allow them to
avoid adverse conditions and maintain their pathogenesis. One of the mechanisms is QS, a
cell-to-cell communication method that depends on the cell density to control collective
behavior [1,9]. With the regulation of QS, bacteria can form virulence factors such as toxins,
motility, enzymes, proteins and biofilm development to survive in disadvantageous circum-
stances [2,8]. Biofilms are another critical reason for microbial resistance and they consist
of bacteria embedded in a self-produced extracellular matrix of polysaccharides, fibrins,
lipids, proteins and DNA that can reduce the effect of antibiotics [7,10,43]. Consequently,
there is an urgent search for new candidates and less toxic treatments to control pathogenic
resistant bacteria [3,4].

To identify the inhibitors of biofilm formation from bioactive extracts of two Caribbean
soft corals of Eunicea genus, we isolated an AKG from these species called batyl alcohol
8, which was the most active inhibitor [37,38]. This class of natural AKGs that had not
been previously studied for antibiofilm activity was selected and great variety of their
compounds were evaluated. AKGs are bioactive compounds found in low concentrations in
marine sources, such as fishes, sponges and corals and at trace levels in plants and mammal,
including humans [19,20,23–28]. In nature, they are enantiomerically pure constituents
with configuration S at the stereogenic center [21,22], which motivated us to obtain several
of their naturally occurring structures by enantiomeric synthesis [41].

In this study, fifteen previously synthesized enantiopure AKGs [42] were tested to
determine their effect on the biofilm formation of seven clinical bacterial isolates and
two reference strains and evaluate their QSI ability using C. violaceum ATCC 12472 at
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subinhibitory concentrations. These AKGs displayed weak antibacterial activity compared
with CPX (MIC from 0.09 to 48.2 µM) against all strains at MIC values in the range of 27
to >1418 µM in a microtiter plate assay (Table 1, Figure 1). In this way, only saturated
AKGs with an intermediate length of their aliphatic chain such as compounds 3, 4 and
5 showed in vitro moderate antibacterial activity toward some Gram-positive strains, of
them AKGs 4 and 5 were the most active against S. aureus ATCC 6538 (MIC of 30 and
27 µM). With less effectiveness against the most bacterial strains resulted the AKGs 2,
6, 7, 9, 10 and 11 between 99 and 1224 µM, while the AKGs, 1, 8, including 12, 13, 14
and 15, the latter which have 20 or more carbon atoms at the aliphatic chain were much
less active against all bacterial strains with a MIC from 624 to >1418 µM. Furthermore,
the AKGs showed low bacteriostatic effects on the clinical isolates and reference strains
because evaluation of the viability by seeding in fresh culture medium led to the recovery
of each bacterial species (data not shown). The above is in accordance with other authors
and our preliminary works [41,42]. In a previous study, the authors showed that racemic
4 (rac-4), known as rac-1-O-dodecylglycerol, inhibited the growth of Enterococcus faecium
and Streptococcus mutans primarily by stimulating autolysin activity and interfering with
cell wall synthesis [30–32]. Racemic-4 inhibits S. aureus and toxic shock syndrome toxin
1 production, although the mechanisms of action have not been characterized [35] and
produces growth inhibition of members of two yeast genera, Candida and Cryptococcus [29].
AKGs 1 and 2 are able to prevent the growth of Chlamydia trachomatis [33], while AKG 8
show antimicrobial activity toward some marine bacterial species [34,38].

We found that all AKGs at subinhibitory amounts of 0.50, 0.25 and 0.12 MICs were
capable of significantly inhibiting biofilm formation by up to 97.2% in both Gram-negative
and Gram-positive clinical isolates and in the reference strains, although they had different
efficiencies against each strain. (Figure 2a,b). This compound concentration-dependent
antibiofilm activity is also dependent on the bacterial susceptibility of each strain to the
respective structure. Consistent with the abovementioned findings, we previously observed
that most of these AKGs reduced biofilm formation with different capacities against other
two strains and the rates were 23.5–99.8% for the clinical isolate S. aureus 91 and 14.1–64.0%
for P. aeruginosa ATCC 15442 [42]. Our additional results against these nine bacterial species
considerably broaden the understanding of the antibiofilm abilities of AKGs.

The QSI activity of the AKGs in this work was explored by employing C. violaceum
ATCC 12472 as a biological model and subinhibitory concentrations. All enantiopure AKGs
significantly inhibited violacein production at minimum QS inhibitory concentrations in
the range of 20 to 795 µM (Table 2). Surprisingly, among the tested compounds, the most
potent QSI activity was noted for the highest molecular weight and unsaturated AKG,
namely, (2S)-3-O-(cis-13’-docosenyl)-1,2-propanediol 15, with a minimum concentration
of 20 µM, while (2S)-3-O-(cis-9’-hexadecenyl)-1,2-propanediol 7 turned out to have the
lowest QSI capacity (795 µM). In addition, AKGs 3, 4, 5 and 10 reached a reduction in
QS at a minimum concentration of 135, 120, 109 and 92 µM, respectively. Neither AKG
affected the growth of C. violaceum ATCC 12472. A compound that can to interfere with QS
without affecting cell growth is considered a promising inhibitor [11,13,14]. The QSI effects
reported in the current study support our preliminary results, where the disc diffusion
assay in other strain, C. violaceum ATCC 31532, showed that AKG 4 exhibited the same
minimum inhibition halo at 20 µg/disc as kojic acid, which is a positive control used as
known inhibitor of QS systems, moreover, AKG 5 produced a minimum inhibitory halo at
50 µg/disc [41].

Although it was not possible to deduce a common relationship pattern between the
structure and antibiofilm activity or between the structure and QSI activity, each strain
positively responded with the aliphatic chain nature of the corresponding AKG. Some
related natural molecules, such as fatty acids, are antibacterial agents at high concentrations
and have great potential to attenuate microbial biofilm formation and virulence at low
concentrations by modulating the QS systems without generating drug resistance [44].
Many studies have been performed to discover natural compounds that could combat
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pathogenic bacteria. Many natural products with antibiofilm activity have been identified
from plants, microbes and marine life and they include various compounds classes, such as
alkaloids, fatty acids, organosulfurs, cyclic compounds, phenolics, steroids, terpenoids and
other aliphatic compounds. These compounds include: elligic acid glycosides, hamameli-
tannin, carolacton, skyllamycins, promysalin, phenazines, bromoageliferin, flustramine
C, meridianin D and brominated furanones [18,45–50]. The most significant groups of
plant-derived QS inhibitors belong to terpenes, terpenoids, phenylpropanoids, acid deriva-
tives, diarylheptanoids, coumarins, flavonoids and tannins [46,51,52]. Microorganisms
and marine organisms produce a range of molecules that showing remarkable QSI activ-
ity. These molecules belong to organic compounds classes: derived alkaloids, terpenes,
peptides, polyketides, derived carbohydrates, sesterterpenes, halogenated furanones, cem-
branoids, halogenated alkaloids and phenolics and they include compounds, such as kojic
acid, phenethylamides, aculenes, meleagrin, malyngamides, manoalides, hymenialdisin,
betonicines, floridoside and cembrane diterpenoids [18,53,54].

Among the Gram-negative bacteria susceptible to AKGs in the present study, K. pneu-
moniae is a pathogenic bacterium that shows high rates of antibiotic resistance through
biofilm formation [55]; E. cloacae is an emerging pathogen responsible for various dis-
eases, including respiratory tract infections associated with biofilm formation [56]; E. coli
pathogenic strains cause problematic biofilm infections and employ a furanosyl borate
diester (AI-2)-based QS system to regulate two of its most studied phenotypes, virulence
and biofilm formation [57]; another pathogen that has been well studied and is frequently
associated with a wide range of severe infections is P. aeruginosa, which includes cystic
fibrosis pneumonia and chronic obstructive pulmonary disease-related infections. The
high level of P. aeruginosa pathogenicity is mostly controlled by QS, which regulates genetic
expression, with 30% encoding virulence factor production and biofilm formation based on
the release and sensing of the signal molecules homoserine lactones [6,8,9,11,57]; P. mirabilis
is another opportunistic pathogen implicated in various human diseases of the respiratory
tract and gastrointestinal tract and such infections are complicated by the unique ability
of this bacterium to form crystalline biofilms that protect it from antibiotics and the host
immune response [58]; among the most known Gram-negative bacteria, C. violaceum is
a biosensor strain used for QS research that produces the pigment violacein in response
to QS-regulated gene expression and it has been widely used to study the inhibition of
QS [4,59]. Among Gram-positive bacteria, E. faecalis has become one of the most prevalent
multidrug-resistant hospital pathogens and its QS system is closely related to biofilm
development and virulence production [60]; E. gallinarum is less commonly identified in
humans but is responsible for bloodstream, urinary tract and surgical wound infections
and is resistant to many antibiotics [61]; the most important virulence factor of S. epidermidis
is considered to be its ability to form biofilms on implanted biomaterials, these films are
difficult to treat because of the increased resistance to both antibiotics and the human
immune system [62]; in some cases, S. aureus causes a wide range of human infections on
skin and soft tissues, as well as life-threatening pneumonia, bacteremia, osteomyelitis and
toxic shock syndrome. S. aureus uses an autoinducing peptide signal to mediate QS and
its pathogenicity depends on its ability to produce biofilms and virulence factors, such as
different toxins, that contribute to invasion of the host and bacterial spread, [35,63].

In the current research, the differences in susceptibility among the bacteria tested
to each AKG suggested that a large range of these structures with different molecular
sizes, unsaturation and polarities have both antibiofilm and QSI activities, which result
in much more effectiveness than their respective antibacterial effects. However, the most
noteworthy information obtained from the present work revealed for the first time that this
variety of natural AKGs are promising QS inhibitors. Since the target of QSI is bacterial
virulence factors and bacterial biofilms, not viability, there is less chance that the bacteria
will develop resistance to QS inhibitors [5,12,63]. For the above reasons, AKGs could be
considered potential candidates to control pathogenic bacterial diseases and thus warrant
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further experiments involving other model systems to establish their action mechanisms
and the extent of their efficacy against antimicrobial resistance.

4. Materials and Methods
4.1. General
4.1.1. Screened Compounds

Fifteen AKGs previously synthesized in our laboratory in enantiomerically pure forms,
such as the naturally occurring (Figure 1), were included in this study [42]: (2S)-3-O-hexyl-
1,2-propanediol 1, (2S)-3-O-octyl-1,2-propanediol 2, (2S)-3-O-decyl-1,2-propanediol 3, (2S)-
3-O-dodecyl-1,2-propanediol 4, (2S)-3-O-tetradecyl-1,2-propanediol 5, (2S)-3-O-hexadecyl-
1,2-propanediol 6, (2S)-3-O-(cis-9’-hexadecenyl)-1,2-propanediol 7, (2S)-3-O-octadecyl-
1,2-propanediol 8, (2S)-3-O-(cis-9’-octadecenyl)-1,2-propanediol 9, (2S)-3-O-(cis,cis-9’,12’-
octadecadienyl)-1,2-propanediol 10, (2S)-3-O-(cis,cis,cis-9’,12’,15’-octadecatrienyl)-1,2-
propanediol 11, (2S)-3-O-(eicosyl)-1,2-propanediol 12, (2S)-3-O-(cis-11’-eicosenyl)-1,2-
propanediol 13, (2S)-3-O-(docosyl)-1,2-propanediol 14 and (2S)-3-O-(cis-13’-docosenyl)-1,2-
propanediol 15.

4.1.2. Bacterial Strains and Culture Conditions

The following bacterial strains were used during our antibacterial, antibiofilm and
QSI experiments. The Gram-negative clinical isolates included Klebsiella pneumoniae 792,
Enterobacter cloacae 520, Escherichia coli 667, Pseudomonas aeruginosa 740 and Proteus mirabilis
26. The Gram-negative reference strain Chromobacterium violaceum 12472 was donated by
Prof. Catalina Arevalo from the Universidad Nacional de Colombia. The Gram-positive
clinical isolates include Enterococcus faecalis 12 and Enterococcus gallinarum 662 and reference
strains Staphylococcus epidermidis ATCC 12228 and Staphylococcus aureus ATCC 6538. The
clinical strains were previously isolated from hospital patients and provided by the Hospital
of Neiva (Huila), Hospital of Tunal, Hospital of Engativá and Universidad del Bosque
(Bogotá) [41] and together with the other reference strains, they were obtained from our
microbiology laboratory collection [41,42].

The strains were grown for 24 h at 37 ◦C in yeast extract malt extract dextrose agar
(YMD, Merck, Darmstadt, Germany) and the inoculum was prepared in Mueller-Hinton
broth (MHB, Merck), supplemented with glycerol (15% w/v) and kept at −20 ◦C until use.
In addition, C. violaceum 12472 was freshly cultured for 24 h at 22 ◦C in lysogeny broth (LB,
Merck) supplemented with kanamycin 100 µg/mL (Merck) before use.

4.2. Determination of the Minimum Inhibitory Concentration of Screened Compounds

The MIC of AKGs was determined in a microbroth dilution assay according to the
Clinical and Laboratory Standards Institute guidelines with slight modifications [42].
Briefly, the inoculum (100 µL, 1 × 104 CFU/mL) was mixed with AKG dissolved in
3.6% dimethyl sulfoxide (DMSO, Merck) solution in water to final concentrations of 250,
125, 62.5, 31.25, 15.63, 7.81, 3.91, 1.95, 0.98 or 0.49 µg/mL in MHB, with up to 200 µL
added to each well. All experiments were conducted using a maximum of 0.9% (v/v)
DMSO in medium. The plates were incubated at 37 ◦C for 24 h under aerobic conditions,
while C. violaceum 12472 was incubated at 22 ◦C. Ciprofloxacin (CPX, Merck) was used
as the standard antibacterial agent (stock concentrations of 64 µg/mL). MIC was defined
as the lowest concentration of AKGs to completely inhibit bacterial growth, which was
indicated by a lack of visual turbidity. An inoculated well with solvent in culture medium
(positive control) and a well containing only medium (negative control) were included. All
experiments were performed in triplicate.

4.3. Effectiveness of Alkylglycerols on the Inhibition of Biofilm Formation

The ability of AKGs to prevent biofilm formation of bacterial strains included in
this study was evaluated on 96-well polystyrene microplates (Techno Plastic Products,
Trasadingen, Switzerland) according to the method described by Stepanović et al. [64],
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with some modifications [42]. Briefly, 100 µL of the bacterial strain grown in MHB medium
supplemented with 1% glucose was inoculated in each well to 105 CFU/mL in the presence
of 100 µL subinhibitory concentrations of each AKG dissolved in aqueous solution of
DMSO, equivalent to 0.50, 0.25 and 0.12 of MIC or of the highest concentration assayed
during the MIC evaluation (250 µg/mL). The DMSO concentrations were not toxic to
strains assayed and did not affect biofilm formation (data not shown). After incubation for
48 h at 37 ◦C, the wells were washed three times with 200 µL of water to remove planktonic
bacteria and dried. The remaining bacteria that adhered to the surface of the wells were
fixed with 200 µL of methanol for 15 min. Then, the wells were emptied, air dried and
subsequently stained with 200 µL of 2% crystal violet solution (Merck) for 5 min, followed
by washing with water, drying and solubilizing the stain using 200 µL of 33% acetic acid
for 10 min. The absorbance of each well was measured at 570 nm on a microplate reader
(xMark Bio-Rad, Hercules, CA, USA). Additionally, CPX was subject to the same essay.
The values are expressed as the percent biofilm inhibited in comparison to the untreated
control biofilm (positive control). All tests were performed in triplicate.

4.4. Screening for Quorum Sensing Inhibition Activity

The QSI ability of the AKGs was evaluated in vitro in 96-well microtiter plates by
a C. violaceum ATCC 12472 biosensor bioassay [4], as previously described with some
modifications [41]. Briefly, preinoculum cultured in LB supplemented with kanamycin was
adjusted to 1 × 109 CFU/mL at 600 nm. Then, 100 µL was added to each well, followed by
100 µL of AKGs dissolved in DMSO aqueous solution at subinhibitory concentrations of
each compound or of the highest MIC assessed (250 µg/mL) and the plate was incubated
for 48 h at 22 ◦C. Thus, the QSI activity was evaluated as the minimum quantity in µg/mL
of sample required to inhibit violacein pigment and it was established by the appearance
of a colorless and opaque well and did not have an effect on bacterial growth. The sample
solvent that had no antibacterial activity served as the negative control and C. violaceum
12472 grown in the presence of the same amount of solvent without AKG was used as the
positive control. To determine the effect of the presence of each AKG on the growth of the
biosensor, a colony count was performed in each assay. All experiments were carried out
with three replicates.

4.5. Statistical Analysis

All antibiofilm experiments were performed in triplicate and the results were ex-
pressed as the means ± standard deviation and calculated using statistical analyses of
random uncertainties and rejection of data [65]. MIC and QSI data are representative
of three independent experiments and the minimum concentration is expressed as the
mean value.

5. Conclusions

AKGs are known bioactive compounds with weak to moderate antibacterial activity.
Here, fifteen natural enantiopure AKGs were tested to determine their effect on biofilm
development by seven clinical bacterial isolates and two reference strains as well their effect
on the QSI activity in C. violaceum ATCC 12472 by microtiter plate assays. Ciprofloxacin as
the standard antibiotic underwent the same antibiofilm assay. At subinhibitory concentra-
tions, the highest biofilm inhibition rates (%) exhibited for all AKGs were influenced in a
concentration-dependent manner and each AKG acted individually against the bacterial
isolates, reaching rates up to 97.2%. In addition, AKGs displayed minimum QS inhibitory
concentrations at different levels but did not affect the growth of C. violaceum. (2S)-3-O-(cis-
13’-docosenyl)-1,2-propanediol 15 was the most effective AKG against QSI (20 µM), while
(2S)-3-O-(cis-9’-hexadecenyl)-1,2-propanediol 7 was the least active (795 µM). Additional
to the novelty of antibiofilm data, the results showed for the first time the QSI activity of
this natural AKG series, which indeed, suggests that AKGs constitute a class of promising
candidates for further studies on preventing antimicrobial resistance.
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Abstract: This study investigated the effect of CAPE on planktonic growth, biofilm-forming abilities,
mature biofilms, and cell death of C. albicans, C. tropicalis, C. glabrata, and C. parapsilosis strains.
Our results showed a strain- and dose-dependent effect of CAPE on Candida, and the MIC values
were between 12.5 and 100 µg/mL. Similarly, the MBIC values of CAPE ranging between 50 and
100 µg/mL highlighted the inhibition of the biofilm-forming abilities in a dose-dependent manner,
as well. However, CAPE showed a weak to moderate biofilm eradication ability (19-49%) on different
Candida strains mature biofilms. Both caspase-dependent and caspase-independent apoptosis after
CAPE treatment were observed in certain tested Candida strains. Our study has displayed typical
apoptotic hallmarks of CAPE-induced chromatin margination, nuclear blebs, nuclear condensation,
plasma membrane detachment, enlarged lysosomes, cytoplasm fragmentation, cell wall distortion,
whole-cell shrinkage, and necrosis. In conclusion, CAPE has a concentration and strain-dependent
inhibitory activity on viability, biofilm formation ability, and cell death response in the different
Candida species.

Keywords: CAPE; Candida; antifungal; biofilm; apoptosis

1. Introduction

The genus Candida refers to a yeast that is part of the microbiota of healthy indi-
viduals living in commensalism with the human. However, in some cases, few Candida
species tend to be opportunistic fungal pathogens, causing candidiasis. Candidiasis is
among the common human infections; its symptoms vary according to the location of
the infection in the body. Most of the infections may lead to minor symptoms such as
slight localized rashes, redness, itching, and discomfort, though symptoms can be severe
or even fatal if left without treatment in immunocompromised individuals [1–3]. Mostly,
candidiasis is attributed to Candida albicans, however; non-albicans Candida species, includ-
ing C. parapsilosis, C. tropicalis, and C. glabrata, have been reported to cause 30% to 54%
of Candida infections [4–6]. Furthermore, the ability of these species to exhibit multidrug
resistance, which may cause failure of the antifungal therapy, has been reported in earlier
studies [6].

The ability of Candida spp to shift the commensal to pathogenic lifestyle is attributed
to the presence of several virulence factors. Predominantly, the capability of switching
morphology between yeast and hyphal forms, and the ability to form biofilms are the major
properties crucial to Candida spp pathogenesis. The Candida infections are accompanied
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by the formation of biofilms on host tissues, organs, or abiotic surfaces such as urinary
catheters, which result in high morbidity and mortality [7–9]. As with all microbial biofilms,
Candida biofilms are highly resistant to antimicrobial treatment. Several factors might
contribute to this resistance, including the physiological state of Candida cells in the biofilm,
extracellular polymeric substances, overexpression of membrane-localized drug efflux
pumps, variations in sterol content in the fungal membrane, and different developmental
phases of cells through the biofilm [10]. Thus, the effectiveness of the current therapeutic
agents against Candida biofilms is considered low, with a few exceptions [7–9]. The biofilms
of Candida were 30 to 2000 times more resistant than planktonic cells to many antifungal
agents, including amphotericin B, fluconazole, itraconazole, and ketoconazole [11]. As a
result, the need to provide natural alternatives to these synthetic antifungal agents has
arisen. The antifungal mechanisms of action of these natural alternatives can include the
inhibition of germination and biofilm formation, the disruption of cell wall integrity, the
alteration of cell membrane permeability, or the induction of apoptosis [9].

Caffeic acid phenethyl ester (CAPE), also called phenylethyl caffeate or phenethyl
caffeate, is one of the promising natural alternatives of synthetic antimicrobial drugs.
This polyphenolic ester compound is a major component of temperate propolis (poplar-
type) and can be produced in the laboratory by reacting caffeic acid with phenethyl
alcohols. It consists of hydroxyl groups within the catechol ring, which is crucial for
many biological activities [12,13]. No information was available in the literature about
the LD50 of CAPE in animal models or on normal human cells. However, Koru and
coworkers investigated cytotoxicity in the human multiple myeloma cell line with LD50
at 24, 48, and 72 h, found at 49.1, 30.6, and 22.5 µg/mL, respectively [14]. The CAPE
has a wide range of biological activities, such as inhibition of nuclear factor κ-B, cell
division restriction, termination of the cell cycle, and apoptotic induction [15]. It has been
studied extensively as the most important individual component of propolis. Existing
studies focused on its potential therapeutic properties such as its antibiotic, antioxidant,
anti-inflammatory, anti-oxidative stress, antitumor, antidiabetic, anti-neurodegeneration,
and anti-anxiety properties [13,16,17]. Numerous studies demonstrated the antibacterial
activity of CAPE against different bacterial species [18–22]. However, few studies that have
investigated the antifungal activity of CAPE as a single molecule or in combination with
some antibiotics were found in the literature. De Barros and coworkers recently reported
the ability of CAPE to inhibit the growth of both fluconazole-sensitive and fluconazole-
resistant strains of C. albicans [23]. Moreover, Sun and coworkers found the synergistic
effects of CAPE with caspofungin and fluconazole against C. albicans and fluconazole-
resistant C. albicans, respectively [24,25]. The synergism with caspofungin was associated
with a loss in iron homeostasis induced by CAPE, leading to functional defects in the
mitochondrial respiratory chain and energy depletion, which increases the susceptibility of
C. albicans to caspofungin [25].

Presently, CAPE has been given close attention for its important therapeutic effects in
many diseases, including carcinomas, internal organ damage, metabolic diseases, inflam-
matory diseases, and microbial infections. CAPE may be a promising natural product for
clinical application in the future [21]. One of the major advantages is that CAPE is devoid
of some negative aspects of crude extracts of propolis, which includes, the inability to be
standardized, which is a keystone of implementing it as therapy in the field of medicine [16].
This study aimed to investigate how CAPE, as a single molecule, affects planktonic growth,
biofilm-forming abilities, mature biofilms, and cell death of some Candida albicans and
non-albicans Candida species and strains.

2. Results
2.1. Susceptibility of Candida Planktonic Cells to CAPE

The antifungal effect of CAPE on nine Candida strains has been studied. The results of
the minimal inhibitory concentration (MIC80) values for CAPE against different Candida
species and strains are given in Table 1. It has been found that CAPE has a strain- and
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dose-dependent effect. The MIC80 values ranged from 12.5 to 100 µg/mL. The highest
inhibitory effect was seen against C. glabrata SZMC 1378, C. glabrata SZMC 1374, and C.
parapsilosis SZMC 8008 compared with the other strains. However, the most resistant strain
was C. albicans SZMC 1423.

Table 1. MIC80 values of CAPE against the different Candida strains.

Strain MIC80 (µg/mL)

C. albicans ATCC 44829 50
C. albicans SZMC 1423 100
C. albicans SZMC 1424 50
C. glabrata SZMC 1374 12.5
C. glabrata SZMC 1378 12.5

C. parapsilosis SZMC 8007 25
C. parapsilosis SZMC 8008 12.5

C. tropicalis SZMC 1366 50
C. tropicalis SZMC 1512 50

2.2. Effect of CAPE on Candida Biofilm-Forming Ability

The biofilm-forming ability is a crucial property related to the pathogenicity of Candida.
In this experiment, the effect of CAPE was tested on the biofilms of four different Candida
strains with high biofilm-forming abilities. The results demonstrate that CAPE has a
dose-dependent inhibitory effect on the biofilm formation in four strains (Figure 1). The
minimal biofilm inhibitory concentration (MBIC) values were 50, 50, 50, and 100 µg/mL for
C. albicans SZMC 1424, C. glabrata SZMC 1374, C. parapsilosis SZMC 8007, and C. tropicalis
SZMC 1366, respectively.
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2.3. Effect of CAPE on Candida Biofilm Eradication

The effect of CAPE on the mature biofilms of four biofilm-forming Candida species was
investigated. Treatment of the mature biofilms of C. albicans SZMC 1424, C. glabrata SZMC
1374, C. tropicalis SZMC 1366, and C. parapsilosis SZMC 8007 with different concentrations
of CAPE caused a partial eradication. The maximum eradications (19–49%) for the mature
biofilms of C. glabrata SZMC 1374, C. albicans SZMC 1424, and C. parapsilosis SZMC 8007
were achieved at 25, 50, and 50 µg/mL, respectively. Moreover, the eradication process
was found to be dose-independent above 50 µg/mL in the case of these strains. On the
other hand, the mature biofilms of C. tropicalis SZMC 1366 were the most resistant to CAPE,
and the maximum eradication was achieved at 100 µg/mL (Figure 2).
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2.4. Biosorption of CAPE by Candida Cells

Biosorption may be defined as “the removal/binding of desired substances from
aqueous solution by biological material” [26]. The results revealed that the biosorption
of CAPE by different Candida strains occurs rapidly, followed by a maximum biosorption
observed within the first 30 to 90 min (Figure 3). According to the amount of CAPE
biosorbed, two groups can be recognized: the first group was able to biosorb 53–63 µg/mL
of CAPE, and it includes C. albicans SZMC 1424, C. parapsilosis SZMC 8007, and C. parapsilosis
SZMC 8008; in contrast, the second group was able to biosorb 74–86 µg/mL, and it includes
C. albicans ATCC 44829, C. albicans SZMC 1423, C. tropicalis SZMC 1366, C. tropicalis SZMC
1512, C. glabrata SZMC 1374, and C. glabrata SZMC 1378.
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2.5. Induction of Apoptotic Cell Death in Candida spp. by CAPE

Cells of the nine Candida strains treated with sub-lethal concentrations of CAPE were
analyzed by double staining with CF®488A Annexin V and propidium iodide (PI). The
apoptotic cells with externalized phosphatidylserine were detected by CF®488A Annexin V,
while necrotic cells were detected by PI staining. The results shown in Figure 4 demonstrate
CAPE-induced apoptosis in six of the tested strains at different levels. Among these strains,
C. albicans ATCC 44829 and C. albicans SZMC 1423 revealed the highest percentage of early
apoptotic cells (69.8 and 70.2%, respectively), whereas almost no apoptosis was seen in
C. glabrata SZMC 1374, C. parapsilosis SZMC 8008, and C. glabrata SZMC 1378 (apoptotic
cells ≤ 2%). On the other hand, no necrosis was observed in any of the tested strains
(necrotic cells ≤ 1%). Examples of the scatter plots can be found in the supplementary
material (Figures S1–S7).
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2.6. Effect of Caspase Inhibitor on the Growth of CAPE-Treated Candida Cells

To investigate whether yeast caspase Yca1p is involved in CAPE-induced apoptotic
cell death, pre-incubation with the pan-caspase inhibitor Z-VAD-FMK was applied for
1 h. The growth of the sub-lethal CAPE concentration-treated Candida strains that had
apoptosis was analyzed with and without pre-incubation with Z-VAD-FMK. As shown
in Figure 5, a significant increase in the viability was observed in C. albicans ATCC 44829,
C. albicans SZMC 1424, C. tropicalis SZMC 1366, and C. tropicalis SZMC 1512 that are
pre-incubated with the pan-caspase inhibitor Z-VAD-FMK. However, the viability of
CAPE-treated C. albicans SZMC 1423 and C. parapsilosis SZMC 8007 was not affected by the
pre-incubation with the pan-caspase inhibitor Z-VAD-FMK.
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Figure 5. Effect of the pan-caspase inhibitor Z-VAD-FMK on the viability of six Candida strains treated
with sub-lethal concentrations of CAPE. Data are shown as mean ± SD from three independent
experiments. *** p <0.001 indicates a significant increment of the viability compared with the viability
without pre-incubation with the pan-caspase inhibitor Z-VAD-FMK.

2.7. CAPE-Induced Subcellular Cell Death Markers Determined by TEM

To visualize the changes in intracellular morphology of the cells after CAPE treat-
ment, transmission electron microscopy imaging was performed on Candida cells exposed
to sub-lethal concentrations of CAPE. The TEM micrographs of C. tropicalis SZMC 1366,
C. albicans SZMC 1423, and C. parapsilosis SZMC 8007 (Figures 6–8, respectively) mainly
revealed typical hallmarks of apoptosis, including nuclear chromatin margination, nuclear
blebs, condensation in the nucleus, vacuolization, plasma membrane detachment, enlarged
lysosomes, cytoplasm fragmentation, cell wall distortion, and whole-cell shrinkage. How-
ever, very few cells displayed signs of necrosis, such as membrane disintegration and loss
of cytoplasm density, whereas the TEM micrographs of C. glabrata SZMC 1374 (Figure 9)
mainly revealed smaller necrotic signs.
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Figure 6. (A) TEM micrographs of the control Candida tropicalis SZMC 1366 cell structure demonstrates intact membranes,
small unevenly scattered condensed chromatin grains, and homogenous cytoplasm structure. (B–D) TEM micrographs
of C. tropicalis treated with a sub-lethal concentration of CAPE: (B) Late-stage disintegration with membrane fingerprints,
vacuolization, plasma membrane detachment (arrowheads), and vacuole formation (double arrowheads). Fine granular
homogenous cytoplasm organization disappeared, and a dense, compact cytoplasm with signs of fragmentation, rounded
cell shape, and whole-cell shrinkage was seen. (C) Necrotic cell with membrane ruptures (arrowheads) and loss of cytoplasm
density. (D) Several peripheral vacuoles show plasma membrane involvement (arrowheads). Nuclear bleb formation
(double arrowheads).
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frequently detected (arrowheads). (D) Isolation membranes precondition of cytoplasm fragmentation (arrowheads). (E,F)
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Figure 8. TEM micrographs of C. parapsilosis SZMC 8007 treated with a sub-lethal concentration of
CAPE. Both apoptotic and necrotic cell structural changes were observed in samples. (A) Nuclear
chromatin margination and condensation (arrowhead) and blebs (double arrowhead) detached
from the nucleus are typical apoptotic hallmarks. (B) Few necrotic cells were also present. Note
membrane disintegration, obvious vacuolization, and loss of cytoplasm density. (C) Peripheral
vacuole formation refers to Golgi fragmentation and cell membrane separation from the cell wall
(arrowheads). Nuclear blebs (double arrowhead). (D) Nuclear condensation (arrow) and extremely
large lysosomal bodies (arrowhead). Note the swollen mitochondria (double arrowheads).
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Figure 9. TEM micrographs of C. glabrata SZMC 1374 treated with a sub-lethal concentration of CAPE. (A–C) Mainly smaller
necrotic signs were detected. Arrowheads denote small, mainly peripheral vacuoles typical of all samples. (B) Cell wall
disintegration was also observed (double arrowhead).

3. Discussion

This study focused on the antifungal and anti-biofilm effects of CAPE, which is one of
the main biologically active components of propolis, on different Candida species including
C. albicans and non-albicans Candida species. Moreover, we also investigated some of the
mechanisms that might be involved in CAPE-induced cell death.

The Candida spp are still considered the most important opportunistic fungal pathogens
that cause fungal infections worldwide. They are among the fourth to sixth most common
nosocomial bloodstream isolates, according to estimates. Although C. albicans was the most
frequent species isolated during candidemia, a greater role of non-albicans Candida spp has
been observed in recent years [6,27]. Moreover, the extensive use of azole antifungals has
resulted in the development of multidrug resistance in many Candida strains [28,29]. This
resistance could be attributed to a change in drug intracellular accumulation, a change in
membrane sterol composition, a change in efflux pump performance, or a change in ERG11
(the gene that is responsible for the production of the lanosterol-14-demethylase enzyme,
the target of these medications) [6].
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The biological activities of CAPE have been widely studied. However, limited number
of studies were found in the literature concerning the antifungal activity. This study aimed
to add some information about the activity of CAPE against C. albicans and non-albicans
Candida species. Our findings showed that CAPE has high abilities to inhibit planktonic
growth and biofilm formation as well as an ability to partially eradicate the mature biofilms
of the different strains of Candida. Those results are in agreement with the results obtained
by De Barros and coworkers, where the ability of CAPE to inhibit the growth of both
fluconazole-sensitive and fluconazole-resistant strains of C. albicans has been reported [23].
Another study performed by Possamai Rossatto and coworkers showed similar results,
where CAPE was also able to inhibit the growth of C. auris with MIC values ranging
from 1 to 64 µg/mL. Furthermore, CAPE was able to inhibit the biofilm formation and
phospholipase production of C. auris [30]. Our findings also showed the ability of CAPE
to enter the cells of Candida spp rapidly. Such results were also observed by Cigut and
coworkers in the yeast Saccharomyces cerevisiae. They found that, out of the four examined
compounds (caffeic acid, p-coumaric acid, ferulic acid, and CAPE), CAPE was the only one
that was able to enter the S. cerevisiae cells [31].

Phenolic compounds, including CAPE, are effective inhibitors of iron absorption [25].
According to Sun and coworkers, the antifungal mechanism of CAPE may include in-
tracellular iron starvation due to its ability to form insoluble complexes with iron ions,
which leads to the prevention of iron absorption by cells [25]. Using C. albicans-infected
nematodes, Breger and coworkers showed that CAPE was able to inhibit the in vivo fila-
mentation of C. albicans, leading to prolonged survival of infected nematodes [32]. Other
studies attributed the antifungal activity of CAPE to its action on RNA, DNA, and cellular
proteins, which are probable targets of this compound [13]. On the other hand, Su and
coworkers suggested that the cytotoxicity of CAPE could be related to its apoptotic effect
on the cells [33]. Marin and coworkers found that CAPE was able to induce the genes
that are responsible for apoptosis and oxidative stress response. They reported that some
polyphenolic compounds may have pro-oxidant activity, which can induce oxidative stress
in the cells through the production of high levels of reactive oxygen species or inhibition of
the system antioxidants [34]. In our study, we found that CAPE can induce apoptosis in
five Candida strains, which are C. albicans ATCC 44829, C. albicans SZMC 1423, C. albicans
SZMC 1424, C. parapsilosis SZMC 8007, C. tropicalis SZMC 1366, and C. tropicalis SZMC 1512.
Surprisingly, C. parapsilosis SZMC 8007, C. glabrata SZMC 1374, and C. glabrata SZMC 1378
did not exhibit apoptotic cell death, which indicates that different species of Candida and, in
one case, different strains of the same species have different cell death responses to CAPE.
Moreover, the TEM images of CAPE-treated Candida cells showed the typical hallmarks of
apoptosis in most Candida species. Notably, the apoptotic hallmarks were almost the same
in different Candida species. Similar apoptotic hallmarks have been reported by several
previous studies on C. albicans. De Nollin and Borgers (1975) reported the alterations of
the surface micromorphology in C. albicans after treatment with miconazole. Shrinkage
of protoplasm, abnormal cell and nuclear morphology, and vacuolization were also ob-
served in plantaricin peptide-treated cells of C. albicans [35]. Distortion of the cell walls and
membranes, which caused alterations of the surface micromorphology, could be explained
due to a change in the permeability of the cell membrane, which could cause an osmotic
imbalance, leading to alterations and indentations of the cell wall in collapsed cells [36].

Furthermore, we investigated the mechanisms involved in CAPE-induced apoptosis
in Candida spp. Application of the broad-range pan-caspase inhibitor Z-VAD-FMK sig-
nificantly reduced CAPE-induced apoptosis in C. albicans ATCC 44829, C. albicans SZMC
1424, C. tropicalis SZMC 1366, and C. tropicalis SZMC 1512. Such results suggest that this
compound induced yeast caspase (Yca1p)-dependent apoptosis in these strains. Since
CAPE can increase the permeability of the plasma membrane to ions [20], it can cause
depolarization in mitochondria. This could lead to the release of cytochrome c and other
proapoptotic factors into the cytosol, which in turn leads to the activation of yeast metacas-
pase Yca1p, resulting in the activation of caspase cascade inducing apoptosis [37]. However,
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the pre-incubation of CAPE-treated C. albicans SZMC 1423 and C. parapsilosis SZMC 8007
with the pan-caspase inhibitor Z-VAD-FMK did not affect their viability, which means that
the CAPE-induced apoptosis in these strains was Yca1p-independent. This suggests that it
could be due to the release of the apoptosis-inducing factor Aif1p from the mitochondria
triggered by CAPE. These results support the fact that CAPE not only has species- and
strain-dependent cell death responses in Candida but also could induce apoptotic cell death
through different mechanisms.

4. Materials and Methods
4.1. Materials

For our experiments, CAPE (Sigma-Aldrich, Buchs, Switzerland); sodium dodecyl
sulfate; crystal violet; peptone; yeast extract (Merck, Germany); agar-agar (Fluka, Buchs,
Switzerland); a modified version of RPMI 1640 medium (containing dextrose 1.8% (w/v),
MOPS 3.4% (w/v), and adenine 0.002% (w/v)) (Sigma-Aldrich, St. Louis, MI, USA); potas-
sium dihydrogen phosphate; disodium hydrogen phosphate (Reanal, Budapest, Hungary);
dimethyl sulfoxide; ethanol (VWR Chemicals, Paris, France); sodium chloride (VWR
Chemicals, Debrecen, Hungary); glucose (VWR Chemicals, Leuven, Belgium); adenine;
calcium chloride; magnesium chloride; potassium chloride (Scharlau Chemie S.A, Sent-
menat, Spain); Z-VAD-FMK (Biovision, Milpitas, CA, USA); glutardialdehyde solution;
osmium tetroxide; propylene oxide; Durcupan (R) ACM components A/M, B, C, and D
(Sigma-Aldrich, Darmstadt, Germany); 0.22 µm vacuum filters (Merck Millipore, Guyan-
court, France); sterile 96-well microtiter plates for susceptibility testing (Costar®, Phoenix,
AZ, USA) and for biofilm assays (Sarstedt AG & Co. KG, Nümbrecht, Germany, Catalog
number: 83.3924.500); CF®488A Annexin V and PI apoptosis Kit (Biotium, Fremont, CA,
USA); and methanol (Chemolab Ltd., Budapest, Hungary) were used. All of the chemicals
used in the experiments were of analytical or spectroscopic grade.

4.2. Instruments Used in the Experiments

A Thermo Scientific Heraeus B12 incubator (Thermo Fisher Scientific, Waltham, MA,
USA), Sanyo orbital incubator (Sanyo, Japan), Sanyo autoclave (Sanyo, Japan), Hitachi
U-2910 UV/Vis spectrophotometer (Hitachi, Japan), WTW pH meter (inoLab, Germany),
Multiskan EX plate reader (Thermo Fisher Scientific Inc., Vantaa, Finland), benchtop
centrifuge (Hettich, Buford, GA, USA), Ultramicrotome Reichert Jung Ultracut E (LabX,
Midland, ON, Canada), JEOL-1200EX Transmission electron microscope (TEM), and At-
tune NxT flow cytometer (Thermo Fisher Scientific Inc., Massachusetts, USA) were used
throughout the experiments.

A Thermo Scientific Heraeus B12 incubator (Thermo Fisher Scientific, Waltham, MA,
USA), Sanyo orbital incubator (Sanyo, Japan), Sanyo autoclave (Sanyo, Japan), Hitachi
U-2910 UV/Vis spectrophotometer (Hitachi, Japan), WTW pH meter (inoLab, Germany),
Multiskan EX plate reader (Thermo Fisher Scientific Inc., Vantaa, Finland), benchtop
centrifuge (Hettich, USA), Ultramicrotome Reichert Jung Ultracut E (LabX, Canada), JEOL-
1200EX Transmission electron microscope (TEM), and Attune NxT flow cytometer (Thermo
Fisher Scientific Inc., Massachusetts, USA) were used throughout the experiments.

4.3. Test Microorganisms, Culture Media, and Growth Conditions

Four species of Candida were used: C. albicans, C. tropicalis, C. glabrata, and C. parapsilo-
sis. Nine strains were included, one of which was the American Type Culture Collection
(ATCC) strain, and the others were Candida isolates obtained from Szeged Microbial Collec-
tion (SZMC), University of Szeged, Hungary (Table 2). All strains were maintained at the
Department of General and Environmental Microbiology, Institute of Biology, University
of Pécs, Hungary. All strains were grown in yeast extract peptone dextrose (YPD) broth
(yeast extract 1%, peptone 2%, and glucose 2% in distilled water, pH 6.8) or on YPD plates.
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Table 2. Candida species and strains used in the study.

Species Collection Code Origin Biofilm-Forming Ability

C. albicans ATCC 44829
auxotrophic mutant isolated after N-methyl
N’-nitro-N-nitrosoguanidine treatment of a

wild-type strain of C. albicans.
Non-biofilm forming

C. albicans SZMC 1423 clinical sample/Debrecen, Hungary Non-biofilm forming
C. albicans SZMC 1424 clinical sample/Debrecen, Hungary High-biofilm forming
C. tropicalis SZMC 1366 hemoculture/Debrecen, Hungary High-biofilm forming
C. tropicalis SZMC 1512 -/Pécs, Hungary Non-biofilm forming
C. glabrata SZMC 1374 clinical sample/Debrecen, Hungary High-biofilm forming
C. glabrata SZMC 1378 clinical sample/Debrecen, Hungary Non-biofilm forming

C. parapsilosis SZMC 8007 clinical sample/Szeged, Hungary High-biofilm forming
C. parapsilosis SZMC 8008 unknown Non-biofilm forming

4.4. Preparation of Stock Solution of CAPE

The stock solution was freshly prepared by dissolving CAPE in ethanol at a concentra-
tion of 10 mg/mL. The stock solution was kept in the freezer at −20 ◦C.

4.5. Antifungal Susceptibility Testing

The broth microdilution method was performed to determine the minimal inhibitory
concentration (MIC80) according to the protocol of the National Committee for Clinical
Laboratory Standards Institute with some modifications [38]. Briefly, a standardized initial
inoculum (106 cells/mL) was applied in all experiments. The experiments were performed
in sterile, flat-bottom 96-well microplates. To obtain final CAPE concentrations ranging
from 400 to 3.125 µg/mL, equal volumes (100 µL) of cell suspension and CAPE-containing
YPD medium were added into the wells. Negative controls (media and cell suspension
without CAPE) and blanks (media with CAPE) were included in each experiment. The
concentration of the solvent was constantly fixed at 1%. The plates were incubated at
35 ◦C, and the absorbance was measured after 48 h at 600 nm using a Multiskan EX plate
reader. The MIC80 of CAPE was determined as the lowest concentration that causes an 80%
reduction in the growth when compared with that of the negative control.

4.6. Biofilm-Forming Ability Assay

Biofilm formation assay was performed using the crystal violet staining method as
described previously [39]. To inoculate the test microplates, a stationary-phase yeast culture
was prepared using an inoculum size equivalent to 0.5 McFarland standard. The culture
was shaken thoroughly and then diluted at 1:100 using RPMI-1640 medium. A series of
two-fold dilutions were prepared from the stock solution of CAPE. In the test microplates,
equal volumes (100 µL) of each dilution were added to identical volumes (100 µL) of the
diluted cell suspensions to obtain final concentrations from 100 to 1.562 µg/mL CAPE
in the wells. In each experiment, the negative controls and blanks were included. The
concentration of the solvent was constantly fixed at 1%. The microplates were kept in an
incubator at 35 ◦C for 48 h; afterward, the liquid part was discarded and the remaining
biofilms were repeatedly washed with phosphate-buffered saline (PBS) (pH 7.4). Formalin
in PBS 2% (v/v) was used to fix the biofilms; then, the crystal violet 0.13% (w/v) staining
was applied for 20 min at room temperature. The excess crystal violet stain was discarded,
and the wells were washed thoroughly and repeatedly with PBS buffer. The estimation of
biofilm mass was conducted by adding sodium dodecyl sulfate (SDS) in ethanol (1% w/v)
solution to each well to extract the stain overnight, and the absorbance of the solution was
measured at 600 nm using a Multiskan EX plate reader. The minimum biofilm inhibitory
concentration (MBIC) was defined as the lowest concentration of CAPE that was able to
inhibit 90% of the biofilm-forming ability.

30



Antibiotics 2021, 10, 1359

4.7. Biofilm Eradication Assay

The effect of CAPE on mature biofilms was verified as described by Nostro and
coworkers [40]. Briefly, for the inoculation of the assay microplates, stationary-phase yeast
cultures were prepared using an inoculum size equivalent to 0.5 McFarland standard and
thereafter diluted 1:100 using RPMI-1640 medium. Microplates containing diluted cell
suspension were kept in an incubator at 35 ◦C for 48 h. After the biofilm maturation,
CAPE treatment was applied. Accordingly, the original RPMI culture was discarded and
replaced with a CAPE-containing RPMI medium with concentrations ranging from 100
to 1.562 µg/mL. Negative controls and blanks were included in each experiment. The
concentration of the solvent was constantly fixed at 1%. After 48 h of incubation at 35 ◦C,
the liquid part of the media was discarded, and the remaining biofilms were washed, fixed,
stained, and estimated as mentioned in the previous section (Section 4.6).

4.8. Biosorption of CAPE by Candida Cells

To determine the cellular biosorption of CAPE, YPD broth cultures of Candida strains
were grown overnight at 35 ◦C and 150 rpm in an orbital shaker. The number of yeast cells
was adjusted to 107 cells/mL in each case, and the cultures were treated with 100 µg/mL
CAPE and incubated at 35◦C with shaking at 150 rpm. The concentration of the solvent
was constantly fixed at 1%. Samples were taken at the time points 0, 5, 10, 15, 20, 30, 60,
and 120 min after admission and centrifuged (5000 rpm, 5 min), and the absorbance of the
cell-free supernatants was measured at 330 nm (absorption maximum of CAPE) using a
Hitachi U-2910 UV/Vis spectrophotometer. A calibration curve of two-fold serial dilutions
of CAPE from 100 to 0.781 µg/mL was constructed and used to evaluate the biosorption
levels of Candida cells [41].

4.9. Cell Death Examination Assay

The YPD broth media were inoculated with Candida cells (106 cell/mL) from fresh
YPD plate cultures and incubated at 35 ◦C with shaking at 150 rpm until reaching the
mid-exponential phase depending on their growth curves. Media containing sub-lethal
concentrations (MIC80) of CAPE were inoculated with 2.5 × 106 cells/mL of the mid-
exponential phase cultures of different Candida species and strains and incubated at 35 ◦C
with shaking for 3 h. Untreated cell samples were included as negative controls in each
experiment. The concentration of the solvent was constantly fixed at 1% in all experiments.
After the incubation period, cells were harvested and washed with PBS. The CF®488A
Annexin V and PI apoptosis Kit was used according to the manufacturer’s instructions to
identify apoptosis and necrosis. In brief, Candida cells were re-suspended in 1X annexin V
binding buffer at a concentration of 5 × 106 cells/mL. To 100µL of this solution, 5µL of
CF®488A Annexin V and 2 µL of PI working solution were added. The tubes were gently
vortexed and incubated for 20 minutes at room temperature in the dark. After incubation,
400µL of 1X annexin V binding buffer was added to each tube and analyzed using an
Attune NxT flow cytometer. Annexin V is responsible for the detection of phosphatidylser-
ine translocation from the inner to outer leaflets of the plasma membrane, whereas PI is a
membrane-impermeant DNA-binding dye that is usually used to selectively stain dead
cells in a cell population. PI is excluded by living cells and early apoptotic cells but stains
necrotic and late apoptotic cells with compromised membrane integrity.

4.10. Caspase Inhibitor Assay

Caspase inhibitor assay was performed as described by Yue and coworkers [42] with
some modifications. Briefly, cells were divided into two groups. The first group was
pretreated for 1 h at 35 ◦C with the broad-spectrum caspase inhibitor Z-VAD-FMK (final
concentration 77 µM) before incubation with CAPE. The second group was used as a control
(not treated with the caspase inhibitor). For microplate assays, the cells were harvested
by centrifugation, washed twice with PBS, and then re-suspended in YPD broth. The
cell density was adjusted to 2 × 106 cell/mL. Equal volumes (100 µL) of cell suspension
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and CAPE-containing YPD medium were dispensed into the wells to obtain the final
CAPE concentration equal to the MIC80 of each strain. Negative controls (media and
cell suspension without CAPE) and blanks (media with CAPE) were included in each
experiment. The concentration of the solvent was constantly fixed at 1%. The plates
were incubated at 35 ◦C, and the absorbance was measured after 48 h at 600 nm using a
Multiskan EX plate reader.

4.11. Ultrastructural Examination of Candida Species by TEM

Media containing sub-lethal concentrations of CAPE were inoculated with 2.5 × 106 cells/mL
of the mid-exponential phase cultures of different species of Candida and incubated at 35 ◦C
with shaking for 3 h to induce apoptosis. After the incubation period, the cells were
harvested by centrifugation (5000 rpm, 5 min). The pellets were immediately washed and
re-suspended with modified PBS (a mixture of 50 mM K2HPO4 and KH2PO4 (pH 7.0),
supplemented with 0.5 mM MgCl2) and incubated at room temperature for 15 min to
achieve equilibrium. Then, the samples were fixed overnight in 2.5% glutaraldehyde
fixative buffered with modified PBS. The samples were then washed 4 times with modified
PBS, and after short centrifugal sedimentation (1000 rpm, 2 min) preparation continued
with a 2 % osmium tetroxide post-fixation on ice for 2 h. The cells were then washed
twice with distilled water for 15 min and stained ‘en bloc’ in 1% aqueous uranyl acetate
for 30 min. After two further washing steps with distilled water and short sedimentation,
the cells were dehydrated in 70, 96, and 100% ethanol for 15 min each, subsequently. The
cells were treated with propylene oxide twice for 10 min each time and then infiltrated
for 1 h in a propylene oxide/Durcupan epoxy resin mixture (1:1) at room temperature.
After 1 h, the cells were transferred to fresh epoxy resin drops for another 1 h. The resin
was then changed, and the samples were left overnight in the fresh resin drops at room
temperature. On the next day, the resin was changed twice while incubating at 40 ◦C for
2 h, subsequently. Finally, the samples were encapsulated in fresh epoxy resin and left at
56 ◦C for a two-day-long polymerization. Serial ultrathin sections were cut with Reichert
Ultramicrotome, collected onto 300 mesh Nickel grids, counterstained on drops of uranyl
acetate and Reynolds solution of lead citrate, washed thoroughly in sterile distilled water,
and examined with a JEOL-1200 EX TEM at 80 KeV [43].

4.12. Statistical Analysis

All assays were carried out in triplicate, and data were expressed as mean ± standard
deviation (SD). For data processing and visualization of the results, Microsoft Office Excel
2016 was used. Data were statistically analyzed through two-sample t-tests using Past3.21
software (University in Oslo, Oslo, Norway).

5. Conclusions

CAPE could be considered a promising natural antifungal agent. It has a concentration-
and strain-dependent effect on the viability and biofilm-forming ability of the different
Candida species. Moreover, it has a partial ability to eradicate the mature biofilms of biofilm-
forming strains of Candida. In most Candida species and strains, the antifungal mechanism
involves the induction of apoptotic cell death in treated cells. However, in other Candida
species and strains, no apoptotic cell death was observed. This information suggests that
CAPE may have a species- and strain-dependent cell death response in Candida.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antibiotics10111359/s1, Figure S1: Representative flow cytometry scatter plot showing
apoptosis of C. albicans ATCC 44829 treated with 50 µg/mL of CAPE, Figure S2: Representative flow
cytometry scatter plot showing apoptosis of C. albicans SZMC 1423 treated with 100 µg/mL of CAPE,
Figure S3: Representative flow cytometry scatter plot showing apoptosis of C. albicans SZMC 1424
treated with 50 µg/mL of CAPE, Figure S4: Representative flow cytometry scatter plot showing
apoptosis of C. parapsilosis SZMC 8007 treated with 25 µg/mL of CAPE, Figure S5: Representative
flow cytometry scatter plot showing apoptosis of C. parapsilosis SZMC 8008 treated with 12.5 µg/mL
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of CAPE, Figure S6: Representative flow cytometry scatter plot showing apoptosis of C. glabrata
SZMC 1374 treated with 12.5 µg/mL of CAPE, Figure S7: Representative flow cytometry scatter plot
showing apoptosis of C. glabrata SZMC 1378 treated with 12.5 µg/mL of CAPE.
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Abstract: The emergence of bacterial resistance to traditional small-molecule antibiotics is fueling
the search for innovative strategies to treat infections. Inhibiting the expression of essential bacterial
genes using antisense oligonucleotides (ASOs), particularly composed of nucleic acid mimics (NAMs),
has emerged as a promising strategy. However, their efficiency depends on their association with
vectors that can translocate the bacterial envelope. Vitamin B12 is among the largest molecules known
to be taken up by bacteria and has very recently started to gain interest as a trojan-horse vector.
Gapmers and steric blockers were evaluated as ASOs against Escherichia coli (E. coli). Both ASOs were
successfully conjugated to B12 by copper-free azide-alkyne click-chemistry. The biological effect of
the two conjugates was evaluated together with their intracellular localization in E. coli. Although
not only B12 but also both B12-ASO conjugates interacted strongly with E. coli, they were mostly
colocalized with the outer membrane. Only 6–9% were detected in the cytosol, which showed to be
insufficient for bacterial growth inhibition. These results suggest that the internalization of B12-ASO
conjugates is strongly affected by the low uptake rate of the B12 in E. coli and that further studies are
needed before considering this strategy against biofilms in vivo.

Keywords: antibacterial drug; vitamin B12; antisense oligonucleotides; nucleic acid mimics; LNA;
2′OMe

1. Introduction

The emergence of bacterial resistance to traditional antibiotics is considered a major
threat in modern medicine [1,2]. Inevitably, innovative research focused on different
antibacterial strategies is needed. Antisense oligonucleotides (ASOs) designed to inhibit
bacterial gene expression have been gaining increased interest in recent years [3]. ASOs
are especially interesting because even if bacteria develop a mutation that renders them
resistant (one of the most common forms of resistance), the ASO can be easily redesigned
to become an effective antibacterial drug again [4]. ASOs composed of nucleic acid mimics
(NAMs), and in particular, locked nucleic acids (LNAs), possess improved target specificity,
binding affinity, and resistance to exo- and endonucleases, compared to unmodified RNA
or DNA [5,6], and have been successfully tested for clinical applications [7,8]. ASOs can
be divided into two major categories, according to their mechanism of action: RNase
H competent (or gapmers) and steric blockers (Figure 1). Gapmers are composed of
DNA monomers that are typically flanked by LNA or other RNA-mimicking monomers.
Upon hybridization of the gapmer to the target mRNA, the RNase H enzyme recognizes
the DNA-mRNA heteroduplex and cleaves the target mRNA, leading to its degradation.
Alternatively, the hybridization of steric blockers to the target mRNA simply physically
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blocks the access of the RNA polymerase to the target mRNA, thus directly inhibiting
its translation [9–11]. There is only one study reporting the use of gapmers to target
bacteria [11].
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Nonetheless, the use of ASOs is limited by their inability to efficiently penetrate the
complex envelope of bacteria. To overcome this burden, delivery vectors mostly focused
on cell-penetrating peptides (CPPs) have been investigated. However, CPPs have been
almost exclusively conjugated to neutral NAMs, such as peptide nucleic acids (PNAs)
or phosphorodiamidate morpholino oligos (PMOs), which might present cytotoxicity
and solubility issues [12–14]. Due to chemical conjugation difficulties, the vectorization
of anionic ASOs with CPPs has been hampered. In a different approach, vitamin B12
(B12 or cobalamin), one of the largest molecules known to be taken up by bacteria, can
be considered as a trojan-horse vector for neutral as well as anionic ASOs. The uptake
system of B12 has been mostly studied in E. coli. [15]. E. coli uptakes B12 through the
outer-membrane β-barrel protein BtuB in a TonB-dependent manner [16]. In the periplasm,
BtuF binds to and delivers B12 to the ABC-type transporter BtuCD in the inner membrane,
which, in turn, transports B12 into the cytoplasm [17,18].

Several functional groups are available for the modification of B12 to allow conjugation
with ASOs, but not all modification sites are suitable to sustain their recognition and
uptake [19]. Chromiński et al. described for the first time the synthesis of a clickable B12
derivate, possessing an azide functionality at the 5′ end [20]. This modification has already
been tested for the copper-dependent conjugation of B12 with oligonucleotides, either
composed of PNA or 2′OMe, mainly to inhibit genes that code for reporter proteins such as
the red fluorescent protein (RFP) [6,20,21]. To our knowledge, there is only one study where
a B12 conjugate was studied to decrease bacterial growth by inhibition of the essential gene
acpP in E. coli using a PNA ASO [22]. This B12-PNA conjugate was only proved to inhibit
E. coli growth in a very specific medium named Scarlett and Turner [22]. Under these
conditions, even in the absence of B12 conjugates, bacteria only started growing after 48 h,
while in other common minimal media, the exponential growth starts already after 5 h [23].

Occasionally, infections are associated with the formation of biofilms, adding an extra
barrier for the use of antibacterial compounds [24]. ASOs were already shown to prevent
biofilm formation and reduce mature biofilms, using either peptide nucleic acids (PNAs) or

36



Antibiotics 2021, 10, 379

phosphorodiamidate morpholino oligomers (PMOs) as NAMs, conjugated to CPPs [25,26]
but, to the best of our knowledge, never conjugated to B12. However, and because the
cytosol is the ultimate target for these conjugates, it is important to first investigate their
single-cell internalization.

In this study, we have investigated, for the first time, the internalization and inhibi-
tion efficiency of two different copper-free clicked conjugates, composed of vitamin B12
linked to LNA-based ASOs: a gapmer and a steric blocker. Both ASOs were designed to
target the acpP gene in E. coli, which codes for an essential protein involved in fatty acid
biosynthesis [27].

2. Results and Discussion
2.1. Conjugation of ASOs with Vitamin B12

In this study, two different kinds of LNA antisense oligonucleotides were designed
and synthesized to target the acpP gene in E. coli (Figure 2a): an LNA/DNA gapmer
(ASOgapmer) and an LNA/2′OMe steric blocker (ASOsteric) [28,29]. While steric blockers
have been widely tested in bacteria [4,27,30–32], gapmers have been mostly studied in
mammalian cells [11]. As such, we intended to compare the potency of the different
antisense mechanisms in E. coli. As the bacterial envelope poses a stringent barrier to
the internalization of oligonucleotides, appropriate vectors must be applied for their
transport into the bacterial cytosol. This is the first study documenting the use of B12 as a
vector for LNA oligonucleotides. For the association of B12 to ASOsteric and ASOgamper, a
copper-free ring-strain-promoted azide-alkyne coupling reaction was used (Figure 2b) [33].
This method proved to be efficient and resulted in satisfactory yields (Table S1). The
increase in HPLC retention time for the B12-ASOgamper and B12-ASOsteric compared with
the ASOgapmer and ASOsteric points toward efficient conjugation, confirmed by the obtained
molecular masses, which are similar to the calculated theoretical values (Figure S1). The
conjugation yields were determined as 70% and 97%, respectively, for B12-ASOgamper and
B12-ASOsteric.
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Figure 2. B12 and antisense oligonucleotides (ASOs) conjugation: sequences and structures. (a) Sequence of the ASOgapmer

and the ASOsteric (LNA nucleotide monomers are represented with upper case letters preceded by l, 2′OMe monomers
are represented with upper case letters preceded by m, and DNA monomers are represented by lower case letters) and
structure of 5′-end azide-modified B12 used in this study. The arrow points to the region of conjugation. (b) Schematic
illustration of the synthesis of the B12-ASO conjugates through copper-free azide-alkyne chemistry.
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2.2. Bacterial Susceptibility Tests

Both ASOs were designed to recognize the acpP essential gene in E. coli and thus
inhibit its expression. This should result in decreased E. coli viability, as long as the ASOs
conjugated to B12 can efficiently penetrate the bacterial envelope. We investigated the
ability of both conjugates (B12-ASOgapmer and B12-ASOsteric) to inhibit the growth of E. coli
in Davis minimal medium at a concentration of 30 µM. This concentration was selected
based on the good inhibition efficiency of a cell-penetrating peptide (CPP) conjugated with
PNA, targeting the same gene (Figure 3, orange line). Our results show no inhibition using
either conjugate composed of B12 at the same concentration (Figure 3).
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Figure 3. Growth of E. coli K12 in Davis minimal medium supplemented with B12-ASOgapmer,
B12-ASOsteric, and B12 (at a concentration of 30 µM). CB represents the bacterial growth control in
medium without any supplementation. Growth inhibition of E. coli K12 using a cell-penetrating
peptide conjugated with an ASO composed of peptide nucleic acids (PNAs) (cell-penetrating peptides
(CPP)-PNA) at a concentration of 30 µM is also shown. Results from three independent experiments
(using duplicates in each) are presented as mean values and respective standard deviations. Statistical
differences are indicated when appropriate in * (p ≤ 0.0001, ****).

In previous studies, PNA and 2′OMe steric blockers conjugated to B12 were able
to decrease by 1-fold the expression of red fluorescence protein (RFP) in E. coli in Davis
minimal medium [6,21]. However, to our knowledge, there is no other study including
a regular growth control where B12-ASOs were investigated to kill bacteria, targeting
an essential gene rather than a report protein. The only existing study uses a B12-PNA
(ASOsteric targeting acpP) against E. coli in a particular medium where the control bacteria
only starts growing after 48 h [22]. Nonetheless, the activity of this ASO sequence is already
well established, as growth inhibition of E. coli K12 has been repeatedly reported using
CPP-PNA [27,34,35], which was also confirmed herein. It is clear from the growth curves
that the internalization occurs using the CPP as a vector for ASOs, as opposed to the
B12 vector.

The lack of inhibitory effect of the E. coli K12 growth, observed with the conjugates
synthesized in the present work, raises the question if the conjugates were efficiently
internalized in the bacterial cells. In order to answer this question, location studies were
performed next.

2.3. Evaluation of the Internalization of B12-ASOs

To examine the internalization of both conjugates in E. coli K12 and assess if association
of the ASOs to the B12 could have hampered B12-promoted uptake, bacteria were observed
under an epifluorescence microscope, after incubation with each of the Cy3-labeled conju-
gates or controls (B12, ASOgapmer, and ASOsteric).

As expected, almost no fluorescent bacteria were detected when ASOgapmer and
ASOsteric were used alone (Figure 4–ASOgapmer and ASOsteric, Cy3 line). In contrast, it is
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clear that the conjugation of B12 to either ASO significantly increased the amount of fluores-
cently labeled E. coli K12, with all cells becoming fluorescent (Figure 4, B12-ASOgapmer and
B12-ASOsteric). The same was observed for the B12 control (Figure 4, B12). Figure 4 shows
images obtained at 30 µM, but a similar pattern was obtained for the lower concentration
tested (15 µM, Figure S2).
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Bacteria are counterstained with 4′,6′-diamidino-2-phenylindole (DAPI). Images are representative of three independent
experiments (using duplicates in each). Scale bar represents 5 µm.

These results point toward the B12-promoted association of the conjugates with the
bacterial cells. However, the experimental distinction between membrane-associated and
internalized molecules in bacteria remains a difficult task, given the small size of bacteria,
which challenges the resolution limit of most standard equipment, including fluorescence
microscopes [36].

Therefore, in an attempt to understand if the conjugates were internalized or mem-
brane adhered, as well as to quantify their relative distribution, the bacterial cells were
fractionated. A series of washing steps with a gradient of Triton X-100 concentrations was
used to differentiate the membrane fraction from the cytosol [37]. These fractions were
quantified using a fluorometer. Figure 5 clearly shows that only a small fraction of B12 and
B12 conjugates completely penetrate the bacterial envelope into the cytosol (only 12%, 9%,
and 6%, respectively, for the unconjugated B12, B12-ASOgapmer, and B12-ASOsteric), while
more than 80% remain adhered to the membrane in all cases. The presence on the periplasm
is not relevant (only ~3% of the conjugates were retained in this matrix, which was not
statistically different from the cytosol. p > 0.05, Figure S3 [38]), which indicates that the
BtuB at the outer membrane (OM) is likely the limiting factor for conjugate internalization
into the cytosol. On the contrary, 4′,6′-diamidino-2-phenylindole (DAPI), a small and
cell-permeant DNA intercalating dye, was majorly localized at the cytosol (Figure 5), as
expected. Nonetheless, a small fraction was also present in the membrane (Figure 5), which
can occur especially in non-fixed cells [39].
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Figure 5. Cellular localization of B12 conjugates, B12, and DAPI control in E. coli K12. B12 conjugates
and B12 are mainly found on the OM, while the DAPI control is mostly associated with the cytosol.
No significant differences were observed between the different internalized conjugates and between
the conjugates and the B12 control (p > 0.05). Significant differences were observed between the
membrane and cytosol-associated compounds (p ≤ 0.0001, ****). The fluorescence of each fraction
present in the DAPI control is significantly different from the tested counterparts (p≤ 0.0001). Results
are presented as mean values and respective standard deviation from three independent assays
(using duplicates in each).

From the obtained fractionation results, it can be concluded that the microscopy
fluorescence observed in Figure 4 is predominantly derived from conjugates associated
with the OM of E. coli K12, rather than conjugates internalized in the cytosol, where the
ASO would hybridize the acpP mRNA target. The inability of B12 to serve, in this study, as
an efficient trojan-horse for the internalization of ASOs explains the lack of antimicrobial
activity of the conjugates observed in Figure 3. It is possible that the uptake of B12 is
strongly limited by the activity of BtuB, which is present in the OM.

The uptake of B12 is regulated by the expression/repression of the BtuB, the locus
encoding for the B12 receptor [40]. B12 acts as a cofactor for methionine synthesis, necessary
for growth [41]. In E. coli, it has been estimated that the methionine synthesis requires very
low levels of B12 (20 molecules per cell) [42], while there are hundreds of thousands of
mRNA copies of the acpP gene [43]. In our work, we have used a much higher concentration
of B12 than the amount that E. coli needs for methionine synthesis. Hence, the difference
between the amount of internalized B12 conjugates and the high amount of copies of the
essential gene we aimed to inhibit may explain the lack of effectiveness of the conjugates.

In addition, it is also important to reflect on the future of this strategy, considering
that in vivo, the number of internalized conjugates will probably be even lower since the
host cells, as well as other bacteria from the microbiome, will compete for B12. Moreover,
most in vivo infections are associated not with single-cell but with clustered cells organized
in biofilms [44,45]. Therefore, the bioavailability of B12 conjugates may also be limited
by interactions with the extracellular matrix. Nonetheless, genes encoding for virulent
characteristics, such as the biofilm formation, are usually present in lower amounts of
copies. Thus, it would be relevant to study the effect of B12-ASO conjugates targeting these
genes in the future. In addition, the in vivo competition for B12 will favor bacteria with an
improved affinity toward B12, as it has been found for some bacteria in the gut possessing
an additional lipoprotein (BtuG) [46]. The use of B12 conjugates to target infections caused
by such bacteria possessing BtuG could be considered in future biofilm studies.
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3. Materials and Methods
3.1. Materials

All basic reagents used were purchased from commercial sources (Sigma-Aldrich,
Søhus, Denmark) and used as received. Specific reagents and chemicals included LNA
phosphoramidite monomers (Innovassynth Technologies, Maharashtra, India), DNA phos-
phoramidite monomers (Sigma-Aldrich, St Louis, MO, USA), 2′OMe phosphoramidite
monomers, 3′-PT-amino-modifier C6, BCN N-hydroxysuccinimide ester (Glen Research,
Sterling, VA, USA), DBCO-sulfo-Cy3 (Jena Bioscience, Jena, Germany) and Vitamin B12
(Carbosynth, Compton, U.K).

3.2. Synthesis and Design of the ASOs

ASOs were designed to target the gene acpP, an essential gene coding for a protein
involved in fatty acid biosynthesis. The particular acpP target region for the ASOs was
selected based on previous studies [22,27,47]. Two different ASOs were synthesized: (i)
an LNA/2′OMe chimera, designed for steric blocking (ASOsteric), and (ii) an LNA/DNA
chimera (ASOgapmer), designed to recruit RNase (sequences are represented in Figure 1a).
Since LNA and 2′OMe substitutions increase the duplex stability, the ASOsteric was de-
signed to be shorter than the ASOgapmer. ASOs were synthesized under anhydrous condi-
tions using a PerSpective Biosystems Expedite 8909 nucleic acid synthesizer, as described
elsewhere [48]. The synthesis was performed on a 1 µmol scale, using a 3′-PT-amino-
modifier C6 support, with the following conditions: trichloroacetic acid in CH2Cl2 (3:97)
as detritylation reagent, 0.25 M 4,5-dicyanoimidazole (DCI) in CH3CN as an activator,
acetic anhydride in THF (9:91, v/v) as cap A solution, N-methylimidazole in THF (1:9,
v/v) as cap B solution, and a thiolation solution containing 0.0225 M xanthan hydrate in
pyridine/CH3CN (20:90, v/v). The coupling time was 4.6 min for both monomers. To
obtain labeled ASOs, Cy3 phosphoramidite was added to the 5′ end in anhydrous CH3CN
(0.1 M) and activated by tetrazole with a 15 min coupling time. The stepwise coupling yields
were determined by the UV absorbance (at 500 nm) of dimethoxytrityl cations (DMT+)
that were released after each coupling. The resulting ASOs were purified by reverse-phase
HPLC (RP-HPLC), using a Waters System 600 HPLC equipment, equipped with a Wa-
ters XBridge BEH C18-column (5 µm, 100 nm × 19 mm). Their composition and purity
(>85%) were confirmed by MALDI-TOF MS and ion-exchange HPLC analysis, respectively.
Finally, the purified ASOs were labeled by reaction with BCN N-hydroxysuccinimide
ester I in carbonate buffer (ASO:BCN = 1:2.5 equivalent) for 2 h. BCN labeled ASOs were
desalted using NAP-10 Sephadex columns and purified by RP-HPLC. Their composition
and purity (>95%) were confirmed by MALDI-TOF MS and analytical reverse-RP-HPLC, re-
spectively. Concentrations of purified oligonucleotides were determined by UV absorption
measurements at 600 nm.

3.3. Conjugation of ASOs with Vitamin B12

The 5′-azide-B12 was synthesized from commercially available vitamin B12 as de-
scribed by Chromiński et al. [20]. Briefly, the 5′-hydroxy group of the B12 was transformed
into a good leaving group (a mesyl group), and subsequently, azidation reaction provided
the desired 5′-azide-B12. The 5′ position was chosen to avoid obstruction of both compo-
nents of the conjugate [6]. The azide-B12 was isolated through precipitation. MS and NMR
data were in accordance with the reported data [20].

Each Cy3-labeled ASO-BCN, dissolved in Milli-Q water, was added to a solution of
azido-B12, dissolved in DMSO (ASO: azido-B12 = 1:2 equivalent). The resulting solution
was transferred to a Biotage microwave reaction vial (0.5 mL) and sealed under a nitrogen
atmosphere. The reaction was carried out on a Biotage Initiator microwave synthesizer
at 60 ◦C for 3 h, whereupon all solvents were removed in vacuo, and the residue was
re-dissolved in Milli-Q water (Figure 1b). Analytical RP-HPLC and MALDI-TOF MS were
performed. The resulting solutions were de-salted by precipitation of the products by first
adding an aqueous solution of sodium acetate (3 M, 15µL) followed by the addition of
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cold ethanol (1 mL, 99% w/w; −20 ◦C). The resulting suspensions were stored at −20 ◦C
for 1 h, and after centrifugation (16,000× g, 5 min, 4 ◦C), the supernatants were removed,
and the pellet further washed with cold ethanol (2 × 1 mL; −20 ◦C), dried for 2 h and then
dissolved in Milli-Q water (1 mL). Mass spectra of B12-ASO conjugates were recorded using
MALDI-TOF MS, and the purity was confirmed by analytical RP-HPLC. Concentrations of
purified conjugates were determined by ultraviolet absorbance at 260 nm.

The same procedure was conducted to obtain fluorescently labeled B12 (without ASO)
where DBCO-sulfo-Cy3, instead of the Cy3-labeled ASOs, was conjugated to B12 through
click-chemistry.

3.4. Bacterial Strain and Growth Conditions

E. coli K12 MG1655 was used in this study. To prepare the inoculum, the strain was
grown overnight in tryptic soy broth (TSB) at 37 ◦C with shaking (180 rpm). To monitor
both the inhibition of the acpP gene expression and the location of the conjugates, E. coli
K12 was grown in Davis minimal medium at 37 ◦C with shaking (180 rpm) [49]. This
medium lacks B12 in its composition, which was crucial to ensure that the internalized B12
comes from the control/conjugates incubated with bacteria [6,21].

3.5. Bacterial Susceptibility Tests

The inhibition of the expression of the essential acpP gene by the conjugates B12-
ASOgapmer and B12-ASOsteric was evaluated by monitoring the growth of E. coli K12, using a
standard microdilution method. An overnight culture of E. coli K12 was diluted to an OD600
of 0.1 in fresh Davis minimum medium. These cell suspensions were added to wells of
sterile 96-well plates and incubated with different concentrations of the tested compounds
at 37 ◦C. The final concentration of the B12-ASOs and respective controls (B12, ASOgapmer,
and ASOsteric) was 30 µM. As a control for the ASOs activity, the most well-studied vector-
ASO conjugate was tested. In brief, a conjugate composed of the cell-penetrating peptide
(KFF)3K and peptide nucleic acid (PNA) (Eurogentec, Seraing, Belgium), designed to
hybridize with the same acpP sequence was tested in the same conditions as the B12
conjugates. The absorbance at 600 nm was determined on a BMGLabtech SPECTROstar
Nano microplate reader for 24 h. E. coli in medium without any added compound was used
as control (CB). Experiments were performed in three independent biological replicates.

3.6. Evaluation of the Internalization of B12-ASOs by Epifluorescence Microscopy

To evaluate the extent of internalized B12-ASO conjugates, compared with the ASOs
alone, we used epifluorescence microscopy. An overnight culture of E. coli K12 was diluted
to an OD600 of 0.1 in fresh Davis minimum medium. The B12-ASOgapmer, B12-ASOsteric, B12,
ASOgapmer, and ASOsteric (all Cy3-labeled) were diluted in sterile distilled H2O and added
to the bacterial suspension to a final concentration of 15 and 30 µM per test tube. After 4 h
incubation, tubes were centrifuged (3000× g, 10 min), and the pellets were resuspended in
sterile distilled H2O. To label the bacterial cytosol, 4′,6′-diamidino-2-phenylindole (DAPI)
staining was used. Staining was performed by placing a drop of DAPI (0.5 µg/mL) on
top of the dried sample for 5 min. The samples were visualized on a Nikon Eclipse Ti SR
epifluorescence microscope using a Nikon Plan-Apo 100X objective. Ten pictures of each
sample were taken randomly, covering all the areas of the sample, using a QImaging Retiga
R1 monochromatic camera, and processed with the NIS-Elements Advanced Research. The
exposure time and the excitation intensity were maintained throughout the experiments. A
G-2A longpass filter (excitation: 535 nm; emission: 580 nm) and a DAPI bandpass filter
(excitation: 375 nm; emission: 460 nm) were used. The images obtained using both filters
were merged using the Fiji software. Three repeated samples were analyzed for each
condition, and three independent experiments were performed.
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3.7. Evaluation of the Internalization of B12-ASOs by Bacterial Fractionation

To determine the location of the conjugates in the E. coli K12 cells visualized in the
previous section and investigate if the observed fluorescence could derive from associ-
ation to the bacterial envelope, as opposed to intracellular hybridization, the cells were
fractionated, and the fluorescence of the outer-membrane fraction and periplasm vs. the
fluorescence of the cytosol fraction was measured.

An overnight inoculum of E. coli K12 was diluted to an OD600 of 0.1 and grown in
Davis minimal medium in the presence of 30 µM of B12-ASOgapmer, B12-ASOsteric, and
B12, (all Cy3-labeled) for 4 h. Thereafter, a fractionation protocol (Figure 6) adapted from
Banbula et al. [50] was followed. In brief, bacteria were centrifuged (3000× g, 20 min),
resuspended in 10 mM Tris-150 mM NaCl (pH 7.4), and washed with 50 mM Tris (pH 7.6).
To obtain the fraction associated with the outer-membrane (membrane fraction), bacte-
ria were centrifuged (3000× g, 20 min) and resuspended in 50 mM Tris buffer solution
containing 0.05% Triton X-100 (pH 7.6), for 1 h at room temperature (RT). After new cen-
trifugation (same conditions), the Cy3 fluorescence intensity of the supernatant (membrane
fraction) was measured with a fluorometer (BMGLabtech Fluorostar Omega), using 550 nm
excitation and 570 nm emission filters. To obtain the fraction associated with the cytosol,
the pellet was resuspended in a more astringent buffer containing 50 mM Tris 1% Triton
X-100 (pH 7.6), for 1 h at RT. The supernatant resultant from the last centrifugation was
removed, and the Cy3 fluorescence of the cytosol (cytosol fraction) was measured. As a
control, the same fractionation protocol was applied to bacteria stained only with DAPI,
and the fluorescence of the membrane and cytosol fractions was measured using 375 nm
excitation and 460 nm emission filters.

Antibiotics 2021, 10, x FOR PEER REVIEW 9 of 12 

QImaging Retiga R1 monochromatic camera, and processed with the NIS-Elements Ad-
vanced Research. The exposure time and the excitation intensity were maintained 
throughout the experiments. A G-2A longpass filter (excitation: 535 nm; emission: 580 nm) 
and a DAPI bandpass filter (excitation: 375 nm; emission: 460 nm) were used. The images
obtained using both filters were merged using the Fiji software. Three repeated samples 
were analyzed for each condition, and three independent experiments were performed. 

4.7. Evaluation of the Internalization of B12-ASOs by Bacterial Fractionation 
To determine the location of the conjugates in the E. coli K12 cells visualized in the 

previous section and investigate if the observed fluorescence could derive from associa-
tion to the bacterial envelope, as opposed to intracellular hybridization, the cells were 
fractionated, and the fluorescence of the outer-membrane fraction and periplasm vs. the 
fluorescence of the cytosol fraction was measured.

An overnight inoculum of E. coli K12 was diluted to an OD600 of 0.1 and grown in 
Davis minimal medium in the presence of 30 μM of B12-ASOgapmer, B12-ASOsteric, and B12, (all 
Cy3-labeled) for 4 h. Thereafter, a fractionation protocol (Figure 6) adapted from Banbula 
et al. [50] was followed. In brief, bacteria were centrifuged (3000× g, 20 min), resuspended 
in 10 mM Tris-150 mM NaCl (pH 7.4), and washed with 50 mM Tris (pH 7.6). To obtain 
the fraction associated with the outer-membrane (membrane fraction), bacteria were cen-
trifuged (3000× g, 20 min) and resuspended in 50 mM Tris buffer solution containing
0.05% Triton X-100 (pH 7.6), for 1 h at room temperature (RT). After new centrifugation 
(same conditions), the Cy3 fluorescence intensity of the supernatant (membrane fraction)
was measured with a fluorometer (BMGLabtech Fluorostar Omega), using 550 nm excita-
tion and 570 nm emission filters. To obtain the fraction associated with the cytosol, the 
pellet was resuspended in a more astringent buffer containing 50 mM Tris 1% Triton X-
100 (pH 7.6), for 1 h at RT. The supernatant resultant from the last centrifugation was 
removed, and the Cy3 fluorescence of the cytosol (cytosol fraction) was measured. As a
control, the same fractionation protocol was applied to bacteria stained only with DAPI, 
and the fluorescence of the membrane and cytosol fractions was measured using 375 nm 
excitation and 460 nm emission filters. 

Figure 6. Fractionation protocol adapted from Bandula et al. [50]. A series of washing steps with a
Triton X-100 gradient allows the isolation of the membrane and the cytosol fractions. 

4.8. Statistical Analysis 

Figure 6. Fractionation protocol adapted from Bandula et al. [50]. A series of washing steps with a
Triton X-100 gradient allows the isolation of the membrane and the cytosol fractions.

3.8. Statistical Analysis

For the evaluation of the statistical significance, the two-way analysis of variance test
(ANOVA) followed by Sydak’s multiple comparisons was used. A p-value of p ≤ 0.05 was
considered statistically significant.

4. Conclusions

In summary, this innovative investigation discloses the challenges that need to be
overcome before B12 -mediated ASO internalization is considered realistic toward tackling
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the challenge of antimicrobial resistance. This strategy is based on the uptake of the
micronutrient B12, which seems to be insufficient to act as an efficient trojan-horse for ASOs
designed to inhibit the expression of an essential bacterial gene. In the future, it would be
relevant to assess the concentration of internalized ASOs needed to efficiently knock down
bacterial genes and inhibit bacterial growth. In addition, improving the bioavailability
of vitamin B12 by modifying the conjugates and choosing better adapted bacterial targets
would be important for successful translation from in vitro to in vivo application.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics10040379/s1, Figure S1: Analytic RP-HPLC trace and MALDI-MS on B12-ASOgapmer
and B12-ASOsteric. The top panel shows the retention time (in minutes) of the B12 conjugates, and
the bottom panel shows the mass (m/z) of each B12 conjugate.; Figure S2: Interaction of Cy3 labeled
ASOs, B12, and B12 conjugates with E. coli K12, after 4 h incubation at a concentration of 15 µM.
Bacteria are counterstained with DAPI. Images are representative of three independent experiments
(using duplicates in each). Scale bar represents 5 µm; Figure S3: Most of the conjugated (B12-ASOsteric)
and unconjugated B12 (B12) are prevented from internalization into E. coli cytosol since they remain
at the outer-membrane; the percentages in the periplasm are only residual. The isolation of the
periplasm was performed after the isolation of the OM fraction and was based on the fractionation
protocol by Malherbe et al. 2019. E. coli cells were washed in spheroplast buffer (0.1 M Tris-NaCl, 500
mM sucrose, 0.5 mM EDTA, pH 8.0) followed by resuspension in distilled water and incubation for
15 s on ice. The osmotic shock occurred after the addition of MgSO4 (final concentration 20 mM).
DAPI was used as a control, majorly localizing at the cytosol, as expected. Statistical differences
are indicated when appropriate in * (p ≤ 0.0001, ****); Table S1: Characterization of the synthesized
conjugates, including their HPLC retention times (tR) and molecular masses, as well as the yield of
the respective conjugation reactions.
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22. Rownicki, M.; Dąbrowska, Z.; Wojciechowska, M.; Wierzba, A.J.; Maximova, K.; Gryko, D.; Trylska, J.J.A.O. Inhibition of

Escherichia coli growth by Vitamin B12–Peptide Nucleic Acid Conjugates. ACS Omega 2019, 4, 819–824. [CrossRef]
23. Soares, N.C.; Spat, P.; Krug, K.; Macek, B. Global dynamics of the Escherichia coli proteome and phosphoproteome during growth

in minimal medium. J. Proteome Res. 2013, 12, 2611–2621. [CrossRef] [PubMed]
24. Banerjee, D.; Shivapriya, P.; Gautam, P.K.; Misra, K.; Sahoo, A.K.; Samanta, S.K. A review on basic biology of bacterial biofilm

infections and their treatments by nanotechnology-based approaches. Proc. Natl. Acad. Sci. 2020, 90, 243–259. [CrossRef]
25. Howard, J.J.; Sturge, C.R.; Moustafa, D.A.; Daly, S.M.; Marshall-Batty, K.R.; Felder, C.F.; Zamora, D.; Yabe-Gill, M.; Labandeira-

Rey, M.; Bailey, S.M. Inhibition of Pseudomonas aeruginosa by peptide-conjugated phosphorodiamidate morpholino oligomers.
Antimicrob. Agents Chemother. 2017, 61. [CrossRef] [PubMed]

26. Narenji, H.; Teymournejad, O.; Rezaee, M.A.; Taghizadeh, S.; Mehramuz, B.; Aghazadeh, M.; Asgharzadeh, M.; Madhi, M.;
Gholizadeh, P.; Ganbarov, K. Antisense peptide nucleic acids against ftsZ and efaA genes inhibit growth and biofilm formation of
Enterococcus faecalis. Microb. Pathog. 2020, 139, 103907. [CrossRef]

27. Good, L.; Awasthi, S.K.; Dryselius, R.; Larsson, O.; Nielsen, P.E. Bactericidal antisense effects of peptide–PNA conjugates. Nat.
Biotechnol. 2001, 19, 360. [CrossRef]

28. Lopez, C.; Arivett, B.A.; Actis, L.A.; Tolmasky, M.E. Inhibition of AAC (6′)-Ib-mediated resistance to amikacin in Acinetobacter
baumannii by an antisense peptide-conjugated 2′, 4′-bridged nucleic acid-NC-DNA hybrid oligomer. Antimicrob. Agents Chemother.
2015, 59, 5798–5803. [CrossRef]

29. Azevedo, A.S.; Sousa, I.M.; Fernandes, R.M.; Azevedo, N.F.; Almeida, C. Optimizing locked nucleic acid/2′-O-methyl-RNA
fluorescence in situ hybridization (LNA/2′OMe-FISH) procedure for bacterial detection. PLoS ONE 2019, 14, e0217689. [CrossRef]

30. Meng, J.; Wang, H.; Hou, Z.; Chen, T.; Fu, J.; Ma, X.; He, G.; Xue, X.; Jia, M.; Luo, X. Novel anion liposome-encapsulated antisense
oligonucleotide restores susceptibility of methicillin-resistant Staphylococcus aureus and rescues mice from lethal sepsis by
targeting mecA. Antimicrob. Agents Chemother. 2009, 53, 2871–2878. [CrossRef]

45



Antibiotics 2021, 10, 379

31. Xue, X.-Y.; Mao, X.-G.; Zhou, Y.; Chen, Z.; Hu, Y.; Hou, Z.; Li, M.-K.; Meng, J.-R.; Luo, X.-X. Advances in the delivery of antisense
oligonucleotides for combating bacterial infectious diseases. Nanomed. Nanotechnol. Biol. Med. 2018, 14, 745–758. [CrossRef]

32. Meng, J.; Da, F.; Ma, X.; Wang, N.; Wang, Y.; Zhang, H.; Li, M.; Zhou, Y.; Xue, X.; Hou, Z. Antisense growth inhibition of
methicillin-resistant Staphylococcus aureus by locked nucleic acid conjugated with cell-penetrating peptide as a novel FtsZ inhibitor.
Antimicrob. Agents Chemother. 2015, 59, 914–922. [CrossRef] [PubMed]

33. Lou, C.; Martos-Maldonado, M.C.; Madsen, C.S.; Thomsen, R.P.; Midtgaard, S.R.; Christensen, N.J.; Kjems, J.; Thulstrup, P.W.;
Wengel, J.; Jensen, K.J. Peptide–oligonucleotide conjugates as nanoscale building blocks for assembly of an artificial three-helix
protein mimic. Nat. Commun. 2016, 7, 1–9. [CrossRef]

34. Dryselius, R.; Aswasti, S.K.; Rajarao, G.K.; Nielsen, P.E.; Good, L. The translation start codon region is sensitive to antisense PNA
inhibition in Escherichia coli. Oligonucleotides 2003, 13, 427–433. [CrossRef] [PubMed]

35. Goltermann, L.; Yavari, N.; Zhang, M.; Ghosal, A.; Nielsen, P.E. PNA length restriction of antibacterial activity of peptide-PNA
conjugates in Escherichia coli through effects of the inner membrane. Front. Microbiol. 2019, 10, 1032. [CrossRef] [PubMed]

36. Gottstein, C.; Wu, G.; Wong, B.J.; Zasadzinski, J.A. Precise quantification of nanoparticle internalization. ACS Nano 2013, 7,
4933–4945. [CrossRef]

37. Clais, S.; Boulet, G.; Kerstens, M.; Horemans, T.; Teughels, W.; Quirynen, M.; Lanckacker, E.; De Meester, I.; Lambeir, A.-M.;
Delputte, P. Importance of biofilm formation and dipeptidyl peptidase IV for the pathogenicity of clinical Porphyromonas gingivalis
isolates. Pathog. Dis. 2014, 70, 408–413. [CrossRef]

38. Malherbe, G.; Humphreys, D.P.; Davé, E. A robust fractionation method for protein subcellular localization studies in Escherichia
coli. Biotechniques 2019, 66, 171–178. [CrossRef]

39. Zweifel, U.L.; Hagstrom, A. Total counts of marine bacteria include a large fraction of non-nucleoid-containing bacteria (ghosts).
Appl. Environ. Microbiol. 1995, 61, 2180–2185. [CrossRef]

40. Kadner, R.J. Repression of synthesis of the vitamin B12 receptor in Escherichia coli. J. Bacteriol. 1978, 136, 1050–1057. [CrossRef]
41. Davis, B.D.; Mingioli, E.S. Mutants of Escherichia coli requiring methionine or vitamin B12. J. Bacteriol. 1950, 60, 17. [CrossRef]
42. Di Girolamo, P.M.; Kadner, R.J.; Bradbeer, C. Isolation of vitamin B12 transport mutants of Escherichia coli. J. Bacteriol. 1971, 106,

751–757. [CrossRef]
43. Li, G.-W.; Burkhardt, D.; Gross, C.; Weissman, J.S. Quantifying absolute protein synthesis rates reveals principles underlying

allocation of cellular resources. Cell 2014, 157, 624–635. [CrossRef] [PubMed]
44. Schembri, M.A.; Kjærgaard, K.; Klemm, P. Global gene expression in Escherichia coli biofilms. Mol. Microbiol. 2003, 48, 253–267.

[CrossRef]
45. Soto, S.; Smithson, A.; Martinez, J.; Horcajada, J.; Mensa, J.; Vila, J. Biofilm formation in uropathogenic Escherichia coli strains:

Relationship with prostatitis, urovirulence factors and antimicrobial resistance. J. Urol. 2007, 177, 365–368. [CrossRef] [PubMed]
46. Wexler, A.G.; Schofield, W.B.; Degnan, P.H.; Folta-Stogniew, E.; Barry, N.A.; Goodman, A.L. Human gut Bacteroides capture

vitamin B12 via cell surface-exposed lipoproteins. Elife 2018, 7, e37138. [CrossRef] [PubMed]
47. Good, L.; Sandberg, R.; Larsson, O.; Nielsen, P.E.; Wahlestedt, C. Antisense PNA effects in Escherichia coli are limited by the

outer-membrane LPS layer. Microbiology 2000, 146, 2665–2670. [CrossRef] [PubMed]
48. Fontenete, S.; Guimarães, N.; Leite, M.; Figueiredo, C.; Wengel, J.; Azevedo, N.F. Hybridization-based detection of Helicobacter

pylori at human body temperature using advanced locked nucleic acid (LNA) probes. PLoS ONE 2013, 8, e81230. [CrossRef]
[PubMed]

49. Davis, B.D. Isolation of biochemically deficient mutants of bacteria by penicillin. J. Am. Chem. Soc. 1948, 70, 4267. [CrossRef]
[PubMed]

50. Banbula, A.; Bugno, M.; Goldstein, J.; Yen, J.; Nelson, D.; Travis, J.; Potempa, J. Emerging Family of Proline-Specific Peptidases
of Porphyromonas gingivalis: Purification and Characterization of Serine Dipeptidyl Peptidase, a Structural and Functional
Homologue of Mammalian Prolyl Dipeptidyl Peptidase IV. Infect. Immun. 2000, 68, 1176–1182. [CrossRef]

46



antibiotics

Article

Efficacy of Novel Bacteriophages against Escherichia coli
Biofilms on Stainless Steel

Jean Pierre González-Gómez 1,2 , Berenice González-Torres 1,2 , Pedro Javier Guerrero-Medina 1 ,
Osvaldo López-Cuevas 2 , Cristóbal Chaidez 2, María Guadalupe Avila-Novoa 1,*
and Melesio Gutiérrez-Lomelí 1,*

Citation: González-Gómez, J.P.;

González-Torres, B.;

Guerrero-Medina, P.J.; López-Cuevas,

O.; Chaidez, C.; Avila-Novoa, M.G.;

Gutiérrez-Lomelí, M. Efficacy of

Novel Bacteriophages against

Escherichia coli Biofilms on Stainless

Steel. Antibiotics 2021, 10, 1150.

https://doi.org/10.3390/

antibiotics10101150

Academic Editors: Luís Melo and

Andreia S. Azevedo

Received: 17 August 2021

Accepted: 22 September 2021

Published: 24 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Centro de Investigación en Biotecnología Microbiana y Alimentaria, Departamento de Ciencias Básicas,
División de Desarrollo Biotecnológico, Centro Universitario de la Ciénega, Universidad de Guadalajara, Av.
Universidad 1115, Ocotlán 47820, Mexico; jgonzalez.219@estudiantes.ciad.mx (J.P.G.-G.);
berenice.gonzalez.220@estudiantes.ciad.mx (B.G.-T.); pjgm@cuci.udg.mx (P.J.G.-M.)

2 Laboratorio Nacional para la Investigación en Inocuidad Alimentaria (LANIIA), Centro de Investigación en
Alimentación y Desarrollo, A.C. (CIAD), Carretera a Eldorado Km 5.5, Culiacán 80110, Mexico;
osvaldo.lopez@ciad.mx (O.L.-C.); chaqui@ciad.mx (C.C.)

* Correspondence: avila.novoa@cuci.udg.mx (M.G.A.-N.); melesio.gutierrez@academicos.udg.mx (M.G.-L.)

Abstract: Biofilm formation by E. coli is a serious threat to meat processing plants. Chemical
disinfectants often fail to eliminate biofilms; thus, bacteriophages are a promising alternative to solve
this problem, since they are widely distributed, environmentally friendly, and nontoxic to humans. In
this study, the biofilm formation of 10 E. coli strains isolated from the meat industry and E. coli ATCC
BAA-1430 and ATCC 11303 were evaluated. Three strains, isolated from the meat contact surfaces,
showed adhesion ability and produced extracellular polymeric substances. Biofilms of these three
strains were developed onto stainless steel (SS) surfaces and enumerated at 2, 12, 24, 48, and 120 h,
and were visualized by scanning electron microscopy. Subsequently, three bacteriophages showing
podovirus morphology were isolated from ground beef and poultry liver samples, which showed
lytic activity against the abovementioned biofilm-forming strains. SS surfaces with biofilms of 2, 14,
and 48 h maturity were treated with mixed and individual bacteriophages at 8 and 9 log10 PFU/mL
for 1 h. The results showed reductions greater than 6 log10 CFU/cm2 as a result of exposing SS
surfaces with biofilms of 24 h maturity to 9 log10 PFU/mL of bacteriophages; however, the E. coli and
bacteriophage strains, phage concentration, and biofilm development stage had significant effects
on biofilm reduction (p < 0.05). In conclusion, the isolated bacteriophages showed effectiveness at
reducing biofilms of isolated E. coli; however, it is necessary to increase the libraries of phages with
lytic activity against the strains isolated from production environments.

Keywords: E. coli biofilms; food contact surfaces; biocontrol; bacteriophages

1. Introduction

The meat industry is generally at risk, as many foodborne pathogens such as
Escherichia coli O157:H7, Salmonella enterica, and Listeria monocytogenes can form biofilms.
The microbial complex communities known as biofilms represent a serious food safety
concern [1,2]. Surfaces in meat processing plants have been recognized as an important
niche for biofilm formation, and the catalytic reactions that occur during their establishment
can damage them. Chemical disinfection is often ineffective for the removal of biofilms due
to their matrix, mainly formed from extracellular polymeric substances (EPS), which works
as a diffusion barrier, preventing sanitizers from reaching biofilm-forming bacteria [2,3].

Escherichia coli is an abundant bacterium in the production environment of the meat
industry. It is usually harmless, although, currently, more than 250 different serogroups of
Shiga toxigenic E. coli (STEC) have been described and over 150 of these were associated
with intra- and extraintestinal consumer diseases [4–6]. Stainless steel (SS) is the main
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material used as a surface during the slaughtering and manipulation of meat. However,
E. coli is capable of forming biofilms on it, so from these biofilms, viable pathogens could
become detached and lead to cross-contamination [7,8]. Thus, due to the high E. coli
incidence in meat processing plants and the poor accessibility to and difficulty of regular
cleaning and disinfection procedures, surface biofilms may pose a food safety concern.

Biofilms play a protective role for bacteria against chemical disinfection in meat
processing plants. Thus, the use of bacteriophages (phages) to eliminate biofilms is a
promising approach, as they show interesting properties in terms of biofilm removal
through the production of enzymes that allow them to actively penetrate and disrupt
biofilms [9]. These viruses can infect bacteria following lytic or lysogenic cycles. The
lytic cycle ends with the lysis of the host and the release of progeny ready to infect the
surrounding bacteria [1]. The use of bacteriophages as an additive in beef and poultry
products was approved by the FDA in 2006 [10], and the potential of phages as a biocontrol
method became popular after this event, giving rise to multiple studies into the elimination
or reduction of both the pathogenic and spoilage bacteria that can be found within the food
industry in biofilms or planktonic cells [11–14].

The interaction between bacteriophages and biofilms was described even before they
were approved as additives. Recent studies have reported that several factors influence
biofilm reduction, such as the ability of the strain to form biofilms, the biofilm development
stage, the affinity of the bacteriophages for the strains that produce the biofilm, and the
concentration of the bacteriophage, as well as whether it is applied individually or as a
mixture [1,15–17]. The aim of this study was to isolate, characterize, and challenge natural
lytic bacteriophages against biofilm-forming E. coli strains isolated from the meat industry
and to evaluate the main factors that influence their effectiveness in the removal of biofilms
developed on stainless steel surfaces.

2. Results
2.1. Biofilm Formation Ability of E. coli Strains

All the E. coli strains, isolated from the meat industry and ATCC, produced black
colonies with a dry and crystalline consistency in Congo Red Agar (CRA) and were
recorded as EPS producers. Whereas in the semiquantitative adherence test, MGA-EC-25
and MGA-EC-27 showed a strong adhesion ability with the highest ODs (0.898 ± 0.113 and
0.968 ± 0.042, respectively), MGA-EC-21 and E. coli ATCC 11303 showed a weak adhesion
ability (0.095 ± 0.021 and 0.174 ± 0.018, respectively), while the rest of the strains were
recorded as having null adhesion ability (Table 1).

Table 1. Characterization of the biofilm formation ability of the E. coli strains used in this study.

Bacterial Strain
Adherence Assay

Phenotype CRA b
OD (λ = 570) Adhesion Ability a

MGA-EC-01 0.076 ± 0.008 Null EPS producer
MGA-EC-02 0.073 ± 0.008 Null EPS producer
MGA-EC-08 0.066 ± 0.004 Null EPS producer
MGA-EC-21 0.095 ± 0.021 Weak EPS producer
MGA-EC-23 0.067 ± 0.005 Null EPS producer
MGA-EC-25 0.898 ± 0.113 Strong EPS producer
MGA-EC-26 0.093 ± 0.026 Null EPS producer
MGA-EC-27 0.968 ± 0.042 Strong EPS producer
MGA-EC-28 0.071 ± 0.007 Null EPS producer
MGA-EC-30 0.062 ± 0.001 Null EPS producer

ATCC BAA-1430 0.074 ± 0.003 Null EPS producer
ATCC 11303 0.174 ± 0.018 Weak EPS producer

a Null adherent ability: OD ≤ 0.093; weak adhesion ability: 0.093 < OD ≤ 0.186; moderate adhesion ability:
0.186 < OD ≤ 0.373; strong adhesion ability: 0.373 < OD. b EPS producer: black colonies of dry crystalline
consistency in CRA; EPS nonproducer: red colonies in CRA.
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2.2. Biofilm Development Curve

MGA-EC-21, MGA-EC-25, and MGA-EC-27 were selected for determination of the
biofilm formation curve, the E. coli strain ATCC BAA-1430 was included as a surrogate
indicator, and E. coli ATCC 11303 was included as a positive control for its reported biofilm-
forming ability. The biofilms’ cell densities are summarized in Figure 1. The results showed
that the three strains isolated from the meat industry reached a higher cell density in the
early stages of biofilm formation compared with the ATCC; however, at 120 h, the densities
reached by all the strains were between 7 and 8 log10 CFU/cm2. Moreover, in the strains
from the meat industry, we observed that the highest bacterial counts were reached at
12 h, followed by the typical detachment phase of biofilms at 24 h; subsequently, the cell
densities remained constant until 120 h, related to biofilm establishment. Conversely, the
ATCC strains showed a constant increase in biofilm cell density at the early stages, reaching
concentrations similar to those isolated from the meat industry at 120 h.

Figure 1. Biofilm development curve for SS coupons of the strains MGA-EC-21, MGA-EC-25, MGA-
EC-27, E. coli ATCC BAA-1430, and E. coli ATCC 11303, at 2, 12, 24, 48, and 120 hours. Values are the
means of three tests and vertical bars represent the standard deviations.

2.3. Bacteriophages Isolation and Characterization

Samples of poultry liver and ground beef were collected for the isolation of bacte-
riophages with lytic activity against biofilm-forming E. coli strains from the production
environment of the meat industry. Three bacteriophages were isolated, purified, and named
according to ICTV recommendations: vB_EcoP_PL-01, vB_EcoP_GB-02, and vB_EcoP_GB-
03; their characterization is described in Table 2. In the host range determination, phages
PL-01, GB-02, and GB-03 only produced lysis zones against the three strains from the meat
industry that showed better biofilm formation ability, while none of the phages lysed any
of the ATCC strains. All bacteriophages produced clear, round plaques with diameters of
approximately 3 to 4 mm on the lawn of MGA-EC-27. Micrographs obtained from PL-01,
GB-02, and GB-03 revealed similar podovirus morphologies with isometric heads 62.20,
51.10, and 49.39 nm in diameter, respectively, and short noncontractile tails (Figure 2).
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Table 2. Characterization of bacteriophages with lytic activity against biofilm-forming E. coli strains.

Phage Strain Morphology a Source
Host Range (MGA-EC Strains) b

Plaque
Diameter c01 02 08 21 23 25 26 27 28 30

PL-01 Podovirus Poultry liver - ± ± ++ - ++ - ++ - - 3 mm
GB-02 Podovirus Ground beef ± - - + - + - + - + 4 mm
GB-03 Podovirus Ground beef ± - - ++ - ++ - ++ - ± 3.5 mm
a Classification according to the morphological characteristics of TEM micrographs following the guidelines of the International Committee
on Taxonomy of Viruses. b Host range results were recorded as follows: clear zone of complete lysis: ++; clear zone of lysis: +; incomplete
lysis: ±; no lysis: -. c Plaque diameter obtained via the double agar technique using the MGA-EC-27 strain as the host.

Figure 2. TEM micrographs of bacteriophages PL-01 (a), GB-02 (b), and GB-03 (c) isolated from
poultry liver and ground beef.
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2.4. Biofilm Reduction Efficacy of Bacteriophages

Biofilms of three E. coli strains at different maturity stages were exposed to treatment
with three bacteriophages individually and in a mixture at two concentrations. The results
showed that depending on the E. coli strain, the biofilm maturity, the phages’ formulation,
or the concentration applied, a statistically significant effect in reducing the cell density
of the biofilm could be observed (p < 0.05). Afterward, an ANOVA was performed for
each bacteriophage concentration because this was the factor with the greatest influence
on the removal of biofilms. The treatments with bacteriophages at 109 PFU/mL showed
the greatest reductions, ranging from 2.39 to 6.79 log10 CFU/cm2 and reaching greater
reductions at 24 and 48 h of biofilm maturity (Figure 3). Interestingly, the individual
phages and the mixture had no noticeable differences in their effects. Furthermore, the
reductions observed with treatments with phages at 108 PFU/mL ranged between 0.95
and 2.86 log10 CFU/cm2, and the reduction effects at the different development stages
were similar. The greatest reduction, 6.70 log10 CFU/mL, was observed when the biofilm
formed by MGA-EC-25 at 24 h of maturity was exposed to phage GB-03 at a concentration
of 109 PFU/mL.

Figure 3. Effect of bacteriophages at concentrations of 109 (a–c) and 108 (d–f) PFU/mL for 1 h on MGA-EC-27, MGA-EC-25,
and MGA-EC-21 biofilms at 2, 24, and 48 h of maturity. Different uppercase letters indicate a significant difference (p < 0.05)
in the maturity of the biofilm and lowercase letters indicate a significant difference in the phage or mixture of phages
applied. Values are the means of three replicates ± standard deviation.
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2.5. Scanning Electron Microscope Analysis

SEM micrographs showed different cell densities and morphologies at different matu-
rity stages in E. coli biofilms, as summarized in Figure 4. The micrographs of the untreated
surfaces showed that the biofilm density varied in the different stages of development. At
2 h of development, small groups of cells with a well-defined morphology adhering to
the SS coupon were observed, while at 24 h, cell agglomerations with higher density were
observed and the cell boundaries were not well defined in some regions due to the early
production of extracellular polymeric substances. After 48 h of development, the biofilms
showed a more compact structure in the central regions and better defined cells towards
the edges; furthermore, the cells embedded in EPS formed three-dimensional structures
typical of mature biofilms. Micrographs of the bacteriophage-treated surfaces showed
similar results at different stages of biofilm development, with altered morphology in most
of the cells due to the bacteriophages’ lytic activity and some intact cells, possibly due to
the generation of phage-resistant cells or the bacteriophage failing to reach its receptor and
infect the cell.

Figure 4. SEM micrographs of MGA-EC-25 biofilms developed on SS coupons at 2, 24, and 48 h with no treatment and after
GB-03 exposure at 109 PFU/mL for 1 h.

3. Discussion

Biofilms formed on food contact surfaces can reduce the effectiveness of sanitizers,
damage the equipment, and contaminate the food product, which may lead to significant
public health problems [18]. This study was conducted to evaluate the biofilm-forming
ability of E. coli strains present in the meat industry environment and to evaluate the efficacy
of novel bacteriophages as a potential biocontrol method to remove E. coli biofilms. Our
results indicate the presence of strong biofilm-forming E. coli strains in the meat industry
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production environment. The Congo Red agar method showed that 10 (100%) E. coli strains
from the meat industry were positive for EPS production; however, only two (20%) strains
showed strong adhesion ability and one (10%) showed weak adhesion ability. The strain
E. coli ATCC 11303, previously described as biofilm-forming [15], was also positive to EPS
production and showed a weak adhesion ability. In similar studies, different proportions of
EPS-producing strains and adherence ability have been found. Onmaz et al. [19] reported
that 24% of E. coli strains isolated were EPS producers, and 36% showed at least weak
adhesion ability. The majority of studies were based solely on using the adhesion ability to
classify the strains as biofilm-forming [6,20–22]; however, we recommend performing both
tests to have a better characterization of the main factors that lead the strains to produce
biofilms. These studies reported results ranging from 11% to 100% of strains that showed
some adhesion ability, suggesting that this characteristic is highly variable within the same
species, which may be due to differences in flagellar motility, which helps the bacteria to
counteract the electrostatic and hydrodynamic forces near surfaces, or it may depend on
the type of surface because adhesion to abiotic surfaces is mediated by electrostatic and
physicochemical interactions among the bacterial membrane, the surfaces, and the medium
to which they are exposed [23,24]. Interestingly, the MGA-EC-25 and MGA-EC-27 strains
showed 0.898 ± 0.113 and 0.968 ± 0.042 OD, respectively; these values are significantly
higher than those for the EMC17 strain (approximately 0.43 OD) [20], the highest value
reported in previous studies to our knowledge.

The E. coli biofilm stages on SS were observed in the development kinetics and the
SEM micrographs. In the first 2 hours of development, relatively low counts were obtained
in all evaluated strains, which could be due to the absence of organic matter, which
enhances the initial adhesion through preconditioning the surface [25]. At 12 h, the counts
increased considerably in the three strains obtained from the meat industry, reaching
densities of approximately 8 log10 CFU/cm2, while both ATCC strains also increased,
reaching approximately 5 log10 CFU/cm2, showing the highest point of the reversible
initial adsorption. The cell desorption phase was observed at 24 h of development, when a
decrease in the counts of the meat industry strains was obtained, while the ATCC strains
continued slower but constant development of the biofilms. The following phases of biofilm
formation (irreversible adhesion, microcolony formation, and maturation) were observed
in the kinetics as stabilization of the cell density up to 128 h. These results are similar to
those obtained by Carson et al. [26], who used the ATCC 11303 strain for an evaluation
of biofilm development on polycarbonate, showing cell densities of 6 log10 CFU/well
at 24 h of development, close to the 5.98 ± 0.30 log10 CFU/cm2 obtained in this study,
notwithstanding that the surfaces were different. The surrogate strain ATCC BAA-1430
is recommended for the validation of disinfection methods and critical control points in
production environments [27]; however, the results show that the strains from the meat
industry had a greater ability to form biofilms than this surrogate; therefore, these data
should be considered to choose a representative strain to evaluate disinfectants for biofilm
removal. In this study, E. coli strains isolated from the meat industry reached considerably
higher biofilm populations than those reported in similar work; however, most previous
research used ATCC strains for the evaluation of biofilms, and information on strains
isolated from production environments is scarce. Wang et al. [28] evaluated E. coli O145:H25
EC19990166 biofilms on SS surfaces; after 24 and 48 h of development, the biofilms showed
populations of 4.7 ± 0.2 and 5.4 ± 0.2 log10 CFU/coupon (~8 cm2), respectively. Likewise,
Kang et al. [29] evaluated the multistrain biofilm of E. coli O157:H7 ATCC 8624, 2026, and
2029 after 5 days of development and obtained populations of 5.90 log10 CFU/cm2. In this
study, we obtained populations of approximately 8 log10 CFU/cm2 in the biofilms of three
strains of E. coli from 24 to 120 h, with slight fluctuations, that is, 2 to 3 log10 more than
in previous studies. Therefore, it is necessary to characterize a greater number of strains
from production environments since, as our results show, their biofilm formation capacity
is greater than the strains that belong to a collection, and thus, strains from production
environments should be used to evaluate disinfection methods. In addition, it should
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be considered that in real production environments, biofilms are formed by multiple
strains, species, and bacterial genera, aside from the different temperatures, humidity,
organic matter, and other factors that could affect the population and composition of the
biofilm [25,30].

In this study, the evaluation of three novel bacteriophages against E. coli biofilms
was conducted. Based on the morphological properties of phages PL-01, GB-02, and
GB-03, they would have been classified in the order Caudovirales within the family Podoviri-
dae [31]. However, in recent years, the taxonomy of viruses has changed and now nine
families are recognized within the Caudovirales order and, in addition to their morphology,
their genomic characteristics must be considered for a correct classification [32]. These
bacteriophages showed affinity against strains with a greater ability to form biofilms,
probably due to the presence of a specific receptor, which could be verified by further
studies on phage-resistant bacteria to analyze if this receptor has been lost and how this
affects the ability of biofilm formation, as reduced virulence has been shown in other
bacteria after losing the phage-specific receptor (capsular polysaccharides, teichoic acids,
and pilus) [33]. Both individual phages and phage cocktails were challenged against
biofilms of three E. coli strains at 2, 24, and 48 h of development, showing results ranging
from 0.95 log10 CFU/mL to 6.70 log10 CFU/mL of biofilm reduction after 1 hour of treat-
ment; greater efficacy was observed when applying the treatment at a concentration of
109 PFU/mL at 24 and 48 h of biofilm development. Interestingly, the individual phages
showed reductions equal or greater than the cocktail in most treatments. Similar results
were reported by Montso et al. [21], who reported that the individual phages obtained
greater efficacy than the cocktails after 1 day of treatment; nevertheless, the authors ob-
served that after 7 days, there was bacterial regrowth in the treatments with individual
phages but not in the cocktails. In addition to being effective at preventing bacterial growth,
phage cocktails can be used to overcome the generation of phage resistance and to expand
the range of bactericidal action [34,35]. Other studies have reported reductions ranging
from 2.9 log10 CFU/coupon [28] and 3.8 log10 CFU/cm2 [36] to 4.5 log10 CFU/blade [7],
which highlights the great efficacy of the phages isolated in this study at reducing E. coli
biofilms, especially at 24 and 48 h of development.

Bacteriophages as a biofilm biocontrol method have great potential, but it is necessary
to fully understand the phage–biofilm interaction to implement all possible improvements.
The first important step for phage infection is the adsorption to its receptor, and the
biofilm matrix represents a barrier between the phage and its receptor. Multiple studies
have shown that some phages possess depolymerase polysaccharides in the spike or tail
spicule proteins, and these enzymes allow phages to degrade the polysaccharides that
form the extracellular matrix and facilitate their dispersion through the biofilm [1,37,38].
Furthermore, bacteriophages having a podovirus (short tail) morphology can diffuse better
through the biofilm compared with siphoviruses and myoviruses. The enzymes present in
the phages have been studied for their potential to be used individually for the removal of
biofilms, since they have advantages over bacteriophages such as their greater host range,
there is no risk of transferring virulence genes, and no resistant bacteria are produced [1].
The lytic activity shown by the bacteriophages PL-01, GB-02, and GB-03 specifically against
the E. coli strains with the highest biofilm formation ability and high rates of biofilm
reduction may be due to binding to a receptor that is involved in the formation of EPS
and the presence of enzymes that allow the degradation of the extracellular matrix [1].
To achieve a better understanding of these interactions, it is necessary to perform the
sequencing of the phages, E. coli strains, and phage-resistant strains to determine the
specific receptor of these phages and to investigate their role in the formation of biofilms,
as well as to obtain and purify the phages’ proteins to characterize their depolymerase
activities.
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4. Materials and Methods
4.1. Bacterial Strains

The E. coli strains used in the present study were isolated from the surfaces of meat
processing plants. These strains were kindly provided by the Microbiology Laboratory
of Cuciénega UDG (Table 1). Additionally, the surrogate indicator strain E. coli ATCC
BAA-1430 was used as a reference strain, and E. coli ATCC 11303 was used as a positive
control for its reported biofilm formation ability. All the strains were subcultured in tryptic
soy broth (TSB; Becton Dickinson Bioxon, Le Pont de Claix, France) for 24 h at 37 ◦C to
obtain a final concentration of 108 CFU/mL.

4.2. Characterization of the Strains’ Biofilm-Forming Ability
4.2.1. Production of Extracellular Polymeric Substances (EPS)

EPS production was evaluated according to the CRA method described by Mariana
et al. [39], with some modifications. The test was carried out with two formulations: the
first was prepared with a blood agar base, with 0.4 g/L Congo Red and 36 g/L glucose
added; in the second formulation, glucose was replaced by 36 g/L sucrose. E. coli strains
were inoculated in the medium and incubated under aerobic conditions for 48 h at 37 ◦C.
The strains that produced black colonies with a dry crystalline consistency were recorded
as EPS producers, while those that grew as red colonies were recorded as nonproducers.

4.2.2. Semiquantitative Adherence Assay

The ability of the strains to adhere to abiotic surfaces was evaluated in 96-well flat-
bottomed microtiter polystyrene plates according to the method described by Milanov et al. [40],
with some modifications. For each strain, 3 wells of the microtiter plate were filled with
200µL of a bacterial suspension in TSB with 0.5% glucose (w/v) (TSB + G), 3 wells were
filled with the TSB + G and used as negative controls, and E. coli ATCC 11303 was used as
the positive control. The plates were then incubated at 37 ◦C for 24 h. Briefly, the contents
of the wells were removed by inverting the plates, and each well was washed 3 times with
phosphate-buffered saline (PBS; 7 mM Na2HPO4, 3 mM NaH2PO4, and 130 mM NaCl; pH
7.4) to remove the planktonic bacteria. The attached bacteria were fixed with 100 µL of
95% ethanol for 5 min and the plates were emptied and left to dry. Staining was performed
with 100 µL of 1% crystal violet for 5 min, then 3 washes with PBS were carried out, and
the plates were allowed to dry at room temperature. The plates were stained with 100µL
of 1% (w/v) crystal violet solution per well for 5 min. The excess stain was rinsed off with
sterile distilled water, and the microtiter plates were air-dried. Optical density (OD) was
measured at λ = 570 nm using the Multiskan FC (Thermo Fisher Scientific Inc., Madison,
WI, USA). The cutoff value of OD (ODc) was defined as three standard deviations above
the mean OD of the negative control. The strains were classified as having null adherent
ability (OD ≤ ODc), weak adhesion ability (ODc < OD ≤ 2 × ODc), moderate adhesion
ability (2 × ODc < OD ≤ 4 × ODc), or strong adhesion ability (4 × ODc < OD).

4.3. Biofilm Formation on Stainless Steel
4.3.1. Biofilm Quantification

The biofilm-formation ability of E. coli was investigated on stainless steel (SS; AISI
316, 8 × 20 × 1 mm) coupons. SS coupons, previously treated and sterilized, were placed
individually into the glass test tubes (20 × 150 mm) containing 5 mL of TSB + G [41,42].
For each strain, 5 tubes were inoculated with 50 µL of the bacterial culture (108 CFU/mL)
and were incubated at 22 ± 2 ◦C for 2, 12, 24, 48, and 120 h, respectively. After incubation,
SS coupons were removed under sterile conditions using sterile forceps and rinsed 2 times
by pipetting 1 mL of PBS, and placed independently in tubes containing 9 mL of casein
peptone (BD, Bioxon, Becton Dickinson, Le Pont de Claix, France), and the biofilms were
removed by sonication (50–60 Hz for 1 min; Sonicor Model SC-100TH, West Babylon, NY,
USA). Serial dilutions and conventional plating on tryptic soy agar (TSA; Becton Dickinson,
Le Pont de Claix, France) were used to estimate the viable cells in the biofilm. The plates
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were incubated at 37 ◦C for 24 h. Three replicates were performed for each strain, and an
SS coupon without inoculum was included in all assays as a negative control.

4.3.2. Scanning Electron Microscopy

After each incubation period, the coupon was removed from the tube, rinsed with PBS,
and immersed in 2% glutaraldehyde at 4 ◦C for 2 h to fix the adhering bacteria [43]. Briefly,
the SS coupons were vacuum-dried and gold-coated for 30 s [44]. Biofilms were observed
by using a TESCAN Mira3 LMU scanning electron microscope (Brno-Kohoutovice, Czech
Republic).

4.4. Bacteriophage Isolation

Twenty samples of ground beef and poultry liver were collected from the municipal
market of Ocotlán, Jalisco, Mexico. Three milliliters of an overnight culture of each of the
10 previously isolated E. coli strains grown in TSB was mixed with 5 g of ground beef or
chicken liver in a sterile 50 mL conical tube. The enriched samples were incubated for
24 h at 37 ◦C and 70 rpm in a shaking bath. The tubes were centrifuged at 10,000× g for
10 min at 4 ◦C (Megafuge 16R, Thermo Fisher Scientific Inc., Waltham, MA, USA), and
the supernatant was filtered twice through a sterile nitrocellulose membrane (0.45 and
0.22 µm pore diameter, respectively), using a vacuum pump. The filtered samples (lysates)
were used to perform the SPOT test, through the soft overlay technique with 0.4% agarose,
against 10 E. coli strains [45,46]. The soft agar technique, which involved mixing 1 mL of
the overnight cultures with 100 µL of the filtrates that showed lytic activity, was used to
observe the production of plaques. Plaques were selected on the basis of size and clarity
and transferred to microtubes containing 1 mL of nanopure water. The procedure was
repeated at least 3 times per sample to obtain purified phages [7,15,40,47,48].

4.4.1. Phage Host Range

Ten E. coli strains were used to test the infection spectrum of the isolated phages. The
bacterial strains were cultured in TSB at 37 ◦C overnight with constant shaking (70 rpm),
and 1 mL of each strain was mixed with 3 mL of 0.4% top agarose at 45 ◦C. Briefly, the
suspension was poured into a petri dish with TSA and solidified at room temperature.
Next, 10 µL of each phage suspension (108–109 PFU/mL) was spotted on the soft agar
overlay, left to dry, and incubated for 18–24 h at 37 ◦C [46]. The results were interpreted
and recorded as follows: a clear zone of complete lysis: ++; incomplete lysis: +; no lysis:
- [49].

4.4.2. Phage Morphology Determined by Transmission Electron Microscopy

The 3 isolated phages were examined by transmission electron microscopy (TEM). A
drop of high-titer phage stock (approximately 109 PFU/mL) was placed on the surface of a
formvar-coated grid (400 mesh copper grid), negatively stained with 2% phosphotungstic
acid (pH 7.2) for 5 min, and the excess was removed with filter paper. The grid was
carbon-shadowed in a vacuum evaporator (JEOL, JEE400). Electron micrographs were
taken at various magnifications in a JEOL JEM-1011 transmission electron microscope [49].

4.5. Biofilm Exposure to Bacteriophages

Biofilms of the E. coli strains that showed greater adherence ability (MGA-EC-21,
MGA-EC-25, and MGA-EC-27) were promoted on SS coupons as described in Section 4.3.1.
After 2, 24, and 48 h of incubation time, the coupons were removed under sterile conditions
and washed with 1 mL of PBS to remove planktonic cells. Each SS coupon was deposited
in 3 mL of the bacteriophage solution (individual or mixed) at concentrations of 108 or
109 PFU/mL and exposed for 1 h. The coupon was then extracted from the phage solution
and washed with 1 mL of PBS, and the biofilms were removed by sonication in a tube
with 9 mL of casein peptone. Serial dilutions and standard plates on TSA were used to
estimate viable cells in the biofilm after exposure to phages, and the results obtained were
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compared with the biofilm development curve of each strain to obtain the cell density
reduction [7,14,30]. Three replicates were performed per treatment.

4.6. Statistical Analysis

All the experiments were performed in triplicate, and the data were evaluated using
analysis of variance (ANOVA), followed by a least significant difference (LDS) test, in
Statgraphics Centurion XV software v15.2.06 (Statpoint Technologies, Inc., Warrenton, VA,
USA).

5. Conclusions

The present study showed that E. coli strains isolated from the meat industry are
capable of producing EPS, and some of them showed the ability to adhere to surfaces and
produced mature biofilms on stainless steel at 48 h of development. Furthermore, the
three isolated bacteriophages showed affinity against the strains with the highest biofilm
formation capacity and showed efficient lytic activity against E. coli biofilms, mainly at 24
and 48 h of maturity. Interestingly, the application of the bacteriophages in a mixture did
not show a greater efficiency compared with the application of individual phages; in some
treatments, the effectiveness of the individual application was significantly higher than
that of the phage mixture. Nevertheless, the application of mixtures of bacteriophages has
multiple advantages, such as the wide range of strains that can be infected or the generation
of bacteria that are resistant to one of the bacteriophages but can be infected by another
phage in the mixture. Bacteriophages have the potential to be used as a biocontrol method
against E. coli biofilms in the meat industry, reducing the risk of product contamination
and avoiding the deterioration of equipment and surfaces. However, it is necessary to
characterize the biofilm formation ability of the strains of interest and to increase the
libraries of phages that show specific activity against the biofilm-producing strains, in
addition to characterizing the phage enzymes that can also be used for the removal of
biofilms. The enzymes present in the phages have been studied for their potential to be used
individually for the removal of biofilms, since they have advantages over bacteriophages,
such as the greater range of hosts, there is no risk of transferring virulence genes, and no
resistant bacteria are produced.
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Abstract: Sanicip Bio Control (SBC) is a novel product developed in Mexico for biofilms’ removal.
The aims of this study were to evaluate (i) the removal of mixed-species biofilms by enzymatic
(protease and α-amylase, 180 MWU/g) and chemical treatments (30 mL/L SBC, and 200 mg/L
peracetic acid, PAA) and (ii) their effectiveness against planktonic cells. Mixed-species biofilms were
developed on stainless steel (SS) and polypropylene B (PP) in whole milk (WM), tryptic soy broth
(TSB) with meat extract (TSB+ME), and TSB with chicken egg yolk (TSB+EY) to simulate the food
processing environment. On SS, all biofilms were removed after treatments, except the enzymatic
treatment that only reduced 1–2 log10 CFU/cm2, whereas on PP, the reductions ranged between
0.59 and 5.21 log10 CFU/cm2, being the biofilms developed in TSB+EY being resistant to the cleaning
and disinfecting process. Higher reductions in microbial load on PP were reached using enzymes,
SBC, and PAA. The employed planktonic cells were markedly more sensitive to PAA and SBC than
were the sessile cells. In conclusion, biofilm removal from SS can be achieved with SBC, enzymes,
or PAA. It is important to note that the biofilm removal was strongly affected by the food contact
surfaces (FCSs) and surrounding media.

Keywords: stainless steel; polypropylene; organic matter; microbial resistance; peracetic acid

1. Introduction

Biofilms are growing communities of microorganisms adhered to a surface and were
embedded in self-produced extracellular polymeric substances (EPS) [1]. The type and
amount of EPS are strain-dependent and vary with the environmental conditions in which
biofilms are formed. Nevertheless, the general composition of EPS includes polysaccha-
rides, proteins, lipids, and extracellular DNA [1,2]. Biofilm development confers advan-
tages to microbial cells, such as physical resistance to refrigeration, heat, desiccation, acidity,
and salinity; mechanical resistance to liquid streams in pipelines; and chemical protec-
tion against antimicrobials and disinfectants [3,4]. Otherwise, biofilms cause corrosion in
equipment, biofouling in water systems, and post-process contamination contributing to
food spoilage. Recently, biofilms have been associated with the generation of foodborne
diseases [5].

Almost 800 foodborne disease outbreaks are reported every year in the USA, causing
approximately 15,000 foodborne illnesses, 800 hospitalizations, and 20 deaths [6]. The
National Institutes of Health estimated that over 65% of microbial diseases are related
to biofilm formation [7]. Listeria monocytogenes, Salmonella, and Shiga toxin-producing
Escherichia coli are related to 82% of all hospitalizations and deaths in the USA. Another
important biofilm-former microorganism commonly implicated in foodborne diseases is
Bacillus cereus (2%) [6].
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In the last decade, food industries have focused on managing food spoilage caused
by biofilm-forming microorganisms, such as Clostridium, Brochothrix thermosphacta, Enter-
obacteriaceae, lactic acid bacteria, Pseudomonas spp., and Bacillus spp. [8,9]. The Food and
Agricultural Organization of the United Nations [10] reported that over 25% of global food
production is lost by microbial action (bacteria, yeasts, and molds). These microorgan-
isms have been associated with biofilm development in dairy, meat, and egg processing
industries [9].

Sanitization programs are the main alternative to biofilm control in the food indus-
try [11], which comprise two phases: cleaning and disinfection [5]. The cleaning process
removes food residues (proteins, fats, minerals deposits, sugars, and others) and 90% of
the microorganisms from food contact surfaces (FCSs) [12]. Disinfection is the application
of physical methods (UV light, cold plasma, ultrasound, etc.) or chemical agents (biocides
and antimicrobials) to cause damage to or kill microorganisms [13]. Nonetheless, the use
of physical [14] or chemical methods [15,16] is not enough to remove and eradicate the
microorganisms within the biofilm, because the EPS occludes them with antimicrobial
agents, reducing the shear forces [5,17]. Moreover, disinfectants cannot remove the biofilms;
therefore, non-removed biofilm modify the surface charge and serve as a new substrate to
other microorganisms, enabling them to restart the biofilm formation again [15]. Therefore,
it is necessary to consider the introduction of different strategies, such as the use of en-
zymes, to achieve the biofilm removal [18]. Enzymes can kill bacteria and break down the
biofilm structure due to EPS disruption [5,9]. CIP & GROUP is a Mexican company that
recently developed Sanicip Bio Control (SBC). This is a cleaner and disinfectant product
based on a mixture of high penetration surfactants, quaternary ammonium compounds of
fifth-generation, and oxidant agents. The purpose of SBC is to achieve the biofilm removal
from FCSs and kill the microorganisms that developed it.

Previous research demonstrated that Salmonella, E. coli, L. monocytogenes, B. cereus,
and Pseudomonas aeruginosa developed mixed-species biofilms onto stainless steel (SS) and
polypropylene B (PP), in whole milk (WM), and in culture media with egg yolk or meat
extract [19]. In the food industry, biofilms are composed of multiple microorganisms;
therefore, it is important to evaluate the cleaning and disinfection process in mixed-species
biofilms developed under conditions that simulate food processing environments. There-
fore, this study aimed to evaluate (i) the effect of enzymatic and chemical treatments on
biofilm removal, (ii) examine the addition of peracetic acid to the disinfection process,
and (iii) compare the effect of chemical agents against planktonic cells and mixed-species
biofilms developed in the presence of organic matter or food residues.

2. Results
2.1. Microbicidal Activity against Planktonic Cells

E. coli, Salmonella Typhimurium, Salmonella Enteritidis, P. aeruginosa, L. monocytogenes,
and B. cereus were reduced by 99.9999% (>6 log10 CFU/mL) after 30 s of contact with
peracetic acid (PAA) or SBC, in suspensions without food residues. In the presence of food
residues, SBC maintains its efficacy (99.9999%). However, the activity of PAA decreased
in egg yolk and meat extract (p ≤ 0.05) in comparison to that in WM. PAA reduced
~4 log10 CFU/mL of E. coli, S. Typhimurium, and L. monocytogenes in egg yolk; otherwise,
in meat extract the reductions ranged from 0.86 to 2.30 log10 CFU/mL (Figure 1).
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Figure 1. Microbicidal activity against planktonic cells in the presence of organic matter. Each bar
represents the mean of three tests of the antimicrobial activity ± standard deviation. Sanicip PAA
(200 mg/L) or Sanicip Bio Control (8 mL/L) in meat extract (�; 100 g/L); egg yolk (�; 100 mL/L);
and whole milk (�; 100 mL/L). Bars within the same graph with different lower-case letter are
significantly different according to Fisher’s LSD test at p ≤ 0.05.

2.2. Biofilm Removal on SS

To evaluate biofilm removal, mixed-species biofilms were developed on SS and PP
coupons in three culture media. A mixture of proteolytic and amylolytic enzymes, and SBC
were used for biofilm removal, and PAA was applied as a disinfectant (Figure 2). In biofilms
developed on SS, the cellular densities ranged from 6.46 to 6.67 log10 (Table 1). Moreover,
we analyzed the population before and after the treatments. In this regard, differences
in the initial count between each species were observed (p ≤ 0.05; Table 1). In addition,
all treatments (except the enzymatic) reached over 6 log10 CFU/cm2 of microorganism
reduction in the mixed-species biofilms on SS. After enzymatic treatments, the counts of
biofilms developed in tryptic soy broth (TSB) with 100 mL/L chicken egg yolk (TSB+EY)
and whole milk (WM) were not different to those of their control (p > 0.05; Figure 3).
However, the cell density of P. aeruginosa in biofilms developed in TSB+EY was reduced
after the enzymatic treatment (p ≤ 0.05). The same occurred with E. coli and L. monocytogenes
in WM (p ≤ 0.05, Table 1).

Figure 2. Treatments applied to removal and disinfection of mixed-species biofilms. SDW: sterile
distilled water; SBC: Sanicip Bio Control (30 mL/L, 30 min, 25 ◦C); PAA: Sanicip PAA (200 mg/L,
10 min, 25 ◦C); Enz: enzymatic treatment (180 MWU/g, 30 min, 25 ◦C; MWU: modified Wohlgemuth
unit); D/E: Dey/Engley broth (3 mL, 30 min).
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Table 1. Microorganisms recovered from mixed-species biofilms developed on stainless steel AISI 304 before and after
removal treatments.

Culture
Media Microorganism Initial Count a

Treatments b

SDW SBC SBC +
PAA Enz Enz +

PAA

Enz +
SBC +
PAA

TSB + meat
extract

(100 g/L)

E. coli 4.41 ± 0.17 Hcad 4.70 ± 0.39 CDa ND ND 4.19 ± 0.22 BCDa ND ND
S. Typhimurium 6.11 ± 0.13 BCa 5.28 ± 0.42 BCb ND ND 4.66 ± 0.28 Bc ND ND

P. aeruginosa 6.26 ± 0.27 ABCa 4.83 ± 0.20 BCDb ND ND 4.32 ± 0.03 BCc ND ND
L. monocytogenes 4.68 ± 0.10 GHa 4.41 ± 0.17 Da ND ND 3.43 ± 0.29 Fc ND ND

B. cereus ND ND ND ND ND ND ND

TSB + egg
yolk

(100 mL/L)

E. coli 5.61 ± 0.24 DEa 4.30 ± 0.65 Db ND ND 3.62 ± 0.54 DEFb ND ND
S. Enteritidis 5.84 ± 0.13 CDa 5.28 ± 0.43 BCa ND ND 5.35 ± 0.40 Aa ND ND

P. aeruginosa 6.52 ± 0.08 Aa 5.30 ± 0.39 BCb ND ND 3.86 ± 0.48
CDEFc ND ND

L. monocytogenes 4.46 ± 0.28 Ha 4.31 ± 0.39 Dab ND ND 3.61 ± 0.38 EFb ND ND
B. cereus 1.46 ± 0.28 Ia ND ND ND ND ND ND

Whole milk

E. coli 5.73 ± 0.38 DEa 5.39 ± 0.28 Ba ND ND 4.62 ± 0.32 Bb ND ND
S. Typhimurium 6.50 ± 0.29 ABa 6.09 ± 0.28 Aab ND ND 5.91 ± 0.24 Ab ND ND

P. aeruginosa 5.39 ± 0.21 EFa 4.90 ± 0.24 BCDb ND ND 4.09 ± 0.39
BCDEb ND ND

L. monocytogenes 4.96 ± 0.38 FGa 5.03 ± 0.58 BCDa ND ND 3.49 ± 0.35 EFb ND ND
B. cereus ND ND ND ND ND ND ND

a Mean of three tests of initial population before removal treatments in log10 ± standard deviation (n = 3); b mean of three tests of
microorganisms recovered after removal treatments in log10 ± standard deviation (n = 3); c values in the same column with different capital
letter are significantly different (p ≤ 0.05); d values in the same row with different lowercase letter are significantly different (p ≤ 0.05).;
initial cellular densities 6.46 ± 0.20, 6.67 ± 0.09 and 6.55 ± 0.27 Log10 CFU/cm2 in TSB+ME, TSB+EY, and WM.; SDW: sterile distilled water;
SBC: Sanicip Bio Control (30 g/L, 30 min, 25 ◦C); PAA: Sanicip PAA (200 mg/L, 10 min, 25 ◦C); Enz: enzymatic treatment (180 MWU/g,
30 min, 25 ◦C; MWU: modified Wohlgemuth unit). ND: not detected after removal treatment. Detection limit: 0.81 log10 CFU/cm2.

Figure 3. Reductions in mixed-species biofilms after removal and disinfection treatments. The biofilms were developed on
stainless steel (SS) and polypropylene B (PP), in TSB with 100 g/L meat extract (�), TSB with 100 mL/L egg yolk (�), and
whole milk (�) and were incubated at 25 ◦C for 240 h. Each bar represents the mean of three tests ± standard deviation of
the means (n = 3) of cell density after removal treatments; SDW: sterile distilled water; SBC: Sanicip Bio Control (30 g/L,
30 min, 25 ◦C); PAA: Sanicip PAA (200 mg/L, 10 min, 25 ◦C); Enz: enzymatic treatment (180 MWU/g, 30 min, 25 ◦C; MWU:
modified Wohlgemuth unit). Bars within the same graph with different lower-case letter are significantly different according
to Fisher’s LSD test at p ≤ 0.05. Detection limits were 0.71 and 0.81 log10 CFU/cm2 for PP and SS, respectively.
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2.3. Biofilm Removal on PP

The initial biofilm counts were higher on PP (~7.49 log10 CFU/cm2) than on SS
(p ≤ 0.05). Furthermore, the biofilms showed greater resistance on PP compared to on
SS, with reductions between 0.59 and 5.21 log10 CFU/cm2 (p ≤ 0.05; Figure 3). However,
significant differences were observed in the initial counts of each microorganism (p ≤ 0.05).
On PP, the low reductions were obtained with enzymatic treatments (p > 0.05, Figure 3).
Moreover, E. coli and L. monocytogenes were recovered of biofilms developed in TSB with
meat extract (TSB+ME) after treatments with SBC with or without the previous enzymes’
application (Table 2).

Table 2. Microorganisms recovered from mixed-species biofilms developed on polypropylene before and after
removal treatments.

Culture
Media

Microorganism Initial
Count a

Treatments b

SDW SBC SBC +
PAA Enz Enz + PAA Enz + SBC

+ PAA

TSB +
meat

extract
(100 g/L)

E. coli 5.30 ± 0.49
Dcad

4.87 ± 0.64
Fa

2.70 ± 0.39
DEb ND 4.88 ± 0.36

DEFa
2.12 ± 0.13

Fc ND

S. Typhimurium 6.89 ± 0.38
CBa

6.42 ± 0.03
CDb

4.29 ± 0.21
Cc

3.33 ± 0.46
BCd

6.54 ± 0.17
ABb

3.52 ± 0.06
Bd

2.37 ± 0.16
CDe

P. aeruginosa 7.11 ± 0.43
ABCa

5.62 ± 0.18
Eb

4.14 ± 0.63
CDc

2.89 ± 0.29
Cd

5.52 ± 0.31
Cb

2.79 ± 0.29
DEde

2.17 ± 0.41
DEe

L. monocytogenes 5.42 ± 0.40
Da

4.93 ± 0.11
Fa

3.69 ± 0.32
BCb ND 4.90 ± 0.33

DEa
3.01 ± 0.23

CDc ND

B. cereus 3.56 ± 0.01
Ea

2.08 ± 0.41
Gb ND ND 2.89 ± 0.42

Gb ND ND

TSB + egg
yolk

(100 mL/L)

E. coli 5.72 ± 0.41
Da

5.12 ± 0.32
Fa ND ND 4.47 ± 0.36

EFb ND ND

S. Enteritidis 6.97 ± 0.27
ABCa

6.50 ± 0.06
Cb

4.07 ± 0.19
ABc

3.51 ± 0.29
Bd

6.42 ± 0.11
Bb

4.07 ± 0.10
Ac

3.05 ± 0.03
Be

P. aeruginosa 6.63 ± 0.30
Ca

6.02 ± 0.17
DEb

3.48 ± 0.65
CDd

2.28 ± 0.21
Def

5.38 ± 0.17
Cc

2.45 ± 0.27
Eef

2.08 ± 0.25
DEf

L. monocytogenes 5.03 ± 0.58
Ea

4.90 ± 0.11
Fa ND ND 4.51 ± 0.29

Fb ND ND

B. cereus 3.06 ± 0.47
Ea

2.17 ± 0.22
Gb ND ND ND ND ND

Whole
milk

E. coli 7.33 ± 0.22
ABa

7.30 ± 0.45
Ba

2.20 ± 0.45
Ed

3.84 ± 0.40
ABc

6.18 ± 0.05
Bb

2.35 ± 0.21
DEFd

1.64 ± 0.32
Ee

S. Typhimurium 8.11 ± 0.06
Aa

7.64 ± 0.27
Ab

3.13 ± 0.52
CDe

4.29 ± 0.47
Ad

6.92 ± 0.37
Ac

3.22 ± 0.15
Ce

3.10 ± 0.08
Ae

P. aeruginosa 6.43 ± 0.17
Ca

5.62 ± 0.35
Eb

2.93 ± 0.23
CDd

3.73 ± 0.06
Bc

5.53 ± 0.27
Cb

2.84 ± 0.07
Dd

2.27 ± 0.11
BCd

L. monocytogenes 5.70 ± 0.15
Da

5.20 ± 0.52
Eab

2.49 ± 0.11
DEc ND 5.25 ± 0.03

CDb
1.94 ± 0.24

Gd ND

B. cereus ND ND ND ND ND ND ND
a Mean of three tests of initial population before removal treatments in log10 ± standard deviation (n = 3); b mean of three tests of
microorganisms recovered after removal treatments in log10 ± standard deviation (n = 3); c values in the same column with different capital
letter are significantly different (p ≤ 0.05); d values in the same row with different lowercase letter are significantly different (p ≤ 0.05);
initial cellular densities 7.18 ± 0.54, 7.07 ± 0.28, and 7.91 ± 0.07 log10 CFU/cm2 in TSB+ME, TSB+EY and WM; SDW: sterile distilled water;
SBC: Sanicip Bio Control (30 g/L, 30 min, 25 ◦C); PAA: Sanicip PAA (200 mg/L, 10 min, 25 ◦C); Enz: enzymatic treatment (180 MWU/g,
30 min, 25 ◦C; MWU: modified Wohlgemuth unit); ND: not detected after removal treatment. Detection limit: 0.71 log10 CFU/cm2.

Even when the initial counts of Salmonella and P. aeruginosa were similar (p > 0.05)
in biofilms developed in TSB+ME and TSB+EY; Salmonella loads were higher than those
of P. aeruginosa after all treatments (p ≤ 0.05). Moreover, these microorganisms were
recovered after all treatments applied on PP, with cellular densities between 2.37 and
4.63 Log10 CFU/cm2.

In general, the microorganisms in the biofilms developed on PP were more resistant to
removal and disinfection treatments than in the other residues or onto SS. L. monocytogenes
were not recovered on biofilms developed in WM after treatments with PAA. Moreover,
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B. cereus was not quantified before treatments in biofilms developed in WM, and in most
cases, was fully reduced after the removal and disinfection process (Table 2).

2.4. Epifluorescent Microscopy and SEM Analyses

Representative micrographs of mixed-species biofilms developed on SS in the different
culture media were obtained by SEM and epifluorescence microscopy (Figure 4). In
concordance with the counting plate technique before removal treatments, metabolically
active cells were observed by epifluorescent microscopy. Furthermore, EPS and food
residues were observed (Figure 4A–C) and confirmed by SEM (Figure 4D–I). After the
removal and disinfection process of biofilms developed on SS, metabolically active cells
were not observed by epifluorescence microscopy, except on the coupons with enzymatic
treatment. However, through SEM, some bacterial cells and residues of EPS were observed,
particularly after treatments with enzymes (Figure 5). Otherwise, cells and EPS were
detected on PP after all treatments. Nevertheless, the biofilms were considerably removed
in comparison to the images obtained before the treatments (Figure 4). After enzymes use,
the microorganisms were easily observed due to EPS removal (Figure 5).

Figure 4. Micrographs of mixed-species biofilms. The micrographs were obtained by epifluorescence microscopy
(A–C) and SEM (D–I) after 240 h of incubation at 25 ◦C of mixed-species biofilms in TSB with 100 g/L meat extract
(TSB+ME), TSB with 100 mL/L egg yolk (TSB+EY), and whole milk (WM). The biofilms were developed on stainless-steel
(SS) and polypropylene B (PP). The white bar scale indicates 5 µm. The red arrows shown the presence of metabolically
active cells, whereas the yellow arrows indicate the presence of EPS and food residues.
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Figure 5. Micrographs of mixed-species biofilms after removal treatments. The mixed-species
biofilms were developed on stainless steel (SS) and polypropylene B (PP) in whole milk during 240 h.
The micrographs were obtained by epifluorescence microscopy and SEM after removal treatments
SDW: sterile distilled water; SBC: Sanicip Bio Control (30 g/L, 30 min, 25 ◦C); PAA: Sanicip PAA
(200 mg/L, 10 min, 25 ◦C); Enz: enzymatic treatment (180 MWU/g, 30 min, 25 ◦C; MWU: modified
Wohlgemuth unit). The white bar scale indicates 5 µm. The red arrows shown the presence of
metabolically active cells, whereas the yellow arrows indicate the presence of EPS and food residues.

3. Discussion

Biofilms contribute to pathogen spread and food contamination, cause damage to food
processing equipment, and increase antimicrobial resistance, representing significant losses
to the public and private sectors [5,20]. In this study, we assessed the effect of different
treatments against planktonic and mixed-species biofilms developed under conditions
that simulate a food processing environment. The assessed products reached reductions
of >5 log10 CFU/mL against planktonic cells. A reduction of 5 log10 CFU/mL is the mini-
mum to consider a disinfectant as effective [21,22]. An inappropriate cleaning process can
leave up to 100 g/L of organic matter [23]; hence, microbicidal tests were also carried out
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in the presence of food residues. The efficacy of PAA was reduced in egg yolk and meat
extract due to the fact that proteins and fats affect the availability of the oxidant agents [24].
Considering the time exposition used in this research (30 s), the reduction obtained (99.99%)
was higher than that in other studies. For example, the products Suma Tab D4 and Suma
Bac D10 (quaternary ammonium compounds, 240 and 740 mg/L, respectively) reduced
5 log10 of L. monocytogenes after 5 min in whole milk [23].

Biofilms are the main bacterial lifestyle in food processing environments, and sessile
microorganisms are more resistant than are planktonic cells. Therefore, we evaluated
the effect of different treatments on the removal of mixed-species biofilms developed in
different culture media (tryptic soy broth (TSB) with chicken egg yolk (TSB+EY), and
with meat extract (TSB+ME), and WM). SDW treatments (included as controls), showed
significant reductions in P. aeruginosa, S. enteritidis, and S. typhimurium. SDW can cause
cellular lysis, due to solutes absence, and it can also dissolve simple sugars, mineral
salts [25], and some cellulose structures [26]. The use of chemical agents for biofilm control
in food environments is not always effective; therefore, their efficacy should be improved
by the combination of biological agents and physical methods.

Enzymes represent a great alternative for biofilm removal [27]. Biofilms in the food
processing environment are composed of multiple microorganisms, resulting in an EPS with
a heterogenic composition [28]. Recently, it has been demonstrated that polysaccharides in
biofilms developed by Gram-negative bacteria, such as alginic acid, are the main component
of the EPS matrix [13]. For example, the EPS matrix of S. Typhimurium is mainly composed
of aggregative fimbriae and extracellular polysaccharides (cellulose) [29]. In contrast,
proteins are the main compound in biofilms of Gram-positive bacteria [3]; however, they
also produce polysaccharides as well as dextran [30]. Therefore, it is recommended to use
a mixture of enzymes, because these molecules have specific activity [31]. In this study,
the removal of mixed-species biofilms was evaluated using a mixture of alkaline protease
and α-amylase. On SS surfaces, biofilm removal ranged between 93.4 and 96.3%. The
low removal of biofilms developed in TSB+EY on PP (12.2%) was attributed to the high
content of lipids in the egg yolk, which were not decomposed by the enzymes applied [32].
Ripolles-Avila et al. [3] achieved a removal of ~2.3 log CFU/cm2 of S. Typhimurium on SS
304 with a mix of enzymes (protease, lipase, and amylase), which is in agreement with the
findings in this study.

Kumari and Sarkar [33] used a serine protease, resulting in a complete reduction in
B. cereus biofilms (4.08 log10 CFU/cm2) developed in skim milk. The difference between
this report and our results could be explained by the low cell density in the biofilms;
moreover, after 24 h of incubation, the EPS matrix is not mature [19,34]. The EPS matrix is
an important component of biofilms and represents more than 90% of the total mass of these
structures [35]. The EPS matrix is the first resistance mechanism of the microorganisms
in the biofilms against chemical and physical agents and environmental conditions. EPS
components can react with the disinfectant molecules, protecting the microorganisms
in the biofilm [36]. Recently, it has been reported that the application of an enzymatic
cleaner (1 h at 50 ◦C) reduced 79.72% of S. enterica biofilm [28]. Nonetheless, to achieve this
reduction, the samples were exposed for a least 1 h at 50 ◦C; this procedure is not viable for
real conditions on an open surface in the food industry, a fact that was not considered in
that report. Our study, however, was designed considering the application of the removal
process on open surfaces in that environment.

To improve biofilm removal, enzymatic and chemical treatments were applied. With
the combination of these treatments, microorganisms were not recovered from biofilms
developed on SS. On PP, the reductions with the enzymatic and chemical treatments ranged
from 3.06 to 4.76 log10 CFU/cm2 (Figure 3), and these results were greater than those re-
ported in other studies [36]. The selection of the type of FCS is vital in the food processing
environment. The high biofilm removal on SS is related to its hydrophilic nature, the
presence of metallic ions on the surface [37], the germicidal activity of the quaternary
ammonium compounds, and the organic acids in the SCB. In previous research, it was
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demonstrated that PAA at 3500 mg/L kills the cells in biofilms of Staphylococcus aureus
without removing them [15]. Moreover, lower reductions were obtained on PP, because
hydrophobic surfaces increase cell aggregation and biofilm development [15,19]. The
aqueous solution has minimal contact with the surface of PP; even SBC has quaternary
ammonium compounds and surfactants that decrease the superficial tension of water, facil-
itating biofilm removal [27]. These compounds and the organic acids in their formulation
promoted biofilm removal from SS.

Salmonella and P. aeruginosa were recovered in great amounts after the removal treat-
ments. This is related to their high counts before the treatment; moreover, it has been
demonstrated that the biofilm formation by Salmonella is favored in the presence of other
bacteria such as Pseudomonas sp. and Bacillus sp. [38]. In addition, it was reported that
Salmonella biofilms were more sensitive to disinfectants when they were developed on
SS than on PP [15]. Microorganism aggregation within a three-dimensional structure can
provide protection against biocides activity [39]. Almeida et al. [39] observed that two
well-defined layers exist in tri-species biofilms, on the surface of E. coli and in the deep
mixed regions of L. monocytogenes and S. enterica. This can explain the absence of E. coli
after the application of all treatments.

Some studies have reported a higher resistance in sessile than in planktonic microor-
ganisms to antimicrobials [40,41]. In line with this, the PAA reduced 2–3 log10 CFU/mL
more in the assays with planktonic cells than in biofilms developed on PP treated with
SBC or enzymes and then PAA. In addition to the EPS matrix, the presence of catalase in
the microorganisms could play a role in peracetic acid decomposition. Unfortunately, the
resistance mechanisms involved in mixed-species biofilms are not entirely clear [42].

Biofilms are complex structures composed of multilayers of microorganisms, EPS, and
water channels [43]. The microorganisms in the biofilms are in different states: metabolically
active, metabolically inactive, and dead cells. Therefore, it is important to use more than one
technique for biofilm studies. Nowadays, it is difficult to use epifluorescence microscopy
as a counting technique for cells in biofilms, because bacteria in a biofilm usually develop
layers and residues such as TSB and EY emit strong auto-fluorescence [16,44]. However,
it is possible to observe surviving cells after decontamination treatments, even in those
treatments where it is not possible to achieve their expression in culture media, either by
the detection limit of the technique or by the metabolic state of the bacteria (sub-lethally
damaged cells or non-cultivable but metabolically active cells) [42]. SEM enables observing
the architecture of the biofilm, without distinguishing living or dead cells [45]. Hence, for
biofilm studies, complementary techniques should be used.

Disinfectant effectiveness on biofilms varies depending on disinfectant characteris-
tics; type of surface; microorganisms in the biofilm; and other factors such as exposure
time and temperature [15,41]. Furthermore, interspecies interactions generated within the
biofilms have an effect on the dynamics and resistance within the biofilm [38]. Moreover,
food residues rich in proteins, lipids, and carbohydrates decrease disinfectant effective-
ness, thereby increasing bacteria survival and encouraging cross-contamination due to
the increase in bacterial persistence on FCSs [5,38]. Currently, FCS coating, enzymatic dis-
ruption, quorum sensing inhibition, biosurfactants, bacteriophages, bacteriocins, essential
oils, furanone derivates, high hydrostatic pressure, non-thermal plasma, ultrasound, and
photocatalysis have been proposed for biofilm control [9,46]; however, these communities
still represent a considerable challenge to food industries and scientists.

4. Materials and Methods
4.1. Bacterial Strains

The microorganisms used to biofilm formation were E. coli ATCC 11303, S. Ty-
phimurium ATCC 14028, S. Enteritidis ATCC 13076, P. aeruginosa ATCC 15442, L. monocy-
togenes ATCC 19111, and B. cereus ATCC 14579 (vegetative stage). Before utilization, the
microorganisms were incubated individually in TSB (Becton Dickinson Bioxon, Le Pont de
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Claix, France) at 37 ◦C for 24 h in aerobic and static conditions to yield a final concentration
of 107 CFU/mL.

4.2. Chemical and Enzymatic Agents

The assessed products were Sanicip Bio Control (active product obtained of the
mixture of SBC 1 and SBC 2, National Sanitation Foundation (NSF) numbers 155919 and
155920, respectively) and Sanicip PAA (peracetic acid, PAA; 200 mg/L, NSF number 144381)
(CIP & GROUP, Tlajomulco de Zuñiga, Mexico). Deterzyme 520/180 is a mixture of alkaline
protease and α-amylase produced by Bacillus licheniformis and Bacillus subtilis, respectively
(ENMEX, Tlalnepantla, Mexico), which was used to the assessment of biofilm removal.

4.3. Microbicidal Activity against Planktonic Cells

Bactericidal efficacy assays were performed according to AOAC Official Method
960.09 09 [21] with the products SBC (8 mL/L) and Sanicip PAA (200 mg/L). The concen-
trations used are approved for hard surfaces [23]. Briefly, 100 µL of overnight cultures
(1 × 107 c/mL) were mixed by vortexing for 15 s (Vortex Genie 2, Model G-560), with
9.9 mL disinfectant solution with or without 100 g/L of organic matter (meat extract,
Becton Dickinson & Co., Le Pont-de-Claix, France; egg yolk or WM processed at ultra-high
temperatures purchased from a retail shop in Jalisco, Mexico). After 30 s, 100 µL of the
assay mix was transferred to a new Eppendorf tube with 900 mL of Dey/Engley (D/E;
Becton, Dickinson and Company, Le Pont de Claix, France) broth to neutralize the disinfec-
tant activity. After 30 min of contact with D/E medium, the number of surviving bacteria
was estimated by standard plate counting on tryptic soy agar (TSA; Becton Dickinson,
Le Pont de Claix, France) and incubated at 37 ◦C for 24 h in aerobic conditions. Each
assay was performed in triplicate. The percentage of reduction was calculated with the
following formula:

Reduction (%) = 100 − S(100)
APC

where S = surviving bacteria (CFU/mL) and ACP = aerobic counting plate initial (CFU/mL).
The disinfectant was considered effective when it demonstrated a 99.999% bacterial reduction.

4.4. Biofilm Development
4.4.1. Contact Surfaces

The SS (AISI 304, 2 × 1 × 0.1 cm; CIMA Inoxidables, Guadalajara, Mexico) and PP
coupons (2 × 1 × 0.2 cm; Plásticas Tarkus, Tlaquepaque, Mexico) were cleaned. Briefly, the
surfaces were immersed in pure acetone (Fermont, Monterrey, Mexico) for 1 h to remove
any debris and grease, immersed in neutral detergent (30 mL/L; Cip & Group S. de R.L.,
Tlajomulco de Zuñiga, Mexico) for 1 h, rinsed with sterile distilled water (SDW), cleaned
with ethanol (700 mL/L; Hycel, Zapopan, Mexico), dried for 2 h at 60 ◦C, and sterilized by
autoclaving (121 ◦C for 15 min) [47].

4.4.2. Biofilm Development and Quantification

Mixed-species biofilms were developed in three culture media: TSB with 100 mL/L
chicken egg yolk, (TSB+EY), TSB with 100 g/L meat extract (TSB+ME), and WM. Briefly,
each coupon was individually introduced into a new polypropylene tube (15 mL Centrifuge
tube, Corning CentriStar, New York, NY, USA) containing 5 mL of the corresponding
culture media and was inoculated with 25 µL of each bacterial species (1 × 106 CFU/mL).
S. Typhimurium was used in biofilms developed in TSB+ME and WM and S. Enteritidis
was inoculated in TSB+EY. The tubes with the coupons were incubated at 25 ◦C for 120 h.
After this period, the coupons were removed from the tube, immersed into a new fresh
medium and inoculated with the same microorganisms (1 × 106 CFU/mL), and incubated
for 120 h. At the end of the incubation period, the coupons were removed from the tube
using sterile forceps, rinsed by vortexing (150 rpm/10 s) in 5 mL of Dulbecco’s phosphate-
buffered saline (PBS; Sigma-Aldrich, St Louis, MO, USA). The conventional plate counting
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on tryptic soy agar with lactose (10 g/L; Sigma–Aldrich, St. Louis, MO, USA) and phenol
red (0.1 g/L; Hycel, Zapopan, Jalisco, Mexico) was realized. For quantification of E. coli
and B. cereus in multispecies biofilms, cefsulodin (50 µg/mL; Sigma–Aldrich, St. Louis,
MO, USA) and polymyxin B (70 µg/mL; Sigma–Aldrich, St. Louis, MO, USA) were added
to culture media, respectively. Petri dishes were incubated at 37 ◦C for 24 h. Colonies of E.
coli and L. monocytogenes were yellow due to lactose fermentation; the other microorganism
colonies were colorless. Salmonella and P. aeruginosa were distinguished using the oxidase
test [19]. Each quantification was carried out in triplicate. Controls without microorganisms
were included for the determination of contamination.

4.5. Removal and Disinfection Treatment Procedures

At the end of the incubation period, the coupons were removed from the tubes using
sterile forceps and rinsed as above. Then, treatments to remove biofilms with SBC 30 mL/L
or with a mixture of alkaline protease and α-amylase produced by Bacillus licheniformis
and Bacillus subtilis, respectively (Deterzyme 520/80; ENMEX, Tlalnepantla, Mexico), were
applied according to Figure 1. PAA at 200 mg/L was used as a disinfectant. Treatment
with SDW at 30 ◦C/25 min was incorporated as a control. At the end of time exposure,
each coupon was transferred to D/E broth. After 30 min in D/E broth, the surviving cells
were estimated by counting plates, as in the Section 4.4.2. Each treatment was evaluated
in triplicate.

4.6. Microscopy Analysis
4.6.1. Epifluorescent Microscopy

Before and after removal and disinfection treatments, biofilms developed on SS were
rinsed with PBS as above, stained with 5(6)-carboxyfluorescein diacetate (CFDA, 10 µg/mL;
Sigma Aldrich, St Louis, MO, USA), and dried in a cabinet biosafety level II. The CFDA
excess was rinsed with SDW. The coupons were observed under a Nikon Eclipse E400
Epifluorescent Microscope using a 100× oil immersion lens and a BA 515 B-2A filter at
450–490 nm; at least 18 fields were observed [40].

4.6.2. Scanning Electron Microscopy (SEM) Analysis

Before and after removal and disinfection treatments, coupons of each material
(SS and PP) were rinsed with PBS as above, then was immersed in 20 mL/L glutaralde-
hyde (DermoDex, Tlalpan, CDMX, Mexico) for 2 h at 4 ◦C to fix the biofilm. After serial
dehydration in ethanol (30, 50, 60, 70, 90, and 95 mL/100 mL) for 10 min each at 4 ◦C, every
coupon was rinsed (three 10 min rinses) in absolute ethanol [48]. Samples were dried and
were coated with gold for 30 s [49]. Biofilms were observed under a TESCAN Mira 3 LMU
Model field emission scanning electron microscope (Brno-Kohoutovice, Czech Republic).

4.7. Statistical Analysis

All of the experiments were performed in triplicate; the statistical analysis was carried
out using ANOVA; the percentages data were arcsine square root transformed. The
variances were examined by the least significant difference (LDS) test in the software
Statgraphics Centurion XVI.I (Statpoint Technologies, Inc., Warrenton, VA, USA).

5. Conclusions

The resistance of mixed-species biofilms developed by E. coli, S. typhimurium, S. enteritidis,
P. aeruginosa, L. monocytogenes, and B. cereus under conditions that simulate the dairy, meat,
and egg processing industries was strongly affected by the type of FCS and surrounding
media. The use of Sanicip Bio Control and enzymes plus Sanicip PAA were effective in
removing the biofilms developed on SS. Hence, efforts should be conducted to prevent
cell aggregation, promote the use of hydrophilic materials such as stainless steel, and
use protocols of cleaning and disinfection based on the use of biological and chemical
agents. Moreover, enzymatic agents are a great alternative to biofilm control in the food
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industry, establishing their use according to the type of food residues, potential microor-
ganisms in the biofilm, and optimum temperature to maximize their activity. These results
can contribute to applying novel approaches for controlling biofilms in food processing
environments, improving food safety and quality.
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Abstract: Bacterial biofilm infections are a major liability of medical implants, due to their resistance
to both antibiotics and host immune response. Thermal shock can kill established biofilms, and
some evidence suggests antibiotics may enhance this efficacy, despite having an insufficient effect
themselves. The nature of this interaction is unclear, however, complicating efforts to integrate
thermal shock into implant infection treatment. This study aimed to determine whether these
treatments were truly synergistic or simply orthogonal (i.e., independent). Pseudomonas aeruginosa
biofilms of different architectures and stationary-phase population density were subjected to various
thermal shocks, antibiotic exposures, or combinations thereof, and examined either immediately after
treatment or after subsequent reincubation. Population decreases from the combination treatment
matched the product of the decreases of individual treatments, indicating their orthogonality. How-
ever, reincubation showed binary behavior, where biofilms with an immediate population decrease
beyond a critical factor (~104) died off completely during reincubation, while biofilms with a smaller
immediate decrease regrew. This critical factor was independent of the initial population density and
the combination of treatments that achieved the immediate decrease. While antibiotics do not appear
to enhance thermal shock directly, their contribution to achieving a critical population decrease for
biofilm elimination can make the treatments appear strongly synergistic, strongly decreasing the
intensity of thermal shock needed.

Keywords: biofilms; prosthesis-related infections; heat shock; ciprofloxacin; antibacterial agents

1. Introduction

More than 750,000 knee replacement and 500,000 hip replacement surgeries are per-
formed each year in the United States [1], and these numbers are expected to increase
exponentially in the next decade [2]. In total, 1% to 4% of the knee replacement and 1%
to 2% of the hip replacement procedures are followed by incidences of periprosthetic
joint infection [3–5]. The pathogens in these infections typically organize themselves in a
densely populated thin layer of polysaccharides, proteins, and DNA called a biofilm, in
which they exhibit a phenotype 20–100 times more resistant to antibiotics and host immune
response than their planktonic phenotype [6–10]. Thus, the current standard of care is high
doses of antibiotics and surgical explantation of the implant with its surrounding infected
tissue, followed eventually by implantation of a replacement device [11–13]. Though this is
successful in over 90% of cases [14,15], the new implant has a higher risk of infection than
the original one [16]. These multiple invasive procedures expose the patient to physical
risk and low quality of life, in addition to significant financial costs [11,17]. The incidence
of infection has persisted despite decades of effort to create surfaces that prevent biofilm
formation [18–24] and to develop methods to eradicate established biofilms [25–32], none
of which have progressed to clinical implementation.
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Thermal shock has been demonstrated as a means of deactivating established biofilms
but may also damage adjacent tissue [33,34]. Recent studies have suggested a synergism
between antibiotics and thermal shock, with the combined treatment decreasing biofilm
population density more than either treatment alone, or even by the product of their indi-
vidual effects [35–38]. The nature of this interaction is poorly understood. One hypothesis
is that biofilms may have a critical population density below which they become non-
viable, and that any combination of approaches that drops the population below that level
will result in complete elimination of the biofilm, even if the individual approaches are
not nearly so effective. This study investigated this hypothesis in Pseudomonas aeruginosa
biofilms. Using biofilms of significantly different architecture and initial population density,
it demonstrates not a critical population level but rather a critical population decrease,
beyond which the population proceeds to zero.

Two different protocols were used to culture P. aeruginosa biofilms with significantly
different population density and architecture: Shaker table (ST) and drip flow reactor (DFR).
Biofilms of each type were subjected to thermal shocks ranging from 50 ◦C for 1 min to
70 ◦C for 30 min, with or without 4 h of prior exposure to ciprofloxacin (CP) concentrations
ranging from 0.25 to 64 µg/mL. Shocked biofilms were either immediately enumerated
or reincubated for 1 or 2 days before enumeration. Biofilms of each type were similarly
exposed to antibiotics and re-incubation without thermal shock.

2. Results
2.1. Population Density, Architecture, and Thermal Susceptibility

Biofilms grown using DFR and ST protocols had markedly different population densities
(as measured in colony forming units (CFU) per cm2), spanning from sparsely populated
(107.13±0.58 CFU/cm2) biofilms with individual micron-scale features ~50 µm in height (ST)
to densely populated (108.3±0.4 CFU/cm2) carpets over 100 µm thick (DFR). Figure 1 demon-
strates these architectural differences with confocal fluorescent microscopy images of ST (panel
a) and DFR (panel b) biofilms, as well as comparing their population densities (panel c).

Antibiotics 2021, 10, x FOR PEER REVIEW 2 of 12 
 

Thermal shock has been demonstrated as a means of deactivating established bio-
films but may also damage adjacent tissue [33,34]. Recent studies have suggested a syner-
gism between antibiotics and thermal shock, with the combined treatment decreasing bio-
film population density more than either treatment alone, or even by the product of their 
individual effects [35–38]. The nature of this interaction is poorly understood. One hy-
pothesis is that biofilms may have a critical population density below which they become 
non-viable, and that any combination of approaches that drops the population below that 
level will result in complete elimination of the biofilm, even if the individual approaches 
are not nearly so effective. This study investigated this hypothesis in Pseudomonas aeru-
ginosa biofilms. Using biofilms of significantly different architecture and initial population 
density, it demonstrates not a critical population level but rather a critical population de-
crease, beyond which the population proceeds to zero. 

Two different protocols were used to culture P. aeruginosa biofilms with significantly 
different population density and architecture: Shaker table (ST) and drip flow reactor  
(DFR). Biofilms of each type were subjected to thermal shocks ranging from 50 °C for 1 
min to 70 °C for 30 min, with or without 4 h of prior exposure to ciprofloxacin (CP) con-
centrations ranging from 0.25 to 64 μg/mL. Shocked biofilms were either immediately 
enumerated or reincubated for 1 or 2 days before enumeration. Biofilms of each type were 
similarly exposed to antibiotics and re-incubation without thermal shock. 

2. Results 
2.1. Population Density, Architecture, and Thermal Susceptibility 

Biofilms grown using DFR and ST protocols had markedly different population densities 
(as measured in colony forming units (CFU) per cm2), spanning from sparsely populated 
(107.13±0.58 CFU/cm2) biofilms with individual micron-scale features ~50 μm in height (ST) to 
densely populated (108.3±0.4 CFU/cm2) carpets over 100 μm thick (DFR). Figure 1 demonstrates 
these architectural differences with confocal fluorescent microscopy images of ST (panel a) 
and DFR (panel b) biofilms, as well as comparing their population densities (panel c). 

The thermal susceptibility of the biofilms was similarly different at modest tempera-
tures (50 °C), with DFR biofilms decreasing by up to 1.5 orders of magnitude while ST 
biofilms showed no effect. At high temperatures (80 °C), however, the thermal suscepti-
bility of the different biofilms converges, with both biofilm types decreasing by 3.5 orders 
of magnitude after 1 min of exposure. For longer exposures, ST biofilm populations ap-
pear to drop off completely. 

  
(a) (b) 

Antibiotics 2021, 10, x FOR PEER REVIEW 3 of 12 
 

 
(c) 

Figure 1. Culture protocols produce biofilm with starkly different population density, architecture, 
and thermal susceptibility. (a,b) are overhead views of confocal fluorescent images of shaker table 
(a) and drip flow reactor (b) biofilms. (c) Effect of thermal shock on population density of P. aeru-
ginosa ST and DFR biofilms. † from [35]. 

2.2. Re-Incubation 
Re-incubation of thermally shocked DFR biofilms showed two opposing trends. Af-

ter shocks sufficient to drop the population density below 104.5 CFU/cm2, the population 
density continued to decrease during re-incubation, dying off completely within a few 
hours. After milder thermal shocks, however, the biofilms regrew during reincubation, 
achieving their previous stationary-phase population density within a day. This is shown 
graphically in Figure 2 for eight thermal shock conditions, two of which typically dropped 
DFR biofilms to ~104.5 CFU/cm2. At those two conditions, both trends can be observed, 
with 60% (6 of 10) of the biofilms shocked at 60 °C for 15 min dying off while the remainder 
grew back (Figure 2a), and 66% (8 of 12) of the biofilms shocked at 70 °C for 3 min dying 
off while the remainder grew back (Figure 2b). 

 
(a) (b) 

Figure 2. Critical population density for DFR biofilm reincubation. (a) Population density for DFR biofilm reincubation 
after thermal shock at 60 °C. (b) Population density for DFR biofilm reincubation after thermal shock at 70 °C. Error bars 
indicate standard deviation for at least six slides from three different dishes. 

2.3. Antibiotic Exposure 
Figure 3 shows that the relationship between the P. aeruginosa population density and 

CP concentration follows a power law for both DFR and ST biofilms, albeit shifted, with 
the same dosage having less efficacy on DFR biofilms than on ST ones. Panel (a) shows 
that for ST biofilms, four hours of exposure failed to decrease the population density by 
four orders of magnitude even at concentrations over 60 times higher than physiological 

Figure 1. Culture protocols produce biofilm with starkly different population density, architecture,
and thermal susceptibility. (a,b) are overhead views of confocal fluorescent images of shaker table
(a) and drip flow reactor (b) biofilms. (c) Effect of thermal shock on population density of P. aeruginosa
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The thermal susceptibility of the biofilms was similarly different at modest temper-
atures (50 ◦C), with DFR biofilms decreasing by up to 1.5 orders of magnitude while ST
biofilms showed no effect. At high temperatures (80 ◦C), however, the thermal susceptibil-
ity of the different biofilms converges, with both biofilm types decreasing by 3.5 orders of
magnitude after 1 min of exposure. For longer exposures, ST biofilm populations appear to
drop off completely.

2.2. Re-Incubation

Re-incubation of thermally shocked DFR biofilms showed two opposing trends. After
shocks sufficient to drop the population density below 104.5 CFU/cm2, the population
density continued to decrease during re-incubation, dying off completely within a few
hours. After milder thermal shocks, however, the biofilms regrew during reincubation,
achieving their previous stationary-phase population density within a day. This is shown
graphically in Figure 2 for eight thermal shock conditions, two of which typically dropped
DFR biofilms to ~104.5 CFU/cm2. At those two conditions, both trends can be observed,
with 60% (6 of 10) of the biofilms shocked at 60 ◦C for 15 min dying off while the remainder
grew back (Figure 2a), and 66% (8 of 12) of the biofilms shocked at 70 ◦C for 3 min dying
off while the remainder grew back (Figure 2b).
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2.3. Antibiotic Exposure

Figure 3 shows that the relationship between the P. aeruginosa population density and
CP concentration follows a power law for both DFR and ST biofilms, albeit shifted, with
the same dosage having less efficacy on DFR biofilms than on ST ones. Panel (a) shows
that for ST biofilms, four hours of exposure failed to decrease the population density by
four orders of magnitude even at concentrations over 60 times higher than physiological
dosing 4 µg/mL [39]. Increasing the exposure time to 24 h increased efficacy but still
did not eliminate the biofilm, and with further exposure (48 h) the population density
actually recovered rather than further decreased. The effect of CP is much smaller on DFR
biofilms (Panel b) with only modest decreases in population density even at grossly toxic
concentration (64 µg/mL) and long exposure times, though under these circumstances, the
population density is at least still trending downward with exposure time.
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2.4. Combined Antibiotic and Thermal Exposure of Shaker Table (ST) Biofilms

Five different thermal shock protocols (50 ◦C for 5 or 30 min, 60 ◦C for 1 or 5 min,
70 ◦C for 1 min) were applied to ST biofilms after 4 h of CP (0.25 or 4.0 µg/mL) exposure
at 37 ◦C. For each protocol and CP concentration, three reincubation conditions were
investigated: 0, 24, or 48 h in fresh media at the designated CP concentration. The results
for each protocol are shown in their own panel of Figure 4, alongside controls with no
thermal shock. These controls include: No treatment (first, or leftmost, bar of each panel),
with an average pre-treatment population density of 107.13 CFU/cm2; 0.25 µg/mL CP
exposure for 4 or 24 h (3rd and 4th bars, respectively), showing that this exposure by itself
had no significant effect on population density; and 4 µg/mL CP exposure for 4, 24, or 48 h
(7th, 8th, and 9th bars, respectively), showing that, by itself, this maximum physiological
dose of ciprofloxacin only reduced the population density to 104.92 ±0.33 CFU/cm2 after 4 h
of exposure and 103.37±0.58 after 24 h of exposure, recovering back to 104.51±0.9 after 48 h
of exposure.

The second bar of each chart shows the effect of the thermal shock by itself (i.e., no
antibiotic exposure), with only the shocks at 60 ◦C for 5 min (Figure 4d) or 70 ◦C for
1 min (Figure 4e) showing any significant effect. Combining thermal shock with exposure
to 0.25 µg/mL CP, thermal shocks that had no effect by themselves also had no effect
when added with 0.25 µg/mL antibiotic. There is a significant effect for the 50 ◦C for
30 min (Figure 4b) shock after 4 h of antibiotic exposure, but this disappeared with 24 h
of exposure and may be an anomaly. For thermal shocks that did have a significant effect
by themselves, 4 h of exposure to 0.25 µg/mL CP may have increased the effect, albeit
not significantly. Further exposure for 24 h has conflicting results, with the enhancement
becoming significant with a 60 ◦C shock for 5 min (Figure 4d), while allowing regrowth
after 70 ◦C shocks for 1 min (Figure 4e). No consistent synergism (or antagonism) is seen.

Combining thermal shock with exposure to 4.0 µg/mL CP, shocks at 50 ◦C for 5 min
(Figure 4a) and 60 ◦C for 1 min (Figure 4c) appear to have no effect; the results are essentially
the same with or without the shock. Since these shocks also had no effect by themselves,
one can state that the effects of the two treatments are additive, with the log reduction
of the combined treatment matching the sum of the log reductions for each treatment by
itself. Similarly, for more aggressive shocks (60 ◦C for 5 min, or 70 ◦C for 1 min), both the
thermal shock and the 4 h exposure to 4 µg/mL CP have an effect by themselves, and the
log reduction in population density for the combined treatment roughly matches the sum
of the log reductions for each individual treatment. Only for the intermediate shock at
50 ◦C for 30 min (Figure 5b) does the combined treatment prompt a log reduction larger
than the sum of the individual treatments, suggesting a synergism between the treatments.
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slides from three different dishes.

Additional exposure to 4 µg/mL CP after these more aggressive thermal shocks has
a dramatically different result, however. After 24 h of exposure, the biofilms shocked at
60 ◦C for 5 min or 70 ◦C for 1 min have no detectable CFU, see Figure 4d,e respectively.
After 48 h, the biofilm shocked at 50 ◦C for 30 min (Figure 4b) also has no detectable CFU.
These treatments appear highly synergistic.

2.5. Combined Antibiotic and Thermal Exposure of Drip Flow Reactor (DFR) Biofilms

Four different thermal shock protocols (60 ◦C for 5 or 10 min, 70 ◦C for 1 or 2 min) were
applied to DFR biofilms in combination with subsequent CP (0.25 or 4.0 µg/mL) exposure
at 37 ◦C for 4, 24, or 48 h. These protocols were chosen because they each cause a large
population density reduction in DFR biofilms but not so large that the biofilm eventually
dies off, as seen in Figure 2. The results for each protocol are shown in their own panel of
Figure 5, alongside controls with no thermal shock. These controls include: No treatment
(first, or leftmost, bar of each panel), with an average pre-treatment population density
of 108.3 CFU/cm2; 0.25 µg/mL CP exposure for 4 or 24 h (3rd and 4th bars, respectively),
showing that this exposure by itself had no significant effect on population density; and
4 µg/mL CP exposure for 4, 24, or 48 h (7th, 8th, and 9th bars, respectively), showing that,
by itself, this maximum physiological dose of CP only reduced the population density by
an average log reduction of about 1.5 after 4 or 24 h of exposure, and that biofilms actually
recovered to approximately their pre-treatment population density within 48 h, despite
continuous antibiotics exposure.
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Each panel shows results for the thermal shock and antibiotic exposure indicated. Red horizontal lines show the critical
population density below which thermal shocked bacterial biofilms are not viable. Error bars indicate standard deviation
for at least six slides from three different dishes.

The second bar of each chart shows the effect of the thermal shock by itself (i.e., no
antibiotic exposure), with log reductions of 2.3–3.4. Adding four hours of exposure to
0.25 µg/mL CP, the thermal shock had virtually no additional effect except at the highest
temperature for its longest shock (70 ◦C for 2 min), where an additional log reduction of
1.7, to 103.5 CFU/mL, was observed (Figure 5d). Increasing the antibiotic exposure to 24 h
simply allowed the biofilm to grow back to its pre-treatment population density, except in
the latter case, where the bacteria continued to die off, with no detectable CFU after 48 h.

Adding four hours of exposure to 4.0 µg/mL CP after the thermal shock, however,
reduced the population density beyond the thermal shock alone in each case. For the
shorter shocks at each temperature (Figure 5a,c), the log reductions of the combined
treatments were slightly less than the sum of the log reductions of each treatment alone,
see Figure 5b,d. The longer shocks, which had larger log reductions by themselves, also
had larger log reductions from the combined treatment, even larger than the sum of the
individual treatments. With longer antibiotic exposure, the biofilm population plummeted
for most cases, with no detectable CFU after 24 h for the longer shocks at each temperature,
and no detectable CFU after 48 h for the 1 min shock at 70 ◦C. Only for the 5 min shock at
60 C◦, which had the highest population density after 4 h of 4 µg/mL CP exposure, did
the biofilm regrow with continued antibiotic exposure, eventually (48 h) approaching its
pre-treatment population density. Like the ST biofilms, these results suggest significant
synergism between thermal shock and antibiotic exposure.
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3. Discussion

Biofilm infections are particularly problematic because they cannot be eliminated by
our primary in vivo treatment against bacteria, antibiotics. Ciprofloxacin’s ability to elimi-
nate this strain of bacteria in the planktonic phenotype has been previously reported [35].
In the biofilm phenotype, however, dramatically higher drug concentrations are needed for
comparable population reduction. While this reduction follows a power-law relationship
with concentration, it levels out without elimination of the biofilm, as reported previously
for MBEC assay biofilms [35] and indicated here in Figure 3 for ST biofilms, where at
grossly toxic antibiotic concentrations, the population density appears to asymptote at
~103 CFU/cm2 after 4 h. The population density decreases further over the next 20 h
but recovers again over the following day. For DFR biofilms, the decrease is irrelevant
even at grossly toxic concentrations. Other approaches are clearly needed for biofilm
infection mitigation.

Thermal shock is known to kill biofilms, but implementation in vivo requires minimiz-
ing the severity of the shock in order to minimize the accompanying damage to the adjacent
tissue. Previous reports have indicated that antibiotics increase the efficacy of thermal
shock, mitigating biofilms with less aggressive thermal treatment [35]. In some cases, the
two approaches appear to be synergistic, with the reduction from the combined treatment
exceeding the sum of the reductions from the individual treatments. The nature of this
synergism was unknown, so this project aimed to investigate it, specifically scrutinizing
the effect of re-incubation, with or without antibiotics, for biofilms spanning a wide range
of architecture and population density.

As discussed earlier, the ST and DFR growth protocols involve starkly different
growing conditions, which provide biofilms with dramatically different population density,
structure, and maturity, as illustrated in Figure 1. These differences also prompt different
thermal susceptibilities, with DFR biofilms strongly impacted by 50 ◦C exposure while
ST biofilms are unaffected by it. At higher temperatures, however, their susceptibility (as
measured by immediate population decrease) converges.

Immediate population decrease does not appear to completely quantify thermal
susceptibility, though. After the thermal shock is removed and incubation conditions are
restored, some DFR biofilms will recover to their pre-treatment population density, while
others will continue to die off until no CFU are detectable. Figure 2 shows that this behavior
can be predicted from the population density immediately after the thermal shock. DFR
biofilms with a population density above ~104.5 CFU/cm2 grow back, while biofilms with
a population density below that value die off, regardless of the temperature of the shock.
Similar behavior was previously reported for ST biofilms, but in that case, the critical
population density was ~103 CFU/cm2 [40]. Notably, this difference in critical population
density (by a factor of ~101.5) is the same as the difference in the initial population densities
of the two biofilms. In both cases, when the population density dropped by over four
orders of magnitude, the biofilm died off, while smaller population density reductions
resulted in the biofilm growing back completely, no matter what temperature and exposure
time were used to achieve the reduction. These results suggest that mitigating biofilms is
not based on driving its population density below a particular critical quorum, but rather
achieving a particular population density reduction. This is encouraging since, at higher
temperatures, this reduction appears to be the same regardless of the type of biofilm or its
initial population density, as shown in Figure 1.

Figures 4 and 5 suggest that this re-incubation behavior is responsible for the perceived
synergism between thermal shock and antibiotics. Each panel in Figure 5 includes a
horizontal line at the critical population density identified in Figure 2. Similarly, each panel
in Figure 4 includes a horizontal line at the critical population density previously reported
for ST biofilms [40]. Looking at combination treatments that resulted in populations
above the critical value after 4 h, the decrease in population density for the combined
thermal shock + antibiotics treatment is not significantly different than the sum of the
decreases by thermal shock alone and antibiotics alone. The only exception to this in either
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figure is for ST biofilms exposed to 0.25 µg/mL ciprofloxacin and shocked at 50 ◦C for
30 min. In every other case, the treatments appear to be simply additive, indicating that
their mechanisms are orthogonal and non-overlapping but not synergistic. Even for the
50 ◦C/30 min/0.25 µg/mL case, the enhanced decrease disappears within 24 h.

On the other hand, when the population reduction of the combined thermal shock
+ antibiotic treatment brings the population density below the critical value, this reduction
is significantly larger than the sum of the reductions of its individual components, and this
difference becomes pronounced at longer times as the population of CFU drops to zero. This
is demonstrated five times in Figure 4 (50 ◦C for 30 min with 4 µg/mL; 60 ◦C for 5 min with
0.25 µg/mL) and Figure 5 (60 ◦C for 10 min with 4 µg/mL; 70 ◦C for 1 min with 4 µg/mL;
70 ◦C for 2 min with 0.25 µg/mL) with a wide range of temperature/time/antibiotic
combinations, showing that this is independent of the original architecture of the biofilm
and the manner in which the critical decrease is achieved. There are three instances where
the reduction at 4 h is beyond the critical reduction but not significantly different than the
sum of component reductions (ST biofilms shocked at 60 ◦C for 5 min or 70 ◦C for 1 min
and DFR biofilms shocked at 70 ◦C for 2 min, all exposed to 4 µg/mL ciprofloxacin), but
in all three cases, the biofilms proceed to die off within 24 h, resulting in a population
reduction that is again much larger than the sum of the heat-shock only and antibiotics-only
reductions. While neither treatment by itself achieved the critical population drop, the
combination of the treatments did, prompting further population decrease, which makes
the treatment appear synergistic, even though there is no indication that the treatments
actually interact in any way.

In summary, previous studies have suggested a synergistic link between antibiotic
exposure and thermal shock in the eradication of bacterial biofilms, i.e., that one treatment
enhances the efficacy of the other in some way, resulting in a population reduction larger
than predicted from simply adding the effects of the treatments by themselves. This
study investigated that link, growing P aeruginosa biofilms of two disparate population
densities and architectures and combining a variety of different thermal shocks with
different concentrations of ciprofloxacin. When the sum of the log population decrease for
thermal shock alone and for antibiotics alone was less than four orders of magnitude, the
population decrease when combining the two treatments was not significantly different
than the sum from the individual treatments, indicating no synergism, just orthogonal
mechanisms. However, when the sum from the individual treatments was more than four
orders of magnitude, the decrease from the combined treatment was even larger, eventually
eliminating the biofilm altogether. While this gives the appearance of synergistic interaction
in just those instances, the same eventual elimination is observed even without antibiotic
exposure when the initial population decrease exceeds four orders of magnitude from
thermal shock alone. It appears likely that thermal shock and antibiotics act with strictly
orthogonal mechanisms on P aeruginosa biofilms, but both contribute to a separate, general,
critical decrease phenomenon.

4. Materials and Methods
4.1. Streak and Inoculum

Pseudomonas aeruginosa PAO1 (15692, American Type Culture Collection, Manassas,
VA, USA) was streaked on an agar plate (Difco Nutrient Agar, Sparks, MD, USA) and
incubated inverted for 24 h at 37 ◦C. Two colonies from the streaked plate were harvested
and moved into 5 mL (30 g/L) Tryptic Soy Broth (TSB, Becton, Dickinson and Company,
Franklin Lakes, NJ, USA) using a sterile inoculating loop. Inoculated TSB was incubated
for 24 h at 37 ◦C to form an inoculum with an average of ~109 colony forming units (CFU)
per mL.
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4.2. Biofilm Culture
4.2.1. Shaker Table Biofilm

In total, 0.333 mL of inoculum and 5 mL of 30 g/L TSB were added to each well of
4-well dishes (Thermo Fisher Scientific, Waltham, MA, USA). In each well, a microscope
slide fully frosted on one side, 75 mm × 25 mm × 1 mm (Leica Biosystems, Buffalo Grove,
IL, USA) was immersed, and then the dish was sealed with parafilm. Dishes were placed
on an orbital shaker table (VWR 1000, 15 mm orbit, Radnor, PA, USA) set at 160 rpm, and
placed inside an incubator at 37 ◦C for 96 h to culture mature ST biofilms.

4.2.2. Drip Flow Reactor (DFR) Biofilm

DFR biofilm culture includes two distinct modes, batch and continuous. A frosted
microscope slide was immersed in 15 mL (30 g/L) TSB in each well of a 4-well reactor
(Biosurface Technologies Corporation, Bozeman, MT). In total, 1 mL of inoculum was
added to each well, then the wells were sealed with their lids. During batch mode, the
reactor was at rest horizontally inside a 37 ◦C incubator for 4 h. To begin continuous mode,
the reactor was tilted by 10 degrees and a steady drip of TSB (3 g/L) was applied to the
upper end of the nascent biofilm, flowing down the slide by gravity to a drain hose at the
lower end. The continuous mode ran for 20 h inside the incubator at 37 ◦C, with a drip
flowrate of 1.25 L/day per well.

4.3. Thermal Shock

Mature ST or DFR biofilms were removed from their culture wells and rinsed in 5 mL
of 3 g/L TSB for 1 min to remove planktonic bacteria, and then transferred to preheated
4-well dishes with 5 mL of 3 g/L TSB in each well. Biofilms were thermally shocked at (50,
60, or 70 ◦C) for (1, 2, 5, 10, or 30 min). Temperature was controlled by keeping the dishes
in a water bath at the target temperature for 30 min prior to thermal shock and throughout
the shock itself. Biofilms were transferred immediately after the thermal shock to new
4-well dishes with 5 mL of 3 g/L TSB per well at ambient temperature.

4.4. Re-Incubation

To investigate the viability of thermally shocked biofilms, they were re-incubated
under conditions identical to their initial culturing. Thermally shocked DFR biofilms
were placed in a fresh DFR inclined at 10◦, in which the 3 g/L TSB drip. Biofilms were
re-incubated for 4 or 24 h at 37 ◦C and the same flowrate of 1.25 L/day per well.

4.5. Antibiotic Exposure

In total, 5 mg/mL ciprofloxacin (CP) stock was prepared by dissolving ciprofloxacin
hydrochloride (MP Biomedicals, Santa Ana, CA, USA) in de-ionized water. The stock was
filtered with a 0.22 µm PES membrane sterile filter (Millex®GP filter unit) and stored at
2 ◦C.

4.5.1. Shaker Table Antibiotic Exposure

Mature ST biofilms were rinsed in 5 mL of TSB (3 g/L) for 1 min to remove planktonic
bacteria, and then placed in a fresh 4-well dish, where each well contained 5 mL TSB
(30 g/L) and CP (0.25, 1, 4, 16, 64, or 256 µg/mL). These concentrations were selected to
observe antibiotic effects below, at, or above intravenous administration concentrations
(4 µg/mL) on biofilm [39]. Biofilms were kept in these antibiotics challenge plates for 4, 24,
or 48 h at 37 ◦C.

4.5.2. Drip Flow Reactor Antibiotic Exposure

Mature DFR biofilms were placed in a fresh DFR inclined at 10◦, in which the 3 g/L
TSB drip also contained CP at 0.25, 4, or 64 µg/mL. The flowrate remained at 1.25 L/day
per well for 4, 24, or 48 h at 37 ◦C.
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4.6. Antibiotic and Thermal Exposure

To investigate the interaction of antibiotics and thermal shock on the reduction of
biofilm population density, mature biofilms were exposed to antibiotics for four hours
as described above. Following this exposure, biofilms were immediately transferred to
preheated 4-well dishes with 5 mL of 3 g/L TSB and the same antibiotic concentration for
thermal shock as described above. After the thermal shock, biofilms were either immediately
enumerated, or reincubated in a new 4-well dish (ST) or new reactor (DFR) at 37 ◦C with
the same antibiotics concentration for the remainder of a 24 or 48 h antibiotics exposure.

4.7. Enumeration

Biofilms’ population density was determined via suspension and plating. Biofilms
were transferred to a fresh 4-well dish containing 5 mL of 3 g/L TSB and mechanically
disrupted and homogenized with a sonicator bath for 10 min at 45kHz (VWR Symphony,
9.5 L). The sonicated homogenous solutions were then serial diluted by 10 fold, and spot
plated with 10 µL samples on nutrient agar plates. After 20 h of incubation, grown colonies
were counted and the population density of colony forming units per square centimeter
was calculated.

4.8. Confocal Microscopy

Confocal laser scanning microscopy was performed to evaluate ST and DFR biofilms’
architectural characteristics. Biofilms were exposed to fluorescent dyes from a LIVE/DEAD
BacLight Bacterial Viability Kit (Invitrogen, Eugene, OR) for 20 min in low-light conditions
to stain the biofilms prior to imaging with a non-inverted confocal microscope (Zeiss LSM
710, Oberkochen, Germany).

4.9. Statistical Analysis

Enumeration results were calculated on a log scale for statistical analysis. Significance
was determined using two-tailed student-t tests with a 95% confidence interval. Variance
for each trial arm is assumed to be uncorrelated, and differences in variance were reconciled
per Cochran [41].

5. Conclusions

Reincubation studies on treated P aeruginosa biofilms indicate a critical population
decrease beyond which the population will continue decreasing rather than recover. The
factor by which thermal shock or ciprofloxacin reduce biofilm population density appear
to be the same regardless of whether the other treatment factor is also applied, indicating
that the reduction mechanisms are orthogonal (i.e., independent of each other) rather than
synergistic. However, beyond the critical overall population decrease factor, the biofilm
population continues to crash to zero, resulting in a post-treatment reduction far beyond
the product of the individual treatments, making them appear synergistic even if their
mechanisms do not actually overlap.
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Abstract: Reverse osmosis (RO) depends on biocidal agents to control the operating costs asso-
ciated to biofouling, although this implies the discharge of undesired chemicals into the aquatic
environment. Therefore, a system providing pre-treated water free of biocides arises as an inter-
esting solution to minimize the discharge of chemicals while enhancing RO filtration performance
by inactivating bacteria that could form biofilms on the membrane system. This work proposes
a pretreatment approach based on the immobilization of an industrially used antimicrobial agent
(benzalkonium chloride—BAC) into millimetric aluminum oxide particles with prior surface activa-
tion with DA—dopamine. The antimicrobial efficacy of the functionalized particles was assessed
against Escherichia coli planktonic cells through culturability and cell membrane integrity analysis.
The results showed total inactivation of bacterial cells within five min for the highest particle con-
centration and 100% of cell membrane damage after 15 min for all concentrations. When reusing
the same particles, a higher contact time was needed to reach the total inactivation, possibly due to
partial blocking of immobilized biocide by dead bacteria adhering to the particles and to the residual
leaching of biocide. The overall results support the use of Al2O3-DA-BAC particles as antimicrobial
agents for sustainable biocidal applications in continuous water treatment systems.

Keywords: biocidal particles; functionalization; benzalkonium chloride; Escherichia coli; antimicro-
bial activity

1. Introduction

The so-called clean water crisis, which already affects near four billion people [1], is
a major humanitarian issue. The effect of unbalanced urbanization, population growth
and inadequate use of water is expected to increase between 22% and 34% until 2050 [1].
The requalification or reuse of water from non-potable sources is considered one of the most
promising and attractive ways to face such water crisis, with special emphasis on the use
of Reverse Osmosis (RO) systems to accomplish proper water “purification”.

Biofouling—the attachment and accumulation of unwanted microorganisms in the form
of a biofilm to an extent that interferes negatively with the filtration process [2]—is a major
factor contributing to the decrease of the operational performance of RO systems. It is
widely consensual that biofouling in RO systems is the main responsible for the decrease
in permeate flow rate and quality, increase of pressure drop and of energy demand [3].
Since biofilm build-up is still practically unavoidable, new and sustainable approaches are
needed to circumvent this issue [4].

The use of antimicrobial agents, typically disinfectants and/or biocides, is a chal-
lenging question across the water treatment sector. On one hand, antimicrobial agents
per se are not always able to eradicate biofouling, nor have a similar killing effect on
planktonic and sessile (attached) bacteria [5,6]. Additionally, the use of antimicrobial
agents dissolved in the water is known to have a negative impact on process economy,
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health and environment, mostly associated with their discharge along with the rejection
stream [7]. On the other hand, it is generally accepted that biocides are important to control
microbiological proliferation. They became a “must have” feature to include in RO systems
and are used not only in corrective procedures but, also, in routine-based operations [8].

This paradigm opened an opportunity to explore different ways of keeping systems
microbiologically controlled while reducing the environmental and public health impacts
associated with the use of biocides as a daily-basis procedure. The rise of nanotechnol-
ogy and the possibility to aggregate new physicochemical properties to the materials
in terms of surface area, topography and chemical function [9] is being extensively ex-
plored to fulfil this challenge. Several of the approaches that are being investigated include
the development of materials with self-antimicrobial properties—e.g., nano-Ag, nano-
ZnO, etc. [10–18]—and the immobilization of biocidal agents on nanostructured materials
due to their high surface-area-to-volume ratio and surface modifiability [19–22]. These
materials can be used as adsorbents of pollutants or as carriers for the biocidal agent.
However, serious environmental and health concerns are arising about the fate and toxicity
of nanoparticles in water systems [23].

In the present work, a different approach is proposed: (i) the antimicrobial particles
are pellets with overall millimetric size, which can be packed in a particle bed system
through which the water containing microorganisms flows continuously; (ii) due to their
relatively larger dimensions (106 times the size of nanomaterials), these particles can be
easily contained in a vessel and not carried away with the outlet water stream. As regards
the composition of the particles, metal oxides were chosen, since they have already been suc-
cessfully applied for environmental monitoring, remediation and pollution prevention [24]
and have a low cost. Commercial metal oxides, namely γ-alumina, present excellent
mechanical and chemical properties; however, their surface chemical properties do not
favor the direct immobilization of biocides. Therefore, it is necessary to previously activate
the surfaces to increase their surface reactivity. Herein, an easy and reproducible approach
to immobilize biocides onto the surface of metal oxides is proposed. First, the metal oxide
particles are functionalized with a precursor to activate their surface reactivity and then
the biocide is immobilized onto the surface by putting the metal oxide particles in contact
with the biocidal solution.

In this work, alumina particles were functionalized by using a nitrogen precursor
(Dopamine (DA)). Subsequently, the biocide benzalkonium chloride (BAC) was immobi-
lized in these particles, and their antimicrobial activity was assessed against Escherichia coli
bacteria in planktonic state. BAC is a cationic surfactant, belonging to the family of QACs
(quaternary ammonium compounds), with antibacterial properties often used in water
treatment [25]. BAC gathered the attention of the scientific community because of its
physical–chemical characteristics [26] and its mechanisms of interaction with bacteria [27],
later discussed in the Results and Discussion section of the present paper. Several studies
regarding the immobilization of QAC compounds in nanostructured material were pub-
lished [22], including the functionalization of metal oxide nanoparticles [28,29]. However,
none of those cases include the functionalization of macroscopic metal oxide pellets.

The present work is the first step to pursue the incorporation of antimicrobial macro-
scopic particles into a continuous flow bed-reactor (fixed or fluidized) to be added as an RO
pretreatment step of a water stream. The success of this approach will contribute to opti-
mize the application of biocides while minimizing the environmental and health impacts.
Therefore, the solution here proposed considers the use of commercially available metal
oxides (pellet shape, overall average dimension of 3 mm) with added biocidal properties,
overcoming two issues brought by real-field applications of nanoparticles: the difficulty
in removing nanoparticles from industrial-scale water streams and the high pressure drop
caused by the compaction of a bed of nanoparticles.
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2. Results and Discussion
2.1. Functionalization Characteristics

In order to activate the surface of alumina samples, the commercial materials were
functionalized with a nitrogen precursor, namely dopamine. The nitrogen groups intro-
duced in the particles’ surface act as anchorage points to immobilize the biocide. The pre-
pared materials were characterized using different techniques, yielding the results de-
scribed in the next subtopics.

2.1.1. Thermal Stability of Functionalized Metal Oxides

To get more insight into the packing density, thermogravimetric analysis was used to
estimate the amount of functional groups anchored to the surface of the particles (Figure 1).
By observing the weight loss profiles of the raw material (Al2O3), it appears that the latter
does not have organic impurities, because the values of burn-off obtained for these samples
are very low (3%), see Figure 1a.

Figure 1. Thermogravimetric analysis, TG (a) and first derivative curve, DTG (b) of functionalized
and Al2O3 particles.
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The functionalization with nitrogen precursors increased the values of the burn-
off. The sample Al2O3-DA present weight losses between 200 and 400 ◦C of around 2%.
The thermogravimetric analysis (Figure 1a) confirmed the success of the functionalization
with nitrogen precursors. The interaction between dopamine and inorganic materials is
most likely due to hydrogen bonding, conferring a high thermal stability to the sample.

The nitrogen groups introduced in alumina particles by dopamine will be the anchor
points for BAC immobilization. It can be seen in Figure 1b that the Al2O3-DA-BAC sample
presents a total mass loss of 3% in the temperature ranges of 280–390 ◦C and 426–598 ◦C.
This 3% corresponds to the amount of immobilized BAC per unit mass of particles, as
described in Section 3.4.3.

2.1.2. Adsorption/Desorption Isotherms

Adsorption and desorption isotherms of the particles were performed. As can be seen
in Figure 2, all particles showed a type IV isotherm behavior, which indicates the presence
of mesopores [30–32].

Figure 2. Nitrogen adsorption and desorption isotherms of functionalized and Al2O3 particles.

Table 1 summarizes the results obtained from nitrogen adsorption–desorption isotherms
(Figure 2). According to the N2 physisorption, it appears that the functionalization treat-
ment changed the textural properties of alumina materials. The surface area of the sample
treated with dopamine increases after the treatment (from 258 to 280 m2/g). The develop-
ment of porosity during the treatment with dopamine (Table 1), observed for the alumina
materials, is due to the widening of existing pores (dp increased from 8.2 to 9.0 nm), con-
firming the successful functionalization of this material. This can be explained by the fact
that the dopamine solution has a high pH value (basic solution), which can cause some
dissolution/etching of the aluminum oxide. After the BAC immobilization, the surface area
of this sample decreased to 240 m2/g which can be explained by the occupation of some
pores by the BAC molecules, since the pore volume decreased from 0.77 to 0.60 cm3/g.
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Table 1. Surface area parameters obtained for the functionalized particles and the control (Al2O3).

Sample SBET (m2/g) dp (nm) Vp0:0.95 (cm3/g)

Al2O3 258 8.2 0.77

Al2O3-DA 280 9.0 0.77

Al2O3-DA-BAC 240 8.1 0.60

SBET—surface area, dp—pore diameter and Vp0:0.95—pore volume.

2.1.3. X-ray Diffraction (XRD) Analysis

The XRD pattern of the alumina particles is represented in Figure 3. The original
alumina patterns show relatively strong peaks at 2θ values at 28, 38, 49, 65 and 72◦, which
are attributed to the reflections of Boehmite (γ-AlO(OH)). The DA-functionalized sample
presents a crystalline phase of η- Al2O3, detected by the presence of peaks at 37, 39, 46
and 67◦. Additionally, Al2O3-DA-BAC particles show an entire transformation to γ-Al2O3,
detected by the presence of two peaks at 47 and 68◦. Data from the XRD also confirms
the successful functionalization of the particles with biocide.

Figure 3. X-ray diffraction (XRD) pattern of functionalized and Al2O3 particles.

2.1.4. Point of Zero Charge—pHPZC

Figure 4 shows the pHPZC values estimated for the alumina samples (prior to func-
tionalization), which is found to be 5.7. This value increases to 7.3 after introduction of
–NH2 groups, suggesting that the metal oxide surfaces have been modified with positively
charged amino groups.
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Figure 4. Point of zero charge of the functionalized and Al2O3 particles.

Furthermore, after BAC incorporation, the pHPZC raised to 8.2. The basic nature of
benzalkonium chloride corroborates the pHPZC increase.

2.1.5. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

FTIR spectra of Al2O3 particles (Figure 5) show a band in the region of 3300–3700
cm−1, which corresponds to the water O-H stretch [33]. Ribena [34] also found bands
in the region 3000–3400 cm−1 after coating the surface of its particles with dopamine and
attributed it to the intermolecular hydrogen bonds (O-H, N-H and aromatic CH2 stretching
vibrations) naturally occurring between dopamine molecules. Regarding Figure 5, another
band was found in the region of 1580–1650 cm−1 for Al2O3-DA and Al2O3-DA-BAC
particles. This band corresponds to N-H bending [33], meaning that functionalization with
dopamine coated the particles with amine groups. The functionalization of particles with
BAC resulted in the appearance of two small peaks at 1153 and 1211 cm−1 on the curve
in red. These peaks are associated to C-N and N-CH3 stretching vibrations, which are
characteristic of quaternary amines [35,36].

FTIR results proved again the successful functionalization of particles with nitrogen
and biocidal groups.

The overall physical and chemical characterizations discussed above (BAC peaks
in the FTIR diagram, mass loss in the TG curves, XRD analysis and the sorption isotherms)
point-out to a successful immobilization of active BAC groups after the proposed function-
alization.
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Figure 5. Fourier-Transform Infrared Spectroscopy (FTIR) spectra of functionalized and Al2O3

particles. Benzalkonium chloride (BAC) in solution was used as control.

2.2. Particles’ Antimicrobial Activity

To assess the Escherichia coli susceptibility to the immobilized biocide, zones of inhi-
bition were determined. Data shown in Table 2 demonstrate that Al2O3 and Al2O3-DA
particles do not induce any zone of inhibition, suggesting that the core materials without
biocide, for the present test conditions, have a very small or no antibacterial effect on E.
coli. On the other hand, Al2O3-DA-BAC particles exhibited a zone of inhibition diameter of
18 ± 2 mm, which implies that there is some biocide leaching from the particles. Hassan
and Elbagoury [37], while studying the susceptibility of some bacterial isolates to BAC
in solution, observed similar inhibition diameters. These authors found zone of inhibition
average diameters of 13 and 17 mm when Pseudomonas spp. cells were exposed to a 2%
BAC solution.

Table 2. Zone of inhibition diameter obtained for the tested particles against Escherichia coli.

Zone of Inhibition (mm)

Al2O3 0 ± 0

Al2O3-DA 0 ± 0

Al2O3-DA-BAC 18 ± 2

Values are presented as the mean ± standard deviation of two independent experiments.

The formation of a zone of inhibition is related to the diffusion constant of the antimi-
crobial agent [38–40] and, therefore, can be related to its amount and motility. According to
the same authors [38–40], a zone of inhibition appears when the concentration of an an-
timicrobial agent exceeds the minimum inhibitory concentration or its critical concentra-
tion [38–41]. Although, this test highly depends on several experimental factors (e.g., test
medium, organism and its microbial concentration and biocide type), it is expected that for
the same experimental conditions, zones of inhibition can provide a qualitative indication
of the bacterial susceptibility against a given antimicrobial agent [42]. Therefore, the re-
sults in Table 2 suggest that the functionalized particles (Al2O3-DA-BAC) have a strong
antibacterial activity potential.
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2.3. Effect of Immobilized Biocide Concentration on the Particles’ Antimicrobial Activity

According to what was described in the Materials and Methods section, different
ratios of particles per unit volume of solution, summarized in Table 3, were tested. It is
important to note that the concentration of immobilized biocide per unit mass of each
particle was 3% (w/w) of BAC, according to the data obtained in the thermogravimetric
analysis (as described in Section 2.1.1). Therefore, the tested concentrations of 500, 1000 and
3000 mg/L refer to the “overall concentration of immobilized biocide” defined as mg of
immobilized biocide per L of total liquid volume (bacterial suspension). Thus, the different
concentrations correspond to different amounts of particles per unit liquid volume.

Table 3. Tested conditions regarding the overall immobilized biocide concentration.

Particles Immobilized BAC w/w (%): Mass
of BAC (g) per 100 g of Particles

Ratio Mass of Particles
(g)/Volume of Solution (L)

Overall Concentration under Test (mg
of Immobilized Biocide/L Solution)

Al2O3-DA-BAC 3

16.8 500

33.5 1000

100.3 3000

The antimicrobial effect of such functionalized particles (Al2O3-DA-BAC), considering
the different overall concentrations of immobilized biocide, was evaluated according to
the bacteria culturability and membrane integrity (propidium iodide, PI, uptake percentage)
criteria.

2.3.1. Culturability

The reduction of the colony forming units per milliliter (CFU/mL) of E. coli planktonic
cells over time, exposed to different overall concentrations of Al2O3-DA-BAC particles,
is shown in Figure 6a. In this figure, it can be seen that higher concentrations of over-
all immobilized biocide require less contact time to completely inactivate bacterial cells.
For instance, a statistically significant (p < 0.05) six-log reduction (until no CFU count) was
observed after a five-min contact time when using the overall biocide concentration of
3000 mg/L. The contact time required to obtain no CFU count was respectively 15 min and
30 min for 1000 mg/L and 500 mg/L immobilized biocide concentrations.

Furthermore, Figure 6a shows that the control particles (Al2O3-DA) had no impact on
the culturability, since no decrease on CFU/mL was observed. Statistically significant differ-
ences (p < 0.05) were found between the biocidal particles (at all the tested concentrations)
and the control particles, confirming the effective bactericidal activity of the BAC-loaded
particles and the non-existing antimicrobial activity of the core–base materials. Although
some studies report the antimicrobial activity of dopamine, such antimicrobial activity
seemed to be related with the high concentration of DA tested. For example, Zhao et al. [43]
reported that at 100 mg/mL of DA coating had an antimicrobial effect against E. coli cells,
while at 30 times lower concentrations, Iqbal et al. [44] found that DA did not exhibit any
antimicrobial activity against the same bacterium. Indeed, the concentration in the Al2O3-
DA particles in this study is only 2 mg/mL of DA, which agrees with the idea that low
concentrations of DA do not have an antimicrobial effect.
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Figure 6. Logarithm of the colony forming units per milliliter (CFU/mL) (a) and propidium iodide
(PI) uptake (%) (b) of Escherichia coli planktonic cells exposed to dopamine (DA)-functionalized
particles over time during the first use. The overall tested concentrations were: 500, 1000 and
3000 mg/L. of Al2O3, and Al2O3-DA particles were used as controls. Error bars correspond to
the standard deviation of the mean determined for two independent experiments.

2.3.2. Membrane Integrity

The effect of the functionalized particles over time on the membrane integrity (repre-
sented in terms of PI uptake %) of the bacterial cells was also studied for different biocide
concentrations- see Figure 6b. As expected, the impact of the control particles (Al2O3-DA,
before functionalization), on membrane integrity loss was negligible when compared to
the particles containing the immobilized biocide (p < 0.05).
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The results show that total loss of membrane integrity (100% PI uptake) was achieved
with functionalized Al2O3-DA-BAC particles for all tested concentrations, although the lower
biocide concentration (500 mg/L) took some more time to reach very high levels (above
90%) of cell membrane permeabilization. It could be said that increasing the overall immobi-
lized biocide concentration decreases the contact time needed to fully permeabilize bacterial
membrane and reduce culturability. This is in accordance to what is widely described
in the literature concerning the concentration and contact time of free biocides [45,46].
Additionally, Pazos-Ortiz et al. [47] found that bacterial inhibition was dose-dependent,
when studying the antimicrobial activity of silver nanoparticles. However, the results
obtained in the present work, concerning a liquid biocide incorporated in inert particles
(similar curves for 1000 and 3000 mg/L, with faster effects than for the lower concentration
of 500 mg/L) leave some doubt about the possible existence of a critical concentration
above which the biocide concentrations remain equally efficient.

The conclusions are also not so straightforward when comparing culturability and
membrane permeabilization. Looking at Figure 6a,b, a similar level of membrane perme-
abilization is observed at five min for concentrations of 3000 mg/L and 1000 mg/L, but
the CFU log reduction is much more pronounced for the higher concentration than for
1000 mg/L. These discrepancies suggest that the membrane damage caused by the antimi-
crobial agent was not enough to affect the bacterial growth on solid media, depending on
the biocide concentration.

There are several studies in the literature reporting differences between these two
methods, mostly related to the existence of more viable than culturable cells. One of such
examples is the work of Ferreira, et al. [48], who observed that some cells with intact mem-
branes (no PI uptake) were not culturable—the so called “viable but nonculturable” state.
Nonetheless, it has also been reported by Rosenberg et al. [49] that PI-based viability tests
can overestimate the number of dead cells, since they found that a dual-species 24-h biofilm
presented 96% of PI-positive cells, although 68% of those cells were still metabolically
active, and more than 80% of these cells were cultivable after harvesting. Furthermore, it
has been shown that membranes from cells exposed to stress conditions (starvation, heat,
biocide, etc.), tend to become more permeable to PI, resulting in mistakenly marking viable
cells as dead [50–52]. Interestingly, it was also found that if such cells were re-incubated for
a certain period after being exposed to the stress conditions, they could recover and repair
the membrane damage [50].

The results discussed herein suggest that membrane integrity assays do not correlate
with the ability of bacteria to grow on solid medium. Therefore, they confirm the impor-
tance of complementing the “viability” assays methods with a cultivation method [53] or
to incubate the cells prior to the membrane integrity staining procedure [50].

2.4. Effect of Particle Reuse on Their Antimicrobial Activity

After being used once (first use), the same particles were reused and their antimicrobial
activity regarding culturability (Figure 7a) and PI uptake (Figure 7b) was re-evaluated.
In general, the particles lost some performance upon reuse, i.e., reusing the particles at
3000 and 1000 mg/L required more time to reach the maximum efficiency in terms of CFU
count and % of PI uptake. This issue is addressed in Section 2.5, where the mechanisms of
particles’ antimicrobial activity are discussed.
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Figure 7. Logarithm of the colony forming units per milliliter (CFU/mL) (a) and propidium iodide
(PI) uptake (%) (b) of Escherichia coli planktonic cells exposed to functionalized particles over time
after reuse. The overall tested concentrations were: 500, 1000 and 3000 mg/L. Error bars correspond
to the standard deviation of the mean determined for two independent experiments.

However, there is a specific case that stands out: Al2O3-DA-BAC at 500 mg/L. In this
case, at first sight there would be an improvement of the particles’ performance on reuse,
since the contact time until total inactivation seems to decrease from 30 min on the first
use to 15 min upon reuse. This can be related to the large period between sampling time
points. Most probably, the total inactivation might occur at min 16 or 17. This would not
be detected in the present tests, but the actual performance of the Al2O3-DA-BAC at 500
mg/L would be the same in the first use and in reuse.

Similar to what was observed in the first use, the PI uptake percentages (Figure 7b)
do not match with the CFU results (Figure 7a). For example, regarding Al2O3-DA-BAC at
500 mg/L, although the cells lost their culturability at 15 min, 22% of them did not present
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damaged membranes. Possibly, this may be related to the fact that the cells have reached
the “viable but non-culturable” state [49].

Due to the differences observed after reuse, a TG analysis of the particles after being
reused was performed (see Figure 8). It is important to refer that the samples used were
particles from the 3000-mg/L experiments.

Figure 8. Thermogravimetric analysis (TG) of Al2O3-DA-BAC particles before the antimicrobial
experiments and after being reused.

From Figure 8, it is possible to see that the curves are very similar. The amount
of BAC in the samples after use is still in the order of 3% (w/w), meaning that there
was no significant release of BAC. The results from the zone of inhibition seem to indicate
a higher release, but it is known that the biocide/antibiotic concentrations in agar are higher
than in liquid medium, causing higher death rates [54]. The zone of inhibition is only
a qualitative method, while TG gives quantitative results. Furthermore, in the inhibition
zone experiments the particles are in contact with bacteria for 24 h, which is much longer
than the contact time of the killing experiments (one hour). Gathering all data, it is possible
to conclude that there is a small and slow release of biocide from the particles.

2.5. Hypothesis for the Underlying Mechanism of Action of Immobilized Biocide

The results observed after reuse can be related to the following main question: “what
are the mechanisms of antimicrobial action of biocide-loaded particles?” There are some
hypotheses, namely: (i) bacteria are inactivated by the free biocide resulting from the slow
release to the bulk solution, (ii) direct contact with the immobilized biocide (also known as
“contact killing”) is responsible for the antimicrobial action and (iii) there is a combination
of both mechanisms of action stated above.

If the first hypothesis was behind the antimicrobial action of the particles, the reuse
should have a similar behavior. Since the amount of biocide immobilized per unit mass
of particle is very high, it would be expected that upon reuse there would still remain
a considerable amount of biocide to be released. Additionally, the hypothesis that all or
most of the immobilized biocide could be released during the first use is not plausible,
otherwise the killing kinetics for the 3000 and 1000 mg/L concentrations would be faster.

The second hypothesis is that bacteria can be killed by contact with the BAC molecules
immobilized onto the particles surface [54,55]. Several authors have been developing
contact-active materials, which consist of coating a surface with a biocidal layer [56–58].
Synthetic QACs are by far the most used molecules for this purpose [59]. The mechanism
of antimicrobial action of QACs seems to be due to electrostatic interactions between
the positively charged QAC molecules and the negatively charged phospholipids present
in the cytoplasmatic membrane of bacteria. Furthermore, the hydrophobic alkyl chain of
QACs punches the membrane, leading to membrane disruption, cellular content leakage
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and microbial death [59–61]. Moreover, for the interaction between BAC molecules and
bacteria to occur, the particles need to be in close contact with bacteria. Of course, the BAC
molecules inside the pores will not be readily available for bacteria [62], since the particles
are mesoporous (pore diameters between 2 and 50 nm [63]) and bacteria (due to their bigger
size) cannot enter the pores. In the work of He et al. [56], they found that bacteria are dead
upon contact with the immobilized QACs. However, it is known that these antimicrobial
moieties can be blocked by dead adherent bacteria [56,64]. This mechanism of contact
killing and consequent biocide blocking by dead bacteria may apply to the results observed
in our study. Attraction between the particles, which display positive surface charge at
pH around 7 (because the isoelectric point is pH = 8.2; see Figure 4), and the negatively
charged bacterial surfaces is most probable to occur. It is therefore plausible that some
dead bacteria from the 1st use remained attached to the particles’ surface, which would
explain the performance decrease upon reuse.

The third hypothesis assumes that the mechanism of action is a combination of the first
and the second hypotheses. In fact, as it was already discussed, the first theory alone is not
plausible, but the results from the zone of inhibition show some biocide leaching, which
cannot be neglected and could contribute to some (although low) antimicrobial action of
the biocide in solution.

Work is now being carried out in order to fully understand these interactions be-
tween functionalized particles and bacteria. The implementation of additional analytical
methodologies to deeply characterize the mechanism of action of the immobilized BAC
and compare it with the mechanism of free biocide seems also to be a key step for further
understanding of the results. Finally, assuming that particles lose some of their perfor-
mance, several cycles of reuse assays should be performed in order to characterize their
lifetime effectiveness. If so, for real-field applications, a particle regeneration (cleaning)
step would be periodically needed, implying the simultaneous operation of two or more
alternating parallel particle bed systems.

3. Materials and Methods
3.1. Reagents

Dopamine (3-Hydroxytyramine Hydrochloride) was obtained from Tokyo Chemical
Industry Co., Ltd. (Tokyo, Japan). Benzalkonium chloride ≥95 was obtained from Sigma-
Aldrich (Steinheim, Germany). Tris base was obtained from ChemCruz™ Biochemicals
(Dallas, Tx, USA).

3.2. Preparation and Functionalization of Particles

Alumina oxide pellets (Al2O3, Saint-Gobain, Stow, MA, USA) with approximately 3
mm were selected as start material. Pellets activation was accomplished in a heat treatment
at 600 ◦C under air atmosphere for 6 h.

3.2.1. Initial Functionalization of Alumina Oxide Particles with DA

In this work, an amino-functionalization strategy was tested using dopamine (DA) as
intermediate for BAC immobilization.

Dopamine hydrochloride (2 mg/mL) was dissolved in Tris buffer solution (pH = 8.5,
50 mM). The particles (5 g) were placed in contact with 50 mL of dopamine solution and
left in agitation for 24 h. These Al2O3-DA particles were washed with distilled water to
neutral pH, dried for 24 h in the oven at 120 ◦C and stored in a desiccator.

3.2.2. Immobilization of Biocide on the Surface of Alumina Oxide Particles

Samples of Al2O3-DA particles (2 g) were added to 100 mL of 5% (w/v) QAC solution
and allowed to interact for 72 h at room temperature and with agitation speed of 140 rpm.
The resulting particles (Al2O3-DA-BAC) were washed with distilled water to neutral pH,
dried for 24 h in the oven at 80 ◦C and stored in a desiccator.
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3.3. Particles Characterization
3.3.1. Thermal Stability of the Particles

Thermogravimetric analyses (TG) were performed to determine the particles content
in terms of functional groups, after each immobilization step. It has been performed
on a Mettler-Toledo TGA/DSC 1 STAR system. The thermal stability of samples was
evaluated by heating the different samples up to 600 ◦C at 3 ◦C/min under air atmosphere
and monitoring their weight loss.

3.3.2. Textural Characterization of the Particles

The textural characterization of the materials was based on the N2 physisorption
adsorption–desorption isotherms, determined at −196 ◦C with Quantachrome Autosorb
IQ2. The surface area (SBET) was calculated from nitrogen adsorption isotherms using
the Brunauer, Emmet, and Teller (BET) equation [65]. Pore size distributions were obtained
from the desorption branch of the isotherm using the Barrett, Joyner and Halenda (BJH)
method [66].

3.3.3. Structural Properties of the Particles

Phase composition of the samples was analyzed by means of powder X-ray diffraction
using a PanAnalytical X Pert PRO diffractometer set at 45 kV and 40 mA, using Cu Kα

radiation (λ = 1.541874 Å) and a PIXcel detector. Data were collected using Bragg-Brentano
configuration in the 2θ range of 20 to 80 º with a scan speed of 0.01 ◦/s

3.3.4. Determination of Particle Surface Charge

The Zeta potential measurements were carried out using Dynamic Light Scattering by
a Nano Particle Analyzer SZ-100 (Horiba Scientific, Longjumeau cedex, France). The parti-
cles (in powder) were placed in ultrapure water and the pH was adjusted from 2 to 11 by
using an appropriate amount of 0.1-M NaOH or 0.1-M HCl. After being sonicated for 30
min, the particles surface charge was determined. At least 5 measurements were performed
for each sample and the measurements repeated in two different occasions.

3.3.5. Fourier-Transform Infrared Spectroscopy (FTIR)

Spectroscopic measurements were performed with a Vertex 80v FTIR spectrometer
(Bruker Optics) using Attenuated total reflectance (ATR) mode. The samples between
400 and 4000 cm−1 were analyzed with 64 scans averaging 4 cm−1 and two independent
experiments were performed for each sample.

3.4. Particles Antimicrobial Activity
3.4.1. Microorganism

Bacterial suspensions of Escherichia coli CECT 434 were obtained from an overnight
growth at 37 ◦C and under agitation (120 rpm) in R2A broth medium with the following
composition (per liter): 0.5 g glucose (CHEM-LAB, Zedelgem, Belgium), 0.5 g peptone
(Oxoid, Hampshire, England, UK), 0.1 g MgSO4.7H2O (Merck, Darmstadt, Germany), 0.5
g casein hydrolysate (Oxoid, Hampshire, England, UK), 0.3 g sodium pyruvate (Fluka,
Steinheim, Germany), 0.5 g starch (Sigma-Aldrich, Steinheim, Germany ), 0.5 g yeast extract
(Merck, Darmstadt, Germany) and 0.4 g K2HO4P·3H2O (Applichem Panreac, Darmstadt,
Germany).

3.4.2. Antimicrobial Activity of the Particles against E. coli

The antimicrobial activity of the particles was tested against E. coli by using the Kirby–
Bauer disk diffusion assay. The overnight culture was diluted to achieve 106 CFU/mL. Then,
100 µL of the test suspension was swabbed on Plate Count Agar (PCA) plates. Afterwards,
the particles were placed on the center of the inoculated agar plates. Antibacterial activity
was assessed by measuring the diameter of the inhibition zone (mm)—a circular area
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around the particle where bacteria has not grown—on the surface of the plates. Two
independent experiments with triplicates were performed for each case.

3.4.3. Effect of Particle Functionalization and Biocide Concentration on Antimicrobial
Activity

The antimicrobial activity of the biocidal particles was tested against E. coli. An
overnight culture was centrifuged at 4000 rpm for 12 min. The pellets were resuspended
in phosphate buffered saline (PBS) buffer solution, washed twice and resuspended in the
same solution. The bacterial count was then adjusted to 106 CFU/mL. The particles were
incubated with the bacterial cells for 5, 15, 30 and 60 min. As stated in the Introduction
section, the aim of this work is to gather critical information on the properties and per-
formance of the biocidal particles to proceed with the design of an antimicrobial particle
bed-reactor. Therefore, by varying the number of particles, three different ratios of mass
of particles per volume of solution were tested, corresponding to the following overall
immobilized biocide concentrations (mass of immobilized biocide per total volume of
solution): 500 mg/L, 1000 mg/L and 3000 mg/L (Table 3). These ratios were established
attending to the bed-reactor dimensions, the particles characteristics (dimensions and
density) and considering the wall effect approach [12]. The overall tested concentrations
also considered the volume of solution (which was kept the same in all assays: 25 mL) and
the amount of immobilized BAC per unit mass of particles (3%). The amount of biocide
incorporated onto the particles’ surface was determined by TG, by calculating the mass
loss that occurred at the BAC decomposition temperature range.

The biocidal activity was evaluated in terms of culturability and membrane integrity
due to propidium iodide (PI) uptake. After being exposed to the particles, the bacterial
suspension was successively diluted in PBS and culturability was assessed on Plate Count
Agar (PCA) plates using the drop plate method [67]. Thereafter, plates were incubated
at 37 ◦C for 24 h and the colonies enumerated. The culturability results are expressed as
logarithm of the Colony Forming Units per milliliter (CFU/mL), with bacterial detection
limit being 102 CFU/mL (2 log). For membrane integrity assessment, the LIVE/DEAD®

Baclight™ kit (Invitrogen) was used. This kit is composed by two nucleic acids stains:
SYTO9™ and PI. The last compound only penetrates into cells with damaged membranes,
staining them in red. SYTO9™ crosses all bacterial membranes, staining the cells with
green color [48,68]. To implement the method, cells were diluted 1:10 in PBS and 1 mL
aliquot was filtered on a 0.2-µm Nucleopore® (Whatman) black polycarbonate membrane
and stained with 250 µL of SYTO9™ and 250 µL of PI. The stain reagents reacted for
7 min in the dark at room temperature. After that, the excess reagents were filtered,
and the membrane mounted on a slide with BacLight mounting oil. The microscope,
software, and the emission and excitation filters used were the same as described by
Ferreira et al. [48]. The results were represented in terms of PI uptake percentage. Two
independent experiments were performed for each case.

3.4.4. Effect of Reuse on Particles’ Antimicrobial Activity

After the first use (1st use), the functionalized particles were washed with 1 L of
distilled water and dried at 120 ◦C for 24 h. Then, the particles were reused once, and their
antimicrobial activity was re-evaluated as described in Section 3.4.3. Hereafter, this second
use of the particles will be named—reuse.

3.5. Statistical Analysis

Data obtained for culturability and membrane integrity were analyzed using the sta-
tistical software GraphPad Prism 8.0 (GraphPad Software, Inc., San Diego, California USA).
The influence of biocide concentration and reuse were evaluated using a two-way ANOVA
with Tukey’s multiple comparison test. Differences were considered relevant if p < 0.05. All
the statistical analyses were performed using the GraphPad Prism 8 software (GraphPad
Software, Suite, San Diego, California, USA).
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4. Conclusions

Alumina oxide particles were successfully functionalized with the antimicrobial agent
benzalkonium chloride (BAC). To the best of our knowledge, this was the first work that
accomplished the immobilization of biocides on the surface of macroscopic metal oxide
particles, using DA (dopamine) as a precursor for biocide fixation. The functionalized
particles (Al2O3-DA-BAC) showed a consistent antimicrobial effect against E. coli, which
increased with the overall immobilized biocide concentration. In general, there was some
decrease in the particles’ performance on reuse, corresponding to an increase in the contact
time required to reach similar results to the 1st use (for the same conditions). Even so, a high
antimicrobial activity was still achieved upon reuse, indicating the feasibility of the Al2O3-
DA-BAC particles for water disinfection, as a final polishing step before Reverse Osmosis
treatment. The total cost of the core particles and the functionalization methods here
described is relatively low when compared to the cost of, for example, silver nanoparticles
used in lab scale experiments and are expected to be substantially reduced when going to
an industrial scale production. In order to optimize the performance of the functionalized
particles, the mechanism of action of the immobilized biocide needs to be studied in detail
to understand how the immobilized biocide interacts with bacteria, in comparison with
the free biocide mechanisms. Additionally, the possible interactions between functionalized
particles and dead bacteria (or dead cell components) should be further investigated and
characterized.
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Abstract: Cellulose acetate (CA) is a synthetic compound that is derived from the acetylation of
cellulose. CA is well known as it has been used for many commercial products such as textiles,
plastic films, and cigarette filters. In this research, antibacterial CA composites were produced
by addition of aluminum nitride (AlN) at different weight percentage, from 0 wt. % to 20 wt. %.
The surface characterization was performed using laser microscope, Raman and FTIR spectroscopy.
The mechanical and thermal properties of the composite were analyzed. Although the mechanical
strength tended to decrease as the concentration of AlN increased and needed to be optimized, the
melting temperature (Tm) and glass transition temperature (Tg) showed a shift toward higher values
as the AlN concentration increased leading to an improvement in thermal properties. AlN additions
in weight percentages >10 wt. % led to appreciable antibacterial properties against S. epidermidis
and E. coli bacteria. Antibacterial CA/AlN composites with higher thermal stability have potential
applications as alternative materials for plastic packaging in the food industry.

Keywords: aluminum nitride; composite; antibacterial; mechanical; thermal; cellulose acetate

1. Introduction

Food provides nutritional support for any organism. However, most people around
the world are not aware of the dangers related to the lack of proper food hygiene. According
to a survey from World Health Organization (WHO), 600 million cases of foodborne
diseases and 420,000 deaths were recorded worldwide in the year 2015. The common
bacteria that responsible for the foodborne illness are Norovirus, Listeria, Campylobacter
jejuni, Salmonella, Staphylococcus aureus, Escherichia coli [1,2].

Food contamination may happen during harvesting, processing, packaging and distri-
bution [2]. However, packaging plays an important role to protect food from being affected
by various kinds of contaminants and preserve the products from biological, chemical
and physical changes while storage or during preparation. In many so-called “advanced
countries”, the food quality is a very important factor—they used to reject it even if there
was a small change in the smell or appearance [1].
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In literature, many different techniques were applied to improve the antimicrobial
properties of packaging systems [2]. Some of the methods are based on the reinforcement
of volatile and nonvolatile antimicrobial compounds directly into the polymers like the
application of sachet or pads that contain volatile antimicrobial compounds, applying
antimicrobial coating compounds on the surface of the polymers, ions or covalent link-
ages of immobilization of antimicrobial agent into the polymers [3–5]. In other cases,
chitosan was directly used without any modification as an antimicrobial coating film [3–6].
After consideration of the previous research, this research is aimed to implement the new
and easy idea to produce the antibacterial composite material using easily degradable
cellulose acetate material as the main substrate and reinforced with AlN which could
replace the usage of plastic material.

Cellulose acetate (CA) is a synthetic compound which is derived from the acetylation
of cellulose. Cellulose is a natural polymer obtained from plant fibers, with the chemical
formula C6H7O2 (OH)3 [7]. However, pure cellulose has a complex structure that cannot be
easily modulated by using heat or solvents. The acetylation process causes the hydrogen
in the hydroxyl groups is replaced by acetyl groups (CH3CO) which turns it into cellulose
acetate. CA is easier to dissolved in certain solvents like acetone or can be melted under
heat and molded into solid objects, spun into fibers or cast as a film [8].

Aluminum nitride (AlN) is well known for its excellent thermal conductivity, high
coefficient of thermal expansion, high electrical resistivity and high dielectric strength [9].
Besides the wide use of AlN in semiconductors, it showed antimicrobial properties such
as those of Si3N4 [10]. This property is due to the reactivity of the AlN with water which
produces ammonia (NH3) and ammonium ions (NH4

+) that eventually kill the bacteria [10].
This research focuses on producing alternative food packaging materials, plastic

tablecloths or toys by reinforcing CA with AlN. The CA/AlN composites can be produced
with a lower cost and non-complicated processes. In addition, it also can show both
mechanical and thermal stability with enhanced antibacterial property.

Possible future developments include degradable CA/AlN composites which might
contribute to the reduction of environmentally harmful plastic waste.

2. Materials and Methods
2.1. Samples Preparation

The samples were prepared as showed in Figure 1. Cellulose acetate powder was
crushed using pestle and mortar to obtain fined powder. Then the powder was mixed with
acetone until completely dissolved and 0.05 mL of pure triacetin were mixed to the solution,
as a plasticizer. Once the solution cleared, agglomerated AlN powder were poured into the
glass vial and mixed by stirring until a homogenous mixture is obtained. The liquid is then
poured inside a flat mold obtained by using polyimide tape on the Teflon plate. Then the
film was casted using glass plate to fill the entire row to form a layer. The casting process
were repeated 5 times to obtain a desire thickness. The film was left overnight to dry at
room temperature. The film was removed from the plate after the acetone evaporated and
forming a layer of the CA/AlN composites. It was then heated at 60 ◦C in a vacuum for
overnight to remove the remaining solvent inside the film. Five different samples were
produced with 0 wt. %, 5 wt. %, 10 wt. %, 15 wt. % and 20 wt. % of AlN, respectively, (i.e.,
CA content = 100 wt. % − AlN wt. %).
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2.2. Sample Characterization
2.2.1. Laser Microscopy

The surface morphology of the sample was analyzed with the aid of a confocal
scanning laser microscope (Laser Microscope 3D and Profile measurements, Keyence,
VK × 200 Series, Osaka, Japan) equipped with a numerical aperture between 0.30 and 0.95.
It has the x-y stage and autofocus function for z range. The micrographs were collected
ranging from 10× to 150× to evaluate macroscopic and microscopic roughness of the
samples. 25 images randomly selected from the surface of the map and the micrographs
were then analyzed using Keyence Color 3D Laser Microscope VK-X100/X200 series VK
Analyzer software (Keyence, Osaka, Japan).

2.2.2. Fourier Transformed Infrared Spectroscopy

Fourier Transformed Infra-Red spectroscopy (FTIR) spectra were collected at room
temperature using an FTIR spectrometer (ATR-FTIR, FTIR-4700 with ATR PRO ONE
equipped with a diamond prism, Jasco Co., Tokyo, Japan) with a Michelson 28-degree inter-
ferometer with corner-cube mirrors with a range between 250,000 and 5 cm−1. The aperture
size was 200× 200 µm2 the acquisition time was fixed to 30 s. The instrument was operated
using (Spectra Manager, JASCO, Tokyo, Japan) software. A total of three samples of each
type were scanned from 400 and 4000 cm−1 at 5 different locations. The spectra were
analyzed with (OriginLab Co., Northampton, MA, USA, and LabSpec, Horiba/Jobin-Yvon,
Kyoto, Japan) software.

2.2.3. Raman Spectroscopy

Raman spectra of the samples were collected with the aid of triple monochromator
(T-64000, Jobin-Ivon/Horiba Group, Kyoto, Japan) equipped with a charge coupled device
(CCD) detector. The excitation source used is 532 nm Nd:YVO4 diode pumped solid-
state laser (SOC JUNO, Showa Optronics Co. Ltd., Tokyo, Japan). In total, 25 randomly
picked locations were investigated with spectrograph center wavelength 2500 cm−1, grat-
ing 300 gr/mm, exposure time 4 s and average of 3. The resulting spectra were averaged.
Raman spectral acquisition and pre-processing of raw data such as baseline subtraction,
smoothing, normalization and fitting were acquired utilizing commercially available soft-
ware (LabSpec, Horiba/Jobin-Yvon, Kyoto, Japan and Origin 8.5, OriginLab Co., Northamp-
ton, MA, USA).

2.3. Mechanical and Thermal Properties
2.3.1. Mechanical Properties

Tensile mechanical testing was conducted using a MCT 2150 Desktop Tensile-Compression
Tester (AND Discover Precision, Tokyo, Japan) using a 500 N load cell at a strain rate of
50 mm min−1. For testing, CA/AlN composite samples were cut using a standardized
dumbbell shaped tensile sample cutter with an overall length of 35 mm, gauge length of
10 mm, distance between shoulders 12 mm, grip section 4.5 mm, width of grip section
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6 mm, reduced section 12 mm. In total, 5 samples were tested with each concentration
(0, 5, 10, 15, and 20 wt. %). The result was analyzed using Excel and OriginLab (Co.,
Northampton, MA, USA).

2.3.2. Thermal Properties

The thermal properties of the CA composite were investigated using a differential
scanning calorimeter (DSC) (TA Q200, TA Instruments Japan Inc., Tokyo, Japan) with a heat-
ing/cool/heat cycle program. The sample was heated at 10 ◦C min−1 from −30 to 300 ◦C
and cooled at 5 ◦C min−1 under a nitrogen atmosphere with a gas flow rate of 50 µL·h−1.
Each sample was measured three times.

2.4. In Vitro Testing

The antibacterial analysis was conducted at the Kyoto Prefectural University of
Medicine. Gram-positive bacteria, Staphylococcus epidermidis (14990TM ATCC® purchased
from American Type Culture Collection (ATCC)) and Gram-negative bacteria, Escherichia
coli (E. coli, ATCC® 25922™), were cultured using a brain heart infusion (BHI) liquid
medium. The initial 1.8 × 1010 CFU/mL was subsequently diluted to 1.8 × 108 CFU/mL
using a phosphate-buffered saline (PBS, NACALAI TESQUE.INC, Kyoto, Japan) solution
to mimic ion blood concentrations. The samples with dimensions of 1 cm × 1 cm were
sterilized prior to the experiment using a UV sterilizer for 24 h. Then the samples were
incubated at 37 ◦C for 12 and 24 h.

2.4.1. Microbial Viability Assay (WST)

WST is well known technique to measure the bacterial metabolism by calorimetric
detection. In this experiment, the WST-8 kit (Microbial Viability Assay Kit-WST, Do-
jindo, Kumamoto, Japan) was used as a calorimetric indicator which releases a water-
soluble formazan dye upon reduction in the presence of electron mediator. The amount
of the formazan dye generated is linearly related to the number of living microorganisms.
The solution is subjected to microplate readers (EMax, Molecular Devices, Sunnyvale, CA,
USA) upon collecting the OD value related to living cells. Three samples were used to
calculate the average values.

2.4.2. Crystal Violet Assay, Laser Microscopy Scanning, Viability Staining and
ImageJ Analysis

A 0.5% crystal violet solution was used to determine the biofilm formation on the
sample’s surface. The PBS washed samples were placed into a 12-well plate filled with
500 µL crystal violet solution and incubated at room temperature for 20 min on shaker.
The samples were then transferred to a new 6-well plate and washed four times gently
with 5 mL PBS to excrete excess crystal violet. The plates were gently shaken to completely
remove the residual dye. Then, the samples were measured using a laser microscope to
measure the bacterial attachment and biofilm formation on the sample surface. The laser
micrographs are then analyzed with ImageJ 1.50, to measure the area filled by bacteria.
The analysis of biofilm density was measured by conversion of confocal images into red,
green and blue colors. The background subtraction was applied to remove background
noise. The images were then assembled into color channels and the integrated density of
pixels was calculated. Correspondingly, the same samples were used to measure the OD of
the samples with crystal violet stained which represent the amount of biofilm. The samples
were transferred into a new 12-well plate filled with 95% ethanol and the plate was incu-
bated at room temperature on a shaker at 270 rpm for 15 min. Then, 100 µL of the ethanol
solution containing the crystal violet stained by the biofilms was transferred into the 96-well
plate. The optical density at 595 nm was determined for total biomass quantification.
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2.5. Statistical Analysis

The experimental data were statistically analyzed with Student’s t-test (t-test) where
p < 0.05 was considered statistically significant and marked with an asterisk (*) and not
statistically significant data marked with (ns).

3. Results
3.1. Surface Characterization
3.1.1. Laser Microscopy

Figure 2 shows the laser micrographs images of five samples with different concen-
tration of AlN ranging from 0 to 20 wt. %. The dispersion of AlN on the surface could be
clearly observed as a function of concentration.

Antibiotics 2021, 10, x FOR PEER REVIEW 5 of 17 
 

the 96-well plate. The optical density at 595 nm was determined for total biomass quanti-
fication.  

2.5. Statistical Analysis 
The experimental data were statistically analyzed with Student’s t-test (t-test) where 

p < 0.05 was considered statistically significant and marked with an asterisk (*) and not 
statistically significant data marked with (ns). 

3. Results 
3.1. Surface Characterization 
3.1.1. Laser Microscopy 

Figure 2 shows the laser micrographs images of five samples with different concen-
tration of AlN ranging from 0 to 20 wt. %. The dispersion of AlN on the surface could be 
clearly observed as a function of concentration.  

 
Figure 2. Laser microscope images of CA/AlN composites. 

The white particles observed are the AlN. The surface roughness Ra increases as the 
amount of AlN increases. Figure 3 shows the quantification of surface roughness where a 
clear increasing trend with AlN concentration was observed. As shown, 20 wt. % shows 
the highest surface roughness and the whitish particle observed in image is AlN which 
increases the surface roughness of the material. 

 
Figure 3. Surface microscopic roughness of CA/AlN composites. * = p < 0.05 

Figure 2. Laser microscope images of CA/AlN composites.

The white particles observed are the AlN. The surface roughness Ra increases as the
amount of AlN increases. Figure 3 shows the quantification of surface roughness where a
clear increasing trend with AlN concentration was observed. As shown, 20 wt. % shows
the highest surface roughness and the whitish particle observed in image is AlN which
increases the surface roughness of the material.
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3.1.2. FTIR Spectroscopy

Figure 4 shows the FTIR spectra of the pure aluminum nitride, and the CA/AlN
composites ranging from 0 wt. % to 20 wt. %. The composite material has a wide range
spectrum from 500 to 3750 cm−1. The FTIR spectra do not shows the presence of AlN as
it can be clearly observed that none of the CA/AlN composites has the strong peak of
AlN at 672 cm−1 (peak 1) which is assigned to E1(TO) [11–13]. Peak 2 to 10 represents
cellulose acetate functional groups. The band at 1750 cm−1 (peak 7) was attributed to C=O
from cellulose acetate and the band at 1428 cm−1 (peak 6) was assigned to CH2 vibrations.
The sharp absorption peaks at 1041 cm−1 (peak 3) and 1250 cm−1 (peak 4) were due to
presence of C-O stretching [14,15]. The band at 912 cm−1 (peak 2) can be attributed to
C-O stretching and CH2 rocking vibrations. In addition, 1366 cm−1 (peak 5) was assigned
to CH3. The broad peak at and 2942 cm−1 (peak 9) and the peak at 3487 cm−1 (peak
10) attributed to C-H aromatic vibrations and O-H stretching of cellulose acetate [16,17],
respectively. FTIR do not show any functional groups of AlN which are present in the
CA/AlN composites. This might be because the strong signal of CA blocks the weak
signals of AlN in the composite.
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3.1.3. Raman Spectroscopy

The functional groups of CA could by clearly observed by FTIR, while Raman
spectroscopy was used to further investigate both the CA/AlN composites and AlN.
The various spectra acquired were illustrated in Figure 5. The characteristics of Raman
signal for cellulose was clearly observed at 2934 cm−1 (peak 6) which is assigned to C-H
stretching and asymmetric stretching vibrations of the C-O-C glycosidic linkage. In addi-
tion, Raman signals at 1380 (peak 3), 1435 (peak 4) and 1754 cm−1 (peak 5) are attributed
to C=O vibrations of the carbonyl group and asymmetric and symmetric vibrations of
C-H bond which exist in the acetyl group from CA [17–19]. Besides, the presence of AlN
could be clearly observed at 612 (peak 1) and 656 cm−1 (peak 2) which are associated with
A1 (TO) and E2 (high) [20–22]. As AlN concentration increases the peak intensity also
increases. The red spots are a marker for the presence of the AlN in the CA matrix, which is
green. The intensity of the red spot increases in conjunction with the peak intensity, which
can be explained with the increased presence of AlN. The AlN signals, which cannot be
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detected by FTIR, were clearly seen in the Raman spectra which proves the presence of
AlN particles in the composite.
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3.2. Mechanical Property

Figure 6a,b illustrates the stress versus strain curves for the various CA/AlN compos-
ites. It provides the information on how the composite materials deforms with increasing
force. The composites containing 5 wt. % of AlN has similar strength to the 0 wt. %.
Mechanical strength was then reduced in the samples containing 10 wt. % to 20 wt. %.
This proves that 5 wt. % reinforcement concentration has the highest strength among the
composite samples.

Figure 6c shows the young modulus of the CA/AlN composites which were calculated
using gradient of the stress versus strain curves. The Young’s modulus of the samples
containing 5 wt. % and 10 wt. % of AlN increases up to 1100 and 1221 MPa, respectively.
However, when the further AlN were added, the Young’s modulus of the 15 wt. % and
20 wt. % samples decrease to 989 and 892 MPa, respectively Therefore, it can be deduced
that the stiffness of the samples increases with low AlN concentration (5 wt. % and
10 wt. %) and then reduce when the AlN reached to 15 and 20 wt. %.

In addition, the changes in toughness of the material were calculated by area un-der
the graph as shown in Figure 6d. The toughness of the 0 wt. % sample was 2.7 MPa.
When 5 wt. % of AlN was added to the composite, the toughness significantly increased,
up to 4.0 MPa. which shows it is toughest sample. However, the toughness started to
reduce when higher AlN concentrations were added to the composites. The calculations
analysis was made as stated in the literature [18,23,24].

HDPE, PVC, and PVDC are the commercially available material which is used to
produce cling film for food packaging, tablecloths and other plastic materials. Theoretically,
the commercial HDPE, PVC and PVDC clings film has the tensile strength of ≥10, ≥15 and
≥60 MPa respectively. Therefore, the CA/AlN composites can be used as the food wrap
or tablecloths since it has the tensile strength in the range of 57 to 41 MPa which meets
the range of tensile strength of commercial product. As a summary, though the tensile
strength reduces at 20 wt. % but it has the enough mechanical strength to be an alternative
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material when compared with the theoretical values of the commercial products. However,
20 wt. % showed high thermal and antibacterial property which enhance the composite
material’s efficiency.
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3.3. Thermal Properties

The thermal property of the CA/AlN composites was analyzed by differential scan-
ning calorimetry, DSC. The desorption temperature (Td), glass transition temperature (Tg),
melting temperature (Tm), and degree of crystallinity χc were measured. Figure 7 shows
the first heating curve of DSC of cellulose acetate and CA/AlN composites. The first en-
dothermic peak was clearly seen in all the samples. This peak appears due to the desorption
of water. This phenomenon occurs due to the existence of residual moisture or low boiling
point of solvents. Td varies from control (0 wt. %) to 20 wt. % in the range from 71.82 ◦C to
79.97 ◦C. The differences of Td values are due to their different ability of holding water of
the polymeric matrices [14].

Figure 8a shows the second heating curve where the Tg and Tm could be identified.
The Tg value were calculated by the maximum Tan delta peak [25–29]. The Tg values
increases as the concentration of AlN increases as illustrated in Figure 8b. The Tg value of
the CA improved with increasing the amount of AlN reinforcement.

The Tm temperature also shows similar trend where it increases as the amount of
AlN increases. However, the increment seems to be small (about 7.35 ◦C from 0 wt. %
to 20 wt. %). From Figure 8c, an endothermic peak appears in the first cycle close to the
melting peak, but according to literature [26,29,30], the first heating curve is influenced
by the thermal and mechanical history, and the second heating curve is conventionally
used for the determination of material properties, such as meting point or glass transition
temperature, under a given dynamic condition. For this reason, the melting point and glass
transition temperature were investigated using the second heating curve [25–32].
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Another parameter extrapolated from the DSC curves is the degree of crystallinity
χc which is a fundamental property for properties of plastics. A higher degree of crys-
tallization makes the material stiffer and stronger but also increases brittleness [26–31].
The crystallinity degree of CA/AlN composites was calculated as the ratio between the
melting enthalpy of (∆Hm) and the respective value for the totally crystalline material
(∆H0

m) multiply with weight fraction of CA using the following formula:

χc =
∆Hm

ω∆H0
m
× 100 (1)

where ∆H0
m = 58.8 J g−1 as stated by Cerquiera et al. [27].

Based on Figure 8d the degree of crystallinity reduces upon addition of AlN. However,
the concentration of AlN does not affect the crystallinity degree much as the value was
almost similar from 5 wt. % to 20 wt. %

3.4. In Vitro Testing
Microbial Viability Assay (WST)

Figure 9 demonstrates the antibacterial test conducted against the CA/AlN composites
material with S. epidermidis using WST method. It is clearly observed that absorbance level
increases until 15 wt. % and start to reduce at 20 wt. % for 12 h. Besides, the same samples
were tested with the laser microscope, where the biofilm production was clearly seen on
the surface as shown in Figure S1. Almost similar results were obtained for 12 h, the biofilm
formation reduces slightly from the control sample and the antibacterial effect was not
clearly observed. Whereas, for 24 h, the absorption shows the similar trend as 12 h, but
at 20 wt. % shows a very lower absorption than control. The biofilm formation shows a
very clear trend at 24 h where, at control it was observed the full area covered by patches
of biofilm and it start to reduce as the concentration of AlN increases and at 20 wt. % and
very low amount of biofilm was detected.

To reconfirm the antibacterial property, the samples were analyzed using Crystal
violet (CV) staining method. The stained samples were analyzed with WST and Viability
Staining, and ImageJ Analysis and the results were shown in Figure 9 The CV-stained
samples show high absorbance at 12 h and start to reduce slightly at higher concentration
especially at 15 and 20 wt. %, at 24 h the absorbance does not increase and was maintained
as 0 wt. % sample but at 20 wt. % it decreases drastically. When compare with viability
staining method, it shows the similar trend as the previous WST method where the biomass
increases up to 15 wt. % and decreases at 20 wt. % for 12 h, whereas, at 24 h the biomass
shows slight increment up to 15 wt. % and drastic drop at 20 wt. %.

For the E. coli bacteria, the WST measurement was not precise as the absorbance
increases at 12 and 24 h even at 20 wt. % as shown in Figure 10. However, at 24 h, clear
trend of decrement was observed especially at 20 wt. %. Comparing with the result
of biofilm formation, the same trend was observed where the biofilm increases as the
concentration increases. However, at 24 h the reduction of biofilm was clearly observed
at 20 wt. % which in agreement with WST result. Although, laser micrographs images in
Figure S2 (Supplementary Materials) shows the reduction of the biofilm formation as the
concentration of AlN increases at 24 h.

In CV-stained experiment, the absorbance of E. coli increases as the concentration
increases even at 20 wt. % as illustrated in Figure 11c,d. However, the absorbance shows
a decrement at 20 wt. % compared with other concentrations. In the viability test, the
biomass of E. coli reduces as the concentration increases but shows sudden spike at 20 wt. %
for 12 h. However, at 24 h, a clear trend was observed where the biomass starts to reduce
after 5 wt. % and lowest at 20 wt. %.
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Figure 11. (a) Staphylococcus epidermidis biofilm formation after 12 and 24 h evaluated by quantitative
measurement of crystal violet staining as an indicator of biomass accumulation on CA/AlN compos-
ites, (b) Quantitative comparison of accumulated biomass in (a), (c) Escherichia coli biofilm formation
after 12 and 24 h evaluated by quantitative measurement of crystal violet staining as an indicator of
biomass accumulation on CA/AlN composites, (d) Quantitative comparison of accumulated biomass
in (c).

4. Discussion

The results of the laser microscope, FTIR and Raman spectroscopy clearly show the
surface morphology and chemical composition of the CA/AlN composites. The surface
roughness increases as a function of AlN concentration. Raman spectra clearly showed the
presence of AlN particles which were hard to observe by FTIR. There was no observable
alteration in the chemical bonds of both CA and AlN during the casting process which
were clearly seen from FTIR and Raman spectroscopy.

The mechanical properties of the composites are affected by AlN concentration: the
ultimate strength, the elongation and the toughness increase with a low concentration of
AlN of 5 wt. %, then decreases with AlN concentration of 10 wt. % and above. The Young
modulus of the composite also increases with AlN contents of 5 and 10 wt. %, then
decreases when the AlN concentrations reach 15 and 20 wt. %. The mechanical behaviors
of the CA/AlN composites could be explained by the phenomenon called “mechanical
per-collation” [33]. Generally, in the polymer/filler composite system, the mechanical
properties of the composite will increase until the filler concentration reaches a critical
value, and then decreases with further filler content. The high concentration of the AlN
particles could lead to the formation of agglomerates in the polymer matrix, affect the
homogeneity of the CA/AlN composites, and causing lower mechanical properties.

The thermal properties were affected by the presence of reinforcing powders: the Tm
and Tg values shows an increment. These increments could be attributed to the presence
of AlN particles in the composite system. Due to the agglomeration of the filler particles,
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the mobility of the polymer chains is reduced. In order to mobilize the polymer chains,
more energy is required, leading to the increase in the Tm and Tg values [34]. Whereas the
degree of crystallinity of the composite material reduces when there is presence of AlN.
However, the concentration does not affect the degree of crystallinity. The value was
almost similar from 5 wt. % to 20 wt. %. Most importantly, this shows AlN can be a good
reinforcing material.

The antibacterial properties were clearly shown in the Results chapter; however, it was
difficult to observe the effect played by the increasing concentration of AlN which due to
the releasing of active antibacterial component from the substrate. At higher concentrations,
the antibacterial effect for both Gram-positive (S. epidermidis) and Gram-negative (E. coli) at
24 h was clearly observed. Secondly, the surface roughness at 20 wt. % might be the reason
of the antibacterial effect which is expected to the liberation of ammonia (NH3) from the
surface of composite material into the aqueous solution upon exposing to water. The high
surface roughness promotes more surface area which causes the bacteria to become exposed
to the AlN and die. In total, 1 mole of AlN reacts with 3 mole of water and produces 1 mole
of aluminum hydroxide and 1 mole of (NH3). This reaction was considered as the overall
hydrolysis reaction as given below [11,31,32,35–38]:

AlN + 3H2O→ Al (OH)3 + NH3 (2)

However, according to Bowen et al. [39] the hydrolysis of AlN in room temperature,
the reaction can be classified into three processes as stated in following equations:

AlN + 2H2O→ AlOOH(amorphous) + NH3 (3)

NH3 + H2O 
 NH+
4 + OH− (4)

AlOOH(amorphous) + H2O→ Al (OH)3 (5)

The release of ammonia reacts with the water to produce ammonium ions and hydrox-
ide ions. The ammonium ions and ammonia release are responsible for the antibacterial
property for the composite. There are few studies that have shown the antimicrobial prop-
erty of ammonium salts. On the other side, the volatile ammonia (NH3) gas release is ex-
pected to directly attack the structure of DNA of microorganisms [40–43]. Kleiner focused
on the review of transportation of ammonia in bacteria and fungi which explains why
bio membranes are highly permeable to free ammonia [39]. In another comprehensive
study, the author claimed the ammonium ion, (NH4

+) can only diffuse into the cytoplasmic
space through ion channels and the tiny (NH3) molecules can freely penetrate through the
membrane [36,40–43]. Therefore, based on the previous studies and the results obtained,
it can be speculated that the mechanism of antibacterial action is the elution of ammonia
(NH3) and ammonium ion (NH4

+) during hydrolysis of AlN, as shown in Equations (1)–(3),
diffuses into the bacterial cell and damages the DNA as well as causing cell lysis [35–43].

The amount of ammonium ion (NH4
+) and ammonia (NH3) released will determine

the level of toxicity, thus a small preliminary experiment was conducted to measure the
amount of NH4

+ and NH3 using a Quick Ammonia Meter AT-2000 instrument and the
results were shown in Figure S3. The experiment was conducted at different time intervals
of 2, 6, 12 and 24 h using the 20 wt. % of CA/AlN composite. The results demonstrate
the release of NH4

+ and NH3 are very limited, and even at 24 h the maximum level of
NH4

+ and NH3 are 0.44 mg/L and 0.28 mg/L respectively. Figure S4 shows the differences
of the amount of NH4

+ and NH3 release by pure AlN powder and 20 wt. % of CA/AlN
composite. The results clearly show the release of NH4

+ and NH3 is controlled by the
CA substrate and the generation of aluminum hydroxide on the surface when exposed
with water as shown in Equations (2)–(5) play a role to slow down the release. Therefore,
the level of toxicity is much lower when compared to pure AlN powder. Secondly, the
intended application of these CA/AlN composite is not for ingestion or biomedical devices:
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it is intended to be used as tablecloth or food wraps which are not in direct contact with
the human body environment.

5. Conclusions

The surface characterization of the composite material shows an increment in surface
roughness due to presence of AlN, that could also be identified by Raman.

The mechanical strength of the composite was reduced at AlN fractions >10 wt. %.
On the other hand, the Young’s modulus showed an increase up to 10 wt. % and a decrease
at a higher concentration. In addition, a clear decrement observed in toughness upon
increasing concentration of AlN was observed.

The melting temperature (Tm) and glass transition temperature (Tg) increased with
increasing AlN concentration, showing that the thermal properties of the CA/AlN com-
posites were improved in the presence of AlN.

The CA/AlN composites showed antibacterial effects for both the Gram-positive and
Gram-negative bacteria at higher concentration of AlN due to the reaction of AlN with
water to produce ammonia (NH3) and ammonium ions, which caused lysis by disruption
of bacterial cell membrane.

In conclusion, this could be a promising material to replace plastic bags, food packag-
ing or other plastic products thanks to improved antibacterial and thermal property.

Future research will focus on the degradability and stability of this composite material.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics10111292/s1, Figure S1: Microscopic images of Staphylococcus epidermidis biofilm
formation on the different CA/AlN composites after 12 h (a–e), 24 h (f–j), Figure S2: Microscopic
images of Escherichia coli biofilm formation on the different CA/AlN composites after 12 h (a–e),
24 h (f–j), Figure S3: Quantification of Ammonium ion and Ammonia released during hydrolysis
process of AlN at different time interval, Figure S4: Comparison of Ammonium ion and Ammonia
released by AlN powder and 20 wt. % CA/AlN composite.
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Abstract: The low efficacy of conventional treatments and the interest in finding natural-based
approaches to counteract biofilm development on urinary tract devices have promoted the research
on probiotics. This work evaluated the ability of two probiotic strains, Lactobacillus plantarum and
Lactobacillus rhamnosus, in displacing pre-formed biofilms of Escherichia coli and Staphylococcus aureus
from medical-grade silicone. Single-species biofilms of 24 h were placed in contact with each probiotic
suspension for 6 h and 24 h, and the reductions in biofilm cell culturability and total biomass were
monitored by counting colony-forming units and crystal violet assay, respectively. Both probiotics
significantly reduced the culturability of E. coli and S. aureus biofilms, mainly after 24 h of exposure,
with reduction percentages of 70% and 77% for L. plantarum and 76% and 63% for L. rhamnosus,
respectively. Additionally, the amount of E. coli biofilm determined by CV staining was maintained
approximately constant after 6 h of probiotic contact and significantly reduced up to 67% after
24 h. For S. aureus, only L. rhamnosus caused a significant effect on biofilm amount after 6 h of
treatment. Hence, this study demonstrated the potential of lactobacilli to control the development of
pre-established uropathogenic biofilms.

Keywords: biofilm; urinary tract devices; probiotics; Lactobacillus plantarum; Lactobacillus rhamnosus;
antibiofilm activity; displacement

1. Introduction

Urinary tract infections (UTIs) are the most common type of healthcare-associated
infections reported by the Centers for Disease Control [1–3], with an estimated annual
worldwide incidence of 250 million cases [4]. The high incidence of these infections results
in considerable treatment costs, increased length of hospital stays, and high mortality
rates, posing a huge financial burden on healthcare systems [5–8]. Device-associated UTIs,
caused by the insertion of urological devices (UDs), such as urinary catheters or ureteral
stents, contribute to about 97% of UTIs [3,5,9]. Despite the efforts to maintain sterility,
the contamination of UDs is almost inevitable since they work as a bridge connecting
the nonsterile external environment and the patient’s body [10,11]. The most common
microorganisms contributing to device-associated UTIs are Escherichia coli, Klebsiella pneu-
moniae, Pseudomonas aeruginosa, Staphylococcus aureus, Candida spp., Enterococcus faecalis,
and Proteus mirabilis [12–15].

Device-associated UTIs mostly originate from the formation of microbial pathogenic
biofilms on the device’s surface [16]. Biofilms are present in about 80% of human microbial
infections [12], and once established, they are extremely hard to eliminate [17,18]. Biofilms
are defined as a consortium of microorganisms surrounded by a self-synthesized matrix of
extracellular polymeric substances [19,20], which protects the embedded bacteria against
host defenses and antimicrobial agents [12]. The conditions present in the urinary tract
are particularly favorable to microbial adhesion and biofilm development due to the
diversity of shear forces prevailing throughout the urinary tract [5,21], the presence of
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a continuous or intermittent flow of nutrients [12], the absence of defense mechanisms
at the UD lumen [12], and the high vulnerability of UDs, classically made of polymeric
materials, to bacterial adhesion [22]. In addition, bacteria such as P. mirabilis can cause
the precipitation of some minerals present in urine, which originates encrustation on UD
surfaces and has severe consequences on the bladder and urethral epithelia [9,12].

Some strategies to control UD biofilms include antimicrobial lubricants, bladder instil-
lation or irrigation, antimicrobial agents in collection bags, and the administration of antibi-
otics [13]. Recently, in a novel approach, the balloon on Foley catheters was transformed
into a permeable membrane allowing localized and continuous delivery of antibiotics to
the bladder and was shown to eradicate a provoked uropathogenic E. coli infection [23].
Moreover, the development of new surfaces that inhibit biofilm formation through antimi-
crobial agent’s release, contact-killing, inhibition of microbial adhesion, and the disruption
of biofilm architecture have been suggested to reduce the incidence of device-associated
UTIs [24,25]. Although numerous strategies have been investigated, questions regarding
biocompatibility, bacterial resistance, long-term efficacy, and cytotoxicity warrants further
investigation, not being clear how they will affect clinical outcomes [26].

Recent evidence suggests probiotics as a promising option for fighting biofilms.
Probiotics are defined as “live microorganisms which when administered in adequate
amounts confer a health benefit on the host” [27]. Lactic acid bacteria (LAB), including
Lactobacillus, Bifidobacterium, Streptococcus, Lactococcus, and Leuconostoc, are the predomi-
nant group of bacteria with proven probiotic action [28,29], where Lactobacillus assume the
greatest relevance [30]. This group of bacteria can grow in different habitats using diverse
sources of carbon [31]. From glucose metabolism, LAB are classified as homofermentative,
producing exclusively lactic acid, or heterofermentative, producing several other metabo-
lites besides lactic acid, such as ethanol and acetic acid [32,33]. Those substances, together
with other secondary metabolites, such as organic acids, exopolysaccharides, biosurfac-
tants, bacteriocins, and enzymes [34], provide a physiologically restrictive environment
(e.g., low pH, redox potential, hydrogen sulfide, and peroxide production), making it
less suitable for competitors [35–37]. Bacteriocins are a particular class of exometabolites
produced by probiotics and are substantially documented to inhibit the growth of com-
petitors [38–40]. Probiotics can also compete for adhesion sites by forming non-pathogenic
biofilms that hamper the adhesion and biofilm formation of pathogens [41,42]. Each pro-
biotic strain has multiple and diverse impacts on the host [36]. To date, several studies
demonstrated the ability of probiotics to produce antimicrobial metabolites to manage
biofilm infections [43–45], and their inhibitory effects on biofilm formation were extensively
reviewed [46–48]. Moreover, probiotics were described to suppress quorum-sensing and
affect biofilm integrity [46] by repressing the expression of biofilm-associated genes [49].

The objective of this study was to evaluate the effect of two Lactobacillus strains
frequently used in antimicrobial studies, Lactobacillus plantarum (currently Lactiplantibacillus
plantarum) and Lactobacillus rhamnosus (currently Lacticaseibacillus rhamnosus), against pre-
formed biofilms of bacteria commonly found in biofilms developed in UDs, E. coli and
S. aureus. Some studies showed promising results in displacing adhering uropathogens
from catheter materials [16,50,51]. However, to the best of our knowledge, this is the
first study that demonstrates the ability of probiotic cells to displace pre-formed biofilms
combining the effect of nutritional conditions, temperature, hydrodynamics, and surface
material to better predict how probiotics will perform in vivo.

2. Results

To evaluate the capacity of probiotics to disrupt pre-formed pathogenic biofilms,
a dynamic biofilm assay was performed where the cell culturability and total biomass were
analyzed by colony-forming unit (CFU) count and crystal violet (CV) staining, respectively.
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2.1. Biofilm Cell Culturability

The results of E. coli and S. aureus biofilm culturable cells after 6 h and 24 h of incuba-
tion with L. plantarum and L. rhamnosus suspensions are presented in Figure 1. Both model
pathogenic strains confirmed their ability to grow in artificial urine medium, as well as
to adhere and form stable biofilms on silicone rubber. The ability of E. coli to form robust
biofilms on this surface material was previously reported by our research group [52,53].
Moreover, E. coli biofilms exhibited higher cellular densities than S. aureus (Figure 1),
demonstrating its higher propensity to form biofilms on silicone.
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Both Lactobacillus strains were able to reduce pre-formed biofilms. As regards E. coli
biofilms (Figure 1a), the number of sessile culturable cells was significantly reduced when
exposed to probiotics in comparison to the negative control sample (p < 0.001). The highest
reductions were obtained after 24 h of exposure, with reductions of 70% for L. plantarum and
76% for L. rhamnosus (p < 0.001). Additionally, reductions of 69% and 61% were obtained
after 6 h of biofilm treatment with L. plantarum and L. rhamnosus, respectively (p < 0.001).
Regarding S. aureus biofilms (Figure 1b), the same tendency was observed. There was
a significant reduction in S. aureus culturability at both experimental times (p < 0.001),
being the most significant decrease after 24 h of contact (77% for L. plantarum and 63%
for L. rhamnosus); after 6 h, reductions of 57% and 59% were obtained for L. plantarum
and L. rhamnosus, respectively. For both pathogens, the antimicrobial activity of probiotics
increased from 6 h to 24 h of exposure, demonstrating a progressive effect over time.

The culturability of probiotics in the sessile state was simultaneously evaluated
(Figure 2). It can be observed that the E. coli culturability reduction (Figure 1a) was ac-
companied by the presence of viable probiotic cells in the biofilms (Figure 2a), except for
L. rhamnosus, which lost its biofilm culturability after 24 h of interaction with E. coli. On the
contrary, the reduction in S. aureus biofilm culturability (Figure 1b) was not followed by the
presence of viable L. plantarum cells in biofilms (no colonies were detected at 6 h and 24 h;
Figure 2a). L. rhamnosus was present in sessile conditions, but its culturability decreased by
85% between 6 h and 24 h of interaction with S. aureus (Figure 2b). Additionally, looking at
Figures 1 and 2, there is about 1–3 log CFU·cm−2 difference between the populations of
E. coli and S. aureus and probiotics within the biofilms.
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Complementary assays were performed to analyze the presence of probiotic cells in
the planktonic fraction in order to explain the decrease in pathogens culturability, even in
the absence of Lactobacillus cells in the biofilm (data not shown). For example, L. rhamnosus
cell densities of 2.5 × 105 ± 4.3 × 103 and 1.6 × 104 ± 4.2 × 103 CFU·mL−1 were detected in
the suspension after 24 h of contact with E. coli and S. aureus biofilms, respectively, suggest-
ing that probiotics may act on the pathogenic sessile cells through the release of harmful
substances to the extracellular medium. The antimicrobial activity of lactobacilli was
also evaluated against S. aureus by the disk diffusion method (Supplementary Material).
The cell suspensions and cell-free supernatants of both viable and lysed probiotics evi-
denced clear inhibition zones on the swabbed S. aureus on Luria-Bertani agar plates when
compared with the negative control (Table S1, Supplementary Material), indicating that
these probiotic strains inhibited the growth of pathogens through the production and
secretion of antimicrobial substances into their surroundings.

2.2. Biofilm Mass

Figure 3 presents the results of biofilm quantification using CV staining. Concerning
E. coli biofilms (Figure 3a), both probiotics maintained the biofilm amount at 6 h of contact
in comparison with control (p > 0.05). However, after 24 h of exposure, L. plantarum and
L. rhamnosus significantly reduced the biofilm mass by 51% (p = 0.04) and 67% (p = 0.011),
respectively, demonstrating their capacity to disrupt the pre-formed biofilms. In the case of
S. aureus biofilms, the opposite behavior was observed. After 6 h of contact, both probiotics
reduced biofilm mass, although only L. rhamnosus exhibited statistical difference when
compared to control (reduction of 42% for L. plantarum (p = 0.053) and 20% for L. rhamnosus
(p = 0.049)); at 24 h of contact, the biofilm amount remained nearly constant. Therefore,
there was a poor correlation between the CV staining method and cell culturability.
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Figure 3. Total amount of E. coli (a) and S. aureus (b) biofilms after 6 h and 24 h of contact with probiotics (L. plantarum or
L. rhamnosus). The data present the mean and SD of at least three independent experiments. Statistically significant differences
between the control and treatment were considered for p-values < 0.05 (* and ** indicate p < 0.05 and p < 0.01, respectively).

3. Discussion

Device-associated urinary tract infections are a critical problem caused by the high
propensity of medical devices to microbial colonization. Previous studies have proposed
the use of probiotics as a useful strategy to control pathogenic biofilms, demonstrating
that probiotics cells and metabolites can displace adhering uropathogens from urinary
devices materials and block bacterial adhesion to uroepithelial cells [47,48]. Probiotics can
exert their antibiofilm activity by adopting different strategies: displacement, exclusion,
and competition [47]. Recently, our research group evaluated the ability of L. plantarum
biofilms to prevent E. coli adhesion and biofilm formation on silicone rubber, following
an exclusion strategy [42]. In the present work, the potential of two probiotic strains
(L. plantarum and L. rhamnosus) to disperse pre-formed biofilms of E. coli and S. aureus under
physiologically relevant conditions was assessed by adopting a displacement strategy [48].

Regarding the antibiofilm activity of probiotics, they significantly inhibited the pro-
liferation of E. coli and S. aureus biofilms by reducing their cell culturability and biomass
amount after 24 h of treatment. Furthermore, both Lactobacillus strains caused similar
reductions in the culturability of both model pathogens. The activity of probiotics can be
related to interfacial cell–cell interactions and to the production and release of antagonizing
metabolites that are able to destabilize the biofilm organization, as demonstrated in previ-
ous studies [54–56]. Although the incorporation of probiotics within the biofilms suggests
that those adhered Lactobacillus cells may contribute to pathogen inhibition, the absence of
biofilm culturable cells of probiotics at some time points (L. rhamnosus after 24 h of contact
with E. coli and L. plantarum after 6 h and 24 h of contact with S. aureus) suggests that,
beyond the antibiofilm action by integration and contact with the biofilm, lactobacilli may
act through the release of antimicrobial substances from the planktonic cells. Moreover,
the differences found between the culturability of E. coli and S. aureus and the culturability
of probiotics mean that there was not a direct exchange of pathogenic cells by probiotic
cells during treatment. This suggests that pathogen inactivation occurred essentially by the
secretion of antimicrobial substances into the surrounding environment. The presence of
culturable cells of probiotics in the planktonic fraction and the existence of inhibition zones
caused by probiotics cell-free supernatants reinforce this hypothesis.

The poor correlation between the crystal violet (CV) method and cell culturability
results can be attributed to the ability of CV to non-specifically bind to some components
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of the biofilm matrix (such as DNA, exopolysaccharides (EPS), and proteinaceous material)
and the peptidoglycan wall of both live and dead cells [57,58].

The antimicrobial substances released by probiotics may penetrate the extracellular
matrix of biofilms, interfering with their integrity and cell culturability. Several authors
reported the ability of Lactobacillus strains to disrupt mature biofilms. Jaffar et al. [58]
described that L. plantarum significantly disrupted the pre-formed biofilm of Aggregatibac-
ter actinomycetemcomitans by approximately 61% on polystyrene after 24 h. Conversely,
Song et al. [59] reported that L. rhamnosus was capable of disrupting biofilms of Can-
dida albicans by 99.9% due to the production of lactic acid and antimicrobial peptides,
which presumably disrupted the cytoplasmatic membrane and inactivated cytoplasm
molecules. This mechanism was supported by Fayol-Messaoudi et al. [60], who sug-
gested that the bactericidal activity of Lactobacillus strains may be due to the synergistic
action of lactic acid and secreted bacteriocins. Some studies have shown that bacteriocins
produced by L. plantarum effectively suppressed the growth and biofilm formation of
several microorganisms [39,61,62], including S. aureus [63]. McMillan et al. [64] found that
L. rhamnosus was incorporated into uropathogenic biofilms, including E. coli, and caused
significant E. coli killing supposedly due to the production of bacteriocins or biosurfactant-
like substances. In agreement, Cadieux et al. [65] described that L. rhamnosus strongly
inhibited the growth of uropathogenic E. coli by producing bacteriocins, hydrogen peroxide,
and lactic acid. Similarly, Otero et al. [45] evidenced an inhibitory effect of Lactobacillus
strains in S. aureus growth after 6 h of co-culture, possibly due to the combined effect of
hydrogen peroxide and lactic acid. In addition, some authors suggested that L. rhamnosus
can produce biosurfactants with antibiofilm activity against E. coli and S. aureus [43,64].
Previous studies have demonstrated the ability of lactic acid bacteria biosurfactants to in-
hibit biofilm development and induce its dispersion from surgical implant materials [66–68].
Furthermore, an assorted number of studies attributed the disruption of the architecture
of pathogenic biofilms by L. rhamnosus to the secretion of molecules that downregulate the
genes involved in biofilm development, DNA replication, translation, glycolysis, and glu-
coneogenesis [55,56]. Song et al. [69] reported that L. rhamnosus significantly disrupted
the architecture of E. coli biofilms by 82% by decreasing the transcriptional activity of
transcriptional activators (luxS, lsrK, and lsrR) of the quorum-sensing in E. coli. In addition,
Ahn et al. [70] and Kim et al. [71] described that lipoteichoic acid produced by L. plantarum
disrupted pre-formed biofilms of single and multispecies pathogens by interfering with
EPS production.

In this work, the lack of glucose in the growth medium hindered probiotics fermen-
tation since high glucose concentrations enhance medium acidification [72,73]. This was
confirmed by comparing the initial and final pH values of artificial urine medium (AUM),
where no differences were found. Additionally, Todorov et al. [74] studied the effect of the
pH on the production of bacteriocins of L. plantarum and found that the inhibitory activity of
bacteriocins was detected at pH values between 5.0 and 6.5. Moreover, the presence of yeast
extract, potassium dihydrogen phosphate, and dipotassium hydrogen phosphate in culture
medium as nitrogen and phosphorus sources, respectively, enhanced the production of
bacteriocins by L. plantarum [74]. In the present work, since the initial pH of AUM is 6.5,
and yeast extract, potassium dihydrogen phosphate, and dipotassium hydrogen phosphate
are present in AUM [75], this may have contributed to the production of bacteriocins by
this probiotic strain. Regarding biosurfactants, despite the bactericidal potential of biosur-
factants, their action is more frequently associated with their capacity to affect microbial
adhesion by interfering with surface tension and hydrophobicity [76,77], so biosurfactants
are unlikely to be effective on mature biofilms. Thus, the disruptive activity of probiotics
is most likely explained by the production and secretion of antimicrobial exometabolites,
such as hydrogen peroxide, bacteriocins, and biosurfactants, rather than by a possible pH
change of the culture media.
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Overall, these results suggest that the ability of probiotics to displace pre-formed
uropathogenic biofilms can be attributed to the production of exometabolites that inactivate
sessile cells and destabilize the biofilm structure.

4. Materials and Methods
4.1. Preparation of Silicone Surfaces

Biofilm formation experiments were performed on silicone coupons (1 × 1 cm; Neves
& Neves, Lda, Maia, Portugal) with the intention of mimicking the most common ma-
terial of urinary catheters [78]. The surfaces were prepared as previously described by
Carvalho et al. [42]. Briefly, the coupons were washed with 70% (v/v) ethanol (VWR, Rad-
nor, PA, USA), air-dried, and then sterilized through ultra-violet (UV) radiation for 30 min.
The sterile coupons were fixed to the bottom of 12-well polystyrene plates (VWR, USA)
using double-sided adhesive tape, which was sterilized beforehand for 30 min through
UV radiation.

4.2. Bacterial Strains and Culture Conditions

The probiotic strains used in this study were Lactobacillus plantarum and Lactobacillus
rhamnosus (1 × 1011 CFU·g−1; Biomodics ApS, Rødovre, Denmark). These bacteria were
preserved at −80 ◦C in De Man, Rogosa and Sharpe (MRS) broth (Merck KGaA, Madrid,
Spain) with 30% (v/v) glycerol, streaked on MRS agar (Scharlab, S.L., Barcelona, Spain)
plates, and incubated for 48 h at 37 ◦C. Lactobacillus inocula were prepared by collecting
bacterial colonies from the MRS agar plate into 250 mL of MRS broth and incubating
overnight at 37 ◦C in an orbital shaker at 120 rpm (Agitorb 200, Aralab, Rio de Mouro,
Portugal). MRS is the culture media routinely used for lactobacilli growth [79].

Escherichia coli CECT 434 and Staphylococcus aureus CECT 976 were chosen as model
microorganisms of biofilm-based urinary tract infections. These bacterial strains were
preserved at −80 ◦C in Luria-Bertani (LB) broth (Thermo Fisher Scientific, Waltham, MA,
USA) containing 30% (v/v) glycerol, streaked on LB agar plates, and incubated for 24 h
at 37 ◦C. The starting cultures were prepared by collecting single colonies from LB agar
plates to 250 mL of artificial urine medium (AUM) [75] and incubating overnight at 37 ◦C
and 120 rpm. AUM was used to simulate the nutrient composition of human urine [75].

4.3. Influence of Probiotics on Pre-Formed Biofilms

The antibiofilm assays followed a displacement strategy [47], which consisted of the
formation of E. coli and S. aureus biofilms, after which the biofilms were inoculated with
the Lactobacillus strains separately in order to evaluate their ability to disperse pre-formed
biofilms. The bacterial cultures grown overnight were harvested by centrifugation at
3202× g for 10 min at 25 ◦C (Eppendorf Centrifuge 5810R, Hamburg, Germany), and the
final cell concentration was adjusted in fresh AUM to an optical density at 610 nm of 0.15 for
E. coli, 0.20 for S. aureus, and 0.70 for both Lactobacillus strains, equivalent to approximately
108 CFU·mL−1, the recommended bacterial density to be used in urological experiments [5].
This was confirmed by colony-forming unit (CFU) counts. The uropathogenic biofilms were
formed on silicone coupons placed inside 12-well plates where each well was filled with
3 mL of the respective pathogenic suspension. The plates were incubated for 24 h at 37 ◦C
under shaking conditions in order to generate shear stresses similar to those found inside
urinary catheters [42,80]. Afterwards, cell suspensions were removed, and each well was
loaded with 3 mL of the respective probiotic suspension for periods of contact of 6 h and 24 h
under the same growth conditions. A negative control was prepared by adding sterile AUM
to pathogenic biofilms. At the end of each experimental period, biofilms were analyzed as
previously described [42]. Briefly, cell suspensions were removed from the wells, the non-
adherent cells were washed with a sodium chloride solution (8.5 g·L−1 NaCl), and the
biofilm amount and culturability were determined by crystal violet (CV) staining and
CFU counts, respectively. All experiments included at least three independent biological
replicates with two technical replicates each.
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4.3.1. Bacterial Enumeration

The number of biofilm culturable cells per cm2 of silicone was determined as indicated
by Carvalho et al. [42]. Briefly, the coupons were transferred to Falcon tubes with 2 mL of
saline solution and the biofilm cells were detached from the coupons by vortexing (ZX4,
Velp Scientifica, Usmate Velate, Italy) for 2 min at full power. Then, serial dilutions of the
obtained biofilm cell suspensions were performed in saline solution, plated on LB agar
(selective media for E. coli and S. aureus) and MRS agar (selective media for L. plantarum
and L. rhamnosus), and incubated at 37 ◦C for 24 h and 48 h, respectively.

The percentages of CFU reduction in pathogens were estimated as follows:

Reduction (%) =
CFUcontrol − CFUbiofilm

CFUcontrol
× 100 (1)

where CFUcontrol corresponds to the number of culturable cells of pathogens in the negative
control samples (biofilms not exposed to probiotic cell suspensions), and CFUbiofilm is the
number of culturable cells in biofilms treated with probiotics.

4.3.2. Biofilm Amount Determination

The total mass of biofilms was quantified using the CV staining method [42]. Briefly,
after washing the non-adherent cells, silicone coupons were transferred to 24-well polystyrene
plates (Thermo Fisher Scientific, USA), and biofilms were fixed with 1 mL of 100% ethanol
(VWR, USA) for 15 min. Then, the wells were air-dried, and biofilms were stained with
1 mL of 1% (v/v) CV (Merck, Germany) solution for 5 min. The dye bounded to the biofilm
was solubilized by adding 1 mL of 33% (v/v) acetic acid (VWR, USA) solution. Finally,
200 µL of each well was transferred to a 96-well polystyrene plate (VWR, USA), and the
biofilm mass was determined through absorbance measurement at 570 nm (Abs570 nm) in a
microtiter plate reader (SpectroStar Nano, Biogen Cientifica S. L., Madrid, Spain). When the
absorbance values exceeded 1, samples were diluted in 33% (v/v) acetic acid. The biofilm
amount was expressed as Abs570 nm values.

4.4. Statistical Analysis

Statistical analysis was performed using the IBM SPSS Statistics version 26 for Win-
dows (IBM SPSS, Inc., Chicago, IL, USA). Descriptive statistics were used to calculate the
mean and standard deviation (SD) for the number of culturable cells and biofilm mass.
The homogeneity of variances and normality of data were verified for all response variables
tested using the Kolmogorov–Smirnov and Shapiro–Wilk tests. Since the response variables
were not normally distributed, a nonparametric analysis using the Kruskal–Wallis test
was performed to assess whether there were statistically significant differences among
groups, and the differences between those groups were determined by the Mann–Whitney
test. Statistically significant differences were considered for p-values < 0.05, correspond-
ing to a confidence level of 95% (*, **, and *** indicate p < 0.05, p < 0.01 and p < 0.001,
respectively). All reported data are presented as mean ± SD from at least three experiments
with duplicates.

5. Conclusions

L. plantarum and L. rhamnosus were able to displace pre-established biofilms of E. coli
and S. aureus at similar levels. The antibiofilm activity of these probiotic strains may be
primarily linked to the release of self-produced substances, which reduced the number of
culturable pathogens in biofilms. Additionally, the integration of probiotic cells into the
biofilm may have contributed to the destabilization of the biofilm organization.

This proof-of-principle study supports the potential of Lactobacillus strains to be used
as biocontrol agents against pathogenic biofilms developed on urinary tract devices. It will
pave the way for more experiments on the topic in an effort to elucidate the mechanisms
underlying the lactobacilli activity.
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Abstract: Regarded as one of the best solutions to replace missing teeth in the oral cavity, dental
implants have been the focus of plenty of studies and research in the past few years. Antimicrobial
coatings are a promising solution to control and prevent bacterial infections that compromise the
success of dental implants. In the last few years, new materials that prevent biofilm adhesion to
the surface of titanium implants have been reported, ranging from improved methods to already
established coating surfaces. The purpose of this review is to present the developed antimicrobial and
antibiofilm coatings that may have the potential to reduce bacterial infections and improve the success
rate of titanium dental implants. All referred coating surfaces showed high antimicrobial properties
with effectiveness in biofilm control, while maintaining implant biocompatibility. We expect that by
combining the use of oligonucleotide probes as a covering material with novel peri-implant adjuvant
therapies, we will be able to avoid the downsides of other covering materials (such as antibiotic
resistance), prevent bacterial infections, and raise the success rate of dental implants. The existing
knowledge on the optimal coating material for dental implants is limited, and further research is
needed before more definitive conclusions can be drawn.

Keywords: oral biofilm; dental implants; titanium implants; antimicrobial; surface coating; anti-fouling

1. Introduction

Replacing missing teeth with dental implants is one of the most common treatment
options with a great success rate. However, they still fail a significant number of times
due to infections such as peri-implant mucositis, a biofilm-induced inflammation that can
trigger bone loss, and result in peri-implantitis [1–8].

The success of oral rehabilitation using dental implants depends on numerous factors.
The implantation process requires good interactions between the titanium surface and sur-
rounding bone tissue (osseointegration), as well as resistance against bacterial colonization
since implant-related infections are responsible for a large part of implant failure [9].

Studies indicate that around 29.48% (implant-based) and 46.83% (subject-based) of
dental implants suffer from peri-implant mucositis and around 9.25% (implant-based) and
19.83% (subject-based) develop peri-implantitis [10]. Peri-implant mucositis is a biofilm-
induced inflammation localized on the soft peri-implant mucosa, without any evidence of
supporting bone loss (Figure 1B) [8]. It develops from healthy peri-implant mucosa around
osseointegrated dental implants after the accumulation of bacterial biofilms. The major
clinical sign of peri-implant mucositis is bleeding on probing (BOP), although it can also
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present erythema, swelling, and suppuration [2]. Clinical studies reported reversibility of
peri-implant mucositis state after at least three weeks of better oral hygiene and biofilm
control [3]. Nonetheless, if left untreated, the inflammatory process may progress and
trigger the gradual destruction of the bone surrounding the implant, resulting in peri-
implantitis [8].
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These types of infections, when untreated, result in implant loosening and require
implant removal [4]. The ideal dental implant should have both great osseointegration
properties and protection from the bacteria that cause peri-implant mucositis [2,3]. To
achieve that, titanium and its alloys were chosen as the go-to material in commercialized
implants due to its properties such as great resistance to corrosion, biocompatibility, and
good tolerance by the biological environment, amongst others [2,3,5,7].

In order to improve success rates, modifications to the implant surface were proposed
and studied. Changing the surface’s physic and chemical characteristics such as roughness,
surface free energy, and wettability allowed improving osseointegration [5]. The next step
was to control and prevent the accumulation of bacteria around the implant since bacterial
adhesion occurs immediately after implantation and results in biofilm formation. Biofilm is
also resistant to many antimicrobial agents, making it difficult to treat once established [11].
In order to prevent bacterial infections, surface coatings with antimicrobial properties were
hypothesized to be a reliable solution for this problem.

Titanium implants are susceptible to bacterial adhesion (Figure 1B) depending on the
implant surface [12]. In order to prevent bacterial colonization, the titanium surface may
be treated by adding materials or agents in the form of coatings (Figure 1A) [11].

Coating materials such as silver, copper, zinc, chlorhexidine, and some antibiotics pre-
sented to be a promising solution due to antimicrobial properties that would fight bacterial
colonization [4,9]. Nonetheless, the methods required to modify and incorporate coatings
in the implant surface are complex and expensive. Furthermore, while trying to achieve
maximum antimicrobial properties, biocompatibility and osseointegration properties may
be lost. The balance will always be key to determining the potential of a coating [13].
An ideal implant should have both osseointegration and antimicrobial properties [4,14].
There are numerous coatings developed throughout the years with promising results en-
hancing antimicrobial properties, achieved by either physical or chemical modification or
even a combination of both, and we will discuss the most relevant ones.

This review aims to examine a wide range of coating materials and procedures in order
to determine which novel solutions offer the best chances of producing a viable anti-fouling
surface coating for dental implants.
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2. Materials and Methods
2.1. Search Strategy and Information Sources

Four electronic sources of evidence were consulted in search of suitable articles that
matched the aim of this review: MEDLINE (via PubMed), Scopus (Elsevier: Amsterdam,
The Netherlands), Web of Science (Clarivate Analytics: Philadelphia, PA, United States),
and SciELO (Scientific Electronic Library Online: Brazil), up to 28 May 2021.

Papers were searched using the following keywords: “Dental implant”; “Periodont*”;
“Periodontal pockets”; “Microbes”; “Oral biofilm”; “Micro *”; “Oral micro *”; “Bacteria”;
“Surface coating”; “Antimicrobial”; “Antibacterial”; “Titanium implants”; “Antibiotic
loaded coating; “Biosurfactant”; “Chlorhexidine coating”; “Polymer coating”; “Implant
infections”; “ Anti-infective biomaterials”; “Antiadhesive surfaces”; “Nanostructured
materials”; “Antibiofilm molecules”; “Antisense peptide nucleic acids”; “Drug delivery”;
and “Antimicrobial photodynamic therapy”. The keywords were combined with Boolean
operators “AND” or “OR” with proximity operators [“” and ()] and with the truncation
operator (*) used whenever appropriate.

The electronic database search was supplemented with a hand search across the
references of all included papers.

2.2. Eligibility Criteria

The search was designed to be as broad as possible, with the goal of including all
studies that alluded to coatings treatments on titanium surfaces to test their applicability
on dental implants. All studies with less than ten years of publishing data were included.
Restrictions were made to article type by excluding reviews, thesis, case reports, or letters.

3. Results

The most notable coatings, as well as their most important qualities and properties,
are described in this section.

3.1. Bacteriostatic Materials

Various molecules show bacteriostatic properties, which means that they can repel
bacteria from the surface of the implant without killing it [9].

Polymers such as polycations and biosurfactants have been studied and applied to
titanium surfaces, being able to provide bacteriostatic properties to titanium surfaces.
Moreover, recent studies were able to combine bactericidal and bacteriostatic materials
granting both properties to titanium surfaces [9].

3.1.1. Polymer Coatings

Polyethylene glycol (PEG) is one of the most widely used polymers that provide
antifouling properties to material surfaces, namely titanium surfaces [15,16]. It has excel-
lent bacteriostatic qualities due to its hydrophilic and flexible chains. However, the very
efficient antibacterial repelling properties also inhibit eukaryotic cell attachment (e.g., os-
teoblasts), thus compromising osseointegration. Therefore, they require the addition of cell
adhesive sequences such as RGD (arginine-glycine-aspartate) peptides to preserve their
biocompatibility [15].

Aiming to prevent the adhesion of bacteria to the surface of medical implants, polymer
coatings with hydrophobic polycations such as N,N-dodecyl,methyl-PEI, as described by
Schaer et al. [17], were studied and not only have shown a significant reduction in bacterial
colonies of S. aureus when coated in titanium surfaces in vitro but also when applied in
sheep models in vivo. Membrane proteins, teichoic acids (Gram-positive bacteria), and neg-
atively charges phospholipids (Gram-negative bacteria) grant a negative surface charge to
microbial cells. Polycations are attracted to the negativity present in microbial cells’ surface,
and based on their amphiphilic properties, they can disrupt their membrane and enable
cell lysis, and this results cell death, adding bactericidal potential to the polymer coating.
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Unfortunately, fabrication of the coating structure is a costly and challenging process,
and there is a risk of polymer degradation with time, which could compromise the long-
term stability and effect of the coating surface. Moreover, some polymer coatings are not yet
available for use in titanium dental implants since the process of screwing the implants to
the bone would compromise the structure of the coating, making it an unviable option [9].
Nonetheless, when a stable structure of polymers and cell adhesive sequences is achieved,
both anti-biofouling and osseointegration results are expected [15].

3.1.2. Totarol

Totarol is a natural antibacterial agent that presents to be a promising solution towards
the prevention of biofilm formation [14]. Clinically efficient against Methicillin-resistant
Staphylococcus aureus and with demonstrated low cytotoxicity, Totarol was hypothesized
and tested as a coating surface for titanium implants [14].

Xu et al. [14] analyzed the behavior of Totarol coated titanium disks with Streptococcus
gordonii and human saliva. After 24 h, all bacteria were killed when compared to the control
group, demonstrating the bactericidal effect of Totarol against S. gordonii. When tested for
the long-term antibacterial effect, it was noted that the bactericidal effect was weakened
after 12 days, but bacteriostatic mechanisms, namely anti-adhesion and anti-aggregation,
were still inhabiting S. gordonii proliferation on the titanium surface, even after 24 days,
while maintaining biocompatibility.

Improvements can be made to this surface coating, mainly to the long-lasting efficiency
of antibacterial properties. Nonetheless, Totarol is another promising candidate to prevent
peri-implantitis in the healing stage of the implantation process [14].

3.1.3. Biosurfactants

Biosurfactants are the most recent addition to the list of possible coatings with antibac-
terial properties for dental implants. Tambone et al. [18] conducted the only study using
rhamnolipids on a titanium surface.

Rhamnolipids are a microbial surfactant mainly produced by Pseudomonas aeruginosa.
They can preserve the biocompatibility of the titanium surface due to their low cytotoxicity
and restrain the microbial adhesion process due to their amphiphilic structure. They can
also modify permanently cell membranes, which could result in cell lysis [18].

The coated titanium disk with 4 mg/mL of rhamnolipid solution was tested against
Staphylococcus aureus and Staphylococcus epidermidis for 72 h. After 24 h, S. aureus inhibition
was higher than 90%, and S. epidermidis inhibition ranged from 62 to 78% depending on
titanium surface morphology. After 72 h, the reduction in S. aureus was about 7% and 10.3%
for S. epidermidis. No cytotoxicity was verified on any coated surface [18].

Rhamnolipids seemed to be another promising strategy for reducing both bacterial
adhesion and biofilm reduction on titanium surfaces.

3.2. Bactericidal Materials

Some of the known strategies to lower bacterial load include damage to the bacteria’s
membrane or cell wall, penetration of the cell wall, DNA damage that hinders bacteria
multiplication, creation of reactive oxygen species (ROS), blocking of ATP synthase, and
stopping cell respiration [9,19]. Some materials imbued in surface coatings can grant bacte-
ricidal properties to titanium dental implants through some of the mechanisms mentioned
and prevent biofilm formation.

3.2.1. Antimicrobial Peptides (AMP)

Antimicrobial peptides are a potential solution against biofilm colonization on ti-
tanium dental implants due to their antimicrobial properties. Geng et al. [20] studied
engineered chimeric peptides with antimicrobial activity and concluded that, despite the
need for further studies, these peptides had promising results regarding antimicrobial
activity. Zhou et al. [21] studied a cationic antimicrobial peptide, GL13K, and by using
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X-ray photoelectron spectroscopy and ultrasonication showed that this AMP improved
both antibacterial and cytocompatibility properties of titanium implants, greatly inhibiting
biofilm growth in vitro of P. gingivalis cultures, in the first 12 h, when compared to the
control group. After 72 h, the antibacterial effect of GL13K coated surfaces was less effective
but still an improvement when compared to uncoated titanium surfaces.

AMPs can be a good alternative to commonly used antibacterial materials such as
silver, due to their flexibility, since they possess both antibacterial and osseointegration
properties. Despite having a broad spectrum of action against bacteria, they appear to have
a lower propensity to develop antibacterial resistance and toxicity [15,16].

Despite promising results, bioactive coatings with AMPs require complex designs of
synthetic peptides that are quite costly to fabricate, which may compromise their broad use
in titanium dental implants [9].

3.2.2. Ion-Implanted Surfaces

Ions from elements such as fluorine (F), copper (Cu), zinc (Zn), chlorine (Cl), iodine (I),
selenium (Se), or cerium (Ce) can be incorporated into coatings in titanium implants [9].
Additionally, Bismuth (Bi) has recently been proposed as an antibacterial addition for
calcium phosphate cement and titanium surfaces [22]. Zhou et al. [23] evaluated the
potential of doped fluorine in Ti02/calcium-phosphate coatings (TiCP). With three different
amounts of fluorine in the coating designated TiCP-F1 (least amount of fluorine), TiCP-F6,
and TiCP-F9 (most amount of fluorine), they concluded that the TiCP-F1 coating had higher
osteogenic properties than pristine (uncoated) titanium, but lacked antibacterial properties.
On the other hand, TiCP-F6 and TiCP-F9 coatings had increased amounts of fluorine and
showed significantly improved osteogenic and antibacterial properties.

One common coating applied to titanium surfaces is calcium-phosphate (CaP) due to
its bioactive and osteoconductive properties [4]. Aranya et al. [4] modified CaP’s surface by
doping it with fluoride and zinc ions, both alone and combined. Fluoride is known for its
bactericidal effect while Zinc is more associated with osseointegration promotion, despite
also showing antibacterial properties [4].

They studied the effectiveness of this coating against P. gingivalis [24,25]. FZn-CaP
coating had great results regarding inhibition of bacterial adhesion with ~88% reduction
when compared to uncoated control disks in the first 72 h. F-Cap and Z-Cap coatings each
had ~89% reduction in bacterial adhesion. After 7 days, biofilm reduction was significantly
lower for both coatings. Zinc and Fluoride doped into CaP coating is a great option for
dental implants since it enhances titanium surfaces with both bactericidal and bioactive
properties [4].

Shen et al. [26] studied and verified that incorporating Zn ions in titanium dental
implants surface coatings reduced the growth of P. gingivalis. Lin et al. [27] used Bismuth
(Bi) to chemically modify titanium implants and was able to reduce S. mutans colonization.

A variety of tested ions also proved to be a promising solution to grant antimicrobial
properties to the surface of titanium dental implants although they still lack long-term effects.

3.2.3. Photoactivatable Bioactive Titanium

Titania or titanium dioxide (TiO2) is a nanocomposite coating with antimicrobial
properties once it is photo-activated [9]. Under strong UV light, reactive oxygen species
(ROS) are generated, which allows TiO2 to kill a wide range of microorganisms such as
bacteria while maintaining biocompatibility [9,28].

TiO2 properties such as its’ low-cost, stability, reactivity, durability, biocompatibility,
and corrosion resistance make it a great option for commercial antimicrobial coatings.
Thus, it is also possible to incorporate inorganic metals, such as copper or silver or even
non-metals such as fluorine (F or Ca, particles previously mentioned), to enhance even
further the antibacterial properties demonstrated by TiO2 coatings [29].
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3.2.4. Nanomaterials

Nanoparticles (NPs) are small particles with diameters between 1 and 100 nm from
metals such as silver, gold, and other nanomaterials such as magnesium, zinc, or copper
that display antimicrobial activity. Their antibacterial properties lead to research towards
their incorporation in coatings for titanium implants [9,30].

The biocidal mechanisms shown by these nanoparticles, mainly the metallic ones, are
diverse, which prevents bacteria in developing resistance against them [19]. Ag ions are
released for a long period, expanding their antibacterial effect [31,32].

Massa et al. [33] incorporated Ag nanoparticles in a nanoporous silica coating through
a sol–gel technique and observed a significant increase in both bactericidal and bacteriostatic
properties of the titanium implant.

Silver nanoparticles (AgNPs) have shown a strong and wide antibacterial spectrum.
Their exact mechanism against bacteria is still up for discussion, but the most accepted one
so far is that AgNPs produce reactive oxygen species that inhibit the growth of bacteria,
killing them in the process. For this reason, silveris one of the most used coating agents
for titanium dental implants and other titanium medical devices [34]. However, some
reports state that high concentrations of silver could be cytotoxic towards eukaryotic cells
(e.g., fibroblasts and osteoblasts), which would reduce osseointegration properties of the
implant [15]. Further studies are required to fully understand silver nanoparticles’ behavior
when coated in titanium implants.

3.2.5. Antibiotic Coatings

Nichol et al. [35] developed a single-layered sol–gel coating loaded with gentamicin on a
titanium surface and tested it against Staphylococcus strains. Gentamicin is active against both
Gram-negative and Gram-positive bacteria and is considered a broad-spectrum antibiotic.

Within 1 h, the Minimum Inhibition Concentration (MIC) was achieved, and after 24 h,
all marked Staphylococcus variants were eliminated while 48 h later 99% of the gentamicin
present in the coating was eluted [35].

These results were satisfactory to the author but do not represent the ideal coating for
dental implants since antibiotic release was too fast for long-term prevention [35].

Zhang et al. [36] prepared titanium implants coated with vancomycin by using the
electrospinning technique. Vancomycin was chosen due to its broad antimicrobial spectrum
that covers both methicillin-resistant S. epidermidis as well as methicillin-resistant S. aureus.

The prepared coating showed an initial burst of vancomycin release on the first day
(about 50.3%) followed by a slower and steadier release over the following 27 days (32.4%),
making it a total release of approximately 528.2 µg of antibiotic from around 627.6 µg loaded
in the coating (82.7%). No cytotoxicity to the cells was detected, and the antibacterial effect
of Vancomycin was validated both in vitro and in vivo, showing promising results towards
prevention of early implant-associated infections but still lacking long-term effects [36].

Lv et al. [37] also proposed an antibiotic-loaded coating to inhibit biofilm formation.
They studied titanium substrates coated with a chitosan/alginate layer loaded with minocy-
cline through layer-by-layer self-assembly. Minocycline is a broad-spectrum tetracycline
antibiotic often used in conjunction with mechanical biofilm debridement in the treatment
of periodontitis and peri-implantitis lesions.

This approach is extremely promising since the multilayered coating allows higher
quantities of loaded antibiotics and a more controlled and over-time release of the substance.

The results obtained showed an initial burst of minocycline release in the first 24 h,
which could fight the immediate colonization of bacteria. The antibiotic release stabilized
during the first 7 days, and after that, the average concentration of minocycline on the
fourteenth day was ~25.13 4.1 µg /mL. No bacterial cells with intact shape could be found
on the titanium surface after 7 days [37].

In a recent systematic review by Souza et al. [38], all available references about antibi-
otic coated titanium surfaces were analyzed.
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Out of those 33 articles, 11 used gentamicin, and 11 used vancomycin. Other antibi-
otics had three or fewer studies. S.aureus was the infection model of choice for 31 of the
33 studies [38].

Comparing the results obtained among all 33 articles, there was a big disparity from
authors studying the same antibiotic. For example, in gentamicin-loaded coatings, bacterial
reduction varied from ~5 up to ~99.9%. In vancomycin-loaded coatings, bacterial reduc-
tion ranged from ~45.3 up to ~99.2%. In three of the thirty-three studies, there were no
reductions at all or even higher bacterial load in the tested group [38].

Bearing in mind the widespread and even contradictory range of results obtained and
displayed in Table 1, as well as the scarce amount of data available, especially regarding
human clinical data, there exists no consensual opinion regarding the best therapeutic
approach for antibiotic-loaded coatings to prevent peri-implant infections [38]. There are
also concerns towards toxicity and possible development of bacterial resistance, risks that
should be avoided [15].

Table 1. Summary of results obtained with different antibiotics.

Antibiotic Model Efficiency Reference

Gentamycin
Staphylococcus variants ~99% (24 h) [36]

S. aureus From ~5 to ~99% [39]

Vancomycin
S. epidermidis and S. aureus Significant reduction (non-specified) [37]

S. aureus From ~45.3 to ~99.2% [39]

Minocycline
S. aureus ~99% (7 days) and ~80% (14 days) [38]

S. aureus Non-reported [39]

The fact that both gentamicin and vancomycin are not gold standards for the treatment
of oral infection, since they act mostly on aerobic gram-negative bacilli, [38] result in the
necessity to develop studies with antibiotics such as amoxicillin and metronidazole that
would be more relevant for dental implants

Another important aspect to consider is that most of these studies were not conducted
in the oral cavity or do not mimick its environmental conditions; thus, any conclusion
regarding their behavior in dental titanium implants needs further studies [38].

3.2.6. Silane

Silane is commonly used to induce surface modifications through a process designated
as silanization, which allows the covalent attachment of various molecules (peptides,
polymers, or proteins, for example) to the titanium surface [9,39].

Despite being used mainly as an anchor, some silanes have shown biological activities
themselves. Buxadera-Palomero et al. [39], in a recent review, studied silane triethoxysilyl-
propyl succinic anhydride (TESPSA), which presents both osteoinductive and antibacterial
activity. These authors compared uncoated titanium disks and TESPSA-coated disks, by
using the silanization process, in vitro, using Streptococcus sanguinis and Lactobacillus
salivaris cultures and even dental plaque collected from one volunteer. They accessed both
cytotoxicity and antibacterial activity, and the results obtained demonstrate no signs of cy-
totoxicity and a significant reduction in bacterial adhesion even after 4 weeks of incubation
when compared to uncoated disks. However, the results showed differences between the
mono-species models and oral plaque, which proves the importance of using more than
one biofilm model in these studies.

Ultimately, TESPSA-coated titanium presented great potential for dental applications
after presenting a great antibacterial effect for a prolonged period.

3.2.7. Nitride Coatings

Titanium nitride (TiN) is a material used to improve surface properties [9]. This
material presents excellent chemical stability as well as resistance to corrosion and high
temperatures while maintaining biocompatibility [9].
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The antibacterial effect of a TiN and quaternized TiN (QTiN) coating surface on
titanium was studied in vitro using P. gingivalis cultures [40]. The results obtained showed
a significant reduction in bacterial coverage on TiN and QTiN coated surfaces after 4 h
of culture. The uncoated group had 85.2% bacterial coverage while TiN-coated had only
24.22% and QTiN-coated only had 11.4% surface covered with bacteria after 4 h, while
exhibiting good cell biocompatibility and promotion of osteoblast adhesion [40].

In another study, Ji et al. [41] found no antimicrobial effect in vitro by TiN against
P. gingivalis; thus, further studies are required since the results are controversial.

3.2.8. Chlorhexidine Coatings

Chlorhexidine has been used together with mechanical debridement to improve the
effectiveness of treatment against peri-implantitis [9].

Lauritano et al. [42] studied the effectiveness of a silicone coating containing chlorhex-
idine against microbes inside and outside the implant-abutment junction (IAJ). They
achieved the coated surface by immersion of the abutment in the polysiloxane solution for
10 min followed by centrifugation and heat treatment.

After 24 h incubation following contact with a microbial pool of S.aureus, Escherichia
coli, Pseudomonas aeruginosa, and Candida albicans, the results showed no living microbes in
the internal part of coated implants [42].

Considering the different approaches of coating the inside of the implant, preventing
microbial growth in the IAJ, chlorhexidine also had promising results against the agents
responsible for peri-implant infections in the short term [42].

3.3. New Perspectives on the Treatment of Peri-Implant Diseases
3.3.1. Antisense Oligonucleotides (ASOs)

The antisense oligonucleotides (ASOs) are short fragments of a nucleic acid that
can block a pre-defined target due to its complementarity. They were first described in
1978 by Zamecnik and Stephenson, who reported a blockage in viral replication and protein
translation of a sarcoma virus RNA, after exposure to an antisense 13-nucleotide-long
oligodeoxynucleotide in vitro [43]. Since this first generation of ASOs, several modifications
have been made to overcome important limitations and enable clinical application such
as incorporating 2′-O-methyl (2′-OMe) in the DNA backbone [44], connecting the DNA
ribose ring by a methylene bridge between 2′-O and 4′-C atoms- locked nucleic acid (LNA)
technology [45], or even using peptide nucleic acids (PNA) [46].

Antisense oligonucleotides can be used to interfere with essential biological processes
of bacteria, which is helpful against bacterial infections. They can target many mRNA
encoding essential genes, as well as functional domains of both 23S and 16S rRNA. Apart
from targeting the essential mRNA and rRNA, ASOs can target non-essential genes related
to biofilm formation, as many bacterial species form extracellular biofilms, making infec-
tions extremely challenging to eradicate. Some examples of biofilm-related genes are motA
gene, encoding the element of the flagellar motor complex, the efaA gene, which plays an
important role in the adhesion of bacteria to surfaces [46,47]. ASOs can also block two-
component signal transduction systems, such as VicRK, that induce the gene expression
for the synthesis of extracellular insoluble glucan, an extracellular matrix component of
biofilms [48].

Biomaterial-based therapy has huge potential as biomaterial carriers can sustain slow-
releasing drugs. Future development of new coating materials that can prevent the adhesion
and subsequent biofilm formation of bacteria on dental implants, based on therapeutic
antisense oligonucleotides, could be the key to fighting periodontitis. In 2020 Wu S. et al.
developed a graphene oxide (GO)-based plasmid transformation system using electrostatic
interacted GO-polyethyleneimine (PEI) complexes loaded with antisense vicR plasmid
(GO-PEI-ASvicR). They showed that GO-PEI could efficiently deliver ASvicR plasmids into
S. mutans cells with excellent transcripts of ASvicR, significantly reducing biofilm aggrega-
tion and exopolysaccharide (EPS) accumulation [48]. It is worth noting that graphene-based
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coating on titanium surfaces can be successfully obtained by electrodeposition as shown by
Jankovic A (2015), making it a feasible option for innovative titanium coatings.

3.3.2. Bacteriophages (Phages)

Bacteriophages (phages) are bacteria-infecting viruses that can detect specific receptors
in bacteria, inject their genetic material, and exploit the host’s biochemical machinery to
produce additional phage particles and enzymes, causing bacterial lysis. [49,50]. Shortly,
the approach uses lytic pre-produced phages in a biodegradable drug delivery system
to release and start their activity at the implant site [51]. Bacteriophages (phages) have
emerged as a viable alternative to existing antimicrobial chemotherapy because of their
ability to infect and kill specific bacterial strains while leaving the commensal microbiome
intact [51]. The microbiota associated with a healthy (or commensal) state is more generalist,
while disease-provoking microbiota is influenced by keystone microorganisms that have
metabolic functions and an elevated virulence capacity that is mostly absent in healthy
states [52]. As a result, we have reasons to believe that the use of bacteriophages (phages)
would represent enhanced antimicrobial capacity, without compromising the microbiome
associated with a healthy periodontium.

However, little evidence has been provided of the use of bacteriophages (phages) as
therapy for dental implant-associated infections, limiting its application to the prevention
and treatment of urinary catheters, respiratory ventilators, or orthopedic implant-associated
infections [51,53,54].

3.3.3. Antimicrobial Photodynamic Therapy (aPDT)

The main purpose of peri-implant disease treatment is to disinfect implant surfaces as
well as supporting tissues, and non-surgical and surgical mechanical debridements with
ultrasonic scalers or periodontal curettes are regarded as essential techniques for this pur-
pose [55]. However, none of these approaches have proven to remove or at least inactivate
these peri-implant infections due to the macroscopic and largely microscopic intricacy of
the implant’s surface (rough and microporous) [56]. In addition to these methods, several
studies have suggested that using adjuvant modalities, such as photodynamic therapy, can
improve the treatment’s outcome [57,58].

Some research has looked into whether a synergistic combination of aPDT and coating
materials (such as chitosan) can work as a synergistic antimicrobial agent against bacteria
that trigger peri-implantitis, such as S. aureus, E. coli, and P. aeruginosa [56].

Antimicrobial photodynamic therapy (aPDT) gained popularity in the early twentieth
century as a result of the work of Herman von Tappeiner’s team and is now used not only in
medicine to treat certain tumors and skin diseases but also in dentistry to treat a variety of
oral conditions such as peri-implantitis and peri-mucositis [58,59]. Photodynamic therapy
(PDT) has been proved to be a successful treatment for peri-implantitis in the previous
decade, owing to its ability to reach and penetrate the implant’s uneven surface [56].
The treatment consists of a reaction between an innocuous, non-invasive, and non-toxic
photosensitizer (such as methylene blue or toluidine blue) combined with a low-energy
light source in the presence of oxygen. For them to react, the light must have a precise
wavelength that corresponds to the photosensitizer’s radiation absorption range, resulting
in the creation of reactive oxygen species that are harmful to the bacterial cell and cause it to
die. Gram-positive bacteria may be more vulnerable to this approach than Gram-negative
bacteria due to the composition of their cell walls, making the photosensitizer more capable
of invading those cells [60–62].

4. Discussion
4.1. Summary of Evidence

Our findings show a wide range of options and techniques to achieve an antimicrobial
effect on the coating surface, as listed in Table 2. We cannot state which surface coating
is the best based on the evidence since they all have their advantages and disadvantages.
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However, we believe that progress is being made towards improved dental implant solu-
tions, but the ideal one, which promotes cell adhesion, biocompatibility, and antibacterial
action overtime at a fair cost, is still a few years away.

Table 2. Synthesis of the gathered evidence.

Coating Surface Mechanism of Action Major Upside(s) Major Downside(s)

Polymer Coatings Bacteriostatic (mainly)/Bactericidal

Great anti-biofouling and
osseointegration properties when paired

with cell-adhesive sequences;
great bacteriostatic results in vitro

Risk of polymer degradation; require
pairing with cell adhesive sequences

Antimicrobial Peptides Bactericidal

Broad spectrum;
low cytotoxicity;

low propensity to develop antibiotic
resistance

Complex structure;
high cost of fabrication

Ion-implanted Surfaces Bactericidal

Flexibility;
can be paired with other coatings to
promote both osseointegration and

anti-biofouling properties

Difficulty to achieve a long-term
antimicrobial effect

Photoactivatable Bioactive Titanium Bactericidal
Cheap;
stable;

biocompatibility

Inability to photoactivate once the
implantation occurs

Nanomaterials Bacteriostatic (mainly)/Bactericidal Longer antimicrobial effect Efficiency is controversial;
some studies report cytotoxicity

Totarol Bacteriostatic (mainly)/Bactericidal Efficient and long antimicrobial effect Biodegradable substance

Antibiotic Coatings Bactericidal Cheap; good efficiency against targeted
bacteria

Development of bacterial resistance;
difficulty to achieve long-term

release; toxicity

Chlorhexidine Coatings Bactericidal Great results in vitro regarding biofilm
reduction Absorption by the titanium surface

Biosurfactants Bacteriostatic Some bactericidal effects,
increasing effectiveness Scarce studies

Nitride Coatings Bactericidal Promotion of osteoblast adhesion while
maintaining the antimicrobial effect

Controversial results against bacteria
present in the oral cavity

Silane Bactericidal Combination of antibacterial effect and
osteoinductive properties

Require further studies with different
biofilm models

Antisense Oligonucleotides (ASOs) Bacteriostatic Can be used to interfere with essential
biological processes of bacteria

The complex design of the probes to
avoid low affinity to the target

Bacteriophages Bactericidal
Having the ability to infect and kill

specific bacterial strains while leaving
the commensal microbiome intact

Little evidence has been provided in
dental implant-associated infections

Antibiotic coating of dental implants is highly preferred over other options according
to our research, mostly because this option is closely linked to dental implant placement, as
antibiotics are frequently recommended as a prophylactic medication for this procedure [36].
Even though there are several diverse protocols with various antibiotics, dosages, and
administration times, the existing literature supports the benefits of prophylactic antibiotic
therapy against implant failure due to immediate bacterial colonization [63]. The success
rate of implant placement is higher when a prophylactic antibiotic is administrated to the
patient, however, it only affects the early colonization of bacteria to the implant surface, not
preventing biofilm establishment in the following days, weeks, or years. Not to mention,
the actual amount of antibiotic that reaches the site of the implant is lower when compared
to local delivery of the same antibiotic [35,36].

A surface coating with a controlled antibiotic delivery system demonstrates to be a
great long-term solution to control and prevent biofilm formation. Specific agents released
over time that target early colonizers without compromising the mechanical, physical, and
chemical properties of the dental implant and showing non-cytotoxic effects to host tissues
and cells would drastically decrease the occurrence of peri-implant infections [38].

Antibiotic coatings, on the other hand, have some drawbacks, the most significant of
which are related to antibiotic resistance. As a result of their antibacterial and antimicrobial
capabilities, we believe that alternative coating materials should be preferred as a viable
alternative against biofilm colonization on titanium dental implants.
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More than 700 species of bacteria populate the oral ecosystem [9,34] with Actinobacte-
ria, Bacteroidetes, Firmicutes, and Proteobacteria being the most relevant for oral health [9].
Regarding dental biofilm, which may vary between individuals and even among different
sites of the oral cavity, a core microbiome was proposed, and it included the following
species: Streptococcus, Veillonella, Granulicatella, Rothia, Actinomyces, Prevotella, Capnocy-
tophaga, Porphyromonas, and Fusobacterium [34,52].

The process of biofilm formation starts with salivary glycoproteins developing a
conditioning film (also known as the acquired enamel pellicle) on the teeth surface, which
allows initial bacterial adherence [34]. After that process, weak long-distance forces between
charged molecules of the pellicle and the pioneer bacterial species will grant initial adhesion.
These forces grow stronger via receptor pairs between adhesins in the bacteria’s surface
and glycoprotein receptors in the acquired pellicle [34]. After the initial adhesion, biofilm
development continues with cell aggregation until a stable microcolony is achieved. At
last, due to multiple factors such as lack of nutrient or fluid dynamics, biofilm can disperse
from the surface of the implant and migrate to other areas or tissues [64].

Medical devices, among others dental titanium implants, show a process of biofilm
formation quite similar to natural teeth. A titanium surface, when present in the oral cavity,
is immediately coated by plasma and saliva proteins. This will result in the formation of
a protein layer that allows initial colonizers, such as various species of Streptococcus, to
bind to it. Co-aggregation follows and interactions by different species induce biofilm
accumulation. Finally, the extracellular matrix starts embedding microbial communities,
and the biofilm is established [65].

Some materials such as silver have been used over the past few years as a coating
material to reduce bacterial infections, but its use has been decreasing over time [15] due to
concerns related to toxicity, which resulted in the switch to other solutions such as titanium
dental implants with modified surfaces to improve osseointegration properties along with
systemic administration of antibiotics, as we already discussed [15].

For the reasons and advantages stated, we propose that oligonucleotide probes should
be considered as a feasible option for coating surface implants. We also suggest that future
research should focus on determining whether the application of a combination of two or
three different coating materials on the surface of dental implants can provide a synergic
antimicrobial and antibacterial effect. Novel peri-implant therapies will result in a new
and improved therapeutic approach and cannot be disregarded as an adjuvant approach of
surface coatings. We anticipate that, by using these methods, we will be able to avoid the
drawbacks of alternative coating materials (such as antibiotic resistance), prevent bacterial
infections, and increase the success rate of dental implants.

4.2. Limitations

There is a lot of effort being placed into the discovery and applicability of established
and new antimicrobial materials, but coating methods are complex and expensive.

Most of the mentioned coating possibilities are only applied in in vitro studies, and
the ones that are employed in these conditions are not enough to establish clear conclusions.
With so few in vivo trials, it is difficult to say when an efficient anti-fouling coating surface
that would not drive up the price of a titanium dental implant will exist. We consider that
more in vivo studies using relevant animal models and studies over longer periods are
required for a better understanding of what is viable and what is not.

Many of the materials presented in this review were used as surface coatings for
orthopedic implants. Despite being similar in most aspects, there are still quite a few
relevant differences regarding orthopedic and dental implants. The oral cavity and oral
microbiota are unique and distinct from the rest of the body, as we stated, and many of the
results obtained require further investigation mimicking the environmental conditions of
the oral cavity before they become possible solutions for dental implants.
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5. Conclusions

All mentioned agents in this review have shown high levels of bacterial reduction
when coated to titanium surfaces in vitro. However, the cost of fabrication, duration of
the effect, and loss of osteoinductive properties appear to be the biggest obstacles faced
to their broad appliance in titanium implants. Another major concern is the paucity of
information on the bioactive surfaces’ long-term durability after implantation. The majority
of the described methods have excellent outcomes, but only for the first 24 to 48 h following
implantation. Some approaches, such as antibiotic-loaded coatings applied layer-by-layer,
address this issue, but they are insufficient and require additional development to be a
viable option.

Antibiotic coatings have shown the most promising results so far when taking into
consideration the duration and antimicrobial effect combined with anti-fouling and an-
tibiofilm properties. This coating material is the most popular; however, it faces a major
drawback associated with the emergence of antibiotic resistance.

In conclusion, the evidence about ideal dental implants’ coating material is scarce
and further studies are required before presenting more consolidated conclusions. More
high-quality randomized clinical trials (RCTs) with longer follow-up periods, more precise
criteria, and better-described coating protocols oriented to oral-biofilm-induced diseases
are needed to establish a standardized guideline for this therapy’s application. It is also
critical to conduct more research comparing the application of titanium dental implant’s
coatings adjuvant to other complementary treatments for peri-implant diseases, such as
antimicrobial photodynamic therapy, in order to establish which ones offer the most benefits.
Furthermore, we highlight that antimicrobial and antibiofilm coatings applied to the surface
of dental implants must not harm the microbiota associated with a healthy periodontium.
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